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Theoretical and Experimental Development of 10 and
35 GHz Rectennas

Tae-Whan Yoo and Kai Chang, Fellow, IEEE

Abstract–A 35 GHz rectenna has been developed with 39%
conversion efficiency. The rectenna uses a microstrip dipole an-
tenna and a commercially available mixer diode. Over 60%
conversion efficiency was demonstrated using this diode at 10
GHz. A theoretical analysis was derived to predict the perform-
ance of the rectenna. The analysis is a useful tool for device
and circuit design. The theoretical and experimental results
should have many applications in microwave power transmis-
sion and detection.

I. INTRODUCTION

THE AVAILABILITY of power for use in space is a
key requirement for future space activities. The cur-

rent method of power generation with solar panels or bat-
teries on board of each satellite has many, difficulties in
packaging the power system, unfolding them in space, and
achieving a high output power. Power becomes a limiting
factor in the design of most systems. To overcome these
problems, a potential method may be to deploy a Utility
Power Satellite (UPS) in space, The UPS will generate
power using solar, nuclear or other techniques. The power
would then be converted into microwave or laser beams,
transmitted through a free space and converted back into
a useful form of energy for users.

The laser beam has an advantage of the small beam di-
vergency. However, the efficiencies in generating the laser
beam and converting it back into elect,fical energy are low
compared with those of microwave. Therefore, the de-
velopment of power transmission system by mic~owave
beams is attracting new attention in space application.

The rectenna (rectifier + antenna) which receives and
converts microwave power into dc power is a key element
of this power transmission system, Since the rectenna was
invented [1] it has been improved through studies [2], [3]
and used for various applications such as the microwave
powered helicopter [4], the receiving array for Solar
Power Satellite [5], and the experiment on the microwave
powered aircraft which was recently conducted by Can-
ada under the project name of SHARP (Stationary High
Altitude Relay Platform) [6]. As a result, the structure of
rectenna has been evolved from a bulky bar-type to a
planar thin-film type greatly reducing the weight to power
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output ratio [7]. The typical power conversion efficiency
achieved is 85% at 2.45 GHz.

The rectifying process is a nonlinear process. It is dif-
ficult to figure out how the rectenna circuit is optimized
for the maximum conversion efficiency. There were sev-
eral theoretical analyses to solve this problem. These
analyses can be divided into two methods. One is to di-
rectly simulate the rectenna circuit in time domain [8].
The other is to find a closed-form equation which can ex-
plain the relationship between diode parameters and the
conversion efficiency [9], [10]. A computer simulation in
[8] successfully showed the conversion efficiency lager than
80% at 2.5 GHz. A mathematical model in [9] was de-
rived to relate the power conversion efficiency with the
conduction period of diode. A fixed relationship between
the dc output voltage and the RF input voltage was as-
sumed and the conduction period was unknown. A closed-
form for efficiency, in [10] was derived by expanding the
current-voltage (Z-V) equation of diode with the diode
voltage. But this is valid only for a high-efficiency rec-
tenna since short turn-on period was assumed.

All these studies were concentrated on 2.45 GHz. Con-
sidering that the frequencies below 3 GHz are not strongly
attenuated by the atmosphere even under a severe weather
condition [11], 2.45 GHz is thought ‘of as a proper fre-
quency for the application of power transmission between
ground-to-ground, ground-to-space, and. space-to-ground.
However, for the space-to-space application the operating
frequency can be increased to allow power transmission
over much longer distances with the smaller antenna and
rectenna. Although the efficiencies of rectenria and gen-
erator are low at 35 GHz, the advantages of size reduction
and longer transmission distance overcome the low device
conversion efficiencies. The overall system efficiency is
thus higher at 35 GHz than 2<.45 GHz for long distance
transmission using the same size of antenna and rectenna
[12].

In this paper we report theoretical analysis and experi-
mental results on 10 and 35 GHz rectenna. A closed-fon-n
equation for the conversion efficiency has been derived to
analyze the diode for the high frequency rectenna. To de-
rive the closed-fore equation we assumed that the effects
of harmonics higher than or equal to the second order were
small and the forward voltage drop of the diode didn’t
change during the turn-on period. The closed-fo~ equa-
tion was validated by comparing it with a nonlinear circuit
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simulation computer program called LIBRA developed by
EEsof Inc.. The maximum efficiency limited by the par-
asitic series resistance and the junction capacitance of a
diode has been calculated using the closed-form equation.
It was possible to interpret the cutoff frequency of a diode
as a parameter to limit the highest operating frequency of
the diode in the power conversion circuit as a result of
this calculation. This result of closed-form equation will
be useful to select or design a diode for rectenna at any
arbitrary frequency.

A 35 GHz dipole rectenna has been designed with the
closed-form equation and LIBRA which uses a Harmonic
Balance method to solve a nonlinear circuit. The overall
conversion efficiency of rectenrta was measured using the
waveguide array simulator. The dc power was 39% of the
input power of 51 mW and the reflected power was 12%
of the incident power. The incident power includes both
the input power to the rectenna diodes and the reflected
power. The power conversion efficiency of the diode at
10 GHz was measured by sending the power through a
coaxial line. The highest efficiency was measured as 60%,
which was consistent with the ‘simulation result with
LIBRA. The devices used were commerically available
mixer diodes which are not optimized for this application.
It is believed that higher efficiency could be achieved with
optimized devices.

II. CLOSED-FORMEQUATION FOR THE CONVERSION

EFFICIENCY

A. Basic Circuit Structure of Rectenna

The basic structure of a rectenna is shown in Fig. 1.
The low pass filter inserted between the antenna and rec-
tifying circuit is designed so that the fundamental fre-
quency can be passed and a significant portion of the
higher order harmonics generated from the nonlinear rec-
tifying circuit be rejected back to the rectifying circuit.
The rectifying circuit consists of a single diode shunt-con-
nected across the transmission lines.

The basic principle of the microwave power conversion
by ths rectifying circuit is analogous to a diode clamping
circuit or a large signal mixer at microwave frequencies.
The power conversion efficiency is maximized by sub-
stantially confining all the higher order harmonics be-
tween the low pass filter and the dc pass filter, using an
efficient diode. and matching the diode’s input impedance
to antenna’s input impedance.

The power conversion efficiency of a diode changes as
the operating power level changes. The power conversion
efficiency of a rectenna generally changes with the input
power as shown in Fig; 2. V~, Vb,, and R~ are the forward
voltage drop (junction voltage), the breakdown voltage of
the diode, and the dc load resistance of the rectenna, re-
spectively. The efficiency is small in the low power re-
gion because the voltage swing at the diode is below or
comparable with the forward voltage drop of the diode.
The efficiency increases as the power increases and levels
off with the generation of strong higher order harmonics.

Redi&g

----- ----
Antenaa LO;d&ass

: + :
DC Pass

Filter----- ----

Fig. 1. Block diagram of a rectenna circuit.
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Fig. 2. General relationship between microwave to dc power conversion
efficiency and input power.

The efficiency sharply decreases as the voltage swing at
the diode exceeds the breakdown voltage (k’b,) of the
diode. The critical input power where the breakdown
effect becomes dominant is expressed as ~~,/4R~ in
Fig. 2.

The three parameters of diode such as Vb,, zero-biased
junction capacitance (CjO), and series resistance (Rs) de-
termine the power conversion efficiency of rectenna.
These parameters are related with each other due to the
diode material properties [13]. The breakdown voltage of
a diode used for a 2.45 GHz rectenna is on the order of
60 V. The CjOand Rs with this breakdown voltage are
several pF and less than 1 fl respectively which are small
enough to operate at 2.45 GHz. The breakdown voltage
is much larger than the junction voltage of the diode which
is about 0,8 V. Therefore the efficiency of the efficiency
vs input power curve in Fig. 2 can increase nearly to 100%
before reaching at the region where the breakdown effect
is dominant. For 35 GHz rectenna, CjOshould be reduced
to the order of 0.1 pF. But this reduction results in the
increase of Rs and the decrease of V& The typical value
of Vb,of a Ku-band mixer diode is 10 V with Rs of 4–8 Q
and Cjo of O. 1 pF. The efficiency Would be low with this

small value of ~br’ because the junction voltage effect is

still not negligible even at the maximum efficiency point

of the efficiency vs input power curve as illustrated in Fig.

2. Consequently, h is important to have a good trade-off

between the diode parameters in designing a diode. The

closed-form equation derived in the next subsection will

be useful to design a diode for a high frequency rectenna.

B. Derivation of Closed-form Equation for Conversion
E@ciency

The equivalent circuit of the Schottky diode is shown
in Fig. 3. The diode consists of a series resistor (R~), a
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cording to

r!

---- ——_________ 1

R,
I
[

v~,DCVo=
l+r

(3)

u! i ~
B -—— ,

v where r = R~/R~ and R~ is the dc load resitance as shown
\ RL~ ~ bad

R. vd Cj

LTJ in Fig. 3. V~,DCintroduced here is the average value of
the waveform V~, and VdOin (2) is the dc component of
the waveform V~ in turn-off period. Therefore, V~,DC is
derived by taking an average of V~over one full period as

1.—---- —-——----—--
L90ff

()
Ooff

V~,~c = Vm 1 – ~ + ~sinf?off – V~; (4)

Fig. 3. Equivalent circuit of a Ku-band beamlead Schottky diode used for
the derivation of a closed-form equation. Rj and Cj model the intrinsic junc-

where 130ffis the phase angle where the diode is turned off

tionforthediode,R~ is the parasitic series resistance of the diode and RL as shown in Fig. 4. The phase variable d is defined as
is thedcload. 0 = ut – 4. Since the switching of the diode occurs when

Vd is equal to the foryvard voltage drop P“ of the diode,
OOR~s calculated by

nonlinear resistor (Ri ) described by the Z-V relationship
of a diode at de, and a nonlinear junction capacitance (Cj ). Vf + v~
The reactive parasitic elements of the physical diode are Cos Ooff=

v~~ “
(5)

excluded from this model because they can be tuned out
without. affecting the rectifying efficiency. The closed- On the other hand, the equation for the current flowing
form expressions for the rectifying efficiency and the ef- through R~ is written as follows when the diode is off
fective microwave impedance of the diode are derived
with the following’ assumptions:

d(~ V~)
R~ , =v–v& (6)

1)

2)

3)

The voltage V applied between node A and C con-
ar

sists of the dc term and the fundamental frequency Since c’ is a monotonic increasing funtion of Vd, Cj can

only. be expanded as follows:
The current due to the junction capacitance is neg-
ligible when the diode is forward biased.

q=co+c~cos(wt–o)

The forward voltage drop across the intrinsic diode +c~cos(2ut –2@) +”””. (7)
junction is constant during the forward-bias period.

The first assumption is reasonable considering that the
magnitude of the higher order harmonics is usually small
compared to those. of the dc and fundamental components.
The second assumption is based on the fact that the change
of Vdin Fig. 3 is small during the forward-bias period.

Under these assumptions, the voltage waveform of V
and V~ can be expressed as follows:

v = –Vo+ v, Cos (0$ (1)

[

– v@+ vd~Cos (d – @j, if diode is off
Vd =

Vf if diode is on.

Substituting Cj into (6) with a Fourier series of (7) and
neglecting the terms higher than the second harmonic, the
equation becomes

.~Rs (Cl V& – covd~) sin (@t – d)

= Vm – V. + (Vl COS C$ – vd~) COS .(d ‘o)

– VI sin @ sin (ot – 0). (8)

Since the above equation should hold during the off period
of the diode, each term should separately zero:

v~o = v. (9a)

v~~= v, Cos @
(2)

(9b)

The voltage V. in (1) is the output dc voltage and the volt- V1sin C#I= URs(CoV~l – .C1L’a + CzV~l ). (9C)

age V, is the peak voltage of an incident microwave. Vdo The ~hase delav is obtained from (9) as follows:
and Vd, are the dc and the fundamental frequency corn- ‘

. .,

ponents of diode junction voltage Vd, respectively, when

[(

c, Cos eoff

the diode is off. V~is the forward voltage drop of the diode
@ = arctan tiR~ Co – ~ + ~~ +

when the diode is on. VOis known by specifying the out-
put de power. The efficiency and the diode effective = arctan (uRs C.ff )

impedance are calculated by relating the other variables where Vf = V’/ V.. From (3), (4), (5), and
such as VI, Vd~, Vdl, and rj to the known variable of VO. lationship between 60fiand r is derived as

By applying Kirchoffs voltage law along the de-pass
loop shown as a dotted line in Fig. 3, the de voltage ~r

(– k’~,DC) of V~‘is related to the dc component of V ac-
— = tan t90ff– OOfP
l+vf

C*
)1

.(10)

(9a), the re-

(11)
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Voltage

I

Fig. 4. Simplified time-domain waveform of voltage V and Vd. Vd is the
voltage between intrinsic diode. V is the voltage between A and C of
Fig. 3. Variable O is defined as @= at – o.

(30Fis determined by the ratio of R.Tto Rl, and the ratio of
the forward voltage drop V’ to the- dc output voltage Vo.
Vfis solved with the Z-V relation of the diode:

‘(ex(a-1,=‘Vo+:-‘f ’12)
V, in (12) is a function of OOffand therefore P’fcannot be
solved without first knowing 60ff.However, since the left
term is of exponential form Vfdoes not vary significantly
from the cut-in voltage of the diode which is about 0.6 to
0.8 V for a GaAs-Pt Schottky diode. Therefore, OOffis
solved from (11) substituting Vf with a typical value of
the cut-in voltage of the diode.

Once OO&is solved from a given Vo, R~, and R~, the
efficiency and the input impedance can be calculated from
the time domain waveform V and V~. These waveforms
are expressed as a function of OOff,diode parameters, and
V. or VI.

PIO,, = LOSSOn,~~+ LOSS.., diode

+ LOSSOff,R~+ LOSSoff, diode

1

!

‘“” (v – Vf) Vf do

LOSSOn,diOde= z _@f~
0 R~

P~~
eficiency =

pi.., + PDC
(13)

where the variable 0 is substituted for tit – @. The current
(Z) flowing through Rs can be expressed as follows:

Z = 10 + 11, cos (tit) + Zlt sin (f.dt)

1 ( (8 Ooff

lo=~
21rR~ ~J

(v – Vf) do
–oOff

!
2T – ooff

+ (v – v,) de)

0.” J

1

[!

@off

11, . — (v – v~) COS (6’ + d) d6’
TRs –O<,ff

!
2T – Ooff

+ (V – Vd) COS (6’ + ~) dtl
6’<lff 1

1 [!
fl,,ff

Z,i = — (V – ~) sin (6’ + 4) dO
TRs –00”

!
21r – %0”

+

1

(V - V~) sin (0 + @)dd . (14)
6’0”

The input admittance of the diode at the fundamental fre-
quency is calculated as.

(15)

If the susceptance part resonates with the dc pass filter in
Fig. 1, the input impedance to be matched to the antenna
becomes the inverse of real part of Y.

To validate the closed-form equation the conversion ef-
ficiency calculated with the closed-form equation was
compared with the results simulated by a nonlinear circuit
computer program (LIBRA). The efficiency of the diode
as defined by the ratio of output dc power to the net power
transmitted to the rectenna is compared in Fig. 5 for 10
and 35 GHz. The diode parameters used for the calcula-
tion are summarized in Table 1. Since the effect of V~.was
not included in the closed-form equation, the efficiency
calculation using the closed-form equation terminated
when the negative peak of the diode junction voltage
reached Vb,. At 10 GHz the efficiency calculated with the
closed-form equation is close to the efficiency calculated
with LIBRA. At 35 GHz there is relativly big difference
in efficiency showing approximately 10% of difference in
the region where the efficiency calculated with LIBRA is
not affected by the finite Vb,. Increase of the difference at
35 GHz is considered to be caused by the effect of non-
linear junction capacitance which becomes dominant at
the high frequency. The closed-form equation is not ac-
curate enough to be used for the design of the high fre-
quency rectenna. However, it can be used to estimate the
preliminary efficiency of rectenna with any kind of diode
at any arbitrary frequency. This is important because it
predicts the efficiency level achievable through the non-
linear circuit optimization which usually takes a long time.
It also explains how the efficiency is decreased by break-
ing down the power dissipation mechanism in the diode.
In the next subsection we calculated the power conversion
efficiency of an ideal diode using the closed-form equa-
tion.

C. Power Conversion E@ciency of Ideal Diode

The power conversion efficiency of an ideal diode with
a finite Rs and Cj was calculated using the closed-form
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Fig. 5. Comparison ofefficiencies calculated with closed-fo.m fomula and
LIBRA. Thediode parameters used forthecalculation arelisted in Table
L Thedcload resistance is400i2.

TABLE I
DIODE PARAMETERSOF THEKA-BAND GaAs BEAM-LEAD SCHOTTKYDIODE

v R~ Is
(Vois) (ohms) (% (pAmps) ~ (:;) J)

9.0 4.85 0.13 5.24 0.5 0.1 0.2

V6,, breakdown voltage; Rs, parasitic series resistance; CjO, zero bias
junction capacitance; l~, saturation current; ~,exponent injunction capac-
itance equation

q =
‘j.

() v’
l–~

b,

CP, Lr, parasitic reactive elements.; Vbiisthe built-in potential.

DIODE ‘: IDEAL I-V, FINITE Rs AND Cjo
1oo-

-.—.—-—-—.—-—-

so-

60-

40-

r

20- — 0.001
--- 0.01
—-- 0.1

0 7
Owl 0.01 0:1 1:0

(oRsCeff

Fig. 6. Microwave-to-dc power conversion efficiency ofanideal diode with
finite Rs and Cj.

equation. The ideal diode here means the diode that an
infinite current flows when the diode voltage is positive.
The efficiency in Fig. 6 was calculated as a function of
C.fi for several different values of r ( = R,/RL ). The
x-axis variable is nopnalized by multiplying Ceffby aRs.

Since the efficiency of an ideal diode is the highest ef-
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ficiency that can be achievable with an actual diode hav-
ing the same Rs and Cj and an infinite V~,, Fig. 6 can be
used as a preliminary estimation of the maximum effi-
ciency of a diode at any arbitrary frequency. Point A in
Fig. 6 corresponds to the efficiency of a diode (Rs = 0.5
Q, CjO= 3 pf,) used for a 2.45 GHz rectenna with 100 Q
dc load and point B shows the efficiency of a Ku-band
mixer diode (Rs = 4.85 Q, Cjo = 0.13 pF) with 100 Q dc
load. Therefore the maximum efficiency of a 35 GHz rec-
tenna is approximately 60%. The actual maximum effi-
ciency will be smaller than 60% due to a finite V~,and Vfi

III. DESIGN AND MEASUREMENT OF 10 GHz AND

35 GHz RECTENNAS

A. Design Procedure

Due to the nonlinearity of the rectenna the operating
power greatly affects the circuit performance. Therefore
the design of the rectenna starts by determining the op-
erating power level. The design procedure is thus as fol-
lows:

1)

2)

3)

4)

5)

6)

The dc output power (POU,) is decided and the dc
voltage L’. is designed to be less than half of V~,.
The dc load resistance is calculated from the equa-
tion of RL = V~/POUtwith POUtand V. determined in
step (l).
The effective admittance of the diode is calculated
from the closed-form equation or a nonlinear circuit
simulation with V. and RL values determined in steps
(1) and (2).
Design the antenna and calculate the input imped-
ance.
The low pass filter is designed with the input imped-
ance of the antenna and the effective impedance of
diode. If the dc pass filter is designed to resonate
with the imaginary part of the diode admittance, the
inverse of the real part becomes the effective input
impedance of the diode. This impedarice is matched
to the antenna through the low pass filter.
The efficiency is maximized through the nonlinear
computer simulation.

B. 35 GHz Dipole Rectenna

A GaAs Schottky diode (Model DMK6606, Alpha In-
dustries) used in Ku-band mixers was selected for the
35 GHz rectenna. The diode parameters are summarized
in Table I. A 35 GHz rectenna was designed using a mi-
crostrip dipole as the antenna element. The input imped-
ance of the dipole as an element in an infinite array was
calculated using Method of Moment [14]. The imped-
ances calculated from the fundamental frequency to the
seventh order harmonic were used as aP input data file to
LIBRA. The length and the width of a resonant dipole at
the fundamental frequency have been determined as 0.46
& and 0.02 & respectively. The effective impedance of
the diode was assumed to be 50 Q considering that the
output dc voltage should be less than 4.5 V (half of ~b,)
with an operating power level of 100 mW.
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The low pass filter which consists of three transmission
line sections was optimized using TOUCHSTONE. The
cutoff frequency of the low pass filter was located be-
tween the fundamental and the second order harmonic.
Because the coplanar strip line was not available in
TOUCHSTONE, an ideal transmission line was substi-
tuted for the optimization. The ideal transmission line was
converted to the physical transmission line using the
closed-form equation in [15]. The dimensions of the
transmission lines are shown in Table II. The Duroid sub-
strate was 10 roils thick with a 2.2 dielectric constant.

The efficiency and the reflected power have been cal-
culated through the nonlinear circuit simulation (LIBRA).
The circuit model for the simulation is shown in Fig. 7.
The efficiency was maximized by adjusting L4 of the dc
pass filter. The optimum length of L4 was 0.022 Ao. The
circuit configuration and the photograph of the actual cir-
cuit are shown in Fig. 8. The circuit was fabricated on a
substrate having a thin (10 pm) copper layer because the
smallest gap of the circuit was 100 Km. This thickness is
still 30 times larger than the substrate skin depth at 35
GHz. The circuit was etched using the conventional
method and a beamlead diode was mounted on the circuit
with a silver epoxy.

C. 35 GHz Rectenna Measurements

The overall efficiency is defined as the ratio of the out-
put dc power to the incident power. The incident power
includes both input power to the rectenna diode and re-
flection power. A waveguide array simulation technique
[16] was used to measure the overall efficiency. This tech-
nique permits the generation of high power densities and
the accurate measurement of efficiency. The measurement
setup is shown in Fig. 9. A special waveguide expander
was fabricated to appropriately simulate the rectenna ar-
ray. The smaller side of a Ku-band waveguide (WR-28)
was enlarged to make the cross section at the end of the
waveguide expander be square. The longer side was not
expanded in order for the mainlobe of the simulated array
to be located in the same direction as that of two plane
waves constructing the TEIO mode. The area of the ex-
panded cross section was 0.28 inch by 0.28 inch. This
area is 40% larger than the effective area of a dipole an-
tenna located a quarter wavelength above a ground plane.
Therefore, the actual reflection of the rectenna might be
smaller than the value measured with this setup. A photo
of waveguide expanded section, a quarter wavelength
spacer and a reflecting ground plane are shown in Fig. 10.
The quarter wavelength spacer was placed between the
rectenna and the reflecting plane.

The measured data is plotted in Fig. 11. The circles
show the measured efficiencies which are defined as the
ratio of the dc output power to the input power into the
diode. The simulated results have been plotted together
for comparison. The theoretical efficiency with 100 Q dc
loads are better than those with 4000 loads. The highest

TABLE II
OPTIMIZEDLENGTHS OF COPLANAR STRIPLINESOF 35 GHz RECTENNA

(2) (~m) (::) (mUm)

0.92 1.19 0.58 0.18

Zh,gh:245 (l Width: 0.2 mm Gap: 0.4 mm
Z,OW:130 Q Width: 0.5 mm Gap: 0.1 mm

I

Low Passma DCPassFalter

Fig. 7. Circuit model of 35 GHz dipole rectenna for the nonlinear circuit
computer simulation (LIBRA). Z,. (J): Antenna input impedance at the ith
harmonic frequency. The real part of the antenna input impedance is used
as a source resistance for the power source. The dual port power sampler
(DPWRSMP) is used to measure the input and the reflected power.

(b)

Fig. 8. 35 GHz dipole retenna. (a) Circuit configuration. (b) Photograph
of an actual circuit.

I-Eztl

—
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Expan&

Fig. 9. Experimental setup for the measurement of the overall efficiency
and the reflected power of a 35 GHz rectenna.



Fig. 10. A waveguide expanded section assembly consisting of a wave-
guide expander, a quarter, wavelength spacer, and a reflecting plane.
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Fig. 11. 35 GHztodc power conversion efficiency. (a) With a400Qdc
load. (b) Witha 100 Qdc load. Theefficiencies calculated by LIBRA are
plotted together to compare with the measured result. The diode parameters
used for simulation are listed in Table 1.

efficiency measured was 39 YO. The measured maximum
efficiencies for 100 and 400 Q loads are about the same.
But the reflection power is 12% of the incident power at

Fig. 12. Experimental setup for the measurement of the conversion effic-
iency of a Ku-band beam-lead diode at 10 GHz.

Diode: Model DMK6606(Alpha), ‘S=4.8~, cjo=13.13PF, Vbr=gv
—.—

60.
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+ Nonllneor Simulation

-0- Tuned Ckeuit _.--. e---------Q
-x Untuned Circuit

. W*--------*

1 1 1 I i 1
20 40 60 60 100 120 1

Input Power [mW]

Fig. 13. 10 GHz to dc conversion efficiency of a I&band diode measured
with 120 !2 dc load.

400 Q load and 21 % of the incident power at 100 Q load.
The reflection can be reduced in the array environment.

D. Measurement of Power Conversion Ejiciency at
10 GHz

The power conversion efficiency of a Ka-band diode
(Model DMK6606, Alpha Industries) was measured at 10
GHz. A coaxial cable directional coupler and 50 Q coaxial.
cables were used in the measurement as shown in Fig. 12.
The circuit consisted of a 50 Q microstrip transmission
line and a beam-lead diode. One end of the bearh-lead
diode is connected to the end of microstrip line and the
other end is connected to the ground plane through a hole.
The dc output power was extracted using a bias-T net-
work. The efficiency was measured with and without the
open stub tuner illustrated in Fig. 12. The measured effi-
ciencies are plotted in Fig. 13. There was approximately
10% of improvement with the open stub tuner. The effi-
ciency with the open stub tuner approaches 60% which is
agreed with the results from nonlinear computer simula-
tion results.

IV. CONCLUSION

A 35 GHz rectenna has been developed with 39% of
power conversion efficiency’. The rectenna used a micro-
strip dipole and a Ka-band mixer diode. A computer pro-
gram LIBRA was used to optimize the rectenna for the
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high conversion efficiency. The net power conversion ef-
ficiency of the same diode was measured at 10 GHz using
a simple rectifying circuit. The net conversion efficiency
was 60%. If the impedance of a antenna is matched to a
rectifying circuit, 60% efficiency would be possible at
GHz with this diode. A closed-form equation was derived
for the analysis of the high frequency rectenna by neglect-
ing the higher order harmonics. In order to estimate the
maximum efficiency limited by a finite Rs and CjO, a net
conversion efficiency of an ideal diode with the same Rs
and CjOwas calculated using the closed-form equation.
With the I&band diode used for 35 GHz rectenna, the
maximum efficiency was calculated to be approximately
60% at 35 GHz. The actual maximum efficiency is smaller
than this efficiency due to the effect of the finite forward
voltage drop and the breakdown voltage.
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