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Power Combining in an Array of Microwave
Power Rectifiers

RONALD J. GUTMANN, SENIOR MEMBER, IEEE, AND JOSE M. BORREGO, MEMBER, IEEE

AbsWet—Miemwave power rectifiers have been developed previously

with greater than S5-percent RF-to-de conversion efficiency. To obtain

usefut power levels for proposed free-space mferowave power tramnkion

applications, numerous reeWer outputs are interconnected in series

and/or paraltel to share a common dc load. This work amtlyzea the

resuttant efficiency degradation when identicaf rectffiem operate at dif-

ferent RF power Ievefs as caused by the power beam taper. Both a

closed-form anafyticat circuit mudel and a detaUed computer-simulation

mtiel are used to obtain the output de load HOC of tbc rectifier. Tbe

efficiency degradation is nearly iderrtkaf with serfea and parallel combio-

ing, and the closed-form analytical model provides remits wfdcb are sirnfbu

to the detailed computer-sbmdatfon model.

I. INTRODUCHON

I N PROPOSED applications of free-space microwave

power transmission, large amounts of microwave

power must be efficiently converted to dc. To date,

highest efficiency of about 90 percent has been achieved

with GaAs Schottky rectifiers which are limited to about a

1O-W power level. Numerous rectifier circuits, fed from

individual receiving 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 and/or parallel to enhance the voltage and/or

current levels, respectively [ 1]–[3].

A fundamental question in this receiving, rectification,

and power combining process is caused by the power

taper of the incident microwave beam. The incident

power density can vary by 10 dB over the rectenna area

since a high percentage of the transmitted microwave

power usually needs to be collected and the power beam

sidelobe level must be kept reasonably low. 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. With individual rectifiers near 90-percent max-

imum efficiency, the resultant efficiency degradation can

be significant. In this work the efficiency degradation that

results when an array of microwave power rectifiers shares
a common dc load is evaluated for the first time.

The paper is organized as follows. First, the methodol-

ogy of the power combining evaluation is presented in

general form, followed by the development of special

cases of interest with the microwave rectifier. Second, the

rectifier equivalent circuit models used in this work are
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presented. Both an approximate closed-form analytical

circuit model and a more exact computer-simulation

model are described and compared. Third, the results

obtained using these circuit models with the methodology

presented originally are given, with some discussion of the

impact in proposed applications. Finally the work is

summarized. Where applicable, numerical parameters are

selected as appropriate for solar power satellites, an ap-

plication of free-space microwave transmission technology

of current interest.

II. METHODOLOGY

In this section we present the method used for de-

termining the loss in power which results when several

rectenna elements, operating at different RF power levels,

are connected in either series or parallel. The method

follows that was developed by Appelbaum et al. [4] for

determining the maximum power output of an array of

nonidentical electrical cells.

We assume that output load line or volt-ampere (V-Z)

characteristics of each of the rectifying circuits to be

combined are known. For the sake of discussion we show

in Fig. 1 a general V–1 output characteristic of a rectenna

element, along with constant power contours. This V–1

characteristic can be determined by a circuit analysis of

the rectenna element, by a computer simulation, or by

direct measurement of the output voltage and current for

several load resistances. It is assumed that the V–Z char-

acteristics are a function of some parameter O of the

rectenna element (in our case incident RF power). Given

the V–Z characteristics, it is possible to determine the

operating point for maximum power output. For example,

if the terminal voltage v is related to the terminal current

Z by

V= f(z, e) (1)

then the power output is

P= Iv=zy(I, e). (2)

The current Z~ at maximum power Pm is determined from

the equation:

j(Im,8) = v-m

‘m=- j’(lm,o) l-m
(3)

where V~ is the voltage at maximum power and —r~ is

the incremental or dynamic resistance at In. Notice that

the above equation can be written as

(R& = rm (4)
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Fig. 1. General V-I characteristics of a power rectifier and optimum
operating point.

that is, at the optimum power the load resistance is equal

to the incremental resistance.

In Fig. 2 we show the V–1 characteristics of two dissim-

ilar rectenna elements as well as the points at which each

of them deliver maximum power if operating indepen-

dently. The same figure shows that if the elements are

operated in parallel (common output voltage) or in series

(common output current), they will not operate at their

optimum power output and their combined power output

will be less than if operated independently. The difference

in the maximum power of N isolated rectenna elements

and the maximum power when they are dc intercomected

is defined as the power combining loss:

(AP)C = ~ (~)~=- (P~,X)C (5)
~=1

and the ratio:

APC
(6)

$ (q).=
,=1

as the power combining inefficiency.

The maximum power (P~,X)C when the several rectenna

elements are interconnected can be determined as follows.

Let

V=”f(l, q), j=l,2, -.., N (7)

represent the V-1 characteristics of each of the N ele-

men ts. For a series connection, the current Z~ and voltage

Vm atmaximum array power are given by

N

v

I
SERIES CONNECTION

\

I

I

I (vm*, Im2) PARALLEL
——— —_. ——-— .— —-—- . CONNECTION

\\

(Vm,. Iml)

I \ \\ \ >1

Fig. 2. Series or paratlel interconnection of two different rectifiers.

and the array maximum power is

N

(Prom), = Zm~ f(Im,ej).
j=l -

For a parallel connection, the voltage P’~

at maximum array power are given by

N

and the array maximum power is

N

(Pmax)p= Vm ~ h( V~,~).
j=l

(9)

and current 1~

(lo)

(11)

Equations (8)-(1 1) are very general and it is desirable to

apply them to two particular cases which are of special

interest in dealing with arrays of rectenna elements.

First, consider an array of elements in which the V-1

characteristics are given by

V= F– RJI. (12)

That is, the output terminal behavior can be represented

by an internal voltage source ~ in series with a resistance

Rj, or the load line is linear with both Pj and RJ a function

of the RF incident power. As will be shown later, this is

an accurate model for the output equivalent circuit of the

microwave power rectifier (although a poor model for a
solar cell). In the case of an array of series-connected

cells, the power combining inefficiency is given b,y

[1(AP)J_,~~$- ‘?2/~RJJ J=l J=l

— .

P
(13)

max N V2

-s-2-
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and in the case of parallel connected cells:

(Ap),
P max

.

(14)

A second more restrictive case occurs if all the internal

resistances are the same for the rectifiers of the array,

which will be shown later to be approximately true for the

microwave power rectifier. It can be shown that the power

combining inefficiency becomes the same for parallel as

well as for series connection, and is given by

()$ ~ 2/N
AP

—=1– ‘=1
= ~_ (v,,)’

P ~“
(15)

max
$ y’

,=1

This is an interesting and useful result which is nearly

met by the microwave power rectifier, namely 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).

III. MICROWAVE POWER RECTIFIER CIRCUIT

MODELS

In order to evaluate the power combining inefficiency

with the equations developed previously, an accurate out-

put equivalent circuit model of the conversion circuitry is

needed. This was obtained using two independent ap-

proaches. Firstly, an approximate closed-form circuit

model of the rectifier was developed assuming an ideal

diode and lossless circuit elements. The output equivalent

circuit was then obtained analytically. Secondly, a more

precise computer-simulation model was used, and the

output equivalent circuit was obtained by varying the dc

load resistance and plotting the resultant output load line.

In this section these circuit models are described and the

resultant output equivalent circuit models of the rectifier

circuitry compared.

While numerous rectifier circuits are possible, a single

shunt model diode rectifier circuit has proven most useful

in the development work to date [3], and has been
assumed in our work. A idealized equivalent circuit of this

rectifier is shown in Fig. 3(a), where the filter at the input

should prevent any of the dc current and harmonics to

flow back through the antenna resistance R,, but allow

current flow at the fundamental RF O. The function of
the filter at the output is not only to prevent ac compo-

nents to appear across the load terminals but also to allow

harmonic currents to flow. In particular, the even harmon-

ics should be allowed to flow since they have the property

of having a zero average on each half cycle (harmonics

are in phase with respect to fundamental). Therefore, the

output filter should allow the even harmonics to flow

“-’L
O--IINPUT Z=R9 at w

R, --z
FILTER Z=@at 0,3 UJ,,,

u Z=R, at O
OUTPUT

R. +-z Z=O ot 2wr4w,
FILTER

z=~ atu,3w,5w,

Fig. 3. Rectifier circuit with input and output fitters and their
frequency characteristics.

I I I I I

Fig. 4. Reatiration of a high-efficiency rectifier circuit with lumped-
element input and output fitters.

without any voltage drop, prevent current flow at any of

the odd harmonics, and allow dc current flow. The above

characteristics of the input and output filters can be

obtained with the impedances shown in Figs. 3(b) and (c),

respectively.

We will describe two possible implementations of realiz-

ing filters with the above characteristics. Input and output

filters implemented using lumped circuit elements and

satisfying these requirements are shown in Fig. 4. The

elements L3, C~,L5, C5,” . . . form parallel resonant circuits

which are open circuited at the odd harmonics 3u, 5w,. . . .

respectively. The capacitor Cl is used for preventing dc

current flow as well as for series resonating

L3, C3,L5, C5,., ., at the fundamental frequency u. If that

is the case, the current 11 would be an ac current of
fundamental frequency O. The L2, C2, L4, C4,. “ “ , elements

in the output circuit are series resonant at the even

harmonics 20, 4u,. . . . respectively. The inductance Lo is

assumed to be large enough such that the current Z~ is
mainly dc current. In that way the current 12 would

consist of a dc current plus even harmonics only.

Another possible realization of the output filter is

shown in Fig. 5. In this circuit the output filter consists of

a nondispersive transmission line which is a quarter-wave-

length long at the fundamental frequency, terminated in a

capacitor Co in parallel with the load R~, If CO is

sufficiently large, the line can be considered to be shorted

at the load end and will appear at the diode terminals as

an open circuit at w, 3u, 5a, . . . and as a short circuit at

2w,4@,. ... . The circuit analysis of the rectifiers circuits

of Figs. 4 and 5 is identical and is presented below, with
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Fig, 5. Realization of a high-efficiency rectifier circuit with a transmis-
sion line as output filter.

Fig. 6. DC equivalent circuit and load-line characteristics for a high-
efficiency closed-form rectifier circuit.

emphasis on obtaining the output load-line characteristics

and demonstrating that 100-percent conversion efficiency

is indeed obtained with ideal elements.

Since the current ll(t) in Figs. 3-5 is only of the

fundamental frequency and 12(t) consists only of even

harmonics, it follows that [5]

J“L=&’~– 772
-s (16)

The above equation indicates that from the dc load termi-

nals the rectenna elements behaves as a dc voltage source

of a~mplitude (7r/4) V= and internal resistance (n2/8)R,.

Thus the load shown in Fig. 6 is obtained, except that in

the graphical representation we have shown explicitly that
V~ >>0 and IL> O only, as can be seen from Figs. 3–5.

Note that the voltage source is power-level dependent, but

the equivalent output resistance is independent of RF

power.

Using this model, the optimum load for maximum dc

load is
.

(RL)op= 8f R,

and the maximum dc power output is

()

2

: v,

(PL)max= = g

$/t, ‘

(i7)

(18)

which gives a 100-percent rectification efficiency. This

ideal efficiency has been achieved because it was assumed

no lcsses in any of the circuit components or in the diode.

However, 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 to the characteristics of a high-efficiency

rectenna element. Additional factors to be considered are

the diode nonlinear depletion layer capacitance and

package parasitic. A computer-simulation model is

needed to handle these important factors.

In order to evaluate the effect of these additional fac-

tors, a detailed computer-simulation model, containing 30

device and circuit parameters and closely representing an

actual rectifying circuit, was used. It differs from previ-

ously developed computer-simulation models of the

rectenna element [6], [7] in that a general circuit program

(SPICE 2) [8] is used rather than developing individualized

code for the particular circuit. Thus resources needed in

development of the model are reduced appreciably, at the

expense of less efficient operation for the particular

circuit. Attention was focused on obtaining representative

efficiency performance, with typical packaged diode char-

acteristics.
The rectifier computer-simulation model is depicted in

Fig. 7. Initially we selected reasonable values for the diode

parameters and associated mounting parasitic parameters,

comparable to that of previously developed rectifiers [3].

Also selected was a 75-Q antenna resistance, comparable

to an isolated A/2 dipole receiving element. For simplicity

it was decided to keep a 75-ii RF impedance level

throughout the circuit. Although higher efficiency is possi-

ble by impedance transforming to a higher value, detailed

efficiency optimization was not of main concern. The

2.45-GHz frequency is generally preferred for free-space

microwave power transmission applications, particularly

for solar power satellites.

With a 75-fl impedance level selected, a five-stage

lumped Chebyshev filter was used at the input and a

two-stage smoothing filter at the output. In order to

obtain conversion efficiencies above 80 percent, input and

output transmission lines were added between the

mounted diode and filters. The transmission line controls

the phase of reflected signals and is particularly important

at the input. In many simulations, a five-section L–C

network was used to replace the transmission lines, to

reduce program running time without sacrificing ac-

curacy.

With this model, the incident power is varied by chang-

ing the value of the amplitude of the voltage source. As a

result, the nonlinear circuit performance changes, princip-

ally due to the diode turn-on voltage of approximately

0.8 V. A plot of conversion efficiency versus incident

power is shown in Fig. 8, in which no circuit or diode

parameters have been varied. This decrease in efficiency
with decreasing power is greater than experimentally ob-

tained when circuit is reoptimized at each power level [3].

Optimization at each power level was not performed in

our work, but we believe that the power combining in-

efficiency is relatively insensitive to this further optimizat-
ion.
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Fig. 7. Computer-simulation model for rectenna RF-to-de conversion circuitry.
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Besides the conversion efficiency one can obtain useful analytical model described previously. For example, Figs.

voltage and current waveforms as well as Fourier analysis 9 and 10 indicate packaged-diode and diode-chip wave-

of these waveforms. It is useful to show that these wave- forms of voltage and current, respectively, at a 1-W power

forms are appreciably different than with the idealized level. The chip reverse voltage slightly exceeds the peak
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Fig. 9. Package and chip voltage waveforms of computer-simulation model at 1-W level.

— I.
chip

Fig. 10. Package and chip current waveforms (including chip displacement current) of computer-simulation model at 1-W level.

volt age amplitude of the source (29 V compared to peak ment) exceeds 400 mA during the middle of the 180°

amplitude of the open-circuited RF source voltage of conduction angle (compared to peak amplitude of the

25 V) while the chip current (conduction plus displace- short-circuited RF source current of 333 mA). The wave-
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TABLE I

COMPUTERSIMULATIONOUTPUTFORCIRCUIT OFFIG. 7 (POWER
IN=l.04W)

:o~~ien ~e~>o~ents o? he.nsient F.esponse of output voltage - EC COwOnent = -6.052D oo (VOltS)
:%rmnic Frequency Fou. ier Normalized Fm,se Tor!mlized

Xo . (IZ ) Co~FOnent Componeflt (De&) ?kse (Deg)

~ p.ll>o~ 09 4.971D-01 L .002000 -H4. Y38 Q.000
2 4. 900D 09 5.655D-02 c.~3a26 9.055 ~j.~j
~ 7 .350D 09 1.147>02 0.023079 61.376 176.284
~ s).800D 09 3. 714D-03 0. C07472 -15.882 9?.02~

1.225D 10 2.125D-03 O.00427k -47.665 67.243
z 1. 470D 10 2.u5E-o.3 0.004255 23.977 138.886
‘7 1.715D 10 2.60311-03 0.005237 2.376 =7.285
8 1. 960D 10 6. I+38D-04 0.001295 14,474 u9.382

9 2 .205D 10 7.756D-04 0.001560 23.437 138.346

?ow. ier Components of Transient Response of Mounted %cka.ge Voltage - IE Component = -8.194D 00
:rki-m ni c Frequency Fou~ier Nonm!lized Fnase Normalized (volts)

No. (x?,) Component C0mp3nent (rKg) Fnase (kg)

1 2.450D 09 1.279D 01 l.ocnom
2

59.228 0.000
4. $KIOD09 5 .672D m 0.443533 -173.104 -232.32
7.350D 09 2.533D CO 0.198u3 -u&77 -171.707

2 9.8COD 09 1. 075E co 0.084099 92.854
1.225D 10 L 162D o) 0.090878 101:244

2
42.015

1.470D 10 1.233D 02 0.096399 -147.130 -206.359
7 1.715D 10 2 .458D co 0.1922U3 177.288
8

U8.059
1. $60D 10 4.572D-02 0.0035-75 -IJ..4OC

9 2.205D 10 4. 473D-01
-70.628

0.034980 -131.388 -19.3.616

?oirier Components cf Twnsient Res.Mnse of ChiI Voltage -

H2.rmonic

E Compnent = -8.269D 00 (volts)

Frequency Fourier Formalize d Phase Normalized

No. (Rz) Component Comw ne nt (Deg) *se (Mg)

1 2.450D 09 1. 395D 01 1 .Cooocc 51.526
2

0.000
4.900D 09 6. 437D 00 0.460942 -173.499

3
-225.025

7.350D 09 l.623D 00
4

C.u6224 -u-2.665 -164.191
9. 800D 09 2.693D 00 0.192868 -27.354
1.225D 10 1. 749D 00

-78.881
0.125243 103.730 &9.204

i 1. 470D 10 7. 460D-01 0.0j3421 -145.123 +6.649
7 1.715D 10 4. 952D-ol 0.035461 -5.913 -57. k40
8 1. $%OD10 3. 836D-01 ; .~02;g 159.988 108.462
9 2.205D 10 1. 350D-01 -U9.313 -170.839

~o~-ie? Corngonents O? ?ransient Res~nse Source Cwrent - IX Coxnmnent . -1. 318D-o~ (AmPs)
IknnOnic Freouency FOL.ier Normalized Phase Nortized

No. (~z ) Component Component (kg) Fhase (Ikg)

1 2. 450D 09 1.588E-01 1.000000 179.679 0.000
2 4.9XID 09 4. 186D-04 0.002635

7. 350D 09
33.824 -14s.856

1.6~9>05 0.0CKU07 74.036 -105.643
t 9.8CQD 09 1.084D-05 o. COC068 -L2.489 -1% .168

5 1.225D 10 4.71.I.D-06 0. COO030 107.372
6

-72.307
1. 470D 10 9.712D-07 O.0COO06 5.270 -174.410

7 1.715D 10 4.553D-06 0,000029 -68.767 -248.446
8 1. %OD 10 7.65w07 o.cmoo5 IT4.106

9 2.205D 10 4.034D-06
-5.573

0.000025 77.587 -102.093

forms are obviously rich in harmonic content, partly

attributed to resonances from packaged diode parasitic.

Fourier analysis of three voltage waveforms, namely the

output voltage, the diode package voltage, and the diode

chip voltage are presented in Table I, along with the input

current. The effectiveness of the smoothing filter is appar-

ent as the dc voltage is similar while the fundamental

voltage is reduced by a factor of 26 (12.79 V–0.497 V) or

28 dB, with harmonics reduced still further (e.g., second

harmonic 40 dB). Also the three values of dc voltage are

slightly different, due to numerical approximations in the

program and finite program running time. These ap-

proximations, as well as the effect of the input filter, can

be seen from the input current, which contains harmonics

50 dB below the fundamental. This is about the precision

of the program as used by us, as can be seen by the

erroneous finite value of dc input current (should be zero).

As a result of these and similar considerations, we con-

cluded that the computer-simulation model developed re-

sults in performance characteristics similar to the actual

power rectifiers developed to date.

Output load-line characteristics were obtained at vari-

ous power levels by varying the load resistance, and

plotting the resultant output dc load-line characteristics.

The load line for the computer-simulation model of Fig. 6

obtained by only varying the output load resistance from

5 to 1500$2 (instead of fixed at 75 S2) is shown in Fig. 11.

As required the computer model load line lies to the left

of the closed-form model since the latter does not contain

any dissipative loss elements and is 100 percent efficient.

Note that the computer model also results in a highly
linear load line with similar characteristics to the closed-

form model. For convenience, we find it useful to plot a

normalized load line, i.e., VL/ V~ – lL/ Z~, where V~ is the

open-circuited source voltage and Is is the short-circuited

source current.

With the computer-simulation model a normalized load

line is not identical at all power levels because of the fixed

diode forward drop. The difference is shown in Fig. 12 for

a 13-dB power range (O.10–2.08 W). As expected the

efficiency increases with increasing power level and the dc

output resistance varies only slightly with power level.
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Fig, 12. Normalized load line of computer-sinndation model as a func-
tion of incident power.

This dependence of output open-circuited voltage V and form model described earlier has V/ V~ equal to 0.785

output equivalent source resistance R on input power and R/R~ = 1.234, which is closer to the computer-simula-

level is depicted in Fig. 13, in which the expanded scale tion model results at higher and lower incident power,

should be noted. For comparison purposes the closed- respectively. Note particularly the normalized output
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parameters V/ V~ and R/R~ are relatively insensitive to

input power.

IV. POWER COMBINING INEFFICIENCY RESULTS

A number of cases were calculated to arrive at a com-

parison between parallel and series power combining in-

:Rarallel Cornbiti ng ( Series and i%rallel)

2.52 2.43

10.51 10.00

7.51 6.92

3.87 3.67

2.55 2.40

efficiency with the computer simulation model and to

evaluate the usefulness of the closed-form analytical

model. In performing these calculations, discrete probabil-

ity densities were used with 16 categories of input power

ranging from 0.52 to 2.08 W (().5< P/Pnom < 2.0) in ap-

proximately 0.1 W steps. The power range was chosen to
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Fig. 14. Power combining inefficiency versus number of elements combined with one element at half power and others at full power,

be comparable to the majority of rectenna elements in

proposed solar power satellite (SPS) applications. With

the computer-simulation model, the output equivalent

circuit parameters were obtained at each power level using

the functional form of the expression given in Fig. 13.

Naturally the evaluation is simplified with the closed-form

model since the output resistance and normalized output

opem -circuited voltage are independent of power.

Five cases presented for illustrative purposes are shown

in T~ble II. The first three cases are useful in evaluating

diffraction effects with a serrated rectenna [7], while the

latter two are appropriate for evaluating power beam

taper effects. A firm conclusion is that parallel and series

powm 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 percent of the power combining inefficiency). The

latter two cases shown indicate that the power combining

inefficiency at the edge of a rectenna due to the incident

power beam taper can be very significant.

The effect of only one element operating at half power

in a string of N total elements, N – 1 operating at full

power is shown in Fig. 14. Thus if 10 percent of the

elements in a string are at half power, a power combining

inefficiency of 1.0 percent would occur, which drops to

0.1 percent if only 1 percent of the elements are operating

at half power. The small difference between series and

parallel combining cannot be clearly presented on the

scale shown.

The effect of the dynamic range of power variation,

assuming a uniform power distribution over the dynamic

range, is shown in Fig. 15. With a 2-to-1 power range, a

l-percent power combining inefficiency is expected, rais-

ing rapidly to over 2.5 percent with a 3-to-1 power range.

This curve can influence the dc combining buss design in

rectennas for microwave power transmission systems, par-

ticularly at the edge of the rectenna where the power

beam taper is largest.

While many other cases could be included, these results
indicate that the power combining inefficiency can be a

serious concern, particularly as the optimum conversion

circuitry efficiency exceeds 85 percent. Two particularly

significant conclusions are derived from these cases.

1) There is little difference in power combining in-

efficiency with series and parallel combining for the mi-

crowave power rectifier. 2) The closed-form model results
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are extremely useful in evaluation of power combining

inefficiency due to incident RF power differences.

V. SUMMARY

In this paper the efficiency degradation that results

when an array of microwave power rectifiers shares a

common de load is presented. This efficiency degradation

is quite insensitive to the details of the conversion

circuitry with highly efficient rectifiers, as indicated by the

close numerical agreement using the closed-form analyti-

cal model and the detailed computer-simulation model.

Unlike with photovoltaics, there is little difference be-

tween series and parallel dc combining, as the output

load-line characteristic of the microwave power rectifier is

quite linear. While not considered in this work, the

methodology can be extended to other parameter varia-

tions besides power level, for example, diode depletion

layer capacitance, in evaluating the efficiency degradation

dependence upon diode and circuit parameter tolerances.
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