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Wireless power delivery to electronic objects scattered over
tables, walls and ceilings will form an infrastructure necessary
for ubiquitous electronics, wireless sensor networks and ambient
intelligence. Described here are design innovations to overcome
the shortcomings of a previous wireless power transmission sheet
[1] made with plastic MEMS switches and organic FETs (OFET)
circuits suitable for printable low-cost electronics. The sheet
delivers power to multiple objects, frees the users from position
adjustment, reduces the number of coil arrays, and takes 5V dig-
ital input by using a newly developed level shifter.

The principle of wireless power transmission is based on an array
of coils (TX-coil) made on a plastic sheet, which is selectively driv-
en by plastic MEMS switches and is coupled magnetically with a
receiver coil (RX-coil) mounted on a power receiving object as
shown in Fig. 20.4.1. The MEMS switch can transfer amperes of
current but the number of life-time switching cycles is limited up
to 10° and the switching speed is as slow as a little less than a sec-
ond. The selective TX-coil activation of small coils is needed for
high power efficiency since if the RX-coil is made with one large
coil, the coupling coefficient is decreased by a factor of one thou-
sand in some cases. Position detection of the receiving object is
needed for the selective activation of TX-coils. The position detec-
tion is carried out by OFETs as shown in Fig. 20.4.2, since scan-
ning through many TX-coils to check if an RX-coil exists above a
TX-coil by means of impedance change needs a faster speed and
longer life-time than the MEMS switches.

As the sheet size gets large, power transmission at multiple ran-
dom points on the sheet is required to deliver power to multiple
objects and/or to deliver large power to a single object by using
multiple RX-coils. In order to enable the multiple selection of TX-
coils, conventional row and column decoders, which can select
only one line at a time, are not sufficient. Thus, multiple line
selection using an OFET SRAM [2] as shown in Fig. 20.4.2 is
adopted. At first, all SRAMs are reset to “L”. Then, only columns
and rows above which RX-coils exist are selected. Multiple
columns and rows can be selected simultaneously. By integrating
the SRAMs and the decoders [3] on the OFET sheet, the number
of the connections with off-sheet wires is decreased from 2N to
2log,N for an array of NxN coils.

Position adjustment-free power transmission is made possible by
the following design. As shown in Fig. 20.4.1, the TX-coils are
placed regularly with a pitch of 25.4mm which is called one unit.
In [1], the TX-coils and the RX-coils have the same outer diame-
ter (= 1 unit). In this case, as shown in Fig. 20.4.3(c), the power
transmission efficiency changes from 58% to 2% with a displace-
ment from 0 to 0.5 unit. Thus, 0.5-unit displacement is not
allowed. This suggests a need for the exact positioning of the
power receiving object. On the other hand, Fig. 20.4.3(a) shows
the multiple activation technique of TX-coils, which tolerates the
displacement. The outer diameter of the RX coils is set twice as
large as that of the TX-coils. Figs. 20.4.3(b) and (c) show the
measurement setup for the power transmission efficiency and the
measured dependence of efficiency on the displacement of the RX-
coil center to the TX-coil center with changing the number of acti-
vated TX-coils. It is seen that the efficiency becomes relatively
insensitive to the displacement by using multiple TX-coil activa-
tion. Figure 20.4.3(d) shows the dependence of the maximum,
average, and minimum power efficiency varied over the displace-
ment amount on the number of activated TX-coils. The minimum
efficiency achieves a maximum at 3x3 coils activation, which is
considered to be the best design choice, because the minimum

efficiency determines the specification of the power transmission
sheet. The proposed technique frees users from tedious position
adjustment.

In contrast to [1], the circuit shown in Fig. 20.4.4(a) is devised by
using two different frequencies and carefully eliminating inter-
ference of the two functions: the power transmission and the posi-
tion detection. The circuit makes use of the fact that the conduc-
tivity of MEMS switches is more than 10° higher than that of
OFETs. Thus, the OFET does not degrade the power transmis-
sion efficiency by shorting two frequency signal sources. C, is
added to decrease the impedance at 13.56MHz (power transmis-
sion frequency) to improve the power efficiency while monitoring
the impedance change for 3.5MHz (position detection frequency).
C; is added to increase the position detection sensitivity by peak-
ing the impedance by LC resonance. As shown in Fig. 20.4.4(b),
the measured resonant frequency of Vyy for the position detec-
tion system is around 8MHz to 10MHz, which is beyond the cut-
off frequency of OFETs (3.56MHz). As seen from Fig. 20.4.4(b), in
order to increase the sensitivity for the position detection, the
higher the frequency used for position detection the better. Thus
3.5MHz is chosen as the frequency for the position detection.
Figures 20.4.5(a) and (b) show the measured sensitivity for the
position detection and power transmission efficiency, respective-
ly. A 33% swing voltage change of V,,, is observed between the
two cases of with and without a RX-coil, and a 50% power trans-
mission efficiency is achieved.

The integration of the silicon LSIs, OFETs, and MEMS devices is
necessary in this power transmission system. Direct digital drive
of OFETs and MEMS by silicon LSIs is, however, difficult,
because there is a large discrepancy in the operation voltage
between LSIs (below 5V) and OFETs/MEMS (above 40V). OFET
level-shifters from 5V to 40V are developed as shown in Fig.
20.4.6. The basic topology of the shifter is a single amplifier
whose gain depends strongly on the input level and thus adaptive
biasing to adjust the input level with the source follower is prefer-
able. A replica circuit is used for the adaptive biasing of the
source follower in order to obtain the high voltage swing gain of
the 5V input. The differential amplifier is a key circuit for the
feedback control. It is, however, difficult to design a high-gain dif-
ferential amplifier with only pMOS FETs in organic circuit
design, because the impedance of a conventional organic pMOS
load [4] is low. Figure 20.4.6 shows the proposed differential
amplifier with enhancement/depletion mixed threshold voltages
realized by controlling the back-gate voltage [5]. The load transis-
tors M4 and M5 are of the depletion type and have higher imped-
ance than the conventional topology because the gate and source
are tied (off-connection if it is an enhancement FET). Figure
20.4.7(a) shows the measured characteristics for the differential
amplifier. A gain of 6.4 is achieved, which is higher than 2.3 for
the organic analog amplifier reported in [4]. Figure 20.4.7(b)
shows the measured successful operation of the feedback control.
Figures 20.4.7(c) and (d) show the measured DC and AC charac-
teristics for the cascaded source follower and the single amplifier,
respectively. The DC gain is measured to be 2.6 and the measured
bandwidth is 430Hz.
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Figure 20.4.1: Wireless power transmission sheet. Figure 20.4.2: Gircuit diagram of wireless power transmission sheet.
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Figure 20.4.3: (a) Various arrangement of TX-coils and RX-coils. (b) Measurement
setup. (c) Measured power efficiency dependence on displacement (y). (d) Power Figure 20.4.4: (a) Circuit diagram to share one TX-coil for power transmission and

efficiency dependence on number of activated coils. position detection. (b) Measured frequency response of monitored voltage (V).
Level shifter 40 VJ—I_I—L
t _____ ~
Without RX-coiI/With RX-coil ! !
0.3 ¥ — 120 - I Ll
n ﬂ/ n yy Transmitted power = 200mW | H
r S pMOS with 1
0.2 %100 \ back gate !
0.1f T T 8o
s £
s
< o ab 8 eof o
g ] Efficiency = 50% v
> 04} 2 4ot bb Ino—q 4000/50
"I | g Bias o—c| [ —4000/50 Out
02} Y. & 20} 100/50
f, = 3.5 MHz
0.3 ‘ ‘ ‘ ‘ 0 . . . Bias 100/50
0 250 500 750 1000 1250 11 12 13 14 15 Ino—g 4000/50
Time (ns) Frequency (MHz) 100/50
b-a Source follower foIIower Differential amp
—=33% Slngle amp M1, 4, 5 : Depletion mode
M2,3 :Enhancement mode
(a) (b)
Figure 20.4.5: (a) V,,,, waveform to show that 33% amplitude change is observed with = Figure 20.4.6: Circuit diagram of level shifter based on organic analog circuits with
and without RX-coil. (b) Measured received power spectrum. adaptive hiasing and feedback loop.
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Figure 20.4.7: Measured results of level shifter. (a) DC characteristics of differential
amplifier. (b) Feedback control. (c)(d) DC and AC characteristics for cascaded source
follower and single amplifier respectively.
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