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Theoretical and Experimental Development of 10 and
R 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 experrmental results
should have many applications in mrcrowave power transmis-

- sion and detection.

I. INTRODUCTION

HE 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 electrical energy are low

compared with those of microwave. Therefore, the de-
velopment of power transmission system by microwave
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
. Altltude 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 reducmg the weight to power
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output ratio [7]. The typical power conversion efﬁmency
achieved is 85% at 2.45 GHz.

The rectifying process is a nonlineat 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] sucessfully 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 penod 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 (I-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 apphcatlon 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 rectenna 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 analy51s and experi-
mental results on 10 and 35 GHz rectenna. A closed-form
equation for the conversion efficiency has been derived to
analyze the diode for the high frequency rectenna. To de-
rive the closed-form equation we assumed that the effects
of harmonics higher than or cqual to the second order were
small and the forward voltage drop of the diode didn’t
change during the turn-on penod The closed-form 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 rectenna 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 achleved with
- optimized dev1ces

II. CLosED-FOrRM EQUATION FOR THE CONVERSION
EFFICIENCY

A. Basic Circuit Structure of Rectenna

The basic structure of a recteiina 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 1mpedance
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;; V,,, 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 éfficiency increases as the power increases and levels
off with the generation of strong higher order harmonics.
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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 (V) of the
diode. The critical input power where the breakdown
effect becomes dominant is expressed as Vi, /4R, in
Fig. 2.

The three parameters of diode such as Vj,, zero-biased
junction capacitance (C;,), and series resistance (Ry) 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 C;, and Ry with this breakdown voltage are

several pF and less than 1 © 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, C;, should be reduced
to the order of 0.1 pF. But this reduction results in the
increase of Ry and the decrease of V,,. The typical value
of V,, of a Ka-band mixer diode is 10 V with Ry of 4-8
and Cj, of 0.1 pF. The efficiency would be low with this
small value of V,; because the junction voltage effect is
still not negligible even at the maximum efliciency point
of the efficiency vs input power curve as illustrated in Fig.
2. Consequently, it is important to have a good trade-off
between the diode parameters in designing a diode. The
closed-forin 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
Efficiency

The equivalent circuit of the Schottky diode is shown
in Fig. 3. The diode consists of a series resistor (Rg), a
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v ' 'R, DC Load
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Fig. 3. Equivalent circuit of a Ka-band beamlead Schottky diode used for
the derivation of a closed-form equation. R; and C; model the intrinsic junc-
tion for the diode, Ry is the parasitic serles res1stance of the dlode and R,
is the dc load. :

nonlinear resistor (R; ) descnbed by the -V relatlonshlp
of a diode at dc, and a nonlinear junction capacitance (C;).
The reactive parasitic elements of the physical diode are

excluded from this model because they can be tuned out

without. affecting the rectifying efficiency. The closed-
form expressions for the rectifying efficiency and the ef-
fective microwave 1mpedance of the diode are derived
with the following assumptions:

1) The voltage V apphed between node A and C con-
sists of the dc term and the fundamental frequency
only.

-2) The current due to the Junctlon capacitance is neg-

ligible when the diode is forward biased.
3) The forward voltage drop across the intrinsic diode
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 ¥, in 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 + V1 cos ((.Ot)
v =V + Vi cos (o — ¢>),
Vd =

4

)]
if diode is off
if diode is on.

@

The voltage V; in (1) is the output de Vbltage and the volt- -

age V, is the peak voltage of an incident microwave. Vi
and V,; are the dc and the fundamental frequency com-
ponents of diode junction voltage V,, respectively, when
the diode is off, VflS the forward voltage drop of the diode
when the diode is on. V; is known by specifying the out-
put dc power. The efficiency and the diode effective
impedance are calculated by telating the other variables
such as Vy, V9, V1, and ¢ to the known variable of V.
By applying Kirchoff’s voltage law along the dc—pass
loop shown as a dotted line in Fig. 3, the dc voltage
(—Vuipc) of V,is. related to the dc component of V ac-

1261

cording to

_ Vape

1+r ®

0
where 7 = R, /R; and R, is the dc load resitance as shown
in Fig. 3. V, pc introduced here is the average -value of
the waveform V,, and V, in (2) is the dc component of
the waveform ¥V, in turn-off period. Therefore, V, pc is
derived by taking an average of V,; over one full period as

. . ooff
Vd,DC = qu <1 - —>

w

v, Ot
+ Zdi sin 00ff Vf‘o_
T iy

4
where 8, is the phase angle where the diode is turned off
as shown in Fig. 4. The phase variable 6 is defined as
6 = wt — ¢. Since the switching of the diode occurs when
V, is equal to the forward voltage drop V¢ of the diode,
0,1 is calculated by S

Vf+Vd0

5
v )

cos Oy =

'On the other hand, the equation for the current ﬂe_wing

through Ry is written as follows when the diode is off:

- dGV,)
. — V _— .
S Va

(6)
Since Ciisa rhonotonic increasing funtion of Vi, G can
be expanded as follows:

C’j = CO + Cl Ccos$ (wl - ¢)
| @)
Substituting C; into (6) with a Fourier series of (7) and

neglecting the terms higher than the second harmonic, the
equation becomes

WR(Cy Vo — CoVyy) sin (wt — )
=V -V + (Vl cos ¢ — Vy) cos ,(wi —d)

+ C, cos Quwt — 2¢) + + ¢

— Vi sin ¢ sin (0t — ¢). ®)
Since the above equation should hold during the off period
of the diode, each term should separately zero:

Vo=V, (9a)
Vy = Vcos ¢ ‘ (9b)
. Vl Sin ¢ = sz(Conl - C] Vd() + C2Vd1) (9C) -
The phase delay is obtained from (9) as follows:
. Cy cos O \
¢ = arctan |wRg | G — ——— + (,
= arctan (wRs Cet) 1 (10) -

where vy = V;/V,. From (3), (@), (5), and (9a), the re-

lationship between 0,4 and r is derived as
Tr
1+ vf

= tan Oy — O (1n
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" Voltage

Phase
0 (=wt—¢)

Fig. 4. Simplified time-domain waveform of voltage V and V,. V, is the
voltage between intrinsic diode. V is the voltage between A and C of
Fig. 3. Variable § is defined as 6 = wt — ¢.

0,4 is determined by the ratio of Rg to R; and the ratio of

the forward voltage drop V; to the dc output voltage V. ‘

Vf'is solved with the I-V relation of the diode:

eV, 1 Vo + Vi -V
L i \er) =) =&,

Viin(12) is a function of 6, and therefore V; cannot be
solved without first knowing 6,4. However, since the left
term is of exponential form V;does 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, 0.4 is
solved from (11) substituting V; with a typical value of
the cut-in voltage of the diode.

Once 8,4 is solved from a given Vy, Rg, 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 0.4, diode parameters, and
VO or Vl' »

(12)

_n

= RL

Ploss = LOSSon,Rs + LOSSon,diOde

+ LOSS,t,rs + LOSSott, dgiode

Bofr v - V)2
1 S ( D

PDC

1 ]
LOSSq; rs 27 J—bos R
foft
1 S V=VpV
_ 1 D A Ay /1]
LOSSon, diode 27 J o RS
) 21 — Boft | 2
LOSS¢t gy = 1 Se f T v
27 — Bott
| v — Vv,
LOSSett, dioge = 1 S R @
—Boff ’
‘ P

Where the variable 6 is substituted for wz — ¢. The current
(I) flowing through Rg can be expressed as follows:

I =1y + I, cos (wf) + Ij; sin (wp)

1 Boff
= V =V, do
IO . 271'RS { S—(?off ( f)
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27 — foft )
+ S vV — V) do j

1 Boff
e V-1 0 + db
Ry U_Bm ( | s) cos ( )

o~
S
I

Bofe

27 — fotr
+ S V= V) cos (6 + &) dG}
’1 (253
I, = — V — V) si +
1 7R { S—aoﬂ ( ) sin (0 + ¢) db

27 — Boft
+ S V=V, sin(@ + ¢) d()}‘

(253

(14)

The input admittance of the diode at the fundamental fre-

quency is calculated as

' L, = jly
v,

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 I. 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 V). 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

Y= (15)

in efficiency showing approximatly 10% of difference in

the region where the efficiency calculated with LIBRA is
not affected by the finite V,,,. 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 Convérsion Efficiency of Ideal Diode

The power conversion efficiency of an ideal diode with
a finite Ry and C; was calculated using the closed-form
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Fig. 5. Comparison of efficiencies calculated with closed-form formula and
LIBRA. The diode parameters used for the calculation are listed in Table
I. The dc load resistance is 400 Q.

TABLE 1
DIODE PARAMETERS OF THE KA-BAND GaAs BEAM-LEAD SCHOTTKY DIODE
Vi, Rs Co s ot L,
(volts) (ohms) (rF) (pAmps) v rp) (nH)
9.0 4.85 0.13 5.24 0.5 0.1 0.2

V,., breakdown voltage; Rg, parasitic series resistance; C,,, zero bias
junction capacitance; [, saturation current; vy, exponent in junction capac-

itance equation
7 V ¥
1 B ——>
C < Vi :
C,, L,, parasitic reactive elements.; V,; is the built-in potential.

pr

DIODE : IDEAL 1=V, FINITE Rg AND Cjo
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Fig. 6. Microwave-to-dc power conversion efficiency of an ideal diode with
finite Rs and C;.

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.z for several different values of r(= R;/R;). The
x-axis variable is normalized by multiplying C.¢ by wRj.

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 Ry and C; 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 (Rg = 0.5
Q, G, = 3 pf) used for a 2.45 GHz rectenna with 100 Q
dc load and point B shows the efficiency of a Ka-band
mixer diode (Rg = 4.85 Q, C;, = 0.13 pF) with 100 @ 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 V}.

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) The dc output power (P,,) is decided and the dc
‘ voltage ¥, is designed to be less than haif of V,.

2) The dc load resistance is calculated from the equa-
tion of R, = V§ /P,y with P, and V, determined in
step (1).

3) The effective admittance of the diode is calcuylated
from the closed-form equation or a nonlinear circuit
simulation with ¥ and R, values determined in steps
(1) and (2). ‘

4) Design the antenna and calculate the input imped-
ance. . :

5) 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 impedance is matched
to the antenna through the low pass filter.

6) 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 Ka-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 an input data file to
LIBRA. The length and the width of a resonant dipole at
the fundamental frequency have been determined as 0.46
A, and 0.02 A, respectively. The effective impedance of
the diode was assumed to be 50 Q considering that the
output dc voltage should be less than 4.5V (half of V,,)
with an operating powerlevel 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 mils 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 74 of the dc
pass filter. The optimum length of L4 was 0.022 \,. 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 gm. 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 Ka-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 TE;, 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 400 @ loads. The highest
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TABLE II
OPTIMIZED LENGTHS OF COPLANAR STRIP LINES OF 35 GHz RECTENNA
L1 L2 L3 L4
(mm) (mm) (mm) (mm)
0.92 1.19 0.58 0.18

Zyign: 245 Q@ Width: 0.2 mm  Gap: 0.4 mm
Zow: 130 @ Width: 0.5 mm Gap: 0.1 mm

Power Sampler Low Pass Filter DC Pass Filter
: (D PWR SMP)
Re[Z ()] ] l_L1 N 12 N L3 g
AWARETSEM Ly | Zua
wet Antenna L 1 pF——=
uw# Impedance c R, Ry
P insic
I =
-~

Fig. 7. Circuit model of 35 GHz dipole rectenna for the nonlinear circuit
computer simulation (LIBRA). Z;,( f;): 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.

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

o
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Fig. 9. Experimental setup for the measurement of the overall efficiency
and the reflected power of a 35 GHz rectenna.
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Fig. 10. A waveguide expanded section assembly consisting of a wave-
guide expander, a quarter.wavelength spacer, and a reflecting plane.

Diode: Model DMK6606(Alpha), Rs=4.80, Cjo=0.13pF, Vpr=9V
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Fig. 11. 35 GHz to dc power conversion efficiency. (a) With a 400 Q dc
load. (b) With a 100 © dc.load. The efficiencies 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%. The measured maximum
efficiencies for 100 and 400 Q loads are about the same.
But the reflection powet is 12% of the incident power at

Bias Network

Ampnﬁ,kolmot

Fig. 12. Experimental setup for the measurement of the conversion.effi-
ciency of a Ka-band beam-lead diode at 10 GHz.

Diode: Model DMK6606(Alpha), Rs=4.8Q, Cjo=0.13pF, Vpr=9V
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Fig. 13. 10 GHz to dc conversion éfﬁciency of a Ka-band diode measured
with 120 © dc load.

400 (2 load and 21% of the incident power at 100 © load.
The reflection can be reduced in the array environment.

D. Measurement of Power Conversion Efficiency 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  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 bearn-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 approximatly
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 Rg and Cj,, a net
conversion efficiency of an ideal diode with the same Rg
and C;, was-calculated using the closed-form equation.
With the Ka-band diode used for 35 GHz rectenna, the
maximum efficiency was calculated to be approximatly
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.

ACKNOWLEDGMENT

The constant encouragement of Dr. A. D. Patton is ac-
knowledged. The authors would like to thank Mr. J.
McSpadden for many helpful suggestions and reviewing
the manuscript, Mr. W. C. Brown of Raytheon Company
for useful discussion, Mr. Y. Shu and Mr. L. Fan for
machining the hardware, and Dr. S. M. Wright for allow-
ing us to use his computer program for antenna input
impedance. The authors would also like to thank review-
ers for making many useful suggestions.

REFERENCES

[1] W. C. Brown et al., U.S. Patent 3 434 678, Mar. 25, 1969.

[2] W. C. Brown, ‘‘Experiment in the transport of energy by microwave
beam,’’ in JIEEE Int. Conv. Rec., vol. 12, pt. 2, Mar. 1964, pp.
8-18.

[31 —, ‘““The history of power transmission by radio waves,”” IEEE
Trans. Microwave Theory Tech., vol. 32, no. 9, pp. 1230-1242, Sept.
1984.

[4] —, “*Experiments involving a microwave beam to power and po-
sition a helicopter,’’ IEEE Trans. Aerosp. Electron. Syst., vol. AES-
5, no. 5, pp. 692-702, Sept. 1969.

[5] —, “‘Solar Power Satellite Program Rev. DOE/NASA Satellite

Power System Concept Develop. Evaluation Program,’’ Final Proc.

Conf. 800491, July 1980.

J. Schlesak, A. Alden and T. Ohno, ‘A microwave powered high

altitude platform,’’ in JEEE MTT-S Int. Microwave Symp. Dig., 1988,

pp. 283-286. .

[7] W. C. Brown, ‘‘Performance characteristics of the thin-film, etched-
circuit rectenna,’’ in I[EEE MTT-S Int. Microwave Symp. Dig., 1984,
pp. 365-367.

[8] J. J. Nahas, ‘“Modeling and computer simulation of a microwave-to-
dc enmergy conversion' element,”” IEEE Trans. Microwave Theory
Tech., vol. 23, no. 12, pp. 1030-1035, Dec. 1975,

[9] W. C. Brown and E. E. Eves, ‘A microwave beam power transfer
and guidance system for use in an orbital astronomy support facility,”’

: Final Report (Phase II) to NASA, NAS-8-25374, Sept. 1972.

[10] G. P. Boyakhchyan et al., ‘‘Analytical calculation of a high-effi-
ciency microwave rectifier employing a Schottky-barrier diode,”
Telecom. Radio Engin. (English Translation of Elaktrosvyaz, and Ra-
diotekhnika) vol. 37-38, no. 10, pp. 64-66, Oct. 1983.

{11] W. C. Brown, *‘All electronic propulsion key to future space ship
design,’’ presented at AIAA/ASME/SAE/ASEE 24th Joint Propulsion
Conf., Boston, July 1988.

[6

—

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 40, NO. 6, JUNE 1992

[12] K. Chang, J. C. McCleary, and M. A. Pollock, ‘‘Feasibility study of
35 GHz microwave power transmission in space,’’ Space Power, vol.
8, no. 3, pp. 365-370, June 1989. :

[13] S. M. Sze, Physics of Semiconductor Devices.
1981, ch. 2 and 5.

[14] S. M. Wright, ‘‘Efficient analysis of infinite microstrip arrays on elec-
trically thick substrate,”’” Ph.D. dissertation, University of Illinois at
Urbana-Champaign, 1984.

[15] 1. J. Bahi, ““Transmission lines,”’ in Handbook of Microwave and
Optical Components, K. Chang Ed., vol. 1, New York: Wiley, 1989,
p. 35. i

[16] P. W. Hannan and M. A. Balfour, ‘‘Simulation of a phase-array an-
tenna in a waveguide,”’ IEEE Trans. Antennas Propagat., vol. AP-
13, pp. 342-353, May 1965.

New York: Wiley,

»

Taewhan Yoo received the B.S. degree in nuclear
engineering from Séoul National University at
Seoul, Korea in 1981, the M.S. degree in physics
from Korea Advanced Institute of Science and
Technology at Seoul, Korea in 1983. He is cur-
rently working on his doctoral dissertation at
Texas A&M University, College Station, on mi-
crowave power transmission.

From 1983 to 1988 he was with Electronics and
Telecommunication Research Institute at Taejon,
Korea. His research area was the development of
opto-electronic devices for fiber optic communication. His interests include
microwave integrated circuit and its CAD design, wireless communication,
and optoelectronic devices.

Kai Chang (S’75-M’76-SM’85-F’91) received
the B.S.E.E. degree from the National Taiwan
University, Taipei, Taiwan, the M.S. degree from
the State University of New York at Stony Brook,
and the Ph.D. degree from the University of
Michigan, Ann Arbor, in 1970, 1972, and 1976,
respectively.

From 1972 to 1976, he worked for the Micro-
wave Solid-State Circuits Group, Cooley Elec-
tronics Laboratory of the University of Michigan
. as a Research Assistant. From 1976 to 1978, he
was employed by Shared Applications, Inc., Ann Arbor, where he worked
in computer simulation of microwave circuits and microwave tubes. From
1978 to 1981, he worked for the Electron Dynamics Division, Hughes Air-
craft Company, Torrance, CA, where he was involved in the research and
development of millimeter-wave solid-state devices and circuits, power
combiners, oscillators and transmitters. From 1981 to 1985, he worked for
the TRW Electronics and Defense, Redondo Beach, CA, as a Section Head,

. developing state-of-the art millimeter-wave integrated circuits and subsys-

tems including mixers, VCO’s, transmitters, amplifiers, modulators, up-
converters, switches, multipliers, receivers and transceivers. He joined the
Electrical Engineering Department of Texas A&M University in August
1985 as an Associate Professor and was promoted to Professor in 1988. In
January 1990, he was appointed E-Systems Endowed Professor of Electri-
cal Engineering. His current interests are in microwave and millimeter-
wave devices and circuits, microwave integrated circuits, microwave op-
tical interactions, and antennas.

He served as the Editor of the four-volume Handbook of Microwave and
Optical Components, published by John Wiley & Sons, Inc. in 1989 and
1990. He is the Editor of the Microwave and Optical Technology Letters
and the Wiley Book Series in Microwave and Optical Engineering. He has
published over 150 technical papers and several book chapters in the areas
of microwave and millimeter-wave devices and circuits. Dr. Chang re-
ceived the Special Achievement Award from TRW in 1984, the Halliburton
Professor Award in 1988 and the Distinguished Teaching Award in 1989
from the Texas' A&M University.




