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1. Introduction

Wireless power transmission is a very useful technology in the area of high-altitude radio
relay systems [1], space energy transmission such as solar power satellites [2,3] and robot applications
[4]. The authors have developed a rectenna array mounted on a cylindrical conductor. It exhibits
no degradation in efficiency with the variations of the incident angle in the cylinder radius plane, and
it can easily hold cylindrical equipment, such as a cylindrical multi-joint robot to maintain or fabricate
a space platform.

Two output power degradation factors for a cylindrical rectenna array are considered in
comparison with a conventional planar rectenna array. The first is total input power reduction due to
the difference in its shape. The other is caused by the parallel connection of output terminal rectenna
elements with output power differences [5,6]. In this paper, we investigate both problems
guantitatively and show an output power improvement method for the latter case. Also, we will offer
a guide for constructing a cylindrical rectenna array.

2. Rectenna elements

To reduce the size of the wireless power transmission system, we used the higher frequency
C band (5.8 GHz) rather than the conventional S band (2.45 GHz). Figure 1 shows the construction
of the proposed rectenna array. At the side of the cylinder, rectenna elements that consist of a
circular microstrip antenna (CMSA) [7] and rectifying circuit are attached [8]. The radius of the
cylinder and the CMSA are a and b, and the polarization of the CMSA is fixed to ¢ direction linear
polarization.

Next, figure 2 shows the configuration of a rectenna element [8]. The incident microwave
is received by the CMSA and led to the rectifying circuit by a feed pin.  An input filter, a diode and
an output filter are mounted on the rectifying circuit. A low pass filter is used for the input filter and
a GaAs Schottky diode (MA46135-32) is used for the rectifying diode.

The far field radiation pattern and gain of the CMSA on the cylinder can be calculated by
reference [9]. The theoretical and experimental values of the front gain are 7.7 dBi and 8.0 dBi,
respectively, when the radius of the cylinder is 71 mm. This difference is mainly because we
approximated the cylinder into a regular nonagon pole to make it easier to fabricate the antenna for our
experiment.  Also, the calculated front gain remains almost constant as the cylinder radius increases.

Figure 3 shows the efficiency of the rectifying circuit as a function of incident power. The
maximum efficiency and optimum load resistance are 73% and 200 Q, respectively. The maximum
efficiency is varied from 69% to 77% by changing the diode, and the diode that exhibits the median
value of efficiency is indicated in figure 3.  Also, the optimum load resistance is varied from 100 to
300Q. The result of figure 3 is used in the next section as a typical value for rectenna characteristics,
in spite of the variations of the diodes.
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Figure 1 A rectenna array on a conducting cylinder Figure 2 Configuration of the rectenna element
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3. Cylindrical rectenna array

The output power pattern of a cylindrical rectenna array is estimated with the following
procedure. (1) The incident rf power pattern of a rectenna element is calculated from the theoretical
value of front gain and the assumed value of input power flux density (Ps). (2) The output power
pattern of each rectenna element is calculated from the result of (1) and the incident power versus
efficiency characteristics (Fig. 3). (3) Repeat procedures (1) and (2) for the number of elements to
get the output power sum of the rectenna array. Hereafter, we will call this value the “estimated
value”.

Also, when constructing a rectenna array, we assume that the inter-element spacing will be
fixed at 0.91 A (71 mm), which is the minimum possible value for fabrication. So, the number of
elements and the cylinder radius will be changed simultaneously.

Next, we compared the input or output power of a cylindrical rectenna (P.) with that of a
planar rectenna (P,) with the same projection area. We defined the power ratio (r) as follows;

r= R (1)

PP

Figure 4 denotes the estimated value of the power ratio (r) for the input or output power
versus the number of elements for three different input Py values inthe 6 =90° plane. The power
ratio of the input power becomes a constant value of 87% when there are more than nine elements.
The power ratio of the output power varies depending on the Py value and becomes 72% when Py
equals 2.1 kW/m? with nine elements. The minimum number of elements to get a constant power
ratio (r) is nine. We thus conducted experiments on a cylindrical rectenna array with nine elements.
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4. Microwave power transmission experiment

The directivity of the nine-element cylindrical rectenna array was measured by using the
microwave power transmission setup shown in figure 5. A 5.8-GHz microwave signal sent from a
transmitting antenna was received by the rectenna at the distance of 0.6 m.  An open-ended
waveguide was used to measure the input P value and it was positioned at the same place where the
rectenna array will be mounted. The input Py is 2.1 KW/m? when the input power of the rectenna
element is 3 W. The rectenna elements were terminated by their own optimum load resistance and
this load connection case is called the “individual -
load” hereafter. The output power of the | Anechoic chamber Open waveguide ,?Qf;?””a‘
rectenna array is defined as the numerical sum of ?
each rectenna’s output power. Rectennaamay
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difference. The first is the difference in the antenna gain Py, = 2065 W/m2, a =71 mm, b= 96 mm
between the theoretical and experimental value as T T e T
mentioned before. The second is variations in the Sum of each rectenna’s outpuf]
characteristics of the diodes. And the third reason is the Lo All parallel elements -
amplitude distribution of the transmitting antenna ]
projected on the cylindrical rectenna array.

Next, the dotted line in figure 6 illustrates the
output power pattern when all of the cylindrical rectenna
elements are connected in parallel. The optimum load
resistance values of the rectenna elements are paralleled
to obtain a parallel connection.  This time its value was
around 19Q. The angular average output power of the
totally paralleled rectenna array is 1.9 W, which is 1.3W I ]
(41 %) lower than that for the individual load case. This 080°735 90 =45 0 4% 90 135180
is mainly because the totally parallel load case connected é [deg]
not only the front direction elements that provide high Figure 6 Output power pattern of
output power, but also connected the side and back rectenna array with 9 elements
direction elements that generate very low output power. (6=90")
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5. Output power improvement method

In this section, we tried to connect in parallel only the high output power rectenna elements
to increase the output power from the totally paralleled case. The output characteristics that resulted
from connecting two rectennas with different input power values was recently reported in reference [6],
and we will introduce this method by expanding it for an arbitrary number of elements on a cylindrical
rectenna array. The procedure is as follows. The input power pattern of the rectifying circuit is
defined by a numerical approximation of the antenna pattern of one element. Next, the load
characteristics (current as a function of voltage characteristics) of each element at this input power are
measured and the currents are approximated by cubic function of the voltage using the least square
method. A Kirchhoff’s current equation can be applied at the connection point of the output
terminals of paralleled rectenna elements and load resistance, and its equation becomes a cubic
equation on common voltage [6]. The paralleled output power can be simulated to solve its voltage.

Figure 7 shows the experimental and simulated values of the output power pattern when two
elements with higher output power are selectively connected in parallel. In the experiment, the
average output power is 2.9 W, and the increment in output power is 1.0W (53 %) compared to the
totally paralleled case. Also, the output power degradation remained at 0.3W (10.4 %) in comparison
with the individual load case. Good agreement is observed between the simulation and experimental
results, which confirms the validity of this method.

Figure 8 shows the experimental and simulated values of average output power versus the
paralleled element number. These rectenna elements are also connected selectively with higher
output power. The maximum difference between the simulation result and the experimental value is
about 0.2W, and fairly good agreement between these two data is observed. The output power in the
case of two or three paralleled elements is higher than that of more than four paralleled elements. So,
for a cylindrical rectenna array with nine elements, the case of two or three parallel elements becomes
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the optimum connection number.

In the optimum paralleled connection case, a 10.4% degradation of output power is observed
and the power ratio between the cylindrical rectenna array and a planar array is 72% maximum, so a
total output power ratio of 64% is possible compared to the planar rectenna array including the power
degradation by parallel connection.

We investigated to determine whether a change in the optimum number of paralleled
elements is simulated by an increase in the total number of cylindrical rectenna elements. The
number of paralleled elements (N) versus output —
power as a parameter of the total element number 10r ou, Total element number : M-
(M) is indicated in figure 9. The total number of - faconn,  Pr= 20%5:ng‘mm.
elements is changed from 5 to 30 in steps of one e
element, and captions are added at the point of each
five elements in figure 8. In this case, to simplify
the situation, the antenna pattern is fixed at the
experimental value of nine elements without
depending on the cylinder radius.  Variations in the
current versus voltage characteristics of the nine
elements, which are observed in the experiment, are
included. The maximum output power case is
indicated by the black squares in figure 9 for each M.

Average output power [W]

The paralleled element number (N) is limited from 0 10 20 30
0.2M to 0.4M, so when fabricating the cylindrical ) Paralleled element number (N)
rectenna array, choosing a number of paralleled Figure 9 Average output power versus
elements between 0.2M and 0.4M can maximize the paralleled element number

output power.

6. Summary

Assuming wireless power transmission toward a multi-joint robot for a space platform, we
developed a rectenna array mounted on a cylindrical conductor. The maximum output power ratio
between a planar rectenna array and the proposed cylindrical rectenna array with an individual load
was calculated to be 72% for a rectenna array with nine elements.

The output power degradation in a cylindrical rectenna array with nine elements due to the
parallel connection of elements was also observed and an output power improvement method
connecting only two or three elements in parallel was proposed. An output power improvement of
53 % was observed in comparison with the totally paralleled load case, while a 10.4 % degradation
was detected in contrast to the individual load case. We thus found that the total available power
ratio was 64 % compared to a planar rectenna array. This value is still effective for practical use.

Furthermore, the output power characteristics of a rectenna array with M-elements mounted
on a cylindrical conductor were simulated and the maximum power could be observed when between
0.2M and 0.4M elements were connected in parallel.  This result offers a guide for constructing a
cylindrical rectenna array.

References

[1] K. Takasawa and H. Mori, “On the airborne relay system in the stratosphere”, Proc. IEICE (in Japanese), Vol.
73, No. 1, pp. 69-71, 1990.

[2] P. E. Glaser, “An overview of solar power satellite option”, IEEE Trans. on Microwave Theory and Tech.,
\VoIl.MTT-40, No. 6, pp. 1230-1238, Jun. 1992.

[3] Solar power satellites working group SPS2000 task team ed., “Feasibility study of SPS2000 (Preliminary)”
(in Japanese), ISAS, 1993.

[4] T. Shibata, Y. Aoki, M. Otsuka, T. Idogaki and T. Hattori: “Microwave energy transmission system for
microrobot”, IEICE Trans. on Electronics, Vol. E80-C, No. 2, pp. 303-308, Feb. 1997.

[5] R. J. Gutmann and J. M. Borrego, “Power combining in an array of microwave power rectifiers”, IEEE Trans.
on Microwave Theory and Tech., Vol. MTT-27, No. 12, pp. 958-968, Dec. 1979.

[6] T. Miura, N. Shinohara and H. Matsumoto, “Experimental study of rectenna connection for microwave
power transmission” IEICE Trans., (in Japanese), Vol. J82-B, No. 7, pp. 1374-1383, Jul. 1999.

[7] K. Itoh, “Fundamental investigation on an earth terminal element 'rectenna’ for solar power satellite
reception”, for the report of Grant-in-aid for Scientific Research from the Ministry of Education, Science and
Culture of Japan, Mar., 1984.

[8] T. Saka, Y. Fujino, M. Fujita and N. Kaya, “An experiment of a C band rectenna”, Proc. of Space Power
Systems Conference (SPS '97), Montreal, Canada, pp.251-253, Aug., 1997.

[9] K. M. Luk and K. F. Lee, “Characteristics of the cylindrical-circular patch antenna”, IEEE Trans. on Antenna
and Propag., Vol. 38, No. 7, pp. 1119-1123, Jul. 1990.



