
14-16
PERFOWCE CHARACTERISTICS OF THE THIN-FILM, ETCHED-CIRCUIT RECTENNA

William C. Brown

Raytheon Company, New Products Center

Waltham, Massachusetts 02254

ARSTRACT

Measurement of DC power output, temper-

ature rise of the rectifying diode as measured

with the fluoroptic temperature probe, and

efficiency have been made on the thin-film,
etched-circuit rectenna foreplane as a func-

tion of incident microwave power and velocity

of laminar air flow parallel to rectenna.
When the rectenna is illuminated with 2.45

GHz microwave power, DC power output densities

of 1 kw/M2 and DC power to weight ratios of

4 kw/kg have been obtained with air velocity
of 10 ft/sec at sea level density and diode

temperature rise of 100”C.

INTRODUCTION

A rectenna is the device used at the receiv-

ing end of a free space microwave power transmis-

sion system to absorb the incident microwave

energy and to convert it into DC power. The

device performs both of these functions with a

high overall efficiency of 85% to 91% depending

upon power level densities and construction for-

mat. It also has directive properties similar

to a half wave dipole so that large aperture

areas show little change in capture efficiency
over substantial variations in angle of arrival

of the incoming microwave power.

For 100% collection efficiency the rectenna

must be a two-plane system but all of the micro-

wave circuitry, rectification, and DC bussing can

be carried out in the foreplane depicted in Figure

1. The other plane is the reflecting plane, a

metallized surface approximately one quarter wave-
length behind the foreplane.

From a circuit point of view (see Figure 1),

the rectenna foreplane consists of a large number

of repetitive circuits called ‘“rectenna elements,”

all joined together by transmission lines that
serve to collect the DC power from the individual

elements and to conduct the power to the edges of

the array. At certain locations along their length

those collecting busses also serve as short sec-
tions of microwave transmission line represent-
ing inductances in low-pass filter circuits and

in the rectifier tank circuits. The transmission
lines also serve to radiate and conduct away
heat generated in the diodes during the rectifi-

cation process. (See Reference 1 and 2 for cir-
cuit details.)
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Fig. 1. Circuit schematic of rectenna foreplane.
It carries out the functions of micro-

wave power collection, microwave filter-

ing, rectification, and DC power con-

duction.

The thin-film, etched-circuit rectenna fore-

plane is a new, light weight, flexible format
designed for use on aircraft or space vehi-

cles.(1>2) As shown in Figure 2, it weighs 0.25

kilogram per square meter. It can produce con-

servatively one kilowatt of DC power output

per square meter when used on an airplane wing

for a power to weight ratio of 4 kwlkg. It is

highly flexible and can be wrapped around

small diameter rolls for ease of storage and

for deployment in space. The rectenna is de-

signed for use at 2.45 GHz. The rectenna

element density is 200 elements per square

meter.

Fig. 2. Five 25-element thin–film, etched–cir-
cuit rectenna sections and a rectenna
covered airplane wing are exhibited.
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Figure 3 indicates the construction of the

thin-film, etched-circuit rectenna foreplane.
Most of the etched circuitry is on the top sur–

face. Only etched areas for the bottom plates
of the capacitors are on the bottom surface.

Kspton F is used for the dielectric material
because of its resistance to deterioration from
ultra violet light, its high temperature toler-

ance, and its low 10SS dielectric properties.

The diode is mounted across the transmission

line (Figure 1) at the appropriate location.
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Fig. 3. Rectenna element construction in region

of capacitor for low-pass filter Sec–
tion. Low dielectric losses in the film
are critical to high efficiency.

Test Arrangement and Test Results

This paper discusses test results on power

handling capability and efficiency of the recten-

na foreplane when subjected to low-velocity con-

vective air cooling at sea level air densities.
These conditions are equivalent to cooling obtain-

ed at typical airplane flight speeds and air den-

sities at altitudes of 40,000 feet and more.

The tests were made with the test configura-

tion shown in Figure 4. The velocity of the air
stream flowing across the rectenna was calibrated

with a hot wire anemometer. The temperature of
the diode was monitored during operation with a

probe of a fluoroptic thermometer that was mount-

ed at the diode case with precaution to shield

the probe from the air stream. The great advan-

tage of the fluoroptic thermometer is that it

does not interact with the microwave field and

does not conduct heat away from the source it is

measuring.

It must be noted that this test arrange-

ment does not allow accurate measurement of the

capture efficiency of either the 25 element rec-
tenna or the single element. The unknown edge

effects are much toO large for this purpose.

However, it has been well established from other
research that the experiwntally measured capture

efficiency approaches the 100% theoretical cap-

ture efficiency to within 1%.(3) The tests re-

ported here were for the purpose of establishing

the power handling capability of the rectenna
under typical operating conditions encountered

in an airplane or balloon.
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Fig. 4. Test arrangement for measuring DC power

output and diode temperature rise of
25 element or single element rectenna as
function of Iaminar air flow velocity

and incident mircowave power.

A number of tests were made with the test

arrangement of Figure 4. The first test was a

measurement of one of the 25 element rectenna
foreplane sections in Figure 2. The airstream
flow was set at 15.8 ft/sec (10.8 mi/hr). The

incident microwave power was varied and the total
DC power output and the temperature of the diode

of the central rectenna element observed,
data is shown in Figure5. The total power out~~

of 123 watts corresponds to an average of 4.9
watts for each of the 25 diodes. The highest
diode temperature of 88°C is far below the 200”C

oPerating temperature considered safe for GaAs
diode operation.
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DC power output of 25 element rectenna

and case temperature of center diode as

function of ~otal power radiated.

The second set of tests was made on a single

rectenna element. The tests were divided into two
parts. The first part did not make use of micro-
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wave power. Instead, a known amount of DC power
was injected into the diode to be dissipated in

the diode. The temperature rise of the diode was

then observed as a function of the air velocity

of the cooling stream and the DC power dissipated

in the diode. These data are shown in Figure
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Fig. 6. (a) Power dissipated in single diode as

function of air velocity and diode tem-

perature (b) Rectenna DC power density

at 8577 efficiency.

The second part involved illuminating the

diode rectenna element with different amounts of

‘microwave power. The temperature rise of the

diode was again noted as a function of the air

velocity and the DC power output.

The temperature rise in the diode could now

be used for two purposes. From the first set of

data as given in Figure 6(a) the power dissipation

in the diode could be determined. From the second

set of data the DC power output for the same temp-

erature rise could be noted. Since nearly all of
the dissipation of the rectenna element takes

place within the diode, the efficiency of the rec-

tenna element can be approximated by the following
expression.

Rectenna Element Efficiency ~

DC Power Output (1)

DC power Output + Power Dissipated in DiOde

With data obtained in this manner the effi-
ciency of the rectenna elements is shown as a

function of DC power output and DC load resist–

ante in Figure 7.

The data in Figure 6(a) can be used to de-

velop equation 2 for diode dissipation as a func-

tion of air velocity and temperature rise of
the diode case. The equation has two components.
one component is that associated with convective

cooling. The other is associated with residual
cooling at zero air velocity and iS assumed tO

be largely radiative cooling. Note that the

linearity of the data and the low Reynolds number
associated with the air velocity indicates laminar

air flow at all time.

w = 1.125 x 10-5LT1V + 0.009AT2, where (2)

w= power dissipated in diode

V = air velocity in feet per minute

AT1 = increase in temperature of diode case

above ambient air temperature

AT2 = increase in temperature of diode case

above temperature of sink for radiated

power
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Fig. 7. Efficiency of rectenna element as func-

tion of DC power output and DC load

resistance.

Now if we know or make an estimate of what

the rectenna element efficiency, n, is then we
can multiply equation (2) by the factor n/1-n to

obtain the DC power output of each rectenna ele-

ment. For an assumed efficiency of 85%, a tYPi-

cal value for the rectenna ele~nt operated in

the one to five watt output region, this factor

will be 5.7. The corresponding DC power for one

square meter which contains 200 elements is show

in Figure 6(b) as a function Of air velocitY and

diode temperature rise.
Equation (2) was derived from experimental

data using mass flow rates of air at sea level

density. If the term V in equation 2 is replaced

by Vp/po where V and p are the air velocity and
air density at any altitude and PO is the air
density at sea level, the resulting expression

is applicable to any altitude, and can therefore
be applied to high altitude airplanes or balloons.

Conclusions

The new thin-film etched-circuit rectenna

format has been evaluated for its power handling

capability and a generalized expression developed

for its application to microwave powered high

altitude aircraft.
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