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Abstract

To obtain useful power levels for proposed free-
space microwave power transmission applications, numer-
ous rectifier outputs are interconnected in series and/
or parallel to share a common DC load. This work ana-

lyzes the resultant efficiency degradation when identical

rectifiers operate at different RF power levels as
caused by the power beam taper. The efficiency degra-

dation is nearly identical with series and parallel

combining and a closed form analytical model provides
results which are similar to a detailed computer simu-

lation model.

Int roduct ion

In proposed applications of free-space microwave
power transmission, large amounts of microwave power

must be efficiently converted to DC. Numerous GaAs

Schottky rectifier circuits, fed from individual re–

ceiving elements in a planar array pattern called a
“rectenna” , share a common DC load to achieve useful

power levels. The rectifier outputs can be combined in

series amd/or parallel to enhance the voltage and/or

current levels respectively !l-2)

A fundamental question in this receiving, rectifi-
cation and power combining process is caused by the
power taper of the incident microwave beam. Since the

output (DC terminal) characteristics of the rectifier
are power dependent, rectifiers at different power

levels that share a common DC load cannot be operated at
optimum conditions. In this work the efficiency degra-

dation that results when an array of microwave power
rectifiers shares a common DC load is evaluated for the

first time.

Methodology

In this section we present the method used for

determining the loss in power which results when several

APc/ ; (Pj)max
j cl

(4)

as the power combining inefficiency. When several rec-
tenna elements are interconnected in series, the maximum
array power can be expressed as

N
(Pmax)s =Im Z f(Im,ej)

j =1

and for a parallel interconnection

N
(PmU)p =V Z h(Vm,Oj)

m J=l

(5)
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These equations are very general and it is desirable to

aPPIY them to two cases of special interest with rec-
tenna arrays.

First consider an array of elements whose output
terminal behavior can be represented by an internal volt-

age source V. in series with a resistance R., or the
J J

load line is linear with both V. and R
.1

a function
.i

of the RF incident power. In tihg case of-an array of
series connected cells, the power combining inefficiency
is given by:
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and in the case of parallel connected cells:

(’7)

rectenna elements, operating at different RF power levels,

N
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are connected in either series or parallel, following a

method developed by Appelbaum et. al. (3) for photovol–

taics. We show in Fig. 1 a general V-I output charac-
teristic of two rectenna elements, along with constant

power contours. The V-I characteristic can be deter-

mined by either a circuit analysis of the rectenna

element, by a computer simulation or by direct measure-
ment of the output voltage and current for several load

resistances. It is assumed that the V-I characteristics
are a function of some parsmeter O (in our case in-

cident RF power) , that is

V = f(I,’d) or I = h(V,e) (1)

so that the power output is

P = IV= I f(I,f3) =Vh(V,O). (2)

Given the V-I characteristics, it is possible to deter-

mine the operating point for maximum power output for
both elements, i.e. Vti, Iti and VW, Iti. The differ–

ence in the maximum power of N isolated rectenna ele-

ments and the maximum power when they are DC inter-
connected is defined as the power combining loss:

N
(AP)C = z (Pj)max - (Pmu)c (3)

j =1

and the ratio:

A second more restrictive case occurs if all the
internal resistances are the same for the rectifiers of
the array. It can be shown that the power combining
inefficiency becomes the same for parallel as well as
for series connection and is given by:

( ? Vj)2/N

AP=l_j=l (vav)2

P N (9)
max

z V,2
‘1 - (+)av

This is an interesting and useful result, naely that the

power combining inefficiency of an array of elements

operating at different power levels is nearly independent
of the way in which they are interconnected (series or
parallel).

Microwave Power Rectifier Circuit Models

In order to evaluate the power combining ineffi-
ciency with the equations developed previously, an
accurate output equivalent circuit model of the conversion

circuitry is needed. This was obtained using two inde-
pendent approaches. First an approximate closed form
circuit model of the rectifier was developed ass~ng ~
ideal diode and lossless circuit elements. The output
equivalent circuit was then obtained analytically. Sec-
ond a more precise computer simulation model was used,
and the output equivalent circuit was obtained by varying

*
This work was funded by the National Aeronautics and Space Administration, Lyndon B. Johnson Space Center under

Contract NAS 9-15453.

453



the DC load resistance and plotting the resultant out-

put load lir,e.

While numerous rectifier circuits are possible, a
single shunt model diode rectifier circuit. has Proven

most useful in the development work to date,
(2)

and has

been assumed in our work. An idealized equivalent circuit

of this rectifier is shown in Fig. 2A, where the f’ilter

at the input should prevent any of the DC current and

harmonics to flow back through the antenna resistance Rs,

but allow current flow at the fundamental RF frequency
w. The function of the filter at the output is not only
to prevent AC components to appear across the load ter-
minals but also to allow harmonic currents to flow.
The output filter should allow the even harmonics to

flow without any voltage drop, should prevent current
flow at any of the odd harmonics and should allow DC

current flow. The above characteristics of the input

and output filters can be obtained with the impedance
shown in Figs. 2B and 2C respectively.

Two possible implementations of realizing filters

with the above characteristics as shown in Fig. 3. In
Fig. 3A the elements L3, c3, L5, C5, . . . , fo~ Par–

allel resonant circuits which are open circuited at the
odd harmonics 3u, 5w, . . . respectively. The capacitor

c1
is used for preventing DC current flow as well as

for series resonating L3, C3, L5, C5, . . . at the f~da-

mental frequency u. The L2, c2, L4, C4, . . . elements

in the output circuit are series resonant at the even

harmonics 2w, 4w, . . . respectively. The inductance

‘o
is assumed to large enough such that the current IL

is mainly DC current. Thus 11 is comprised entirely of

fundamental frequency, while 12 would cOnsist Of a DC

current plus even harmonics. In Fig. 3B the output

filter is replaced by a non-dispersive, ~O/b long

transmission line terminated with a large capacitor.

The circuit analysis of these rectifiers circuits

is identical and results in the output load line charac-

teristics given in Fig. 4. From the DC load terminals

the ideal rectenna element behaves as a DC voltage source

of amplitude n/4 Vs and inter~al resistance of T2/8 Rs

where Vs is the peak amplitude of the RF source driving

the rectifier and Rs is the source internal RF resis–

tance. With this model the optimum DC load resistance

is 72/8 Rs and under this load 100% conversion efficiency

is obtained.

This ideal efficiency has been achieved because it
was assumed no losses in any of the circuit components
or in the diode. Since these losses can be minimized

by choosing a rectifier diode with small forward drop

and small series resistance and high Q circuit elements,
it is expected that the closed form conversion circuit

model would be a good approximation for a high efficiency

rectenna element. Additional factors to be considered
are the diode non-linear depletion layer capacitance
and package parasitic.

A computer simulation model is needed to handle
these important factors and is shown in Fig. 5. It was

decided to select reasonable diode parameters and to
keep a 75 ohm RF impedemce level throughout the circuit.
A five stage lumped low pass Chebyshev filter was de-
signed for the input and two stage smoothing filter at

the output. In order to obtain conversion efficiencies
above 80% input and output transmission lines were added

between the mounted diode and filters, with the input
line of particular importance. With this model, the
incident power is varied by changing the value of the
amplitude of the voltage source. The efficiency de-

creases from 84% at 2W incident power, to 75% at 0.2w,

principa?.ly due to the diode turn-on voltage.

Output load line characteristics were obtained at
various power levels by varying the load resistance,
and plotting the resultant output DC load line charac-
teristics. The load line for the computer simulation
model of Fig. 5 obtainedby only varying the output load

resistance from 5 to 1500 ohms (instead of fixed at 75

ohms) is shown in Figure 6 for various power levels.
Note that the computer model also results in a highly
linear load line with similar characteristics to the
closed form model.

Power Combining Inefficiency Results

A number of cases were calculated to arrive at a
comparison between parallel and series power combining
inefficiency with the computer simulation model and to
evaluate the usefulness of the closed form analytical

model. In performing these calculations discrete proba-
bility densities were used with sixteen categories of

input power ranging from .5 to 2.0 watts in .lW steps.

The power range was chosen to be comparable to the

majority of rectenna elements in proposed solar power
satellite (SPS) applications. With the computer simula–
tion model, the output equivalent circuit parameters
were obtained at each power level using the power depen-
dent output load line.

Five cases presented for illustrative purposes are

shown in Table 1. The first three cases are useful in
evaluating diffraction effects with a serrated rectenna, (4)

while the latter two are appropriate for evaluating power

beam taper effects. A firm conclusion is that parallel
and series power combining inefficiencies are nearly
identical, and that the closed form model underestimates
the power loss due to operation into a common load only
slightly (by . 10% of the power combining inefficiency).
The latter two cases shown indicate that the power com-
bining inefficiency at the edge of a rectenna due to the
incident power beam taper can be quite significant.

Summary

The power combining inefficiency is quite insensi-
tive to the details of the conversion circuitry with

highly efficient rectifiers, as indicated by the close
numerical agreement using the closed form analytical model

and the detailed computer simulation model. Unlike with
photovoltaics, there is little difference between series

and parallel DC combining, as the output load line charac–
teristic of the microwave power rectifier is quite linear.

The methodolo&y can be extended to other parameter varia-
tions besides power level in evaluating the efficiency

degradation dependence upon diode and circuit parameter
tolerances.
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Power C.mbfniw Ineff..iency (percent)

computer Smulatmn Model. closed Form Model

Series Parallel

Cm.binnw Cmbinlng

,0s a. 5W. 90% at 2 .Ow 2.61 2.52 2.03

50% at .5W, 50% at 2.Ow 10.83 10.51 10.00

90% at .5W, 10% at 2.Ow 7.68 T.51 6.92

Umfmm dist. ibut ion
.5W to 2.OW 3.98 3.87 3.67

uniform distrirmtlon
.5Wto 1.U4 2.62 2.55 2.40

T~bl. 1 FOW.I’Cmnbinin~Inefll.ie.v US@ Cmqmtm
Sunul.t.m mael and closed Form Model.
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