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Abstract — With more restrictive exposure standards and greater public

concern about safety from nonionizing radiation, protective clothing to

shield workers from dangerous levels of electromagnetic radiation has

become imminently important. Tests were conducted of the shielding

effectiveness of a number of microwave suits. Fabric attenuations at 10

selected locations on the suit were measured by the waveguide-transmis-

sion-loss method to evaluate the material, and relative field strengths at the

surface of a full-sized phantom man model exposed to 2450-MHz free-field

radiation fields with and without the suit were measured to evaluate the

entire suit. The ratio of the incident power required to produce the same

output from a diode E-field sensor placed against the synthetic tissue of

the model exposed with and without the suit was used as a measure of

attenuation. The waveguide measurements are important for a comparative

evaluation of the different fabrics, and the free-field measurements are

important for evaluating the fabric as well as the suit design and configura-

tion in shielding effectiveness. The Navy suit provided the best perfor-

mance in terms of shielding effectiveness, with attenuation varying from

34.5 to 48.7 dB, hut its flammability constitutes a safety hazard. The Wave

Gnarde snit was second best, with attenuation varying from 13.2 to 35 dB.

The Milliken (20.3-33.7 dB attenuation) and Invascreen (18.7-24.5 dB

attenuation) suits provide acceptable protection for L?-field polarization

parallel to the long axis of the body, hut poor protection (2.0– 19.2 dB for

the former and 0.4-21.1 dB for the latter) for E-field polarization per-

pendicular to the body. Localized high-power-density exposures of up to

1000 mW/cm2 for 1 h from a waveguide aperture did not cause material

damage to any of the suit fabrics. The Mllliken was the most fire

retardant, but its shielding performance was the poorest, owing to the large

number of openings at the pockets, cuffs, sleeves, and collar. The

Invascreen suit is well designed to eliminate thk problem, but the shieldlng

of the fabric is less effective.

I. INTRODUCTION

P ROTECTIVE CLOTHING for shielding workers from

dangerous levels of electromagnetic radiation has been

used for many years in this country [1] and abroad [2].

Recently, increasingly restrictive standards for human ex-

posure and greater public awareness concerning nonioniz-

ing radiation safety have resulted in a greater availability

of protective clothing and the introduction of a number of

new materials on the market. Most clothing of this sort
consists of fabric metallized in various ways to reflect

Manuscript recelvcd December 18, 1986: rewsed .June 4, 1987. This
work was supported m part by Bell Laboratories.

A, W, Guy and C, Sorensen are with the Bioelectromagnetics Research
Laboratory, Center for Bioengineering, College of Engineering, School of
Med~cme, Umversity of Washington, Seattle, WA 98195.

C.-K. Chou and J, McDougall were with the Bloelectromagnetics
Research Laboratory, Center for Bioengmeermg, University of Washing-

ton They are now with the Division of Radiation Oncology, City of
Hope National Medical Center, Duarte. CA 91010-0269.

IEEE Log Number 8716924.

incident radio-frequency (RF) energy from the wearer

when exposed to high-power-density fields. Such suits

would enable workers to safely approach antennas or

strong radio sources for calibration or maintenance pur-

poses without disrupting the operations. Such suits could

also prove to be invaluable in protecting personnel operat-

ing high-power RF sources used for clinical treatment of

patients, for example, RF hyperthermia devices for the

treatment of cancer.

This paper describes tests of the effectiveness of a

number of protective suits designed to shield the human

body from exposure to high-intensity microwave fields.

Four suits were evaluated: the Wave Guarde suit used by

AT&T; the suit used by the U.S. Navy; and two relatively

new suits, one manufactured by the Milliken and Body

Guard companies in the United States, the other manufac-

tured by the Invertag Electronics and Telecommunication

Company in Switzerland and called the Invascreen Protec-

tive System. The suits were tested on a full-scale phantom

human body composed of synthetic muscle tissue enclosed

in a 0.3-cm-thick fiberglass shell. The phantom body was

instrumented with special diode electric-field sensors at ten

different locations on the body where surface electric-

field-strength measurements were made, from which the

surface specific absorption rates (SAR’S) of energy were

determined as a function of position. These measurements

were made for the model both with and without the suit

while under exposure to a relatively pure plane-wave elec-

tromagnetic field at a frequency of 2450 MHz, with power

2. The exposures were con-densities up to 65 mW/cm

ducted in a large (12 ft X 24 ft X 12 ft) anechoic chamber

with an absorber designed to eliminate internal reflections

over a frequency range of 450 MHz through 100 GHz. The

2450-MHz fields were provided by a 10-kW klystron

source.

It was originally envisioned that the suits would be

tested at high levels of incident power, from 300 through

1000 mW/cm2 in an anechoic chamber, but since some

suit fabrics can be quite flammable, resulting in a fire

hazard to the combustible absorber in the chamber, such

tests were abandoned. Therefore, a simple test was devised

for exposure of a portion of the fabric from the suit in a

waveguide to power densities of up to 1000 mW/cm2. In

addition, the flammability of each material was evaluated

while in contact with an open flame.
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Initial tests of suit attenuation were conducted by the

waveguide-transmission-loss method. The attenuations of

the suits were then determined by comparison of the

measured values of SAR at. the surface of the synthetic

tissue of the model man when exposed with and without

the suit. The surface SAR was determined by measuring

the surface electric fields with a single linearly polarized

dipole (diode sensor). Surface electric fields both parallel

and perpendicular to the long axis of the body were

measured separately at each point on the phantom tissue

surface, and the total field was determined from the square

root of the sum of the squares of the measured orthogonal

fields. The diode sensors were calibrated by placement in

an electrically thick slab of synthetic muscle tissue con-

tained in a rectangular fiberglass box with the same wall

thickness as the outer fiberglass shell thickness of the

model man. Each sensor was calibrated by placing it in

contact with the flat surface of the phantom tissue material

while exposed to 2450-MHz ‘radiation at normal incidence.

The output voltage of the diode was measured as a func-

tion of the incident power density and compared with the

SAR measured at the point of contact by temperature

probes. Thus, the SAR versus output voltage of the diode

was established.

Maximum sensitivity was obtained during the use of the

diode sensors by modulation of the klystron source at 100

percent with a 1OOO-HZ square wave, and use of a Hewlett

Packard (HP) -415E standing-wave ratio meter as a voltage

detector. Since the meter has a narrow-band pass at 1000

‘Hz, it can reliably sense low-level signals with low signal-

to-noise ratios. The diode–sensor meter combination al-

lowed reliable measurements of incident field strengths as

low as 0.5 pW/cm2 at the surface of exposed tissue,

corresponding to an SAR of 0.2 mW/kg. Attenuation of

the suits was determined by initial exposure of the model

without the suit at a relatively low power density within

the range of calibration for each diode and then exposure

by the model with the suit to the power density required to

produce the same SAR as previously read by each diode.

The ratio of input powers to the horn was recorded as the

attenuation of the suit at each diode location.

II. TECHNICAL APPROACH

A. Characterization of Fields in Exposure Chamber

The measurements of the suit attenuations for whole-

body exposure were done in the anechoic exposure cham-

ber located in the Bioelectromagnetics Research Labora-

tory, University of Washington. For reasonably unifoim

illumination of the man model, an exposure position 458

cm from the 13.9-dB-gain Narda-644 standard-gain horn

was selected. The horn was energized with a 2450-MHz

amplifier set initially for an output power of 200 W and

attenuated to 10 W with a directional coupler and at-

tenuator to provide relatively low power densities in the

anechoic chamber for measurement of power-density pat-

terns both in the horizontal and in the vertical position at

the exposure location. The input and reflected powers at
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Fig, 1. Power-density pattern in horizontal plane at exposure position
of the phantom model, without the presence of the model. Dots are
experimental measurements, vertical lines denote positions of extreme
dimensions of man when exposed in horizontal position, and the

horizontal bar at the center of the graph is the theoretical power

density based on the 13,9-dB gain of the horn with an input power of
1 w.
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Fig. 2. Power-density pattern in vertical plane at exposure position of

the phantom model, without the presence of the model, Dots are
experimental measurements, horizontal lines denote positions of ex-
treme dimensions of man when exposed in a vertical position, and the
horizontal bar at the center of the graph is the theoretical power
density based on the 13.9-dB gam of the horn with an input power of

1 w.

the horn were measured by HP-8484A thermistors con-

nected to HP-435 power meters.

The power density was measured with a National Bureau

of Standards EDM-lC energy-density meter. To facilitate

the power-density measurement, we connected the energy-

density meter directly to the probe without the cable.

Thus, the meter and the probe could be easily moved in

the vertical and horizontal directions in the chamber with

minimum perturbations of the field. Since the meter was

calibrated under conditions where the probe is connected

by cable through a baffle of microwave absorber to pre-

vent illumination of the meter, the free isolated meter

reading could only be used to provide relative values of

power density for definition of the radiation patterns. The

absolute power density along the boresight of the horn was

then properly measured with the meter, isolated from the

probe by a baffle of microwave absorber, and each pattern

was adjusted so that the value at the boresight corre-

sponded to a true absolute value. Figs. 1 and 2 show the

horizontal and vertical patterns of the incident power

densities at 458 cm away from the horn as a function of
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vertical and horizontal distance from the horn boresight.

The positive coordinates correspond to the upper and right

sides as seen from the horn. The power density measured

at the boresight was 9.1 pW/cm2 per watt into the horn,

which is close to the theoretical value of 9.3 pW,[cm2

calculated for the 13.9-dB standard-gain horn. Power den-

sity at the most extreme distances from the boresight

occupied by the man (+89 cm) was found to be 25 percent

less than that at the boresight value. The increased devia-

tion of power density 100 cm below the boresight com-

pared with 100 cm above is probably due to the low-grade

walk-on absorber that was used to cover the floor of the

anechoic chamber. In general, the major portion of the

man model was exposed to a relatively uniform far-field

pattern.

B. Fabrication of Fiberglass Man Model

A 178-cm-tall full-scale phantom model of a man was

constructed. A fiberglass shell 0.3 cm thick was first fabri-

cated around a mannequin mold, allowed to cure, and then

bifurcated along the frontal plane (the back half of the

shell was split from the front half) so that it could be

separated from the original mold form. Detailed ears,

fingers, toes, and genitalia of the man were not made. The

two halves of the shell were then rejoined so as to form a

complete hollow shell with the same shape as a man. The

shell was then filled with synthetic gel having the same

dielectric properties as human muscle tissue at 2450 MHz

[3]. The completed model is shown in the exposure posi-

tion in the anechoic chamber without the suit in Fig. 3.

Nylon ropes passed through pulleys in the ceiling of the

anechoic chamber were used to support the man with his

groin area at the boresight of the transmitting horn.

C. Design of Diode Field Detectors

A Schottky diode of the type used for standard survey

meters was used as a sensing element for the electric field.

An HP 5082-2810 diode sensor similar to that used in a

previous study involving the measurement of SAR’S in

phantom models exposed to radiation from mobile anten-

nas [4] was modified for use in this study.

The sensing element consisted of an encapsulated diode

in a conducting bisected pillbox, shown in Fig. 4 The

bisected pillbox formed the poles of the receiving dipole

and at the same time shielded the loop formed by high-
resistance-wire connections to the diode, thereby prevent-

ing any voltages from being induced by magnetic fields.

The high-resistance, twisted pair, O.OOl-in-diameter, 859

fJ/ft, nylon-coated resistance lead wires were protected

from strain and mechanical damage by encapsulating them

in a 3.2-mm (0. D.) flexible Tygon tube. The transparent

high-resistance leads were made sufficiently (60-230 cm)

long so that the diode could be placed at any point on the

phantom man with the leads routed immediately from the

front to the back of the man and then down through a

connector fastened to the heel of the model. The connector

was connected to miniature coaxial cables and routed to

Fig. 3. Suspension of completed phantom man in vertical exposure

position in the anechoic chamber.
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Fig. 4. Construction details of diode electric-field sensor, associated

microwave-transparent leads, and coaxial connector,
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Fig. 5. Signal cable connections to foot of phantom man. The cables

strapped to the ankle are the microwave-transparent leads going to the
various diode sensors in the model. The signals from these cables are

transmitted via coaxial connectors and cables to the instrumentation
outside of the snechoic chamber.

instrumentation outside of the shielded room, as shown in

Fig. 5. The coaxial cables were kept perpendicular to the E

field and routed away from the back of the man and so

were essentially shielded by the body of the model, thereby

preventing any serious scattering problems.

Each diode sensor capable of measuring the electric field

in the direction of the axis of the diode was encapsulated

in a circular disk that would permit its insertion in a

predrilled hole through the fiberglass wall of the phantom

man but restrict it from going any farther than making a

good contact with the surface of the phantom muscle

material (Fig. 6). The diode could be rotated in any

direction and then-fixed in place with masking tape.

D. Calibration of Diode Field Detectors

The diode sensors were calibrated under conditions of

known incident fields and known SAR by implanting them

in a flat-surfaced rectangular phantom-tissue block. The

phantom consisted of a box 76 cm X 76 cm X 10 cm con-

structed of 0.3-cm-thick fiberglass walls and filled with

synthetic muscle. The slab, with the attached diode sensor,

was placed at the exposure position 458 cm in front of the

horn in the anechoic chamber. The diode sensor under

Fig. 6. Diode sensor inserted into hole through wall of phantom model,

making direct contact with phmttom tissue. The sensor may be rotated

at any angle with respect to the incident field.

II SHIELDED ROOM m CO,UPLER

?Bf,Fj~d
5,

SLAB OF PHANTOM TISSUE

Fig. 7. Schematic of equipment used for calibration of diode electnc-
field sensors.

calibration was embedded in the synthetic tissue through a

precut 6.5-mm-diameter hole in the same manner that it

~ould be inserted into the ~ha~tom model man. The.
sensor was mounted for maximum sensitivity to the verti-

cal electric field at the antenna-boresight line: A schematic

diagram of the exposure setup and the connection of the

diode to a HP-415E SWR meter for measuring the voltages

is shown in Fig. 7. A signal generator was used to drive an

intermediate-power amplifier, which in turn was fed

through an isolator and filter to a 10-kW klystron power

amplifier. The output of the 10-kW amplifier was directed
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to a directional coupler into a high-power load, and a

sample of the power was taken from the incident arm of

the directional coupler for application to the horn in the

anechoic chamber. This provided power-density levels

within the operating range of the diode sensors mounted

on the unclad model man. The signal was modulated with

a 1OOO-HZ square-wave amplifier connected to a pin diode

modulator inserted between the signal generator and the

power amplifier. The frequency was set to 2450 MHz by

means of a frequency counter. Since the HP-VSWR meter

is extremely sensitive to 1OOO-HZ signals, the combination

of diode sensor and meter provided a very sensitive field-

strength detector.

The diode sensor was first tested to determine whether

the small-diameter microwave-transparent leads would

cause any interference to the fields or affect the sensor

output as a function of lead orientation. A total of 11

diodes were fabricated; ten were used for measurement of

the fields at the various locations on the phantom man

model, and the llth was used as a backup. Each diode was

calibrated in the rectangular slab.

The diode sensor leads where moved to different angles

with respect to the vertically polarized E field during

exposure of the test slab. Regardless of the angle of the

leads, the reading on the HP-415E SWR meter did not

vary more than 0.2 dB, indicating that there was negligible

field interaction with the leads.

The output voltage as read on a HP-415E VSWR meter

in relative units of dB for each of the ten diode E-field

sensors was obtained for various power densities incident

to the flat phantom-tissue slab, with the sensor in electrical

contact with the front of the slab. Fig. 8 shows the results

of a typical diode, indicating the relationship between the

incident power density ( pW/cm2 ) and the relative meter

reading (dB) in the range – 30 to – 50 dB. All of the diode

E-field sensors could be reliably used to measure SAR,

responding to surface incident power densities as low as 1

pW/cm2. The calibration data for all 11 diodes are listed

In Table 1.

The diode readings were related with the actual SARS

at the surface of the model by measurement of the corre-

sponding rate of temperature use at each location on the

rectangular slab. For this case, the unattenuated output

power of the 10-kW source (set for 7 kW) was directed at

the slab placed at a distance of 192 cm from the horn in

order to rapidly induce a temperature rise at the surface of
the slab. The temperature increase versus time was mea-

sured with a Vitek-101 probe, with leads transparent to

microwave radiation. This information was collected

through an analog-to-digital converter and processed by a

computer for a printout of temperature versus time.

The SAR values were calculated from the specific heat

of the phantom tissue (0.86 kcal/kg. 0C) and the rate of

change of temperature with time. The surface SAR was

found to be 0.4 W/kg per mW/cm2 incident power den-

sity, which is consistent with the theoretical predictions of

[5]. The SAR pattern as a function of depth into the

muscle slab was also found to be in close agreement with
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Fig. 8. Typical characteristics of diode E-field sensor (no. 1), based on
calibration measurements.

theoretical predictions for wave penetration into an ex-

posed semi-infinite tissue medium. This measurement was

done to demonstrate that there were no errors due to

diode-tissue surface interactions and to verify that the

depth dependence of the absorbed energy was the same as

for a semi-infinite medium. On the basis of these measure-

ments, a – 45-dB reading, for example, from diode num-

ber 7 would correspond to 0.00128 W/kg, and a – 35-dB

reading for the same diode would correspond to 0.0152

W/kg. & seen from Table I, there was considerable

variation in the sensitivity of each diode.

E. ikfeasurements of Waveguide Transmission Losses of
Suit Fabrics

Initial tests of the attenuations of the suits consisted of

simple measurements of waveguide transmission loss

through the fabric at various locations on the suit. The

signal generator was used to transmit a signal through the

waveguide to the power meter, where power was noted and

compared with the value when the suit was inserted

between the flanges of the waveguide. Reflections from the

metallized suit were absorbed in the isolator placed be-

tween the signal generator and the waveguide adaptor. The

attenuation in dB for both parallel (V) and perpendicular

(H) polarization with respect to the long axis for all four

suits were measured for the fabric at the ten selected

locations shown in Fig. 9. The measured results are given

in Fig. 10. The results for each individual suit are dis-

cussed below.
1 ) Wave Guarde Suit: The measured attenuation of the

fabric was found to vary from a minimum of 41 dB to a

maximum of 47 d13, as shown in Fig. 10(a). It was not

possible to make measurements at the wrist of the suit

since the cross-sectional area of the sleeves was insufficient

for insertion of the test waveguide.

2) Milliken Suit: The attenuation for the fabric of the

Milliken suit, shown in Fig. 10(b), varied from a minimum

of 23 dB to a maximum of 51 dB. It was not possible to

measure the attenuation at the wrist for this suit since,

again, the opening was too small or at the head and neck,

because a hood was not provided with the suit. In loca-
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TABLE I
CALIBRATION OF DIODE SENSORSIN CONTACT WITH PHANTOM

MUSCLE AT 2450 MHz: HP-415E SWR METBR READING

VERSUS INCIDENT POWER DENSITY ( pW/CM2 )
.

Diode
SIJR meter reading -------------------------------------------------------------------------- ---------------

(-db) 1 2 3 4 5 6 7 8 9 10 11
----------------------------------------------------------------------------------------------------------

24.58
25
27
29
31
33
35
37
39
41
43
45
47
49
51
53
55

31.86 33.28 65.23 47.47 30.80 68.82 57.68 26.54 19.82 43.05
23.32 20.50 40.24 29.35 18.98 42.45 35.65 16.59 12.41 26.73
14.64 12.80 24.94 18.20 11.90 26.29 22.12 10.30 7.75 16.59

9.15 7.96 15.41 11.41 1.36 16.40 13.80 6.47 4.85 10.39
5.65 4.85 9.62 7.03 4.58 10.03 8.50 4.00 3.06 6.39
3.48 3.00 5.87 4.31 3.32 6.20 5.23 2.47 1.87 3.91
2.33 1.86 3.57 2.65 1.73 3.76 3.13 1.49 1.13 2.38
1.25 1.09 2.04 1.53 1.00 2.26 1.82 0.89 0.69 1.42
0.73 0.63 1.21 0.90 0.58 1.29 1.07 0.51 0.40 0.84

100.4
89.3
55.8
34.7
21.6
13.6

8.47
5.29
3.32
2.08
1.28
0.781
0.476
0.281
0.163
0.099
0.060

(’+ FOREHEAD #1 DIODE

EL

WR

Fig. 9. Schematic of phantom man showing positions where diode
electric-field sensors were attached for evaluation of microwave-protec-

tive suits.

tions where there was a single layer of suit fabric (at the

shoulder, elbow, knee, and ankle), the attenuations were 29

to 36 dB, but in areas where there were double or triple

layers of fabric material, such as at the zipper, heart, and

groin areas, parallel polarization attenuations were in the

range of 45 to 51 dB. The minimum reading of 23 dB using

perpendicular polarization for the fabric in the front liver
region was probably due to leakage through the nearby

zipper.

3) Inuascreen Suit: The. attenuation for this suit fabric

was strongly dependent on polarization, as shown in Fig.

1O(C). The perpendicular electric-field polarization (15 to

20 dB) was significantly lower than for the parallel polari-
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Fig. 10, Results of waveguide-attenuation measurements at various lo-
catlons on (a) Wave Guarde, (b) Milhken, (c) Invascreen, and (d) U.S.
Navy microwave-protective suits. (V indicates values for vertical polar-
ization, and H indicates values for horizontal polarization.)
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zation (25 to 31 dB) (t-test, t-7.65, df = 4, p < 0.002). The

attenuations of the fabric at various locations on the front

of the body over the heart, liver, and groin were higher

because of multiple layers of fabric in the suit’s construc-

tion. The metal screen material used for fabrication of the

hood had an attenuation to 55 dB, much higher than the

fabric used for the remainder of the suit.

4) U.S. Nauy Suit: The attenuation of the fabric for

this suit, shown iin Fig. 10(d), was the highest, 43 dB at the

front, compared with that of the fabric of the other three

suits tested. At the zipper in back of the suit, the parallel

polarization attenuation was found to be as high as 50 dB,

and a perpendicular polarization attenuation as low as 27

dB was found, which is consistent with perpendicular

polarization attenuation measured near the zippers on the

Milliken and Invascreen suits.

F. Exposure of Model with and without Protective Suits to
2450-MHz EM Fields

Ten diode sensors were placed at various locations ori

the model as shown in Fig. 9, with the diodes oriented for

maximum sensitivity in the direction parallel to the long

axis of the body. The diodes were inserted through holes

on the surface of the model so that they made good

contact with the synthetic tissue within. Prior to insertion,

each diode was moistened with a saline solution of the

same conductivity as the synthetic tissue so as to ensure

good electrical contact. The leads from the diodes were

carefully routed behind the phantom man and directed

toward connectors at the right ankle. Since the U.S. Navy

suite was completely closed from head to foot, a seam had

to be temporarily opened at the foot to allow exit of the

transparent portion of the cables. Miniature coaxial cables

carried the signals from the connectors to a switch box and

the HP-VSWR meter outside of the chamber. The signals

could be quickly switched from various diode locations to

the SWR meter.

In a series of experiments, the model was first exposed

without the suit on, as shown in the schematic drawing in

Fig. 11. For this case, the incident radiation was main-

tained at relatively low power-density levels by direction of

only a portion of the output power of the klystron to the

radiating horn via a directional coupler, as shown in the

figure. Power density was set so as to provide a reading of

either – 45 or – 35 dB on the standing-wave meter. These

values were selected, since they corresponded to the maxi-

mum expected reading obtainable with the power source

set at maximum power when the body of the phantom

man was covered with the suit. These values corresponded

to 3.2 and 38 pW/cm2 power density.

For each diode, the input power to the horn correspond-

ing to a – 45 or – 35 dB reading from each diode was

measured, and the incident power density was calculated.

The power was then turned off, one of the test suits was

placed on the model, and the readings were repeated while

a new high input power from the 10-kW amplifier was

applied directly to the horn. The power density at the

intersection of the boresight line and the man was noted

A

SHIELDED ROOM

—1 \\

4B--------
s.w.R. METER

SWITCH BOX

M~-35, NO. 11, NOVEMBER 1987

11%
LOAD COUPLER

M

II

1 wm

10 K.W.

SIG. GEN, PIN MOD, POWER AMP POWER SOURCE

Fig, 11. Schematic drawing of equipment used for exposure of phantom
man and measurement of SAR at the surface of the phantom tissue

(low power conditions).

Fig. 12. Phantom man model wearing the Milliken suit (with Wave

Guarde hood) exposed in vertical position ( E field parallel to body).

based on calibration data obtained previously. Fig. 12

shows the man model exposed in the vertical position

while wearing the Milliken suit with E field parallel to the

body.

Diode sensor measurements of body surface E fields

both parallel and perpendicular to the incident E field
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TABLE II

SPECIFIC ABSORPTION RATES (W/KG PER iMW/C~2 INCIDENT
TO MIDSECTION) IN FULL-SIZED MAN EXPOSED TO

2450-MHz RADIATION

MS

*Due to E *Due to E
pe PP

To1al
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EXPOSURE E-FIELD PASALLEL TO LONG AXIS OF BODY

1** 0.159 6.34 x 10-4 0.160
2 0.153 4.98 X 10-4 0.154
3 0.281 2.12 x 10::
4

0.283
0.114 9.54 x lo_3

5
0.134

0.099 7.00 x 10_3
6

0.106
0.119 3.89 x lo_4

7
0.123

0.137 4.17 x lo_3

8
0.137

0.152 4.54 x lo_4
9

0.157
0.163 8.78 X 10-2 0.164

10 1.124 1.81 X 10 1.142

EXPOSOEE E-FIELD PERPENDICULAR TO LONG AXIS OF BODY

1’ 0.243 1.12 x 10::
2

.254
0.124 2.59 X 10 . .127

3 0.177 6.96 x 10-’ .184
4 0.131 1.77 x 10::
5

.133
0.089 2.96 x 10_2

6
.092

0.084 1.18 x 10 .096
7 0.090 1.22 x 10-? .091
R
9

10

0.056 3.46 X 10:: .056
0.190 3.81 x 10-2 .194
0.953 9.45 x 10 1.048

*EPe —E-field component parallel to exposure field; EPP —E-field
component perpendicular to exposure field.

* *pJumbers refer to locations given in Fig. 9.

were made for all exposures. Exposures were made with

the incident E fields both parallel and perpendicular to

the body axis. Localized specific absorption rates were

calculated based on the conversion factor of 0.4 W/kg per

1 mW/cm2 incident power density obtained from the

calibration measurements. The SAR values were also nor-

malized to 1 mW/cm2 at the boresight of the horn, which

corresponds to the midpoint of the body near the groin

area. Localized tissue surface SAR’S calculated from field

components both parallel and’ perpendicular to the long

axis of the body, as well as the total SAR obtained from

adding the components, are presented in Table II. The

data indicate that the electrical field component parallel to

the exposure E field was the major contributor to SAR.

The finite electric-field components perpendicular to the

exposure E field may be due in part to scattering or

reflection from irregular surfaces of the model and in part

to slight misalignment of the diode sensors.

G. Attenuation of Suits to Free-Radiation Field

1 ) Wave Guarde Suit: The diode sensor attenuation

measurements were first conducted with the Wave Guarde

suit on the exposed man model. The calculated SARS are
listed in Table III. The contributions to SAR by E fields

parallel and perpendicular to the long axis of the body are

of the same order of magnitude. It appears that the protec-

tive suit induces an electric-field component perpendicular

to the exposure field, possibly from the anisotropic electri-

cal properties of the fabric. The total SAR values were

compared with those for the unclad model in Table II, and

the attenuations at the different locations were calculated.

These are shown in the last column of Table III and in Fig.

13. The attenuations. were reasonably high (21.0 -33.7 dB)

TABLE III

SPECIFIC ABSORPTION RATES (W/KG PER ~W/CM2 INCIDENT

TO MIDSECTION) IN FULL-SIZED MAN MODEL WEARING

WAVE GUARDE PROTECTIVE SUIT EXPOSED TO

2450-MHz RADIATION

SAS
----------------------------------------------------------------------

*Due to E *Due to E Total
pe PP

SU1 t
attenuation (db)

_____________________________________________________________________________

EXPOSOSE E-FIELD PASALLEL TO LONG AXIS OF BODY

3
4
5
6
7
8
9

10

5.62 X 10~;
1.13 x 10-4
1.19 x 10-5
3.76 X 10-5
2.03 X 10-5
5.68 X 10-4

2.53 X 10-5

4.08 x 10-5
2.94 x lo_2
1.52 X 10

2.55 X 10-4
1.04 x 10::
5.41 x 10-5
2.21 x 10-5
2.51 X 10-5
2.83 X 10-5

5.23 X 10-5

1.49 x 10.5
2.23 X 10-2
1.35 x 10

8.17 x 10::
1.23 X 10
1.73 x 10-4
5.97 x 10::
4.54 x 10-5
8.51 X 10-4

3.05 x 10-5

5.57 x 10
5.17 x 10-5
2.87 X 10-2

EXPOSDRE E-FIELD PERPENDICUt#IS TO LONG AXIS OF BODY

1 7.98 x Io:j 1.02 x lo:j 9.00 x 10-3
2 3.58 X 10 2.48 X 10_4 6.06 x 10-4
3 4.03 x 10:: 3.93 x 10 7.96 x 10-4

4 2.69 x 10_4 3.27 X 10:; 5.96 x 10:f

5 1.02 x lo_4 2.20 x lo_4 3.22 x 10_4

6 1.69 X 10_4 1.80 X 10-4 3.49 x lo_4

7 1.31 x 10-4 2.41 X 10_5 3.72 x 10-4
8 1.07 x 10-5 +.49 x lo_5 1.52 X 10_5

9 5.64 X 10_3 4.25 X 10-2 9.89 X 10_2

10 3.62 X 10 4.62 X 10 4.98 x 10

22.9
21.0

32.1
32.8
33.7
31.6

26. S

34.5
35.0
16.0

14.5
23.2
23.6
23.5
24.6
24.4
23.9
25.7

32.9
13.2

*EPC — E-field component parallel to exposure field; EPP —E-field

component perpendicular to exposure field.
**Numbers refer to locations given in Fig. 9.

for most of the body except at the forehead (14.5 dB) and

the ankle (13.2 dB). Thus, based cm the measured attenua-

tion and the ANSI Radio Frequency Protection Guide

2, the whole body would be(RFPC) [6] of 5 mW/cm

protected from a maximum exposure of 104 mW/cm2

when the suit is worn. The low values at the forehead for

exposure’ to perpendicular polarization are probably due to

the leakage through the unsealed bottom opening of the

hood. The low attenuation at the ankle was caused by

leakage through the pants leg opening.

2) Milliken Suit: Since the Milliken suit did not have a

hood to protect the head, we used the hood from the Wave

Guarde suit in testing this suit. The data for these mea-

surements are shown in Table IV and Fig. 13. For the

model exposed in a vertical position, the attenuations were

24.3 -34.5 dB for various parts of the body, except 20.3 dB

at the wrist near the opening of the sleeve of the suit.

When the model was placed horizontally, i.e., with body

axis perpendicular to the electric field, the attenuations

were quite low (2.0–19.2 dB), owing to leakage through the

many openings of the suit —the sleeves, trousers, center

zipper, neck opening, and two pockets with open sides.

The suit would provide protection from maximum ex-

posure levels of 10 mW/cm2 for the whole body or 48

mW/cm2 for the body above the ankles.

3) Invascreen Suit: This suit was received without the
protective gloves and socks, which are indicated as part of

the protective system in the company’s advertisement

brochure. The results of the diode sensor measurements,

shown in Table V and Fig. 13, indicate fair (18.7 –24.5 dB)

attenuation for the parallel polarized E-field exposure and

poor (0.4-21.1 dB) for the perpendicular polarized E field.
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TABLE IV
SPECIFIC ABSOmTION RATES (W/KG PER NtW/CM2 INCIDENT ‘ro
MIDSECTION) IN FULL-SIZED MAN MODEL WEARZNG MILLIKEN

PROTECTIVE SUIT EXPOSED TO 2450-MHz RADIATION

SAS

*Due to E *Due to E Total
pe PP

SU1 t

attenuation (db)

EXPOSOSEE-FIELD PASALLEL TO LONGAXIS OF BODY

1**

2
3
4
5
6
‘1
8
9

10

2,16 X 10:;
7.07 x 10.4
1.04 x lo_5
2.19 X 10-5
1.38 x 10-5
1.19 x 10-4
2.02 x 10
2.38 X 10~j
1.72 x lo_4
2.55 X 10

3.75 x 10::
1,36 x 10_4
1.54 x lo_5
2.62 X 10-5
&.17 x 10
3.85 X 10-5
1.08 X 10::
2.46 X 10
2.89 X 10-5
1.44 x 10-3

5.91 x 10::
2,07 x 10-4
2.58 x 10_5
4.81 x 10_5
5.55 x 10-5
5.04 x 10-3
1.28 x lo_4
2.63 x 10_4
2.01 K lo_3
1.70 x 10

24.3
28.7
30,4
33.7
32.8
33.9
20.3
27.8
29.1
28.3

EXPOSURE E-FIELD PERPENDICU1 .AR TO LONG AXIS OF BoOY

7.24 X 10:~ 2.58 x 10~;
7.18 X 10 1.23 , 10
3.78 X 10-3 1.83 x 10-2
1.32 X 10:: 9.98 x 10-3
2.22 x 10-3 4.20 x 10-3

1.43 x 10-3 8.75 x 10~j
3.31 x 10-5 7.10 x 10-3
6.L75 X 10 2.47 x 10-3
2.03 x 10-4 2.33 x 10-1
2.71 x 10-2 6.63 x 10

(a)

A

INVASCREEN SUIT
T V233H21 1 db

2450 MHz

DIODE MEAS o

“218”,72 . ~:’”’”

(b)
1 2.51 X 10-2
2 1.16 x 10-2
3 1.45 x 10::
4 8.66 x 10-3
5 3.98 X 10-3
6 7.32 X 10_3
7 3.79 x 10-3
B 2.40 X 10-3
9 2.13 X 10_l

10 6.36 x 10

9.9
10.1
10.0
11.2NAVY SUIT

n

. V487 H43.2 db

2450 MHz 13.4
10.4
11.1
13.5“’”DE”’”>(-%3”44’
19.2

2.0‘48’H4’hJ&?’)

(!!K41
,..

v22 4 a 13.6

V21 3 H8.2 ’13

1/

‘2’5 “63 “ \ :::a
H1H
..-

V4S.5N354 . ’45 i

/

\
V42.8 H43 6 . V42.7 /

*EPe —E-field component paraflel to exposure field; EPP —E-field
component perpendicular to exposure field.

* *N~mbers refer to locations given in Fig. 9.

(!J‘34’S’”1)

/

. v30,7 H36,4

1

.,. -,-

., . .’s V405 H396
. . . .~;W

,,:.:.V19.5 HD.4
,

<~

- V18.7 HO.6

TABLE V

SPECIFIC ABSORPTION RATES (W/KG PER MW/CM2 INCIDENT
TO MIDSECTION) IN FULL-SIZED MAN MODEL WEARING

INVASCREEN PROTECTIVE SUIT EXPOSED TO
2450-MHz RADIATION

SAS
--------------------------------------------------------------------

*Dueto S *Due to E Total
Pe PP

S“lt
atten”ati.n (db)

(c) (d)

Fig. 13. Values of attenuation of total field (Herrnitian magnitude) at

body surface protected by (a) Wave Guarde, (b) Milliken, (c) In-
vascreen, and (d) U.S. Navy microwave-protective suit determined

from diode electric-field sensors when the suits were exposed to E

fields paraflel to body long axis denoted by V and perpendicular to

body axis denoted by H.

EXPOSOSE E-FIELD PABALLEL

7.18 x 10-;
5.38 x 10:3
1.19 x 10-4
6.45 X 10-4

6.70 X 10-4
7.61 X 10_4

9.13 x 10.4
5.70 x lo_3
1.41 x 10-2
1.35 x 10

TO LONG AXIS OF EODY

2.82 X 10j
8.48 X 10_5
9.15 x lo_5
1.53 x 10-5

3.23 X 10-4
1.44 x 10

5.36 X 10:;
2.41 X 10

4.29 X 10:;
2.02 x 10

7.46 x 10~~
5,46 x 10_3
1.28 x 10
6.60 x 10-4
7.02 x 10~;
9,05 x 10
9.6? X 10-4
5.94 x 10-:

1.s4 x lo-
1.55 x 10-*

23.3
24.5
23.4
22.4
21.8

21.3
21,5

24.2
19.5
18.7

1**
2
3
4
5
6

7

8
9

10

The 0.4-dB attenuation at the knee is unexplainable. For

most parts of the model body, the attenuations obtained

by diode measurements were quite consistent with the

waveguide measurements; i.e., the attenuations for parallel

polarized fields were less than those for perpendicular

polarized fields. Although the material is not ideal, this

suit is well designed because of the elimination of openings

where leakage can occur. Therefore, there was no apprecia-

ble change in attenuation for exposure of the model in a

horizontal position, as seen in the Milliken suit. The suit

would provide no significant protection to the legs at the

knees or below, but would protect the rest of the body for

a maximum exposure level of 37 mW/cm2.

4) U.S. Nuuy Suit: This suit provided excellent at-

tenuation (34.5 –48.7 dB) for both parallel and perpen-

dicular polarized exposures (see Table VI and Fig. 13). The

major reasons for the high attenuation are the high at-

tenuation of the fabric itself (Fig. 10(d)) and the com-

pletely closed design of the suit. Based on attenuation only

EXPOSOSE E-FrELD PERPENDICULAR TO LONG AXIS OF BOOY

1
2
3

1.2B X 10::
1.63 X 10
6.85 x 10::
5.23 X 10-3
1.40 x 10-3
5.58 X 10_3
1.76 x 10_3
2.38 X 10-1
1.75 x lo_3

9.94 x 10

6.93 x 10::
9.52 X 10-3
7.36 x 10
6.94 x 10-4
3.60 X 10-4
8.B4 X 10::
3.65 X 10-4
2.28 X 10_3
2.32 X 10-1
1.05 x 10

1.97 x 10 -3

2.58 x 10-3
8.05 x 10:;
5.92 x 10-3
1.76 x 10
1.44 x 10:;
2.13 x 10-3
2.61 x 10-1
1.71 x 10-1
1.15 x 10

21.1
16.9
13.6
13.5
17.2

8.2
16.3
13.3

0.4
9.6

L

5
6
7

10

“EPC —E-field component parallel to exposure field; EPP —E-field
component perpendicular to exposure field.

**Numbers refer to locations given in Fig. 9.

and discounting voltage breakdown or fire hazards, the

suit would provide protection to exposure levels up to

14000 mW/cm2.

H. Exposure Tests O!Protective Suit Fabrics to High-Power
Waveguide Fields

It was found from simple open-flame tests on small

fabric pieces cut from the pocket facing from each suit that
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TABLE VI

SPECIFIC ABSORPTION RATES (W/KG PER NIW/CN12 INCIDENT TO
MIDSECTION) IN FULL-SIZED MAN MODEL WEARING U.S. NAVY

PROTECTIVE SUIT EXPOSED TO 2450-MHz RADIATION

SAS

*De to E *Due to E Total Suit
pe PP attenuation (db)

EXPOSOSE E-FIELD PASALLEL TO LONG AXIS OF SODY

1**
2

5
6

7
8

9
10

1.84 x 10::
6.64 x 10-5

3.56 X 10-6
4.79 x 10
1.76 X 10-6
3.27 X 10~~
7.01 x 10-6
6.16 x 10-5
2.17 X 10_5
5.94 x 10

3.20 X 10~;
4.89 x 10_6

1.00 x lo_7
7.28 X 10-7
3.86 X 10-6
2.28 x 10
5.29 X 10-7
2.28 x 10-6

5.46 X 10:;
4.17 x 10

2.16 x 10::
7.13 x 10-5
3.66 X 10
5.52 X 10”6

2.15 x 10-6
5.55 x 10::
7.54 x 10-6
S.44 x 10-5
2.22 x lo_4
1.01 x 10

EXPOSORE E-FIELO PERPENOICUL4S TO LONG AXIS OF BOOY

1 2.34 X 10::
2 3.50 x 10-6
3 8.96 X 10-6
4 2.70 X 10_6
5 5.36 X 10-6
6 5,29 X 10-6
7 2,44 x 10.5
8 1.88 X 10-5

9 3.57 x 10-5
10 1.66 x 10

9.87 x 10::
1<17 x 10-6

“1.61 X 10-6
1.04 x 10-7
9.50 x 10-5
2.24 X 10_6
1.51 x lo_7
8.52 X 10-6
8.81 X 10-5
9.94 x 10

1.22 x 10::
4.67 X 10_5
1.06 X 10.6
3.74 x lo_6
6.31 X 10-5
2.77 x 10_6
3.95 x 10-5
1,97 x lo_5
4.45 x 10-4
1.16 X 10

48.7
43.3
38.9
43.1
46.9
43.5

42.6
42.7
38.7
40.5

43.2
44.3
42.4
45.5
41.6
35.4
43.6
34.5
36.4
39.6

*EPC — E-field component paratlel to exposure field; EPP —E-field

component perpendicular to exposure field.
**Numbers refer to locations given in Fig. 9.

both the, Wave Guarde and the U.S. Navy suit fabrics were

very flammable, the Invascreen suit fabric was less

flammable, and the Milliken suit was resistant to flame.

Thus, to reduce the fire hazard, only the Milliken suit was

exposed to high incident power. The fabric of the suit was

placed in the same waveguide setup used for the attenua-

tion measurements but with higher input power, 59 W,

applied for 1 h over a 59-cm2 WR-430 waveguide aperture

at the load junction. This corresponded to 1000 mW/cm2

average, or 2000 mW\cm2 peak, power density at the

center of the waveguide.

III. CONCLUSIONS

The performance of four microwave-protective suits: the

Wave Guarde (AT&T), Milliken, Invascreen, and U.S.

Navy suits was tested. Using the waveguide-transmission-

loss test, both the Wave Guarde and the US. Navy suit

fabrics were found to provide at least 40-dB attenuation.

The Milliken material provided at least 30-dB attenuation

independent of fabric orientation. The attenuation of the

Invascreen material was quite poor, showing an orientation

dependence from 17–19 dB for perpendicular polarized

E-field exposure to 24-32 dB for parallel polarized E-field

exposure.

Since the waveguide method provides only a comparison

between the attenuations of various fabrics and does not

evaluate the other factors, such as seams and overall suit

design, that affect shielding properties, the suits were put

on a full-sized man model filled with phantom muscle, and

tests with ten diode E-field sensors were conducted. The

attenuations at the forehead, neck, heart, liver, shoulder,

elbow, wrist, groin, knee, and ankle were calculated by

comparison of two sets of diode sensor readings, one taken

with and one taken without the suits on the exposed

model.

The Wave Guarde suit provided attenuations between

20 and 35 dB for most parts of the body. A few low

attenuation values (13.2–16 dB) were obtained at locations

on the head and ankle owing to the open head hood and

the opening of the pant leg at the ankle. The Milliken suit

(with the Wave Guarde hood) provided quite good at-

tenuation (20–35 dB) for parallel electrical-field exposure,

but low attenuation (2-19 dB) for perpendicular polarized

field exposure owing to the poor design (multiple open-

ings) of the suit. The Invascreen suit was well designed to

prevent leakage; however, the intrinsic poor attenuation of

the fabric material resulted in poor shielding (18.7 -24.5 dB

for parallel E field of exposure and 0.4-21.1 dB for

perpendicular E-field exposure). The highest attenuation

was provided by the Navy suit, which had a range of 34.5

to 48.7 dB for exposures in both the parallel and per-

pendicular orientations with respect to the E Field. This

effective shielding is due to the complete enclosure of the

man inside the suit and minimal fabric openings.

Therefore, in terms of shielding effectiveness, the Navy

suit was the best, the Wave Guarde was the second best,

and the Milliken and Invascreen were the least effective.

However, the flammability of the Navy and Wave Guarde

suits presents a fire risk. Open-flame tests indicated that

the Milliken fabric material is the most fire retardant.

An ideal combination would be the high attenuation and

the minimal-opening design of the Navy suit and the

fire-retardant properties of the Milliken fabric. An ade-

quate compromise would be to. tailor a suit of the Navy

design with Milliken material; such a suit should pose no

fire hazard and provide at least a 30-dB attention.
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