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SUMMARY

This report has addressed the problem of designing a mast mountable

Multi-Gap Loop (MGL) sensor for measurement of an incident magnetic field

on an aircraft. Specifically, the proposed MGL-2E (AM) sensor is based on

the available design of MGL-2B (A) sensor to be mounted on the pitot-static

nose boom of the NASA F-106B research aircraft. Given the time and physical

constraints, this design was undertaken to study the feasibility of adding

a sensor to the existing nose boom. Besides the electromagnetic considera-

tion, several other factors of mechanical, flight critical, and aerodynamic

nature have to be accommodated in such a design. From an electromagnetic

point of view, conservative error estimates are obtained for the various

sensor placement options considered. In estimating these errors, the worst-

case polarization of E vector parallel to wings, with H vector parallel

to the aircraft axis, is considered. This case does not correspond to the

flyby configurations; consequently, the errors obtained in actual measure-

ment may in some cases be smaller than estimated. Furthermore, for each

sensor placement option, mechanical and aerodynamic aspects are also eval-

uated and tabulated for comparison.

The objective of this report is to provide useful inputs to person- -
nel involved in the manufacturing and installation of the proposed sensor.

Precision of dimensions has not been attempted and refinements upon this

design will probably be necessary and are welcome.
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I. INTRODUCTION

The objective of this report is to describe the design considera-

tions of an incident B-dot field sensor to be mounted on the existing pitot-

static boom of the NASA Langely Research Center F-106B aircraft. The B-dot

sensor is intended for the measurement of an incident magnetic field using

the aircraft as a platform in such a way that the scattered field from the

aircraft does not impact the measurement. The electromagnetic considerations

of placing a B-dot sensor in both forward and aft sections of any aircraft

were considered in detail in Reference 1. The electromagnetic considerations

are obviously aircraft specific, because of structural variations. Tlis

report examines in detail the various possible options in including a B-dot

sensor to the existing NASA F-106B pitot-static boom. Each option is consid-

ered and its electromagnetic and mechanical characteristics are evaluated

for comparison. It is expected that this report will provide useful infor-

mation to the personnel involved in actual fabrication and installation of

the sensor on the boom.

A chief consideration in the design of a B-dot sensor to be mounted

on the nose boom of an F-106B aircraft is the estimation of scattered field

pickup. Since the object is to measure the incident axial magnetic field,

the sensor should be placed and oriented to minimize its sensitivity to

the scattered field. In addition to the incident field, the sensor can re-

spond to axial components of

* quasi-magnetostatic antisymmetric fields scattered

by fuselage

* antisymmetric coupling from the delta wings

1. Giri, D.V. and Baum, C.E., "Airborne Platform for Measurement of Tran-
sient or Broadband CW Electromagnetic Fields," Air Force Weapons
Laboratory, Kirtland Air Force Base, NM, Sensor and Simulation Note (to
be published).
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high-frequency antisymmetric errors.

The necessary equations in estimating the above parameters will first be

individually sumarized below and then applied specifically to the F-106B

aircraft.

1. SCATTERING BY FUSELAGE

Figure I shows a cigar-shaped model of the fuselage for which quas

maqnetostatic scattered fields on the axis were derived in Reference 2. I

Ho is the axial incident field to be measured, b is the radius of the

sensing loop, and a is the radius of fuselage, then the ratio of scattered

to incident field on the axis is given in Reference 2 as

H(scat) 2 1
z 

1z J + (blZo)2

The above ratio, which is an error estimate, can be shown to be

H(scat) (2) o
a - 1 if (b << Zo) (2)

z0

Note that the above expression is an error estimate if the sensor is located

along the axis where both the scattered and incident fields are axial, with

the radial component of scattered field vanishing. Also note that, in the

analytical model of Figure 1, the origin of coordinates, from where the

axail distance z is measured, is half a radius (0.5 a) inward from the
0

metallic scatterer.

2. Latham, R.W. and Lee, K.S.H., "Magnetic Field Distortion by a Specific
Axisymmetric, Sein-infinite, Perfectly Conducting Body," Air Force
Weapons Laboratory, Kirtland Air Force Base, NM, Sensor and Simulation
Note 102, April 1970.

8
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Figure 1. Geometry of the scatterer.
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Figure 2 shows the side view of the F-1O6B aircraft along with the

major dimensions. In Figure 3 the analytical model is fitted to the air-

craft at the bulkhead. In this fit, observe that if the B-dot sensing loop
is placed on the existing boom, it is below the axis of the analytical model

of the aircraft, pointing out a need for an expression for the error esti-
mate off the axis. This was considered in Reference 1 and is given by:

Af =H-scat) a 2 b  (3)

=H(inc) 2b2  2 22 7

where p is the radial offset of the sensing loop in the symmetry plane.

Observe that on the axis, po = 0, and Equation 3 reduces to Equation 1.
Furthermore, when the sensing loop is off the axis, there is a radial com-

ponent of the scattered field due to the fuselage, but the orientation of

the sensing loop is such that it is insensitive to the radial scattered

field. In conclusion, Equation 3 will be used in estimating the error due

to fuselage scattering.

2. ANTISYMMETRIC COUPLING FROM THE DELTA WINGS

Figure 4 shows the top view of the F-106B aircraft from which the
delta wing dimensions are extracted and shown in Figure 5. The delta wing,

for purposes of estimating low-frequency scattering, is approximated by a

rectangular plate of the same area centrally located. Since the sensor must

be placed on the existing nose boom, this central location of the rectangu-

lar plate model of the delta wing leads to a conservative estimate of the

error due to antisymmetric wing coupling. The rectangular plate can then
be modeled by (Ref. 3) a conducting post of equivalent radius (aeq = plate

width/4) as shown in Figure 5. If the conducting post model is used, the

magnetic field due to wing current does not have a component along the

3. Jasik, H., Editor Antenna Engineering Handbook, Chapter 3, McGraw Hill,
1961.

10
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fuselage axis. Using the results of Reference 4 and correcting it for

the wing thickness, an upper bound on the error due to wing scattering

can be estimated by using

= error due to wing coupling = Hscat) / Hzinc)

hxt (4)

where 2h = wing span, 2t a wing thickness, and R = distance of sensor
from wing. In Equation 4 above, the (h/R) term comes from earlier calcu-

lations (Fic. 5 of Ref. 4) dnd the factor t/R is the correction due to

wing thickness. Note that this expression gives an upper bound of the error

at the frequency corresponding to antisymmetric wing resonance. The error

is lower below and above this resonant frequency. Eauation 4 is later used in

this report to get the error estimate due to antisymmetric wina scattering.

3. HIGH-FREQUENCY ANTISYMMETRIC ERRORS

Figure 6 shows the geometry for estimating the errors due to high-

frequency scattering. The scattered magnetic field per unit incident field

has an axial component, and is indicative of the error, due to high fre-

quency scattering. It is given by

H (scat) I

h  high-frequency error - Zc (5)
h ~H( inc)

z

i sin(a) x diffraction coefficient x propagation factor

___4. Sassman, R.W., Latham, R.W. and Berger, A.G., "Electromagnetic Scatter-
ing from a Conducting Post," Air Force Weapons Laboratory, Kirtland Air
Force Base, NM, Sensor and Simulator Note 45, June 1967.
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The diffraction coefficient times propagation factor has been approximated

to be unity in this estimation, in order to get conservative error estimates.

4. ERROR ESTIMATES

The three different categories of error estimates, Af , Aw , and

Ah , for which expressions are given above, are used in evaluating the
various options for sensor placement.

In addition to the above outlined electromagnetic requirement for

sensor placement, other considerations are:

* interference from weather radar in the radome on

the sensor performance

* interference from the presence of the sensor on

radar performance j
* interaction with pitot-static tube

* impact of sensor weight on existing boom

* modification of boom for sensor cable routing

& aerodynamic compatibility

* impact on a and a flow vanes on existing boom

The remainder of this report is organized as follows. All of the

above considerations, i.e., electromagnetic, mechanical, and aerodynamic,

are discussed in Section I. Four possible sensor locations are proposedA. and evaluated in Section II, and results are presented in tabular form at
the end of the section. In Section III, computation of expected B , B-dot

and Vsensor are presented, for various flight patterns over the AFWL VPD-II

simulator. Relevant conclusions and recommendations are presented in

17



Section IV, which is followed by two Appendices. Appendix A investigates

various scattering models for the fuselage that may be used in estimating

the errors in the measurement of incident magnetic field due to fuselage

scattering. Selected data from the scale-model measurements are included

in Appendix B.

18p
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II. B-DOT SENSOR DESIGN

As noted in Section I, several considerations put constraints on

both the design and placement of an incident B-dot sensor. Concerning the

design of the sensor, after examining the available MGL (Multi Gap Loop)

sensors, the proposed design was based on available data for the MGL-2B (A)

sensor. The proposed sensor, whose design is based on the MGL-2B (A) sensor,

has been called the MGL-2E (AM). The nomenclature conforms to the conven-

tional MGL series with AM in parentheses denoting axial output while mast-

mounted. The required changes to go from MGL-2B (A) to MGL-2E (AM) are

considered in this section. Also, four possible locations for sensor place-

ment are considered and evaluated in this section.

1. DESIGN CONSTRAINTS

Various considerations that impact the design and placement of

sensors are individually discussed below. I
a. Effect of weather radar on sensor--Figure 7, provided by NASA

Langley Research Center, shows the metallic components present in the
radome of NASA F-106B research aircraft. The weather radar antenna is

mounted on the front face of the box-like radar package shown in Figure 7.

Given the size of the radar package and antenna (-roughly a third of the

diameter of the bulkhead to which the radome is attached), and given that

the sensor is slightly over a fuselage diameter away from the radar pack-

age, the quasi-magnetostatic scattered fields from the radar package and

antenna should not significantly contaminate the measured incident field.

On the other hand, the existing six cables (viz., 2 heliax signal cables

and 4 grounding straps) and the two additional cables from the B-dot sensor

should be placed in a shielded enclosure such as a conducting pipe.

* b. Effect of sensor on weather radar--The radar is horizontally

polarized, i.e., its electric vector is out of the plane of the paper in

19
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Figure 7. Also, the radar antenna axis is the same as the sensor axis. The

horizontal shorting plate in the B-dot sensor, which is present to reduce

the sensor sensitivity to electric fields, can affect the radar performance

by shorting out the radar field, for a small range of angles on either side

of the aircraft axis. In view of the fact that the weather radar need not

necessarily be functional at the time of flyby near VPD II facility, no

attempt has been made to quantify the effect of the presence of the sensor

on the radar performance. An alternative prooosal made by NASA Langley

Research Center substitues the radome from the inactive F-106A aircraft to

the F-106B aircraft. It is felt that such a substitution is not warranted,

especially if the weather radar is not operating during the planned simula-

tor flyby tests in early 1984.

c. Interaction with pitot-static tube--The pitot-static tube at the

end of the boom is a critical component for all flight missions, and the

sensor placement should be such that the pitot-static tube is unobstructed

and unaffected in its functioning at all times. This puts the sensor in the

vicinity of a and B flow vanes. For the flyby test configuration, the

a and B flow vanes are deemed unnecessary and could be removed without

harming flight operations.

d. Impact of sensor weight on existing boom--It was estimated that

the weight of the MGL-2E (AM) sensor is about 2.73 kg (6 lb). This is a

rough esjimate, and NASA personnel are studying the feasibility of adding

such weight at the proposed sensor locations. It is anticipated that the

sensor weight will restrict maximum "g-loading" of the aircraft.

e. Modification of boom for sensor placement--One possible way of

fastenin the proposed MGL-2E (AM) sensor to the boom is with 4 screws on

either side, which together require 8 screw holes on the boom. In addition,

2 more holes (or one larger one) are required for routing the coaxial cables

from the sensor into the boom. These 8 screw holes and cable access holes

are the required modifications to the boom. The possibility of making use

of existing screw holes on the boom has also been explored.

21
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f. Aerodynamic compatibility--The sensor should present an aero-

dynamic profile that permits smooth air flow across it. This can be

achieved by the addition of tapers or skirts to each end of the sensor.

This is illustrated in Figure 10.

2. CHOICE OF SENSOR FROM AVAILABLE DESIGNS

For these measurements, a free-field B-dot sensor is needed which

can be suitably modified for the specific needs of measuring an incident

magnetic field. A generic type considered here is the Multi Gap Loop (MGL)

type, which leaves one to evaluate MGL-1C (A), the MGL-2B (A), and the

MGL-6A (A) sensors. The (A) signifies that the cables are axial, as opposed

to radial, feed. All are made by EG&G. All the sensors operate on the same

principle, the difference being in size, weight, and equivalent area. The

MGL-1C (A) can be immediately ruled out due to its weight (18 kg) and size.

The MGL-2B (A) weighs approximately 3 kg and the MGL-6A (A) weighs 0.5 kg.

The equivalent area for the MGL-6A (A) is 10 times smaller than that of the

MGL-2B (A) and it is only slightly larger in diameter than the boom, result-

ing in a significant loss of equivalent area. The cross-sectional area of

the boom subtracts from the equivalent area of the sensor and hence, the

MGL-6A (A) is unsuitable. Consequently, the proposed MGL-2E (AM) design

is based on design data available (Ref. 5) on the MGL-2B (A) sensor.

3. SENSOR MODIFICATIONS

The internal view of the MGL-28 (A) sensor shown in Figure 8 has the

following specifications:

Effective area : 0.01 m2

Rise time 10-90% : 1.2 ns

Output : Balanced, on 100-S twin-axial cable

or two 50-s coaxial cables

5. Mory, R., et al., "Development and Production of Multi-Gap Loop (MGL)
Series EMP B-Dot Sensors," AFWL-TR-70-153, Kirtland Air Force Base, NM,
February, 1971.

22
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plates /

Figure 8. Internal view of MGL-2B (A) sensor (from Ref. 5).

plates

dia 2r c

Figure 9. Internal view of proposed MGL-2E (AM) sensor accommodating the
-F-106B pitot-static boom. (Engineering drawings numbered

B-82-136.05-01 to 05, which are available from the authors,
show additional details.)

23
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Although based on MGL-1A design, the smaller size led to a completely new

construction technique (Ref. 5), by using a sinqle printed circuit board for

the conducting loop gaps and 200-Q transmission lines. There are two

200-Q strip transmission lines in each quadrant paralleled to yield a

100- coaxial line (one per quadrant). The diagonally opposite gaps (1 and

3) and (2 and 4) can then be combined, resulting in two 50-Q coaxial cables

coming out of the sensor (e.g., UT-141 manufactured by Uniform Tubes, Inc.,

with an outer conductor dia. of 0.141" ± 0.001"). For complete details see

engineering drawings 8-82-136.05-01 through -05, available from the authors.

Concerning the equivalent area, in the MGL-2B (A), the radius r of

the copper surface of the printed circuit board = 0.083 m (3.265") which

after due corrections for cross-sectional areas of divider plates, coaxes,

and remaining hardware, results in Aeq = 0.01 m2 . (See Figure 8).

The MGL-2B (A) sensor must be modified so that it may be slid onto

the boom and attached securely. This is proposed in the following way. The

center of the sensor must be bored out. A conducting tube must be inserted

for structural integrity and to ensure that the shorting plates inside the

sensor make electrical contact. This is illustrated in Figure 10. The

inside diameter 2rc of the conducting tube should be just large enough to

let the boom slide through snugly. The boom outside diameter 2rb ist
1.75 in. in the general area of interest. Figures 9 and 10 illustrate the

geometry. The skirts that will be used for aerodynamic compatibility can

also be used for securing the sensor to the boom. Four dielectric screws

can be used to secure the skirt to the sensor, and then the skirt may be

attached to the boom through another series of four screws. Existing screw

holes can be 'ised.

Concerning the equivalent area for the proposed MGL-2E (AM), if the

radius of the copper surface r, is chosen to be the same as r (the

radius of MGL-2B (A)), there will be a reduction in Aeq due to the cross-

sectional area of the boom. In either case, the MGL-2E (AM) could be
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calibrated against a MGL-2B (A) sensor, in an experimental measurement

of the same magnetic field, e.g., at the anechoic chamber facility at the

radiation laboratory of the University of Michigan.

Concerning Figure 10, the radius rc of the conducting tube should

be chosen to permit a snug fit on the boom; and the end plate and taper

should be made up of lightweight dielectric material, e.g., fiberglass.

4. PLACEMENT OF SENSOR

The radome and the pitot-static boom of the F-106B aircraft are

illustrated in Figure 11. The proposed MGL-2E (AM) sensor will be placed

in the general area of the a and 6 flow vanes, in a manner that does

not obstruct or affect the pitot-static tube function. Four possible

sensor locations are studied:

OPTION 0 - Mid point of radome

OPTION 1 - 2.895 m (= 9.5') forward of radome bulkhead

OPTION 2 -~ 3.093 m 10.15') forward of radome bulkhead

OPTION 3 - 3.29 m (1 10.8') forward of radome bulkhead

The position of the sensor corresponding to each option above is

illustrated in Figure 12. The scattered field error estimates Af , Aw$ and

Ah  from Equations 3, 4, and 5, are computed, keeping in mind that the pitot-

static boom is radially offset downward by an amount Po = 0.15 m (see

Figure A3 in Appendix A) in the symmetry plane. Additional screw holes that

need to be drilled in each case is determined. For example, in Option 1,

the forward skirt of the sensor could make use of 4 existing screw holes,

requiring 6 additional holes to be drilled, i.e., 4 for fastening the aft

skirt to boom and 2 holes for sensor cable access into boom. Table 1 sum-

marizes the qualities associated with all four options. In estimating the

scattered field error estimates, the radius of the fuselage a is taken to

be 1.07 m (42"), and radius of the sensing loop b is taken to be 0.086 m

(3.4"). The radial offset of the sensor from the aircraft axis p0  is

26
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(a) Option 0 (sensor in radome)

9.51fromThese (4 at 900) screw holes
bulkhead may be used

(b) Option I

10.15 fromThese (4 at 900) screwbulkhead holes may be used

(c) Option 2

These (4 at 900) screw holes
may be used

from bulkhead

(d) Option 3

Figure 12. Various options of sensor placement.
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taken to be 0.15 m (6"). It was observed that Af is sensitive to the

offset Po. Several scatterer models were fitted to the aircraft. The

best fit, which is in fair agreement with experimental scale model tests,

attempts to fit the model accurately near the bulkhead region. All the

options except Option 0 make use of available screw holes. Option 3 is

recommended because of least error and the fact that it requires the least

modification to the present boom. The major dimensions of the sensor for

Option 3 are as follows:

a. boom diameter 2rb = 0.045 m (1.75")
b. conducting tube diameter 2rc  is chosen so it fits snugly

on the boom, e.g., 2rc = 0.046 m (1.8")

c. sensor radius to copper on printed circuit = 0.0829 m (3.265")

if same material as MGL-2A is used, resulting in a reduction

of Aeq of about 8%

d. sensor radius to copper on printed circuit = 0.0858 m (3.38")

to qet Aeq = 10- 2m
2

e. Length L of sensor = diameter of sensor

f. Length of conducting tube = Length of sensor

g. horizontal length Lt of skirts = 0.0178 m (7")

h. Length t of flat portion of skirt (Figure 10) a 0.006 m

(0.25")

The above dimensions are approximate and have to be accurately mea-

sured out on the existing boom for proper fitting requirements.

The suggested installation procedure for mounting the sensor is

given below.

a. Slide aft skirt and end plate on to the existing boom.

b. Mount forward skirt and end plate to sensor.

- c. Slide sensor unit onto boom, while aligning forward skirt to

mounting holes.

29
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d. Feed sensor cables through aft end plate.

e. Feed cables through apertures in boom to the instrumentation

rack, while electromagnetically sealing them at boom entry.

f. Attach aft end plate and taper to sensor.

It is estimated that there is adequate room in the boom interior to

accommodate two UT-141 coaxial cables from the sensor, and it is antici-

pated that they can be accommodated through the current sensors in the

radome.
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TABLE 1. PHYSICAL QUANTITIES OF INTEREST WITH DIFFERENT POSITIONING

OF THE MGL-2E (AM) B-DOT SENSOR.

OPTION 0 1 2 3
In radome 2.895 m from 3.09 m from 3.29 m from

CRITERION mid point bulkhead bulkhead bulkhead

scattering errov

la a. fuselage Af 20.7% 4.0% 3.6% 3.2%

b. wing 4w 1.6% 1.2% 1.1% 1.0%

c. high freq Ah 40.0% 16.0% 15.0% 14.0%

Interference Worst
2 from Case Large Medium Least

Radar

Torque
3 on None Least Medium Largest

Nose boom

(around CG)
~Additional

4 holes None 6 6 2
needed

(see Figure 21)

Aerodynamic Not a Good Good Good
Compatibility problem (Aerodynamic esting could b done if needed)

Skirt No Skirts Short Skirts Longer Skirt Longer Skirt

6 & No added Small added Greater added Greater added

Weight weight weight weight weight

4Effect on

7 a , 6 No a , 6 ai, 8 i, 8
Vanes Effect Open Blocked Blocked

See Appendix A for details of this calculation.
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III, EXPECTED B, B-DOT, AND SENSOR OUTPUT VOLTAGE

DURING FLYBY

In this report dealing with the design of the proposed MGL-2E (AM)

sensor, it is considered useful to compute the magnetic field B, its time

derivation B-dot, and sensor output voltage V = A x B-dot at same loca-s eq
tions away from the VPD II facility. These computations are Derformed

based on the equations in Reference 6, while accounting for a 10 ns rise

time of the pulser. The magnetic field expression (Ref. 6) is given by

= [ l7 'Y(Th) + h(Th  (6)

where

c Espeed of light - 3 x 108 m/s

B,(r,t) E time domain, azimuthal magnetic field

r E position vector with polar coordinates r and e

t time 

Vo  S pulser voltage - 3.5 MV

1
fg B geometric factor t- Ln(cot ) = (1/2r)

e half angle of cone =40.4 degrees
0

Ca antenna capacitance 0 a 2.21 nFa Ig

Co  permittivity of free space - [1/(361r x 109)] F/m

6. Grles, J.C.,Lelb, J.C. and Sower, G.D., "Field Mapping Data for ATHAMAS
II," ATHAMAS Memo 23, Air Force Weapons Laboratory, Kirtland Air Force
Base, NM, March, 1979.
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h 0 antenna height = 39.7 m0

C = Marx generator capacitance = 5.4 nFg

t r Pulser rise time = 10.0 ns (assumed)r

Fe - x Th r1+cos 2 (e)] 1-X
.sin e U(Th) -- sin' l - s(e) } hL n (e)

+ 2 cos 4(e/2) 1--X{Th- ricoss
sin 4 a -- o(e)]

+ 2 s~in(612~) (-e-x[T h-r+cos(e)j} (0 (7)
sin 4(6) x U[Trh-1+cos~ei 7

&j(Th,x) f (r hx) dTh (8)

0

A closed form expression for j(Th,X) is available in Reference 6 and

is not reproduced here. The parameter Th is given by

Th = retarded time z (ct - r)/h.

Also,

&j(T h) = i(T h,cz) - &i(Th,5)

YT -(h Ej(T h ,c) - &j(T hB)
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The pulser output is modeled by

- OT h  - h )
V(t) =Vo(e - e )(9)

with

= I + (Ca/Cg)

2-2 ho0

tr  c

The magnetic field CB 0 (t) in kV/m and its time derivative 0 (t) in

kV/m 2 are computed at locations of interest for an upcoming flyby test

near the larger VPD-II facility. These locations are illustrated in Figure

13, alonq with indications of F, e, 0 , ip, and 0. Figures 14 to 21 show

the computed cBM(t), whereas Figures 22 to 29 show the computed M(t)

as well as the sensor pick-up voltage Vs (volts).

M is computed by a numerical differentiation process of the

computed BM(t) curves. The sensor pickup voltage is estimated for

(t), assuming an equivalent area Aeq of 0.01 m2 for the B-dot sensor.

From these computations, it is concluded that, at distances of interest

for the flyby testing, there is adequate signal corresponding to the inci-

dent field.
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IV. CONCLUSIONS AND RECOMMENDATIONS

From inspection of Table 1, it can be seen that option 3 would

be the preferred location for the placement of the sensor. This is due to

the lowest scattering error and the need for a minimal amount of

modification to the boom itself. The detraction to this placement is the

possibility of too much torque on the boom. If this is found to be the

situation then option 2 would be the next preference. The placement of

the sensor at the location of option 1 can also give satisfactory results

if the other two locations prove not feasible due to torque on the boom.

From Table 1, all three error estimates, i.e., scattered field pickup due

to fuselage and wings and the high-frequency scattering errors, are

within the experimental tolerances. In other words, options 1, 2, and 3

are expected to result in similar amounts of errors while measuring the

incident magnetic field. However, for reasons stated above, options 3, 2,

and 1 is the recommended ranking of the location for the incident field

B-dot sensor placement.

Option 0, located inside the radome itself, would not be an

acceptable location for the placement of the incident field B-dot sensor.

The high frequency error is estimated at 40%, far too high for reliable

measurements. The scattering error from the fuselage is over 20%. With

such high values of error estimates, it is best to rule out option 0.

Selected data from scale model measurements performed at the

University of Michigan are included in Appendix B of this report. In

measuring the incident magnetic field from an airborne nose boom sensor,

errors due to the sensor sensitivity to scattered fields from various

parts of the aircraft are, to some extent, unavoidable. The scale model

- ' setup measures the fields with and without the aircraft and hence, error

estimates are easily obtainable from such measurements. Preliminary

analysis of the scale model experimental data has indicated that the

errors are tolerable and that actual measurements of incident magnetic

fields from airborne platforms should be possible.
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In addition to the sensor design considerations, the incident

field quantities [B(t) and B(t)] were calculated for a number of

different positions away from the VPD I. These positions correspond to

the incident field measurement locations during the flyby tests at the

VPD II facility, for assumed pulse parameters of 3.5 MV and a 10 ns

rise time. From these calculations it has been determined that the sensor

will be able to measure the incident magnetic field at all positions of

interest during the flyby. In determining the sensor voltage, the

equivalent area of the sensor is nominally taken to be 0.01 m2. After the

flyby test is performed, the calculation of B and B may have to be

repeated with the exact pulser voltage and rise-time parameters. It is

recommended that the nose boom sensor measurements with and without the

aircraft on the test stand be made prior to flyby testing. Comparison of

these two measurements, with a calculated incident magnetic field at the

same location, will be useful in evaluating the sensor performance.
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APPENDIX A

INVESTIGATION OF VARIOUS FUSELAGE SCATTERING MODELS

There are many ways to place the model for the quasi-magnetostatic

fields scattered by the fuselage. No placement will entirely account for

all the metal that contributes to the error in the B-dot measurement. Sev-

eral model placements are considered here and their errors are calculated.

Figure Al shows an analytical model fitted so that the larger rear

diameter of the aircraft is taken into account. As can be seen, this place-

ment introduces a large local error, i.e., the model represents a great

deal of metal that does not exist close to the boom. The error generated

by this model would not be expected to correlate well with experimental

results.

Figure A2 represents another model fitting. In this case, the scat-

tering model has been fitted with the aircraft diameter as viewed from the

top. This model is quite different from the one in Figure Al, as can be I
seen from the top view of Figure A2. There is local error in this model

also. In this case, however, the error is due to the lack of metal repre-

sented close to the sensor.

In Figure A3 is an attempt to more closely fit the local character-

istics of the aircraft. In this model there is no excess metal, as in

Figure Al, and not as much unaccounted for space as in Figure A2. With

this model one would expect to get a truer representation of the actual

scattering caused by the plane.

Figure A4 shows a model based on local fitting, as in Figure A3,

but this time as viewed from the top. Due to the thinner cross section

when viewed from the top, this model will generate a different error from

that in Figure A3.
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There are many more possible fittings that could be used to generate

error estimations for the quasi-magnetostatic scattering. Those presented

here encompass some reasonable choices.

The errors assL:iated with each model are listed in Table Al. For

each model, the error is calculated for each of the options presented in

Table 1. A(m) gives the distance from the bulkhead to the sensor. For the

recommended option #, the error is Af; for the scattering models illustra-

ted in Figure A2, A3, and A4, the error is below 4%. It appears that the

scattering model of Figure Al is inaccurate, given the low values of Af ob-

served in the scale-model experiments at the Radiation Laboratory of the

University of Michigan, Ann Arbor. The results of the scattering model of

Figure A3 are cited in Table 1 of this report. Some selected scale-model

data provided by Professor Val Liepa of the University of Michigan are in-

cluded in Appendix B.
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Scattering

Figure V2. A model for quasi-magnetostatic scattering (tope view).

1.22 m Scattering

ScatternqMoode

21
Figure A2. A model for quasi-magnetostatic scattering (top view).

P57

___________0.15i~ '
________________________ _____



TABLE Al. FUSELAGE SCATTERING ERRORS FOR THE DIFFERENT MODELS
AND OPTIONS DISCUSSED IN THE TEXT.

pSENSOR AF
FIGURE # AM) (M), OPTION # ADIUS (MA

0.96 0.30 0 0.09 69.2

0.96 0.30 0.09 15,8
A!.

0.96 0.30 2 0.09 14.1

0.96 0.30 3 0.09 12.7

0.57 0.08 0 0.09 12.1

0.57 0.08 1 0.09 2.3

A2
0.57 0.08 2 0.09 2.0

0.57 0.08 3 0.09 1.8

0.61. O, 15 0 0.09 20,7

.601. 0.15 1. 0.09 4.0
A3

0.61 0.15 2 0.09 3.6

0.61 0.15 3 0.09 3,2

0.54 0.08 0 0.09 . 1

0.54 0.08 1 0.09 2.1
~A4 ...

0.54 0.08 2 0.09 1.8

0.54 0.08 3 0.09 1.6
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APPENDIX B

SELECTED DATA FROM SCALE-MODEL MEASUREMENT

To study the magnetic field coupling to a loop sensor in front of

the airplane, for different illuminations, personnel at the Radiation Labora-

tory of the University of Michigan have performed scale-model measurements.

Initially, the following illumination configurations were considered.

a. Nose-on incidence with E parallel to wing and H parallel

to vertical stabilizer

b. Tail-on incidence with E parallel to wing and H parallel

to vertical stabilizer

c. Top fuselage-on incidence with E parallel to wing and H

parallel to fuselage

d. Bottom fuselage-on incidence with E parallel to wing and

H parallel to fuselage

All of the above experiments could be and were performed by using a vertical

ground plane. During the flyby, the H field is parallel to the fuselage

and the E field is parallel to either the vertical stabilizer or the wings.

Thus the flyby configuration of H parallel to fuselage and E parallel to

wing with bottom fuselage-on incidence corresponds to case d above in the J
scale-model measurements.

Sample results of case a with the scale model are reviewed below.

The measurement configuration is shown in Figure 81 and the location of nine

observation points are shown in Figure B2. Figure B3 shows the experimen-

tally measured field without the aircraft; Hiy = I is the incident field.

Hzo is the axial field without the airplane (which should ideally be zero),

but the measured quantity corresponds to noise level in the instrumentation.

Figure B4 shows the measured axial magnetic field Hzl (which is due to

scattering by the aircraft) at the central observation point. The amplitude

of -H H )/HJ is less than 0.1 (10%) at higher frequencies. At low

zi
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Hiy

Observation
Point

K z

Figure B1. Nose-on incidence in scale-model
measurements.

I'.5 an

Bulkhead b0.5 cm

central obs. point

~Figure 82. The observation points relative to bulkhead

(the radome is removed during the scale-
model measurements).
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MlGL0,PROfL otLY,-2OD'G. s |erruigc

Hiy (incident field= 1)

0.5

IN 0 (noise level without airplane)

-,JQ0

-0.5

1 
1t JU.L am U"

a SON Ie ISee 296 2500 2066 2590 400 45e9
IRCOMIEHCY (" I4z

Figure B3. Measured field Hzo without the aircraft.

Incident field

z ,,,-H. (axial scattered field.5 with airplane)

0~

-0.5

tolL 62 Ul"

o S" I08 Is O 2M 2s00 3666 3506 446 45e
FQMOUENCY (M)

Figure B4. Measured field H with the aircraft.
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and resonant frequencies, the two curves, Hzl and Hzo (noise), match up

and the deviation is at frequencies above the fourth harmonic of the prin-

cipal fuselage resonance. At least for this configuration, it is reasonable

to conclude that low and resonance frequency scattering due to antisymmetric

wing currents can be eliminated from observation. However there is some

amount of high-frequency scattered signal observed by the loop. A mean est-

imate of the error is defined by the following equation:

z 1 N I1(fn) - Vo(fn) 1 I()r IT E V°n (TO)

n=1

The mean error Er is estimated using the measured signals with (V1 ) and

without (Vo ) the aircraft at sampled frequencies fn. The angle e between
the fuselage axis and -tz (negative direction of incident wave propagation)

is varied. The e = 00 case corresponds to tail-on incidence, while e = 1800
corresponds to nose-on incidence. The in-between angles of e = ± 100 and

900 are also considered. From the measured fields with and without the air-

craft, the mean error er is estimated and shown in Figure B5. For all of

the e values, the electric field is exciting the wings, and when the sens-

ing loop is oriented to pick up the magnetic field due to wing current, the

maximum error estimates are less than 2.5 percent for both the nose-on and

tail-on incidence.

The above measurements indicate that (1) the errors in the measured

field are confined to high frequencies (above the fourth harmonic of prin-

cipal resonance), and (2) even in the case of wing excitation, the errors

are small and tolerable given the relative and proper orientation of the

sensor with respect to the wing.

Additional experiments with variation of angle *, between the di-

rection of wave propagation and the plane of symmetry, were also performed.

It is noted that angle e is measured in the vertical plane, while * is

62

"--.~~ ~~ 4W'A.. i ' T



LWI

*9 U

0 </,\ 0/' ' L S
C, Q. n 4 00)

IIj 0~~ - P/*~ ~.-' .-

4J' 4-\0
c~l

,a. W C
M lb m u

It . - c

() - .
I. 4..

4)
ina) .4 J.1 I..E D C 4

-4 m fa~ ~
4)-

C 4

o. o c-
4S.

o CD aiC

11 4-1 Le;
U, a-

63 0

-. ~ ~a A_~UA *1



measured in the horizontal plane. Furthermore, since the ma.:ority of flyby

testing, the incidence is from the right side of fuselage, so more experi-

ments of the scale-model in free space were considered desirable. These
free-space measurements were also performed. A summary of selected results

from free-space experiments with close correspondence to actual flyby tests

is presented here.

Figure B6 shows the position of test points in the free-space scale-

model measurements. Two types of errors are defined as follows

E 1 N Vl(f n ) -Vo(f n )  (2
.I . fVfZ - (B2)
n=1 Vref(fnl

E V(fn) - Vo(fn) 2  (3)= yR n=1 Vref(fn)

where V1. V are sensor voltages with and without the model. Vref is the

voltage, with the sensor oriented to pick up the maximum magnetic field with

no aircraft persent.

Figures B7 and B8 show the results. The accompanying tables in

these figures summarize the error results identified by the measurement pos-

itions, and the two error values E1 and E2  in percent. EI  is the upper
and E2  is the lower figure. Note that the configuration of Figure B8 was

also done with the use of a symmetry qround Plane, and there the observed

errors were half the measurements without the symmetry plane. This suggests

that the free-space measurements are not as accurate, due to the interaction

of the sensor leads on the measurement, etc.

Sensor location 5 of Figures B7 and B8 approximately corresponds to
sensor location "OPTION I" of Table I of this report. The measurements were

made In the 118-4400 MHz range with a 1:72 scale model. The frequency
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E

2 3

6

Measured Errors:

- 13.6 _ 8.2 6.6

7 10.7 6.4 5 0

Fiqure B. Errors for right side incidence, E parallel to the
vertical stabilizer. Errors E1 and E2 are in the
upper and lower boxes respectively.
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Measured Errors:

9.4 2 3 ,, 2.6

12.0 3.9 2.6

7 "5T"-- e 3.5

Figure B8. Errors for top incidence, E perpendicular to the fuselage.

Errors El and E2 are in the upper and lower boxes respectively.
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range is 1.6 to 61 MHz on full-scale, and covers up to roughly eight times

the principal fuselage resonance. At Option 1 location, the predicted
high-frequency error is about 16% and predicted low-frequency errors are

about 4%. The measured errors average out the frequency variation and a

direct comparison is not possible. Since individual plots of measurements

versus frequency are available, such comparisons can be made. However, the
average measured error at the approximate location of Option 1 is below

8.5%. Recalling that the free space measurements are somewhat less reli-

able than ground plane measurements, this number is very encouraging.

Since Options 2 and 3 are even further out from the bulkhead, corresponding

numbers there are even smaller.

Thus, the scale model experimental results support the predicted

sensor locations Option 1, 2 or 3.
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