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Project §: B-TO-AIO Cost share {: Rev #: 2
Center # : 10/24-6-R6500-0B0 Center shr it OCA file #: 126
Work type : RES
Contractf#: F33615~-87-D-0626-0010 Mod #: 001003 Document : DO
Prime #: Contract entity: G

Subprojects 7 : N
Main project #:

Project unit: 01P Unit code: 03.010.106
\ Project difectQESEQj,
_ TOLER J C OIP (404)894-3964
Sponsor/division names: AIR FORCE / WRIGHT-PATTERSON AFB, OH
Sponsor/division codes: 104 / 002
Award period: 890828 to 900930 (performance) 901020 (reports)
Sponsor amount New this change Total to date
Contract value 0.00 84,222.00
Funded 19,222.00 84,222.00
Cost sharing amount 0.00

Does subcontracting plan apply ?7: Y

Title: NON-INVASIVE CURRENT-INDUCED MEASUREMENT

PROJECT ADMINISTRATION DATA

OCA contact: E. Faith Gleason 894-4820
Sponsor technical contact Sponsor issuing office
RICHARD BIXBY T. KRISTINA HANSMAN <;;\
(512)536-2209 (513)255-5616 L/—
USAFSAM/RZP ‘ ASD/PNRSC /{ ¥
BROOKS AFB TX 78235-5301 WRIGHT-PATTERSON AFB

OH 45433-6503

910117

Security class (U,C,S,TS) : U ONR resident rep. is ACO (Y/N)’@?g 8\\\

Defense priority rating : DO-C9 GOVT supplemental sheet )2

Equipment title vests with: Sponsor X GIT

Administrative comments - : '}‘ :;ﬂ
DELIVERY ORDER MODIFICATION NO. 001003 COMPLETES THE FUNDING AND PR VBDEé e

NO COST EXTENSION, AS REQUESTED BY THE SUBCONTRACTOR, FIU.
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GEORGIA INSTITUTE OF TECHNOLOGY
. OFFICE OF CONTRACT ADMINISTRATION

NOTICE OF PROJECT CLOSEOUT

Closeout Notice Date 06/23/92

Project No. B-03-Al0

Project Director TOLER J C

Sponsor AIR FORCE/WRIGHT-PATTERSON AFB, OH

Center No.

10/26-6-R6500-0B0_

School/Lab BEC

Contract/Grant No. F33615-87-D-0626-0010

Prime Contract No.

.Title NON-INVASIVE CURRENT-INDUCED MEASUREMENT

Contract Entity GTRC

Effective Completion Date 900930 (Performance) 901020 (Reports)

Closeout Actions Required:

Final Invoice or Copy of Final Invoice
Final Report of Inventions and/or Subcontracts

Government Property Inventory & Related Certificate

Classified Material Certificate
Release and Assignment
Other

Comments

Y/N

zZ<zZz<<<

Date
Submitted

Subproject Under Main Project No.

Continues Project No.

Distribution Required:
Project Director ’
Administrative Network Representative
GTRI Accounting/Grants and Contracts
Procurement/Supply Services
Research Property Managment
Research Security Services
oRePOEEERCEErtinako fpCOCA)
GTRC
Project File
Other

NOTE: Final Patent Questionnaire sent to PDPI.

ZZ<<<Z<<<<=<



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-10-A00/R6500

Period Covered: September 1, 1989 through December 31, 1989
Delivery Order No. 0010

I. DIRECT COSTS:

Current Cumulative
Subcontracts
(Florida International
University) $ 0.00 $ 0.00
Management Fee
(7.5% of Total Costs) $ 0.00 $ 0.00
TOTAL S 0.00 $ 0.00

"I certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C{‘Tolér, Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-10-A00/R6500

Period Covered: January 1, 1990 through January 31, 1990

Delivery Order No. 0010

I. DIRECT COSTS:
Current Cumulative
Subcontracts
(Florida International
University) $ 0.00 $ 0.00
Management Fee
(7.5% of Total Costs) S 0.00 S 0.00
TOTAL S 0.00 $ 0.00

"T certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-10-A00/R6500

Period Covered: February 01, 1990 through February 28, 1990

Delivery Order No. 0010

I. DIRECT COSTS:
Current Cumulative

Subcontracts
(Florida International

University) $ 7,176.80 S 7,176.80
Management Fee
(7.5% of Total Costs) S 538.26 $ 538.26

TOTAL $ 7,715.06 $ 7,715.06

"I certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-10-A00/R6500

Period Covered: March 01, 1990 through March 31, 1990
Delivery Order No. 0010

I. DIRECT COSTS:
Current Cunmulative
Subcontracts
(Florida International
University) $ 0.00 $ 7,176.80
Management Fee .
(7.5% of Total Costs) S 0.00 $ . 538.26
TOTAL $ 0.00 $ 7,715.06

"I certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-10-A00/R6500

Period Covered: April 01, 1990 through April 30, 1990
Delivery Order No. 0010

I. DIRECT COSTS:

Current Cumulative
Subcontracts
(Florida International
University) $ 3,588.40 $ 10,765.20
Management Fee .
(7.5% of Total Costs) $ 269.13 $ 807.39
TOTAL $ 3,857.53 $ 11,572.59

"I certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

~—

James C. Toler, Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-10-A00/R6500

Period Covered: May 01, 1990 through May 31, 1990
Delivery Order No. 0010

I. DIRECT COSTS:

Current Cumulative
Subcontracts
(Florida International
University) S 7,176.80 $ 17,942.00
Management Fee
(7.5% of Total Costs) S 538.26 $ 1,345.65
TOTAL $ 7,715.06 $ - 19,287.65

"T certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-10-A00/R6500

Period Covered: June 01, 1990 through June 30,
Delivery Order No. 0010

I. DIRECT COSTS:

Current
Subcontracts
(Florida International
University) $ 0.00
Management Fee
(7.5% of Total Costs) S 0.00
TOTAL g 0.00

1990

Cumulative
] 17,942.00
S 1,345.65
S 19,287.65

"T certify that the above is a true and correct statement of

efforts performed under Contract No. F33615-87-

D-0626 by the

Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-03-A00/R6500

Period Covered: July 01, 1990 through July 31,
Delivery Order No. 0010

I. DIRECT COSTS:

Current
Subcontracts
(Florida International
University) $ 7,176.80
Management Fee
(7.5% of Total Costs) $ 538.26
TOTAL $ 7,715.06

1990

Cumulative
$ 25,118.80
$ 1,883.91
$ 27,002.71

"I certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

Richard Bixby ‘ Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-03-A00/R6500

Period Covered: August 01, 1990 through August 31, 1990

Delivery Order No. 0010

I. DIRECT COSTS:
Current Cumulative

Subcontracts
(Florida International

University) $ 0.00 $ 25,118.80
Management Fee
(7.5% of Total Costs) $ 0.00 $ 1,345.65

0.00 $ 26,464.45

TOTAL S

"T certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler,-Project Director

The above statement is approved for payment by the Government.

Richard Bixby Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-03-A00/R6500

Period Covered: November 01, 1990 through November 30, 1990
Delivery Order No. 0010

I. DIRECT COSTS:
Current Cumulative
Subcontracts
(Florida International
University) .2 3,588.40 $ 35,884.00

Management Fee
(7.5% of Total Costs) $ 269.13 $ 1,614.78
TOTAL $ 3,857.53 $ 37,498.78

"T certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Tbief, Project Director

The above statement is approved for payment by the Government.

William D. Hurt - Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-03-A00/R6500

Period Covered: December 01, 1990 through December 31, 1990
Delivery Order No. 0010 .

I. DIRECT COSTS:

Current Cumulative
Subcontracts
(Florida International
University) $ 0.00 $ 35,884.00
Management Fee k
(7.5% of Total Costs) $ 0.00 $ 1,614.78
TOTAL S 0.00 $ 37,498.78

"I certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

William D. Hurt Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



CERTIFICATE OF SERVICES/RESEARCH
CONTRACT NO. F33615-87-D-0626
GEORGIA TECH NO. B-03-A00/R6500

Period Covered: April 01, 1991 through April 30, 1991
Delivery Order No. 0010

I. DIRECT COSTS:

Current Cunmulative
Subcontracts
(Florida International
University) S 19,550.79 $ 55,434.79
Management Fee
(7.5% of Total Costs) S 1,466.31 $ 3,081.09
TOTAL S 21,017.10 $ 58,515.88

"I certify that the above is a true and correct statement of
efforts performed under Contract No. F33615-87-D-0626 by the
Georgia Institute of Technology through the Georgia Tech
Research Corporation for the subject time period."

James C. Toler, Project Director

The above statement is approved for payment by the Government.

William D. Hurt Cruz Cantu

Please forward approved "certificate" to:

Georgia Institute of Technology
Grants and Contracts Accounting
Attn: Sandi Chestnut

Atlanta, Georgia 30332-0259



Georgia Tech

Georgia Institute of Techno)
Centennial Research Building
400 Tenth Street, N.W.

Atlanta, Georgia 30332-0130

James C. Toler, Director
Bioelectromagnetics Laboratory
Co-Director, Bioengineering Center
(404) 894-3964

Norberto F. Ezquerra, Director
Medical Informatics Laboratory
(404) 894-7026

Philip R. Kennedy, Director
Neuroscience Laboratory
(404) 894-4257

Michael J. Sinclair, Director
Robotics and Microelectronics
Laboratory

(404) 894-4931

KEY STAFF

David M. Banks
(404) 894-7020

Stephen J. Bonasera
(404) 894-7031

Michael F. Burrow
(404) 894-7034

John W. Peifer
(404) 894-7028

Wesley W. Shelton, Jr.
(404) 894-8727

Thomas G. Single
(404) 894-7033

Crystal L. Tucker
(404) 894-7022

An Equal Education and Employment Opportunity [nstitution

BIOENGINEERING CENTER
404+894 3904
FAX: 404+894+3120

February 14, 1990

DEPARTMENT OF THE AIR FORCE
Air Force Systems Command
Aeronautical Systems Division/PMRSC
Wright-Patterson AFB, OH 45433-6503

Attention: Mr. Jeffrey Mellot

Reference: Task Order 0010 Under Contract No. F33615-87-D-06:
"Pre-Acquired Research in Biotechnology", Georgia Te
Project No. B-10-A10

Subject Performance and Cost Report No. 1, Sequence No. 13,1
the Period 28 August 1989 through 30 September 198¢

Gentlemen:

Although the effective date of this Task is 28 August 1990, the offic
Notice of Award was not received until 7 September 1990. On
September 1990, an internal Request for Subcontract Agreement w
submitted to the Office of Contract Administration. This Request ask
that a subcontract for the Task’s technical efforts be negotiated with Flori
International University (FIU) in Miami, FL and that Dr. Mark Hagmar
be the Project Director at FIU. On 22 September 1990, two copies of t
proposed subcontract were forwarded to FIU for their review, approval, a
signature.

Because of efforts to provide subcontract documentation to FIU for the
consideration, no technical activities were undertaken and no costs we
incurred during the 28 August-30 September 1990 time period. Hopefull
the subcontract negotiations will be completed during the next reportir
period and technical activities can begin.

Sincerely,

J.C. Toler, Director
Project No. B-10-A10

cc: Dr. Hagmann, FIU

A Unit of the University System of Georg



Georgia Tech

James C. Toler, Director
Bioelectromagnetics Laboratory
Co-Director, Bioengineering Center
(404) 894-3964

Norberto F. Ezquerra, Director
Medical Informatics Laboratory
(404) 894-7026

Philip R. Kennedy, Director
Neuroscience Laboratory
(404) 894-4257

Michael J. Sinclair, Director
Robotics and Microelectronics
Laboratory

(404) 894-4931

KEY STAFF

David M. Banks
(404) 894-7020

Stephen J. Bonasera
(404) 894-7031

Michael F. Burrow
(404) 894-7034

John W. Peifer
(404) 894-7028

Wesley W. Sheiton, Jr.
(404) 894-8727

Thomas G. Single
(404) 894-7033

Crystal L. Tucker
(404) 894-7022

February 14, 1990

Georgia Institute of Technc
Centennial Research Building
400 Tenth Street, N.W.
Atlanta, Georgia 30332-0130

DEPARTMENT OF THE AIR FORCE
Air Force Systems Command
Aeronautical Systems Division/PMRSC
Wright-Patterson AFB, OH 45433-6503

Attention:

Reference:

Mr. Jeffrey Mellot

BIOENGINEERING CENTER
404+894 43964
FAX: 404:894+3120

Task Order 0010 Under Contract No. F33615-87-D-06

"Pre-Acquired Research in Biotechnology", Georgia Tt
Project No. B-10-A10

Subject

Performance and Cost Report No. 2, Sequence No. 13,

the Period 1 October 1989 through 30 October 1989

Gentlemen:

As reported in the previous Performance and Cost Report, a copy of |
agreement for a research subcontract was forwarded to Florida Internation
University on 22 September 1990. As of the end of this reporting peric
negotiations on this subcontract agreement
therefore, no technical efforts were undertaken and no costs were incurre
The current state of negotiations 1is such that the subcontract will almg
certainly be fully executed early in the next reporting period.

cc: Dr. Hagmann, FIU

An Equal Education and Employment Opportunity Institution

Sincerely,

have not been complete

J.C. Toler, Director
Project No. B-10-A10

A Unit of the University System of Geor;



Georgia Institute of Techn¢
Centennial Research Building

’
400 Tenth Street, N.W.
Atlanta, Georgia 30332-0130

James C. Toler, Director
Bioelectromagnetics Laboratory
Co-Director, Bioengineering Center
(404) 894-3964

Norberto F. Ezquerra, Director
Medical Informatics Laboratory
(404) 894-7026

Philip R. Kennedy, Director
Neuroscience Laboratory
(404) 894-4257

Michael J. Sinclair, Director
Robotics and Microelectronics
Laboratory

(404) 894-4931

KEY STAFF

David M. Banks
(404) 894-7020

Stephen J. Bonasera
(404) 894-7031

Michael F. Burrow
(404) 894-7034

John W. Peifer
(404) 894-7028

Wesley W. Shelton, Jr.
(404) 894-8727

Thomas G. Single
(404) 894-7033

Crystal L. Tucker
(404) 894-7022

BIOENGINEERING CENTEI
4048943904
FAX: 40428943120

February 14, 1990

DEPARTMENT OF THE AIR FORCE
Air Force Systems Command
Aeronautical Systems Division/PMRSC
Wright-Patterson AFB, OH 45433-6503

Attention: Mr. Jeffrey Mellot

Reference: Task Order 0010 Under Contract No. F33615-87-D-0
"Pre-Acquired Research in Biotechnology", Georgia T
Project No. B-10-A10

Subject : Performance and Cost Report No. 3, Sequence No. 13,
the Period 1 November 1989 through 30 November 1

Gentlemen:

Negotiations of a subcontract with Florida International University
Miami, FL. were completed during this reporting period, and signature d
of 7 November 1990 on the fully executed document. Conversations v
Dr. Hagmann, the FIU Project Director, indicate that technical -eff
began during this reporting period, but their magnitude was such that
costs were incurred. A full report of technical performance and cost wil
submitted for the December 1990 reporting period.

Sincerely,

J.C. Toler, Director
Project No. B-10-A10

cc: Dr. Hagmann, FIU

An Equal Education and Employment Opportunity Institution A Unit of the University System of Geo



Georgia Tech

James C. Toler, Director
Bioelectromagnetics Laboratory
Co-Director, Bioengineering Center
(404) 894-3964

Norberto F. Ezquerra, Director
Medical Informatics Laboratory
(404) 894-7026

Philip R. Kennedy, Director
Neuroscience Laboratory
(404) 894-4257

Michael J. Sinclair, Director
Robotics and Microelectronics
Laboratory

(404) 894 -4931

KEY STAFF

David M. Banks
(404) 894-7020

Stephen J. Bonasera
(404) 894-7031

Michael F. Burrow
(404) 894-7034

John W. Peifer
(404) 894-7028

Wesley W. Shelton, Jr.
(404) 894-8727

Thomas G. Single
(404) 894-7033

Crystal L. Tucker
(404) 894-7022

February 14, 1990

DEPARTMENT OF THE AIR FORCE
Air Force Systems Command
Aeronautical Systems Division/PMRSC
Wright-Patterson AFB, OH 45433-6503

Attention:

Reference:

Subject

Gentlemen:

Mr. Jeffrey Mellot

Georgia Institute of Techno
Centennial Research Building
400 Tenth Street, N.W.
Atlanta, Georgia 30332-0130

BIOENGINEERING CENTER
404+894+3964
FAX: 404+894+3120

Task Order 0010 Under Contract No. F33615-87-D-06
"Pre-Acquired Research in Biotechnology", Georgia Tt

Project No. B-10-A10

Performance and Cost Report No. 4, Sequence No. 13,
the Period 1 December 1989 through 31 December 1!

Please find attached the Performance and Cost Report for the
December - 31 December 1990 reporting period. This report was prepar
and submitted by Dr. Mark Hagmann, the Project Director on Geor;
Tech’s subcontract with Florida International University (FIU) in Mia
FL. All technical efforts on the Task are being undertaken by ]
Hagmann at FIU.

Sincerely,

J.C. Toler, Director
Project No. B-10-A1

cc: Dr. Hagmann, FIU

An Equal Education and Employment Opportunity Institution

A Unit of the University System of Geor:



Non-Invasive Measurement of Current for Dosimetry
Performance and Cost Report for December, 1989

Prepared for Georgia Institute of Technology
Subcontract No. B-10-A10-S1
FIU Project No. 571808200

Mark J. Hagmann and Tadeusz M. Babij
Department of Electrical Engineering

Florida International University
Miami, Florida 33199

February 7, 1990



I. Summary of Costs

As of December 31, 1989 no money was spent on the contract,
but money was encumbered in ordering two items required for the
project.

One item of equipment was ordered. A conventional (metallic)
current probe was ordered to permit comparisons with the minimal-
ly-perturbing current probes which we will construct during this
project. We have ordered an Ailtech model 94606-2 current probe,
costing $1,054.50, from the Eaton Corp., Los Angeles, CA. This
probe was chosen because of its relatively large size (5 inch
aperture) which permits placement over body limbs and phantoms,
and because it has a flat response (transfer impedance of 1 Ohm
from 10 kHz to 100 MHz).

One item of supplies was ordered. Carbon loaded Teflon,
Fluorosint 719M, costing $1,540.00, was ordered from the Polymer
Corp., Reading, PA. We require this material for high-resistance
lead, as well as for the coils in the probes, in the many current
probes that we are testing for this project.

II. Summary of Performance
1. Objective

The minimally-perturbing current probes which we have made
and tested earlier were used in fixed-frequency measurements.
These probes were loaded by diode detectors, and the rectified
output of each probe was connected to the readout electronics by
resistive line. 1In measurements under EMP conditions it is
desirable to have the (unrectified) time-dependent output of the
probe connected to the input of a fiber-optics transducer having
an impedance of 50 Ohms. The current probe should have a flat
frequency response over a relatively wide frequency range so that
the instantaneous value of the measured current can be calculated
from the ouput of the probe.

2. Summary of Progress

We have constructed a number of probes using coils having
different values of resistance, and determined some of the ef-
fects of coil resistance on various characteristics including the
usable bandwidth. 1In these prototypes it has been necessary for
us to use a large number of resistors in series (typically 2 per
turn in each coil) to distribute the resistance over the length
of each coil in order to simulate resistive line. All measure-
ments have been made using the unrectified output of the probe
connected directly to an oscilloscope, since the unrectified
output will be needed in EMP testing. We have characterized the
probes under fixed-frequency conditions, using a number of dis-
crete frequencies. Our preliminary results suggest that it will
be possible to achieve a suitable bandwidth.



Georgia Institute of Technolc

' * Centennial Research Building
e ec 400 Tenth Street, N.W.
7 Atlanta, Georgia 30332-0130

BIOENGINEERING CENTER
404+894+3964
FAX: 40448943120

April 14, 1990

DEPARTMENT OF THE AIR FORCE
[ — Air Force Systems Command
Bioelectromagnetics Laboratory A€YoOnautical Systems Division/PMRSC
Co-Director, Bioengineering Center Wright-Patterson AFB, OH 45433-6503
(404) 894-3964
Attention: Mr. Jeffrey Mellot
Norperto F. Ezq.uerra, Director
o) g4 yormatics Laboratory  po ference: Task Order 0010 Under Contract No.
F33615-87-D-0626, "Pre-Acquired Research
Philip R. Kennedy, Director in Biotechnology", Georgia Tech Project

Neuroscience Laboratory No. B-10-Al1l0
(404) 894 -4257

Subject : Performance and Cost Report No. 5,
'F‘{";;;';:s';’ads;'f'ai'; Dti"w_wr Sequence No. 13, for the Period - 1
Laboratory oo oorones January 1990 through 31 January 1990
(404) 894-4931
Gentlemen:
KEY STAFF
David M. Banks Please find attached the Performance and Cgst
(404) 894-7020 Report for the 1 January - 31 January 1990 reporting
period. This report was prepared and submitted by Dr.
i el Mark Hagmann, the Project Director on Georgia Tech's
subcontract with Florida International University (FIU)
Mictael E. Burrow in Miami, FL. All technical efforts on the Task are

( - .
404)894-7034 being undertaken by Dr. Hagmann at FIU.

John W. Peifer
(404) 894-7028

Wesley W. Shelton, Jr. Sincerely,
(404) 894-8727

Thomas G. Single
(404) 894-7033

Crystal L. Tucker — .
(404) 894-7022 J.C. Toler, Director

Project No. B-10-Al0

cc: Dr. Hagmann, FIU

An Equal Education and Employment Opportunity Institution A Unit of the University System of Georgia
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Non-Invasive Measurement of Current for Dosimetry
Performance and Cost Report for January, 1990

Prepared for Georgia Institute of Technology
Subcontract No. B-10-A10-S1
FIU Project No. 571808200

Mark J. Hagmann and Tadeusz M. Babij
Department of Electrical Engineering

Florida International University
Miami, Florida 33199

February 16, 1990



I. Summary of Costs

As of January 31, 1990 the only expenditure has been
$1,542.55 for one item of supplies. This is carbon loaded Tef-
lon, Fluorosint 719M, from the Polymer Corp., Reading, PA. We
require this material for high-resistance lead, as well as for
the «coils in the probes, in the many current probes that we are
testing for this project.

As of January 31, 1990 the only money encumbered (but not
spent) on the contract was $1,054.50 for one item of equipment.

A conventional (metallic) current probe was ordered to permit
comparisons with the minimally-perturbing current probes which we
will construct during this project. This is an Ailtech model

94606-2 current probe, from the Eaton Corp., Los Angeles, CA.
II. Summary of Performance
1. Consideration of Bandwidth Required for Current Probes

Others have wused conventional metallic current probes to
measure the current induced in human volunteers exposed to the
fields of EMP simulators. While we expect that the minimally-
perturbing current probes which we are developing in this project
will provide greater accuracy in measuring induced currents, the
data obtained with the metallic current probes may be used to
guide us in determining the requirements for bandwidth.

Gronhaug has reported waveforms for the time-dependent
current induced in human volunteers by EMP simulators. The wave-
forms obtained by theoretical modeling, and measurements with
metallic current probes, both suggest that for vertical polariza-
tion, the current induced in the leg has a dominant frequency of
approximately 30 MHz. With horizontal polarization, the current
induced in the horizontal arm of a volunteer has a dominant
frequency of approximately 60 MHz. All current waveforms appear
to be relatively 1limited in spectral content. The frequency
dependence of the induced currents, which is quite different from
that of the incident fields, may be attributed to the resonant
behavior of the human body.

Guy wused numerical modeling to obtain waveforms similar to
those presented by Gronhaug for currents induced by EMP simula-
tors having vertical polarization. A frequency-domain plot
presented for the current in Guy's calculations has 3dB points at
approximately 0.7 and 40 MHz, and 10db points at 0.2 and 60 MHz.
We will use these frequency values as guidelines to target the
desired bandwidth of our current probes.

2. Summary of Progress
We have constructed and tested a number of current probes

using coils having different values of distributed resistance.
The lower quality factor of a resistive coil (as compared to a



metallic coil) limits the amplitude of coil resonances to in-
crease the 3dB bandwidth. Thus increased bandwidth is obtained as
a concomitant to reduced perturbation of the fields, when the
resistance of a coil is increased.

A resistive coil acts as a lossy transmission line, so that
the potential induced in the coil by a current 1is attentuated
during transmission to the output terminals of the coil. We have
found that if a coil has too large a resistance, then the output
of the coil will depend on the location of the source current
within the aperture.

The distributed resistance of a coil must be chosen by a
compromise, so that there is sufficient bandwidth and the output
is not sensitive to the location of the source current. It
appears that with additional loading and filtering at the output
of the coil, we will be able to obtain a bandwidth consistent
with the observations made by others, that were summarized in the
previous section of this report. Our results further suggest
that the current probes will have a flat transfer impedance
(ratio of voltage output to source current) such as in the com-
mercial metallic current probes, rather than a flat ratio of
transfer impedance to frequency which would be expected from

low-frequency considerations. It further appears that no active
elements (amplifiers, etc.) will be required 1in our current
probes, which 1is desirable for open-field testing, as well as

from consideration of the possibility of burnout in the intense
fields of an EMP simulator.
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I. Summary of Costs

The only expenditure during February was $230.75 for Chrom
resistance wire. We require this material for our tests
optimizing the resistance of the coil in the current probes.

The only money encumbered (but not spent) during Februa
was $114.10 for coaxial connectors needed for our tests with t!
new current probes.

II. Summary of Performance

An electrostatic shield is essential for proper operation

the new current probes. The only published description of o
probes is in two U, S. patents; "High Frequencyp Ammeter", N
4,897,600, M. J. Hagmann and T. M. Babij, issued Jan. 30, 199
and "Personal Dosimeter," which is scheduled to be issued
March 23rd. In both of these patents it is stated that tlI
shield is an essential part of the invention. In the version

the invention which we are developing for applications to EMP, 1
have had to modify the current probes for lower sensitivity ai

greater Dbandwidth. Measurements made with these new currel
probes have confirmed that the shield is essential. At ©prese
we are using a conductive shield made from copper tape. We han

tested several materials with different resistivities in
effort to find one that may be used to form a resistive shiel«
so that the final device will be non-perturbing.

Two different systems have been used thus far in calibratic
of +the new current probes. One is a simple loop in which tl
center conductor of a section of 50 Ohm coaxial cable is bent
that it returns to make electrical contact with the outer conduc
tor through a 50 Ohm resistor. The second is a shielded loop :
which the entire coaxial cable is bent so that it returns ¢
itself, and both the center and outer conductor at the end of ti
cable are soldered to the outer conductor. A gap is made in tlI
outer conductor at the center of the circular 1loop. In Dbo
systems the loop is kept as small as possible, while interlaci:
through the aperture (window) of the current probe, to increas
the wupper usable frequency for the system to approximately 1f
MHz. Shielded devices, appropriate for calibration at " highe
frequencies, were designed but not constructed during the mon:
of February.

When one of our current probes is tested before the electr«
static shield is added, the probe responds to the fields produce
by the loops used for calibration, even when the loops are exte:
nal to the probe. Furthermore a non-shielded probe has an outp:

when it 1is exposed to the TEM fields in a Crawford cell, eve
though no current is passing through the aperture (window) of tl
probe. These extraneous responses of the probes are eliminate

by using the electrostatic shield.

The torroidal winding in each of the new current probes is



symetrical device, so that balanced loading of the winding
required to minimize extraneous responses of the probe. Wh
using the probe with a detector having an unbalanced input, su
as a fiber-optic transducer in field tests, or an oscilloscope
our laboratory tests, we connect each end of the winding to
separate channel of the detector. The electrostatic shield
the current probe is connected to the cable shield, and hence
the ground of the detector. Later in the project, if time pe
mits, we will consider the use of a BALUN or differential ampl
fier so that the current probes may be used with a single chann
of a detector having an unbalanced input.
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I. Summary of Costs

As of February 28, 1990 the only expenditures have been for
two items of supplles. These have been $1,542.55 for carbon
loaded Teflon, Fluorosint 719M, from the Polymer Corp., Reading,
PA, and $230.75 for Chromel resistance wire. We regulre both of
these materials for the high-resistance leads and winding of the
new current probes that we are testing for this project.

During this quarter $1,054.50 was encumbered (but not
spent) for one item of equlpment an Ailtech model 94606-2
current probe, from the Eaton Corp., Los Angeles, CA. This is a
conventional (metalllc) current probe, which will permlt compari-
sons with the mlnlmally-perturblng current probes which we are
constructing during this project. An additional $114.10 was
encumbered (but not spent) for coaxial connectors.

II. Summary of Performance
1. Objective

The minimally-perturbing current probes which we have made
and tested earlier were used in fixed-frequency measurements.
These probes were loaded by diode detectors, and the rectified
output of each probe was connected to the readout electronics by
resistive 1line. In measurements under EMP conditions it is
desirable to have the (unrectlfled) tlme-dependent output of the
probe connected to the input of a fiber-optics transducer having
an impedance of 50 Ohms. The current probe should have a flat
frequency response over a relatively wide frequency range so that
the instantaneous value of the measured current can be calculated
from the ouput of the probe.

2. Estimation of the Required Bandwidth

Others have used conventional metallic current probes to
measure the current induced in human volunteers exposed to the
fields of EMP simulators. While we expect that the mlnlmally-
perturblng current probes which we are developlng in this project
will provide greater accuracy in measuring induced currents, the
data obtalned with the metallic current probes may be used to
guide us in determining the requlrements for bandwidth.

Gronhaug has reported waveforms ‘for the time-dependent
current induced in human volunteers by EMP simulators. The wave-
forms - obtained by theoretical modeling, and measurements with
metallic current probes, both suggest that for vertical polariza-
tion, the current induced in the leg has a dominant frequency of
approximately 30 MHz. With horizontal polarization, the current
induced in the horizontal arm of a volunteer has a dominant
frequency of approx1mate1y 60 MHz. All current waveforms appear
to be relatively 1limited in spectral content. The frequency
dependéence of the induced currents, which is quite different from
that of the incident fields, may be attributed to the resonant
behavior ¢f the human body.

Guy _used~numeriqa1 modeliﬁg to obtain waveforms similar to



those presented by Gronhaug for currents induced by EMP simula-
tors having vertical polarlzatlon. A frequency-domaln plot
presented for the current in Guy’s calculations has 3dB points at
approximately 0.7 and 40 MHz, and 10db p01nts at 0.2 and 60 MHz.
We will use these frequency values as guidelines to target the
desired bandwidth of our current probes.

3. Summary of Progress

We have constructed a number of probes using coils having
different values of re51stance, and determined some of the ef-
fects of coil resistance on various characteristics including the
usable bandwidth. 1In these prototypes it has been necessary for
us to use a large number of resistors in series (typically 2 per
turn in each c011) to distribute the resistance over the 1length
of each coil in order to simulate resistive line. All measure-
ments have been made using the unrectlfled_output of the robe
connected ' directly to an osc1lloscope, since the unrectified
output ‘'will be needed in EMP testing. We have characterized the
probes at frequencies from 1 to 100 MHz.

Two dlfferent systems have been used thus far 1n calibration
of the new current probes. ' One is a 51mp1e loop in which the
center conductor of a section of 50 Ohm coaxial cable is bent so
that it returns to make electrical contact w1th the outer conduc-
tor through a 50 Ohm resistor. The second is a shielded loop in
which the entire coaxial cable is bent so that it returns on
itself, and both the center and outer conductor at the end of the
cable are soldered to the outer conductor. A gap is made in the
outer conductor at the center of the circular loop. In both
systems the loop is kept as small as possible, while interlacing
through the aperture (window) of the current probe, to increase
the upper usable frequency for the system to approximately 100
MHz. Shielded dev1ces, appropriate for calibration at higher
frequencies, were designed but not constructed during this quar-
ter of the project. _

The re51stance of the winding 1n a current probe must be
chosen by ‘a compromlse, so that there is 1) minimal perturbation
of electromagnetic flelds, 2) adequate bandwidth, and 3) the
output. of the probe is not sensitive to the position of the
source current w1th1n the probe aperture. Perturbation of elec-
vtromagnetlc fields is 1nverse1y related to coil resistance. The
lower quallt factor of a resistive coil (as compared to a metal-
lic coil) 1increases the bandwidth, but too high a resistance
causes attenuation at high frequenc1es. The output of a high
resistance coil depends on the location of the source current
within' the aperture (minimum output when the source current is
distant from the output termlnals) This undesired effect is
caused by: the attenuation durlng propagation on the coil.

Our tests suggest that with additional fllterlng, we will be
able to obtain a flat transfer 1mpedance (ratio of voltage output
to source current) over a bandw1dth consistent with the require-
ments, suggested in the prev1ous section of this report. It

{



appears that no active elements (ampllflers, etc.) will be re-
qulred in the new current probes, which is desirable for open-
field testlng, as well as from consideration of the possibility
of burnout in the intense fields of an EMP simulator.

An electrostatic shield is essential for proper operation of
the new current probes. The probes are described in two U. S.
patents; "High Frequencyp Ammeter", No. 4,897,600, M. J. Hagmann
and T. M. Bablj, issued January 30 1990, and "Personal Dosime-
ter," 1ssued April 3, 1990. In both patents it is stated that the
shleld is an essential part of the invention. In the version of
the invention which we are developing for appllcatlons to EMP, we
have had to modlfy the current probes for lower sensitivity and
greater bandwidth. Measurements made with these new current
probes have confirmed that the shield is essential. At present
we are using a conductive shield made from copper tape. We have
tested several materials with different resistivities in an
effort to find one that may be used to form a resistive shield,
so that the final device will be non-perturbing.

When one of our current probes is tested before the electro-
static shield is added, the probe responds to the fields produced
by the loops used for calibration, even when the loops are exter-
nal to the probe. Furthermore a non-shielded probe has an output
when it is- exposed to the TEM fields in a Crawford cell, even
though no current is passing through the aperture (w1ndow) of the
probe. These extraneous responses of the probes are eliminated
by using the electrostatic shield.

The torroidal winding in each of the new current probes is a
symetr1cal dev1ce, so that balanced loading of the winding is
regulred to minimize extraneous responses of the probe. When
using the probe with a detector having an unbalanced input, such
as a fiber-optic transducer in field tests, or an osc1lloscope in
our laboratory tests, each end of the winding must be connected
to a separate channel of the detector. The electrostatic shield
of the current probe is connected to the cable shield, and hence
to the ground of the detector. Later in the prOJect if time
permlts, we will consider the use of a BALUN, dlfferentlal ampli-
fier, or other output configuration so that the current probes
may be used with a single channel of a detector having an unbal-
anced 1nput.
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I. Summary of Costs

A sum of $114.10, previously encumbered (but not spent) for
for coaxial connectors, was spent during this period. An addi-
tional $13.58 was spent for copper foil needed for shielding of
the new current probes. A student was employed to work half-time
on the project, and OPS (other prsonal services) an expenditure
of $379.50 was required for his services during the period of
this report.

The only money encumbered (but not spent) during March was
$300, for the fabrication of aluminum boxes used as shielded test
fixtures in calibration of the current probes.

II. Summary of Performance

The new current probes, being developed for EMP applications
on this project, differ from commercial probes in that they
minimize perturbation of electromagnetic fields to increase
accuracy 1n measuring currents induced in lossy dielectric ob-
jects. Thus we chose to use commercial probes for use as stand-
ards in tests of our probes and calibration procedures. Two
commercial current probes (Eaton models 93686-4 and 91550-1),
having ferromagnetic cores and aluminum shields, were borrowed
for testing.

An Eaton model 93686-4 current probe was tested and found to
be highly susceptlble to RFI. At frequen01es greater than 30
MHz, when either of our test loops is brought near the probe
(zero current through the window) the probe output is comparable
to that when the loop interlaces the probe. When the probe is
placed in a Crawford cell, so the probe is exposed to approxi-
mately TEM fields but no current the ratio of probe output to
the current that is input to the cell exceeds the specified
transfer impedance at frequencies greater than 30 MHz.

We described the tests with the Eaton model 93686-4 current
probe in phone conversations with Don Radimacher and Larry Toller
of the Eaton Corporatlon. They were surprlsed by our results,
and sent a description of the shielded test fixtures they use for
calibration. In subsequent testing we found an apparent design
error in the current probe. The pailnt on the Faraday shield was
not removed beneath the type N connector, and there 1is a gap
between the connector and the shield. The RFI susceptibility of
the probe was decreased by about two orders of magnitude by
closing this gap with pressure-sensitive copper tape.

An Eaton model 91550-1 current probe was also tested, and we
found that RFI susceptibility to be almost two orders of magni-
tude below that of the (uncorrected) 93686-4 probe. There is no
visible gap between the type N connector and the Faraday shield
on the 91550-1 probe, but we ant1c1pate that the RFI susceptlbll—
ity could be decreased by removing the paint at this location on
the shield.



We have constructed shielded test fixctures similar to thos
used by Eaton. In a shielded test fixture, only the current i
the conductor passing through the probe window produces
magnetic field at the probe. The Faraday shield on a curren
probe limits the sensitivity to electric fields. Thus, a curren
probe 1in a shielded test fixture responds only to the magneti
field produced by current passing through the probe window. W
have found that each of the two Eaton probes has a transfe
impedance that is relatively flat from 1 to 100 MHz, as claime
by the manufacturer, when tested with our shielded fixtures
Both probes have quite different characteristics, includin
considerable frequency dependence, when they are tested wit
either of our two loops. It appears that differences in ou
results using shielded and unshielded test fixtures are not fro
cable pickup, etc., but are due to the increased complexity o
the fields with the unshielded (loop) fixtures. We believe tha
calibrations with shielded test fixtures may not properly repre
sent the conditions under which the current probes will be use
in our EMP project. We recommend that unshielded test fixture
be used 1in addition to the standard shielded fixtures if th
conditions under which measurements will be made are significant
ly different from the shielded configuration.
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I. Summary of Costs

A sum of $1060.14, previously encumbered (but not spent) for
a commercial current probe, was spent during this period. A sum
of $300, previously encumbered (but not spent) for fabricating
aluminum boxes used as shielded test fixtures, was also spent
during April. An expenditure of $192.50 was required for the
services of the OPS (other personal services) student working on
the project during the period of this report. No money was encum-
bered, but not spent, during the month of April.

ITI. Summary of Performance

We have previously made minimally-perturbing current probes
for testing in the frequency-domain. Unlike commercial current
probes, our probes have 1) no ferromagnetic core, 2) a resistive
rather than a conductive (metal) winding, and 3) a resistive

rather than a conductive (metal) shield. All three of these
changes are required to reduce the perturbation of electromagnet-
ic fields. A high resistance winding was appropriate in the

frequency-domain since the probe output was rectified, but is not
appropriate in EMP testing since attenuation distorts the (unrec-
tified) pulse output from the probe. We have studied the effects
of varying the resistance of the winding, and have found values
for which there is a compromise between bandwidth and field
perturbation.

A conductive shield is still used with the new field probes,
but it can be shown that they are less perturbing than commercial
current probes because a ferromagnetic core is not used. We are
presently examining several shield designs which should reduce
field perturbation. We have used passive circuits to extend the
frequency response of our current probes, and now have a probe
which has a flat response (+/- 3dB) over the frequency range of
10 to 200 MHz. This bandwidth, which is desirable for EMP tests,
exceeds that of commercial current probes.

A late paper titled "Inaccuracy of Measurements of RF Cur-
rent in the Human Body with Commercial Clamp-on Probes," has been
accepted for the June, 1990 meeting of the Bioelectromagnetics
Society in San Antonio. The analyses presented in this paper
show that introducing a commercial current probe into a circuit
alters the current in that circuit. The errors caused by the
commercial current probes are most significant when a large frac-
tion of the probe aperture (window) is filled, such as in meas-
urements with the human body, but the errors are small in meas-
urements with wires, for which the probes are intended. A copy
of the abstract for this late paper, which was previously submit-
ted to AFSC for clearance, is attached to this report.



Inaccuracy of Measurements of RF Current in the
Human Body with Commercial Clamp-on Probes

Mark J. Hagmann, Tadeusz M. Babij and William F. Taylor
Department of Electrical Engineering
Florida International University
Miami, Florida 33199

Clamp-on ammeters and probes are commonly used to measure
time-dependent currents in electrical circuits. These commercial
instruments use a ferromagnetic core to couple the magnetic flux
produced by the current to a coil, and the voltage induced in
this coil is measured to evaluate the current. Recently these
commercial instruments have been used by others to measure cur-
rents induced in the human body by EMP simulators as well as CW
sources.

We have previously described minimally-perturbing current
probes in the BEMS annual meetings for 1988 and 1989, and consid-
er these new probes to be more appropriate for measurements of
currents induced in the human body. Our new probes do not contain
ferromagnetic or other metallic materials.

We have shown by analysis that the ferromagnetic core in a
commercial current probe introduces a series inductance into the
circuit to which it is applied. In biological applications this
inductance may be as much as 1 mH since a large fraction of the
aperture is filled, but the effect is often negligible with a
wire conductor (for which the probes were intended).

We have shown by analysis that the grounded conductive
shield of a commercial current probe introduces a capacititive
shunt to ground. In biological applications this capacitance may
be as much as 100 pF since the shield is close to the body, but
the effect is often negligible with a wire conductor (for which
the probes were intended).

At frequencies above 100 MHz, the size of a commercial
current probe is large enough that the above circuit analysis is
not appropriate. We model the section of the human body (or
wire) in which the current is measured with a transmission 1line,
and effect of the probe on the current may be analyzed as a
discontinuity in the impedance of this transmission line. The
effects of this discontinuity are often negligible with a wire
conductor (for which the probes were intended), but the effects
are significant in biological applications, since a large frac-
tion of the probe aperture is filled so that the discontinuity in
impedance is more pronounced.

Experiments will be described which illustrate the inaccura-
cy of measurements with commercial clamp-on current probes.

This research is sponsored by the USAF School of Aerospace
Medicine under subcontract B-10-A10-S1 from Georgia Institute of
Technology.

Abstract of late paper to be presented at BEMS, 1990.
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I. Summary of Costs

A sum of $65.23 was spent during May for the preparation of
photographs and slides on the current probes. An expenditure of
$825.00 was made for the services of the OPS (other personal
services) student working on the project. A sum of $208.73 was
spent on the preparation of Plexiglas coil forms for the current
probes. A trip was made to a meeting of the North American
Hyperthermia Group in New Orleans, at a cost of $705.38.

IT. Summary of Performance

During the month of May we made further experiments to
determine the effect of the quality factor of the coil in a
current probe on bandwidth, sensitivity, and perturbations caused
by the probe.

The current probes which we used previously required a
balanced output, so that two channels of an oscilloscope were
needed. Two channels of a fiber optic link would be needed in
field testing to be done later in this project. We have found
that it is possible to alter the circuit of the coil so that a
nonsymmetrical output is obtained, and we are studying the ef-
fects of this modification on the performance of the current
probes.

We have made additional changes in the TEM cell used to
calibrate our new current probes, in order to increase the accu-
racy of the measurements. When this device is used with the
commercial current probes that we have in our laboratory, we are
able to duplicate the calibration curves supplied by the manufac-
turer. This test fixture is used routinely in testing our new
current probes, but we also make measurements with unshielded
current sources to simulate the conditions of field testing.

It was mentioned in our April report that we have shown from
theory that commercial current probes alter the circuit in which
they are used, and hence change the current being measured. The
ferromagnetic core of a probe adds a series inductance, and the
conductive metal shield adds a capacitive shunt to ground.
During the period of the present report we made measurements
which verified the analysis. A Hewlett Packard model 4193A
Vector Impedance Meter was used to measure the impedance of a
circuit consisting of a metal cylinder fed by tapered two-wire
transmission line. The resonant frequency of this circuit shift-
ed by as much as 3.6 MHz, with order of magnitude changes in the
magnitude of the impedance, when commercial current probes were
placed on the cylinder. The analysis and the experimental re-
sults suggest there is a need for the minimally-perturbing cur-
rent probes that we are developing in the present project.

The analysis and the experimental results with commercial
current probes were presented in "Inaccuracy of Measurements of
RF Current in the Human Body with Commercial Clamp-on Probes," at
the June, 1990 meeting of the Bioelectromagnetics Society in San
Antonio. . The abstract for this paper was previously submitted
to AFSC for clearance, and a copy of the abstract was attached to
the report for April. A copy of the materials used in the pre-
sentation is attached to the present report.
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INTRODUCTION

Clamp-on ammeters and current probes are commonly used to
measure time-dependent currents in electrical circuits. In these
commercial instruments a ferromagnetic core couples the magnetic
flux produced by the current to a coil, and the potential induced
in this coil is measured to evaluate the current. A grounded
metal shield is required to limit capacitive coupling (Fig. 1).

Others have used commercial current probes to measure cur-
rent in the human body with both CW [1] and pulsed [2]-[3]
sources. We have made minimally-perturbing current probes [4]-
[5] for this purpose. The present paper shows that the ferromag-
netic core and grounded metal shield in commercial current probes
can significantly modify currents in the human body. Additional
innacuracies due to non-ideal components in the probe are not
considered.

METHODS OF ANALYSIS
I. Changes in the Equivalent Circuit of an Antenna

Antenna theory has been used previously to determine the SAR
for models of man in free-space as well as with ground and re-
flector effects [6]. In the present paper a current probe was
added to find the effects of the probe on antenna reactance.

Figure 2 shows a vertical cylindrical monopole antenna, with
a current probe, above ground. Changes in the equivalent circuit
of the antenna due to the current probe are shown in Fig. 3.
Definitions of terms in Figs. 2 and 3 are given in Table I. The
length of the monopole, H = 175 cm, the height of a standard man,
and the radius, Rl = 11.3 cm, for a volume corresponding to 70 kg
of tissue.

The ferromagnetic core in a commercial current probe intro-
duces a series inductance L, into the circuit to which it is ap-
plied. The value of this inductance was determined by 1) using
the total current, conduction plus displacement, with Ampere’s
law to calculate the magnetic field intensity, 2) integrating to
find the total magnetic energy, and 3) relating the total magnet-
ic energy to inductance and current. Our calculations have shown
that in biological applications this inductance may be as much as
1 mH since a large fraction of the aperture is filled, but the
effect is often negligible with a wire conductor (for which the
probes were intended).

The grounded metal shield introduces a capacitive shunt to
ground. This capacitance was determined with the expression for a
coaxial transmission line, so the value is underestimated unless



the gap between the probe and the antenna is much smaller than
the length of the probe. Our calculations have shown that in
biological applications the value may be as much as 100 pF when
the shield is close to the body, but the effect is often negligi-
ble with a wire conductor (for which the probes were intended).

The series inductance and the capacitive shunt to ground are
both distributed over the length of the probe, but this is ap-
proximated by the circuit shown in Fig. 3. Resistance and in-
ductance in the path to ground from the capacitor were not con-
sidered in the present analysis. The reactance of the antenna
was determined using the approximation of open ended tapered
two-wire transmission line, and changes in reactance due to the
current probe were calculated. Examples in Tables II-IV suggest
that a current probe can cause a significant change in the reso-
nant behavior of the antenna, and hence of man.

II. Transmission Line Model

At frequencies above 100 MHz, the length of a commercial
current probe is large enough that the above analysis with lumped
circuit elements is not appropriate. The transmission line model
(Fig. 4) consists of 1) an open-ended section of tapered two-wire
section with length H -Z -S/2, 2) a coaxial section with length
S, and 3) a tapered two-wire section with length 2 -S/2.

The impedance of the coaxial section was determined using
the values of inductance per unit length and capacitance per unit
length from the previous section of this paper. The velocity of
propagation in the coaxial section is modified by the effective
relative permeability, RPE, which is typically less than 10
percent of the relative permeability of the ferromagnetic core.

Preliminary calculations using this method have shown that
the effects of the probe are often negligible with a wire conduc-
tor (for which the probes were intended), but suggest that the
effects may be significant in biological applications, since a
large fraction of the probe aperture is filled so that the dis-
continuity in impedance is more pronounced.

EXPERIMENTAL RESULTS

An aluminum cylinder 3.1 cm in diameter and 28 cm long was
connected to a Hewlett Packard 4193A Vector Impedance Meter with
two wire transmission line, and the impedance of this circuit was
measured from 0.5 to 110 MHz. The data in Table V show that
significant changes in impedance occur when a commercial current
probe is placed on the cylinder. The Eaton model 93686-4 has a
larger diameter, so less of the aperture is filled by the cylin-
der, but this probe is more massive than the 91550-1; hence the
two probes have similar effects on the circuit. At frequencies
near resonance, the impedance (and hence the current) in this
circuit is typically changed by approximately one order of magni-
tude when either current probe is placed on the cylinder. We
observed that the effects of two probes are not additive, which
may be explained by capacitive shunting of the probe nearer
ground.
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Table I, Definitions of Terms

Rl= Outer radius of the monopole, cm.

R2= Inner radius of the probe, cm.

R3= Outer radius of the probe, cm.

RP= Relative permeability of the probe core.

S= Length of the probe, cm.

H= Length of the monopole, cm.

Z= Height of center of the probe above ground, cm.
C= Shunt capacitance with probe, pico Farads.

L= Series inductance with probe, micro Henrys.
RPE= Effective relative permeability.



Table II, Example with Antenna Equivalent Circuit

R1l= 11.3 cm. S= 2.0 cm.

R2= 12.3 cm. = 175. cn.
R3= 14.3 cm. Z= 24. cn.

RP= 4,000.

Added capacitive shunt, C= 13.1 pico Farads.
Added series inductance, L= 2.41 micro Henrys.
Effective relative permeability, RPE= 221.

FMHZ
1.
5.

10.

15.

20.

25,

30.

35.

40.

45.

50.

55.

60.

65.

70.

75.

80.

85.

90.

95.

100.

Resonances
Resonances with probe are at 16, 40, 54 and 86 MHz.

Dipole Reactance in Ohms

Without probe
-j8,955.
-j1,772.

-j855.3
-j535.7
-j364.6
-j251.8
-j167.1
-j97.02
-j34.20
+326.23
+j88.48
+j157.3
+3239.5
+3347.4
+3507.9
+3797.5
+j1,561.
+j13,656.
-j2,045.
-j920.9
-j565.8

without probe are

With probe
-j8,924.
-j1,619.

-j542.9
-j45.18
+3340.6
+3j745.3
+31,319.
+3j2,669.
+3j213,462.
-j1,890.
-j510.2
+349.49
+3417.2
+3728.4
+j1,051.
+31,479.
+j2,366.
+3j14,574.
-j1,020.
+j204.8
+3657.1

at 43 and 86 MHz.



Table III, Example with Antenna Equivalent Circuit

R1= 11.3 cm. S= 2.0 cnm.
R2= 14.3 cn. = 175. cn.
R3= 16.3 cm. Z= 24. cCn.
RP= 4,000.

Added capacitive shunt, C= 4.73 pico Farads.
Added series inductance, I= 2.09 micro Henrys.
Effective relative permeability, RPE= 191.

Dipole Reactance in Ohms

FMHZ Without probe With probe
1. -j8,955. -j8,928.
5. -j1,772. -j1,640.

10. -j855.3 -§590.3

15. -j535.7 -j133.1

20. -j364.6 +j182.4

25. -j251.8 +3449.7

30. -j167.1 +3703.8

35. -j97.02 +3965.3

40. -j34.20 +3j1,253.

45. +j26.23 +j1,592.

50. +3j88.48 +j2,023.

55. +j157.3 +j2,635.

60. +j239.5 +j3,661.

65. +j347.4 +j6,016.

70. +3507.9 +j21,553.

75. +3797.5 -j8,514.

80. +j1,561. -j1,647.

85. +j13,656. +j12,033.

90. -j2,045. -j2,908.

95. -3920.9 -j1,319.

100. -j565.8 -j638.3

Resonances without probe are at 43 and 86 MHz.
Resonances with probe are at 17, 72, 82 and 86 MHz.



Table IV, Example with Antenna Equivalent Circuit

R1l= 11.3 cm. S= 4.0 cm.
R2= 12.3 cm. H= 175. cmn.
R3= 16.3 cm. Z= 24. cn.
RP= 4,000.

Added capacitive shunt, C= 26.2 pico Farads.
Added series inductance, 1= 8.97 micro Henrys.
Effective relative permeability, RPE= 411.

Dipole Reactance in Ohms

FMHZ Without probe With probe
1. -j8,955. -j8,842.
5. -j1,772. -j1,171.

10. -j855.3 +3j760.3

15. -j535.7 -j18,430.

20. -3364.6 -j551.1

25. -j251.8 +j416.6

30. -j167.1 +3991.7

35. -j97.02 +j1,454.

40. -j34.20 +j1,869.

45. +j26.23 +j2,260.

50. +j88.48 +3j2,640.

55. +j157.3 +3j3,019.

60. +3j239.5 +3j3,405.

65. +3347.4 +j3,813.

70. +3507.9 +j4,271.

75. +3797.5 +j4,855.

80. +j1,561. +j5,912.

85. +j13,656. +j18,298.

90. -j2,045. +j2,887.

95. -j920.9 +j4,301.

100. -j565.8 +j4,944.

Resonances without probe are at 43 and 86 MHz.
Resonances with probe are at 8, 15, 22 and 86 MHz.



Table V, Measurements of Impedance

No Probe Eaton 91550-1 Eaton 93686-4
First Resonance 51.53 MHz 49.76 MHz 50.42 MHz
5.3 k Ohm 3.7 k Ohm 3.7 k Ohm
Second Resonance 77.03 MHz 74.24 MHz 73.38 MHz
34. Ohm 28 Ohm 26 Ohm
Third Resonance  92.49 MHz 92.70 MHz 92.31 MHz
1.7 k Ohm 2.0 k Ohm 2.1 k Ohm

Hewlett Packard 4193A Vector Impedance Meter was used to measure
the impedance of a circuit consisting of a 3.1 cm o.d., 28 cm
long aluminum cylinder with two wire transmission line. Eaton
models 91550-1 and 93686-4 current probes, with aperture diame-

ters of 3.5 and 6.5 cm, respectively, were placed on the aluminum
cylinder.
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I. Summary of Costs

During the second quarter of this project, ending May 31,
1990, a sum of $114.10, previously encumbered (but not spent) for
for coaxial connectors. An additional $1060.14, previously
encumbered (but not spent) for a commercial current probe, was
also spent during this period.

A sum of $13.58 was spent for copper foil needed for shield-
ing of the new current probes. Plexiglas coil forms were con-
structed for us at a cost of $208.73. A sum of $300 was spent
for the fabrication of aluminum boxes used as shielded test
fixtures in calibration of the current probes.

A sum of $65.23 was spent during May for the preparation of
photographs and slides on the current probes. A student was
employed to work half-time on the project, and an OPS (other
personal services) expenditure of $1397.00 was required for his
services during the period of this report. A trip was made to a
meeting of the North American Hyperthermia Group in New Orleans,
at a cost of $705.38.

ITI. Summary of Performance
A. Calibration Procedureé

The new current probes, being developed for EMP applications
on this project, differ from commercial probes in that they
minimize perturbation of electromagnetic fields to increase
accuracy in measuring currents induced in lossy dielectric ob-
jects. Thus we chose to use commercial probes for use as stand-
ards in tests of our probes and calibration procedures. Two
commercial current probes (Eaton models 93686-4 and 91550-1),
having ferromagnetic cores and aluminum shields, were borrowed
for testing.

An Eaton model 93686-4 current probe was tested and found to
be highly susceptible to RFI. At frequencies greater than 30
MHz, when either of our test loops is brought near the probe
(zero current through the window) the probe output is comparable
to that when the loop interlaces the probe. When the probe is
placed in a Crawford cell, so the probe is exposed to approxi-
mately TEM fields but no current, the ratio of probe output to
the current that is input to the cell exceeds the specified
transfer impedance at frequencies greater than 30 MHz.

We described the tests with the Eaton model 93686-4 current
probe in phone conversations with Don Radimacher and Larry Toller
of the Eaton Corporation. They were surprised by our results,
and sent a description of the shielded test fixtures they use for
calibration. 1In subsequent testing we found an apparent design
error in the current probe. The paint on the Faraday shield was
not removed beneath the type N connector, and there is a gap
between the connector and the shield. The RFI susceptibility of
the probe was decreased by about two orders of magnitude by
closing this gap with pressure-sensitive copper tape.

An Eaton model 91550-1 current probe was also tested, and we
found that RFI susceptibility to be almost two orders of magni-
tude below that of the (uncorrected) 93686-4 probe. There is no



visible gap between the type N connector and the Faraday shield
on the 91550-1 probe, but we anticipate that the RFI susceptibil-
ity could be decreased by removing the paint at this location on
the shield.

We have constructed shielded test fixtures similar to those
used by Eaton. 1In a shielded test fixture, only the current in
the conductor passing through the probe window produces a magnet-
ic field at the probe. The Faraday shield on a current probe
limits the sensitivity to electric fields. Thus, a current probe
in a shielded test fixture responds only to the magnetic field
produced by current passing through the probe window. We are
able to duplicate the calibration curves supplied by the manufac-
turer, by testing either of the two Eaton probes with our shield-
ed test fixtures. Both probes have quite different characteris-
tics, including considerable frequency dependence, when they are
tested with either of our two loops. It appears that differences
in our results using shielded and unshielded test fixtures are
not from cable pickup, etc., but are due to the increased com-
plexity of the fields with the unshielded (loop) fixtures. We
believe that calibrations with shielded test fixtures may not
properly represent the conditions under which the current probes
will be used in our EMP project. We recommend that unshielded
test fixtures be used in addition to the standard shielded fix-
tures if the conditions under which measurements will be made are
significantly different from the shielded configuration.

B. Optimization of Current Probes

We have previously made minimally-perturbing current probes
suitable for measurements in the frequency-domain. Unlike com-
mercial current probes, our probes have 1) no ferromagnetic core,
2) a resistive rather than a conductive (metal) winding, and 3) a
resistive rather than a conductive (metal) shield. All three of
these changes are required to reduce the perturbation of electro-
magnetic fields.

A high resistance winding was appropriate in the frequency-
domain since the probe output was rectified, but is not appropri-
ate in EMP testing since attenuation distorts the (unrectified)
pulse output from the probe. We have studied the effects of
varying the resistance of the winding, and have found values for
which there is a compromise between bandwidth, sensitivity, and
field perturbation.

A conductive shield is still used with the new field probes,
but it can be shown that they are less perturbing than commercial
current probes because a ferromagnetic core is not used. We are
presently examining several shield designs which should reduce
field perturbation. We have used passive circuits to extend the
frequency response of our current probes, and now have a probe
which has a flat response (+/- 3dB) over the frequency range of
10 to 200 MHz. This bandwidth, which is desirable for EMP tests,
exceeds that of commercial current probes.

The current probes which we used previously required a
balanced output, so that two channels of an oscilloscope were
needed. Two channels of a fiber optic link would be needed in
field testing to be done later in this project. We have found



that it is possible to alter the circuit of the coil so that a
nonsymmetrical output is obtained, and we are studying the ef-
fects of this modification on the performance of the current
probes.

C. Analysis and Experiments with Commercial Probes

A paper titled "Inaccuracy of Measurements of RF Current in
the Human Body with Commercial Clamp-on Probes," was presented in
the June, 1990 meeting of the Bioelectromagnetics Society at San
Antonio. The analyses and experiments summarized in this paper
show that introducing a commercial current probe into a circuit
alters the current being measured. The errors caused by the
commercial current probes are most significant when a large
fraction of the probe aperture (window) is filled, such as in
measurements with the human body, but the errors are small in
measurements with wires, for which the probes are intended. A
copy of the abstract for this paper, previously submitted to AFSC
for clearance, is attached to this report. A copy of the mate-
rials used in the presentation is also attached.
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Clamp-on ammeters and probes are commonly used to measure
time-dependent currents in electrical circuits. These commercial
instruments use a ferromagnetic core to couple the magnetic flux
produced by the current to a coil, and the voltage induced in
this coil is measured to evaluate the current. Recently these
commercial instruments have been used by others to measure cur-
rents induced in the human body by EMP simulators as well as CW
sources.

We have previously described minimally-perturbing current
probes in the BEMS annual meetings for 1988 and 1989, and consid-
er these new probes to be more appropriate for measurements of
currents induced in the human body. Our new probes do not contain
ferromagnetic or other metallic materials.

We have shown by analysis that the ferromagnetic core in a
commercial current probe introduces a series inductance into the
circuit to which it is applied. In biological applications this
inductance may be as much as 1 mH since a large fraction of the
aperture is filled, but the effect is often negligible with a
wire conductor (for which the probes were intended).

We have shown by analysis that the grounded conductive
shield of a commercial current probe introduces a capacititive
shunt to ground. In biological applications this capacitance may
be as much as 100 pF since the shield is close to the body, but
the effect is often negligible with a wire conductor (for which
the probes were intended).

At frequencies above 100 MHz, the size of a commercial
current probe is large enough that the above circuit analysis is
not appropriate. We model the section of the human body (or
wire) in which the current is measured with a transmission 1line,
and effect of the probe on the current may be analyzed as a
discontinuity in the impedance of this transmission line. The
effects of this discontinuity are often negligible with a wire
conductor (for which the probes were intended), but the effects
are significant in biological applications, since a large frac-
tion of the probe aperture is filled so that the discontinuity in
impedance is more pronounced.

Experiments will be described which illustrate the inaccura-
cy of measurements with commercial clamp-on current probes.

This research is sponsored by the USAF School of Aerospace
Medicine under subcontract B-10-A10-S1 from Georgia Institute of
Technology.

Abstract of late paper to be presented at BEMS, 1990.
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INTRODUCTION

Clamp-on ammeters and current probes are commonly used to
measure time-dependent currents in electrical circuits. In these
commercial instruments a ferromagnetic core couples the magnetic
flux produced by the current to a coil, and the potential induced
in this coil is measured to evaluate the current. A grounded
metal shield is required to limit capacitive coupling (Fig. 1).

Others have used commercial current probes to measure cur-
rent in the human body with both CW [1] and pulsed [2]-[3]
sources. We have made minimally-perturbing current probes [4]-
[6] for this purpose. The present paper shows that the ferromag-
netic core and grounded metal shield in commercial current probes
can significantly modify currents in the human body. Additional
innacuracies due to non-ideal components in the probe are not
considered.

METHODS OF ANALYSIS
I. Changes in the Equivalent Circuit of an Antenna

Antenna theory has been used previously to determine the SAR
for models of man in free-space as well as with ground and re-
flector effects [6]. In the present paper a current probe was
added to find the effects of the probe on antenna reactance.

Figure 2 shows a vertical cylindrical monopole antenna, with
a current probe, above ground. Changes in the equivalent circuit
of the antenna due to the current probe are shown in Fig. 3.
Definitions of terms in Figs. 2 and 3 are given in Table I. The
length of the monopole, H = 175 cm, the height of a standard man,
and the radius, Rl = 11.3 cm, for a volume corresponding to 70 kg
of tissue.

The ferromagnetic core in a commercial current probe intro-
duces a series inductance L, into the circuit to which it is ap-
plied. The value of this inductance was determined by 1) using
the total current, conduction plus displacement, with Ampere’s
law to calculate the magnetic field intensity, 2) integrating to
find the total magnetic energy, and 3) relating the total magnet-
ic energy to inductance and current. Our calculations have shown
that in biological applications this inductance may be as much as
1 mH since a large fraction of the aperture is filled, but the
effect is often negligible with a wire conductor (for which the
probes were intended).

The grounded metal shield introduces a capacitive shunt to
ground. This capacitance was determined with the expression for a
coaxial transmission line, so the value is underestimated unless
the gap between the probe and the antenna is much smaller than



the length of the probe. Our calculations have shown that in
biological applications the value may be as much as 100 pF when
the shield is close to the body, but the effect is often negligi-
ble with a wire conductor (for which the probes were intended).

The series inductance and the capacitive shunt to ground are
both distributed over the length of the probe, but this is ap-
proximated by the circuit shown in Fig. 3. Resistance and in-
ductance in the path to ground from the capacitor were not con-
sidered in the present analysis. The reactance of the antenna
was determined using the approximation of open ended tapered
two-wire transmission line, and changes in reactance due to the
current probe were calculated. Examples in Tables II-IV suggest
that a current probe can cause a significant change in the reso-
nant behavior of the antenna, and hence of man.

II. Transmission Line Model

At frequencies above 100 MHz, the length of a commercial
current probe is large enough that the above analysis with lumped
circuit elements is not appropriate. The transmission line model
(Fig. 4) consists of 1) an open-ended section of tapered two-wire
section with length H -2 -S/2, 2) a coaxial section with length
S, and 3) a tapered two-wire section with length 2 -S/2.

The impedance of the coaxial section was determined using
the values of inductance per unit length and capacitance per unit
length from the previous section of this paper. The velocity of
propagation in the coaxial section is modified by the effective
relative permeability, RPE, which is typically less than 10
percent of the relative permeability of the ferromagnetic core.

Preliminary calculations using this method have shown that
the effects of the probe are often negligible with a wire conduc-
tor (for which the probes were intended), but suggest that the
effects may be significant in biological applications, since a
large fraction of the probe aperture is filled so that the dis-
continuity in impedance is more pronounced.

EXPERIMENTAL RESULTS

An aluminum cylinder 3.1 cm in diameter and 28 cm long was
connected to a Hewlett Packard 4193A Vector Impedance Meter with
two wire transmission line, and the impedance of this circuit was
measured from 0.5 to 110 MHz. The data in Table V show that
significant changes in impedance occur when a commercial current
probe is placed on the cylinder. The Eaton model 93686-4 has a
larger diameter, so less of the aperture is filled by the cylin-
der, but this probe is more massive than the 91550-1; hence the
two probes have similar effects on the circuit. At frequencies
near resonance, the impedance (and hence the current) in this
circuit is typically changed by approximately one order of magni-
tude when either current probe is placed on the cylinder. We
observed that the effects of two probes are not additive, which
may be explained by capacitive shunting of the probe nearer
ground.

This research is sponsored by the USAF School of Aerospace



Medicine under subcontract B-10-A10-S1 from Georgia Institute of
Technology.
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Table I, Definitions of Terms

Rl= Outer radius of the monopole, cm.

R2= Inner radius of the probe, cm.

R3= Outer radius of the probe, cm.

RP= Relative permeability of the probe core.

S= Length of the probe, cm.

H= Length of the monopole, cm.

Z= Height of center of the probe above ground, cm.
C= Shunt capacitance with probe, pico Farads.

1= Series inductance with probe, micro Henrys.
RPE= Effective relative permeability.



Table II, Example with Antenna Equivalent Circuit

Rl= 11.3 cm.
R2= 12.3 cmn.
R3= 14.3 cm.
RP= 4,000.

S= 2.0 cnm.
H= 175.

Z= 24.

Added capacitive shunt, C= 13.1 pico Farads.
Added series inductance, L= 2.41 micro Henrys.
Effective relative permeability, RPE= 221.

FMHZ
1.
5.

10.

15.

20.

25.

30.

35.

40.

45.

50.

55.

60.

65.

70.

75.

80.

85.

90.

95.

100.

Dipole Reactance in Ohms

Without probe

-j8,955.
-j1,772.
-j855.3
-j535.7
-j364.6
-j251.8
-j167.1
-j97.02
-j34.20
+326.23
+j88.48
+j157.3
+3239.5
+3j347.4
+3j507.9
+j797.5
+j1,561.
+j13,656.
-j2,045.
-j920.9
-j565.8

With probe
-j8,924.
-j1,619.

-j542.9
-j45.18
+3340.6
+3j745.3
+j1,319.
+j2,669.
+j213,462.
-j1,890.
-j510.2
+349.49
+3417.2
+j728.4
+j1,051.
+j1,479.
+j2,366.
+j14,574.
-j1,020.
+j204.8
+j657.1

Resonances without probe are at 43 and 86 MHz.
Resonances with probe are at 16, 40, 54 and 86

MHz.



Table III, Example with Antenna Equivalent Circuit

R1= 11.3 cm. S= 2.0 cm.

R2= 14.3 cm. H= 175. cm.
R3= 16.3 cm. Z= 24. cm.

RP= 4,000.

Added capacitive shunt, C= 4.73 pico Farads.
Added series inductance, L= 2.09 micro Henrys.
Effective relative permeability, RPE= 191.

Dipole Reactance in Ohms

FMHZ Without probe With probe
1. -j8,955. -j8,928.
5. -j1,772. -j1,640.

10. -j855.3 -3590.3

15. -j535.7 -j133.1

20. -3364.6 +j182.4

25. -j251.8 . +3449.7

30. -j167.1 +3j703.8

35. -j97.02 +3965.3

40. -3j34.20 +j1,253.

45. +326.23 +3j1,592.

50. +j88.48 +j2,023.

55. +3157.3 +j2,635.

60. +3239.5 +j3,661.

65. +3347.4 +36,016.

70. +3507.9 +j21,553.

75. +j797.5 -j8,514.

80. +j1,561. -j1,647.

85. +j13,656. +j12,033.

90. -j2,045. -j2,908.

95. : © =j920.9 -j1,319.

100. -j565.8 -j638.3

Resonances without probe are at 43 and 86 MHz.
Resonances with probe are at 17, 72, 82 and 86 MHz.
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Table IV, Example with Antenna Equivalent Circuit

Rl= 11.3 cm. S= 4.0 cm.
R2= 12.3 cm. H= 175. cm.
R3= 16.3 cm. Z= 24. cn.
RP= 4,000.

Added capacitive shunt, C= 26.2 pico Farads.
Added series inductance, L= 8.97 micro Henrys.
Effective relative permeability, RPE= 411.

Dipole Reactance in Ohms

FMHZ Without probe With probe
1. -3§8,955. -j8,842.
5. -j1,772. -j1,171.

10. -j855.3 +j760.3

15. -3535.7 -j18,430.

20. -3364.6 -3551.1

25. -j251.8 +3416.6

30. -3167.1 +3991.7

35. -j97.02 +j1,454.

40. -3j34.20 +3j1,869.

45. +326.23 +j2,260.

50. +388.48 +j2,640.

55. +3157.3 +3j3,019.

60. +3239.5 +33,405.

65. +3347.4 +3j3,813.

70. +3507.9 +34,271.

75. +j797.5 +3j4,855.

80. +j1,561. +j5,912.

85. +3j13,656. +j18,298.

90. -j2,045. +j2,887.

95. -j920.9 +j4,301.

100. -j565.8 +j4,944.

Resonances without probe are at 43 and 86 MHz.
Resonances with probe are at 8, 15, 22 and 86 MHz.
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Table V, Measurements of Impedance

No Probe Eaton 91550-1 Eaton 93686-4
First Resonance 51.53 MHz 49.76 MHz 50.42 MHz
5.3 k Ohm 3.7 k Ohm 3.7 k Ohm
Second Resonance 77 .03 MHz 74.24 MHZz 73.38 MHz
34. Ohm 28 Ohm 26 Ohm
Third Resonance 92.49 MHz 92.70 MHz 92.31 MHz
1.7 k Ohm - 2.0 k Ohm 2.1 k Ohm

Hewlett Packard 4193A Vector Impedance Meter was used to measure
the impedance of a circuit consisting of a 3.1 cm o.d., 28 cm
long aluminum cylinder with two wire transmission line. Eaton
models 91550-1 and 93686-4 current probes, with aperture diame-

ters of 3.5 and 6.5 cm, respectively, were placed on the aluminum
cylinder.

12
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I. Summary of Costs

A sum of $82.63 was spent during June for copper screening
to be used in shields for the new current probes. An .expenditure
of $440.00 was made for the services of the OPS (other personal
services) student working on the project. A sum of $365.50 was
spent on air fare so that the senior investigator for the project
could attend a meeting of the Bioelectromagnetics Society in San
Antonio to present a paper describing the new current probes.

IT. Summary of Performance

Our recent studies with the probes we are developing in this
project, as well as with commercial current probes, suggest it is
necessary to use unshielded test fixtures in addition to the
standard shielded fixtures. In the performance and cost report
for March, we described the shielded test fixtures that are used
in calibrating commercial current probes. It was mentioned that
one commercial current probe, which appeared to be satisfactory
in tests with a shielded fixture, had an anomalous response to
fields (not currents) in a Crawford cell. At present we routinely
use the shielded fixture for calibration, and either a parallel
plate fixture or a monopole above ground as a supplemental un-
shielded test fixutre to detect RFI susceptibility.

We have decreased the RFI susceptibility of the new current
probes, which is essential when currents are measured in rela-
tively strong fields such as in EMP testing. It is necessary to
use care in constructing the Faraday shield, especially in elimi-
nating holes, slots, etc., with the exception of the precision-
made gap. Several designs have been used for the gap, and we have
examined the effects of the size and materials used in the gap on
both sensitivity of the current probe and RFI susceptibility.
Double shielding of the coaxial cable was tested with our new
current probes, and it appears that this technique reduces RFI
susceptibility by decreasing the pickup on the cable. Ferrite
cable shield beads were found to reduce RFI with our new current
probes. Both double shielding of the cable and ferrite bead
loading have been used by others with commercial current probes
to reduce susceptibility to RFI. We have also found that the use
of twinaxial cable with a balanced output also reduces the RFI
susceptibility.



Georgia Institute of Technology

4 " , Centennial Research Building
e ec 400 Tenth Street, N.W.
Atlanta, Georgia 303320130
BIOENGINEERING CENTER

404894 +3964
FAX: 404+894+3120

September 28, 1990

DEPARTMENT OF THE AIR FORCE
A C. Tolor. Direct Air Force Systems Command
m . 3 . Pk
5;£;mm;;;mg$;3émy Aeyonautlcal Systems Division/PMRSC
Co-Director, Bioengineering Center erght-Patterson AFB ’ OH 45433-6503
(404) 894 -3964

Attention: Mr. Jeffery Mellot
Norl?erto F. Ezqyerra, Director
o o ormatics Laboratory  poference: Task Order 0010 Under Contract No.
F33615-87-D-0626, "Pre-Acquired Research
1 1 n 1 tect
Pl i, Ksmer, Ditsetar in Biotechnology", Georgia Tech Project

Neuroscience Laboratory No. B-~10-A1l0
(404) 894-4257

Subject : Performance and Cost Report No. 11,
Michael J. Sinclair, Director Sequence No. 13, for the Reporting Period
Robotics and Microelectroni
Laboratory o oeoomes 1 July through 31 July 1990
(404) 894 -4931
Gentlemen:
KEY STAFF .
. Please find attached the July 1990 Performance and.
rrirtie Cost Report for the referenced Task Order. This report
was prepared and submitted by Drs. Mark Hagmann and
aﬁmgz%;“m““ Tadeusz Babij, the Principal Investigators on the
subcontract Georgia Tech has negotiated for this Task
Michael F. Burrow with the Florida International University in Miami,
(404) 894-7034 ‘
Florida.
John W. Peifer
(404) 894-7028
Wesley W. Shelton, Jr.
(404) 894-8727 Sincerely,

Thomas G. Single
(404) 894-7033

Crystal L. Tucker
(404) 894-7022

J.C. Toler, Director
Project No. B-10-A10

cc: Dr. M. Hagmann
Dr. T. Babij

An Equal Education and Employment Opportunity Institution A Unit of the University System of Georgia



Non-Invasive Measurement of Current for Dosimetry
Performance and Cost Report for July, 1990

Prepared for Georgia Institute of Technology
Subcontract No. B-10-Al10-S1
FIU Project No. 571808200

Mark J. Hagmann and Tadeusz M. Babij
Department of Electrical and Computer Engineering

Florida International University
Miami, Florida 33199

September 17, 1990



I. Summary of Costs

A sum of $43.69 was spent during July for twinax cable which
was required to provide balanced connections to the new current
probe to minimize RFI. A sum of $78.10 was spent for resistors
for construction of the lossy coils used in the current probes.
Also $360.00 was spent for aluminum shields for the probes. An
expenditure of $858.00 was made for the services of OPS (other
personal services) students working on the project. A sum of
$463.76 was spent on hotel, meals and other expenses (excluding
air fare which was noted in the previous report) so that the
senior investigator for the project could attend a meeting of the
Bioelectromagnetics Society in San Antonio to present a paper
describing the new current probes. '

II. Summary of Performance

During the month of July much of our effort was directed to
further reducing the RFI susceptibility of the new current
probes. 1In most of these tests we used either the parallel plate
fixture or a monopole above ground as a source, so that the probe
and cable were exposed to fields of comparable strength. It
appears that the use of twinax cable, with balanced circuitry, is
essential for our device.

We have developed new test fixtures that are more practical
to use with our current probes than the standard shielded test
fixtures which others use for probe calibration. 1In the new test
fixtures two circular sheets of copper are placed flush with the
top and base of the metallic shield of the probe. A single coax-
ial connector at the center of each circular sheet serves to
ground the shield of the probe, and connect to a common center
connector that passes through the window of the probe. Thus the
center conductor and the inner surface of the probe shield serve
as a section of coaxial transmission line. The center connector
is cylindrical, with a diameter chosen so that this transmission
line has an impedance of approximately 50 Ohms. This new cali-
bration device is low in weight, smaller in size, and has a lower
VSWR (under 1.5) than the shielded fixtures used previously.
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I. Summary of Costs

A sum of $152.96 was spent during August for metallized
cloth to be tested for use in the shields for the new current
probes. Hand tools required for making the probes were purchased
for $169.41. A total of $119.02 was spent for connectors, in-
cluding twinax connectors required for the probes. Additional
expenses were $99.20 for copper foil, $35.90 for copper sheet
metal to be used for shields for the current probes, $27.96 for
plastic pipe, and $11.00 for BNC connectors. An expenditure of
$2,556.25 was made for the services of OPS (other personal serv-
ices) students working on the project.

ITI. Summary of Performance

We have made more measurements of the effects of commercial
current probes, as well as our new current probes, on the imped-
ance of the circuit in which they are used. It is not surprising
that the ferromagnetic core of commercial current probes causes
an inductance to be added to the circuit, and observation report-
ed earlier. We have recently observed that the ferromagnetic
core is also responsible for an increase in the circuit resist-
ance. The insertion impedance, the impedance introduced into the
circuit by a current probe, is primarily resistive at frequencies
below 100 MHz. It appears that the depth of current flow in a
conductor is reduced by the presence of the ferromagnetic core,
and this is the cause of the resistive component of the insertion
impedance. The new current probes were designed to be less
perturbing to electromagnetic fields, and it appears that they
cause significantly less insertion impedance than the commercial
current probes which we have tested.

The current probes which we made prior to August have toroi-
dal shields with inner radius = 7.4 cm, outer radius = 12.2 cn,
and height = 4.8 cm. We have recently made larger probes to be
certain that we will be able to determine currents in the thigh
of people who are endomorphic or mesomorphic. The new current
probes have toroidal shields with inner radius = 10.8 cm, outer
radius = 15.2 cm, and height = 4.8 cm. We have constructed both
sizes of probes so that they have balanced outputs matched to 50
Ohms.
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I. Summary of Costs

During the third quarter of this project, ending August 31
31, 1990, a total of $3,854.25 was paid for the services of OPS
(other personal services) students working on the project.

A sum of $82.63 was spent for copper screening, and $43.69
was spent for twinax cable. A sum of $78.10 was spent for resis-
tors for construction of the lossy coils, and $360.00 was spent
for aluminum shields for the probes. A sum of $152.96 was spent
for metallized cloth. Hand tools required for making the probes
were purchased for $169.41. A total of $119.02 was spent for
connectors. Also $99.20 was spent for copper foil, $35.90 for
copper sheet metal, $27.96 for plastic pipe, and $11.00 for BNC
connectors. f

A sum of $365.50 was spent on air fare, and $463.76 on
hotel, meals and other expenses, so that the senior investigator
for the project could attend a meeting of the Bioelectromagnetics
Society in San Antonio to present a paper describing the new
current probes.

II. Summary of Performance
A. Calibration Procedures

our recent studies with the probes we are developing in this
project, as well as with commercial current probes, suggest it is
necessary to use unshielded test fixtures in addition to the
standard shielded fixtures. 1In the performance and cost report
for March, we described the shielded test fixtures that are used
in calibrating commercial current probes. It was mentioned that
one commercial current probe, which appeared to be satisfactory
in tests with a shielded fixture, had an anomalous response to
fields (not currents) in a Crawford cell. At present we routinely
use the shielded fixture for calibration, and either a parallel
plate fixture or a monopole above ground as a supplemental un-
shielded test fixutre to detect RFI susceptibility.

We have developed new test fixtures that are more practical
to use with our current probes than the standard shielded test
fixtures which others use for probe calibration. In the new test
fixtures two circular sheets of copper are placed flush with the
top and base of the metallic shield of the probe. A single coax-
ial connector at the center of each circular sheet serves to
ground the shield of the probe, and connect to a common center
connector that passes through the window of the probe. Thus the
center conductor and the inner surface of the probe shield serve
as a section of coaxial transmission line. The center connector
is cylindrical, with a diameter chosen so that this transmission
line has an impedance of approximately 50 Ohms. This new cali-
bration device is low in weight, smaller in size, and has a lower
VSWR (under 1.5) than the shielded fixtures used previously.



B. RFI Susceptibility

We have decreased the RFI susceptibility of the new current
probes, which is essential when currents are measured in rela-
tively strong fields such as in EMP testing. It is necessary to
use care in constructing the Faraday shield, especially in elimi-
nating holes, slots, etc., with the exception of the precision-
made gap. Several designs have been used for the gap, and we have
examined the effects of the size and materials used in the gap on
both sensitivity of the current probe and RFI susceptibility.
Double shielding of the coaxial cable was tested with our new
current probes, and it appears that this technique reduces RFI
susceptibility by decreasing the pickup on the cable. Ferrite
cable shield beads were found to reduce RFI with our new current
probes. Both double shielding of the cable and ferrite bead
loading have been used by others with commercial current probes
to reduce susceptibility to RFI. We have also found that the use
of twinaxial cable with a balanced output also reduces the RFI
susceptibility.

C. Construction of Larger Current Probes

The current probes which we made prior to August have toroi-
dal shields with inner radius = 7.4 cm, outer radius = 12.2 cm,
and height = 4.8 cm. We have recently made larger probes to be
certain that we will be able to determine currents in the thigh
of people who are endomorphic or mesomorphic. The new current
probes have toroidal shields with inner radius = 10.8 cm, outer
radius = 15.2 cm, and height = 4.8 cm. We have constructed both
sizes of probes so that they have balanced outputs matched to 50
Ohms. :

D. Further Experiments with Commercial Current Probes

We have made more measurements of the effects of commercial
current probes, as well as our new current probes, on the imped-
ance of the circuit in which they are used. It is not surprising
that the ferromagnetic core of commercial current probes causes
an inductance to be added to the circuit, and observation report-
ed earlier. We have recently observed that the ferromagnetic
core is also responsible for an increase in the circuit resist-
ance. The insertion impedance, the impedance introduced into the
circuit by a current probe, is primarily resistive at frequencies
below 100 MHz. It appears that the depth of current flow in a
conductor is reduced by the presence of the ferromagnetic core,
and this is the cause of the resistive component of the insertion
impedance. The new current probes were designed to be less
perturbing to electromagnetic fields, and it appears that they
cause significantly less insertion impedance than the commercial
current probes which we have tested.
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I. Objective

The minimally-perturbing current probes which we have made
and tested earlier were used in fixed-frequency measurements.
These probes were loaded by diode detectors, and the rectified
output of each probe was connected to the readout electronics by
resistive line. In measurements under EMP conditions it is
desirable to have the (unrectified) time-dependent output of the
probe connected to the input of a fiber-optics transducer having
an impedance of 50 Ohms. The current probe should have a flat
frequency response over a relatively wide frequency range so that
the instantaneous value of the measured current can be calculated
from the output of the probe.

II. Estimation of the Required Bandwidth

Others have used conventional metallic current probes to
measure the current induced in human volunteers exposed to the
fields of EMP simulators. While we expect that the minimally-
perturbing current probes which we are developing in this project
will provide greater accuracy in measuring induced currents, the
data obtained with the metallic current probes may be used to
guide us in determining the requirements for bandwidth.

Gronhaug has reported waveforms for the time-dependent
current induced in human volunteers by EMP simulators. The wave-
forms obtained by theoretical modeling, and measurements with
metallic current probes, both suggest that for vertical polariza-
tion, the current induced in the leg has a dominant frequency of
approximately 30 MHz. With horizontal polarization, the current
induced in the horizontal arm of a volunteer has a dominant
frequency of approximately 60 MHz. All current waveforms.appear
to be relatively limited in spectral content. The frequency
dependence of the induced currents, which is quite different from
that of the incident fields, may be attributed to the resonant
behavior of the human body.

Guy used numerical modeling to obtain waveforms similar to
those presented by Gronhaug for currents induced by EMP simula-
tors having vertical polarization. A frequency-domain plot
presented for the current in Guy’s calculations has 3dB points at
approximately 0.7 and 40 MHz, and 10db points at 0.2 and 60 MHz.
We will use these frequency values as guidelines to target the
desired bandwidth of our current probes.

ITI. Summary of Progress
A. Calibration Procedures

Two different types of systems have been used thus far in
our calibration of current probes: loops and shielded test fix-
tures. A circular loop has been used in which the center conduc-
tor of a section of 50 Ohm coaxial cable is bent so that it
returns to make electrical contact with the outer conductor
through a 50 Ohm resistor. A shielded loop has also been used in



which the entire coaxial cable is bent so that it returns on
itself, and both the center and outer conductor at the end of the
cable are soldered to the outer conductor. A gap is made in the
outer conductor at the center of the circular 1loop. In both
loops the size is as small as possible, consistent with interlac-
ing through the aperture (window) of the current probe, to in-
crease the upper usable frequency for calibration to approximate-
ly 100 MHz.

We have also constructed shielded test fixtures similar to
those used for calibrating commercial probes at the Eaton Corpo-
ration. These fixtures are rectangular coaxial lines with TEM
mode propagation. The outer conductor is a rectangular metal
box, and the inner conductor is a vertical wire between two BNC
connectors located at the centers of two opposite faces of the
box. One BNC is connected to a signal generator, and the other is
connected to a 50 Ohm load at an oscilloscope for measuring the
current. We are able to duplicate the calibration curves supplied
with commercial current probes by the manufacturer, when the
probes are tested with the shielded test fixtures.

B. Measurements with Commercial Current Probes

The new current probes, being developed for EMP applications
on this project, differ from commercial probes in that they
minimize perturbation of electromagnetic fields to increase
accuracy in measuring currents induced in lossy dielectric ob-
jects. Thus we chose to use commercial probes for use as stand-
ards in tests of our probes and calibration procedures. Two
commercial current probes (Eaton models 93686-4 and 91550-1),
having ferromagnetic cores and aluminum shields, were borrowed
for testing.

An Eaton model 93686-4 current probe was tested and found to
be highly susceptible to RFI. At frequencies greater than 30
MHz, when either of our test loops is brought near the probe
(zero current through the window) the probe output is comparable
to that when the loop interlaces the probe. When the probe is
placed in a Crawford cell, so the probe is exposed to approxi-
mately TEM fields but no current, the ratio of probe output to
the current that is input to the cell exceeds the specified
transfer impedance at frequencies greater than 30 MHz.

We described the tests with the Eaton model 93686-4 current
probe in phone conversations with Don Radimacher and Larry Toller
of the Eaton Corporation. They were surprised by our results,
and sent a description of the shielded test fixture<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>