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Abstract—It is desirable in active medical implants to
derive energy from external sources to charge a rechargeable
battery. In this paper we have developed a novel system
to transfer energy via ultrasound to a deep implanted
medical device. Hence, an external base station is designed
to transmitt energy and a 64-channel high-voltage driver
is proposed for a spherical transducer array. Moreover, a
shunt-C class-E power amplifier (PA) is employed as core
element for the driver, showing a drain efficiency (DE) of
71% and a power added efficiency (PAE) of 57% including
gate-driver switching loss. In addition, a cascaded of two
low-drop-out (LDO) regulators is used within the implanted
device to reduce rectifier ripple and to set the charge voltage
for the micro-energy cell to 4.1 V. The LDOs are imple-
mented in a CMOS 0.18 pm high-voltage (HV) technology
and measurement along with simulated results are reported.

Index Terms—CMOS, energy harvesting, implanted medi-
cal device, power management, healthcare, sensor networks.

I. INTRODUCTION

Requirements for active implanted medical devices
(IMDs) deeply introduced into the human body are ruled
by the implant size (1-3 ¢m?) and by the type of coupling
used to transmitt energy [1]. RF and magnetic induced
coupling are heavily attenuated in water, whereas ultra-
sound is a valid option to overcome this limit despite the
complexity to choose the carrier frequency [2].

The selection of the wavelength (\) for delivering en-
ergy is guided by the transducer design. For instance a
spherical array transducer enables to focus the ultrasound
(US) beam without beamforming electronics. However, to
track the implant when it goes out-of-focus, each array
element needs a power amplifer (PA) to shape the acoustic
field. A good candidate in energy transmission is the class-
E power amplifier with a theoretical power efficiency up
to 100 % [3].

However, it is more challenging the choice of the CMOS
technology used for energy conversion in the implant. To
avoid oxide breakdown, HV transistors are employed as
the input available voltage can be expected to vary from
few millivolts to tens of volt. In medical ultrasound as the
carrier frequency is setted around 1 MHz, two series LDO
are used to further improve supply noise rejection at low
frequency.
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Fig. 1. Ultrasound energy harvesting system chain.

The paper discusses the class-E PA design as well as
power management details within the implanted device.
In Section II the ultrasound energy harvesting system is
proposed. In Section III an analysis and tuning method-
ology to calibrate 64-PA is described. In Section IV the
LDO architecture to improve power-supply-rejection-ratio
(PSRR) is shown. Lastly, the conclusions are given in
section V.

II. ULTRASOUND WIRELESS POWER TRANSFER

Figure 1 shows the block diagram of the US wireless
power transfer (WPT) system, a 64-elements spherical
transducer array is used for the control unit (CU) while a 6-
elements flat transducer array is employed for the implant.
The natural focus of the spherical array, point of maximum
intensity, is located at distance (d) of 11 cm and the focal
area measured at -6 dB is 2 x 5 mm?2. The implanted
transducer has a total active area of 5 x 10 mm? (SA;;)
and the active area per element of the array is 5 x 1 mm?
(SA). Hence rectifiers should be connected to add the
current yielded by the elements of the array since the focal
area is smaller than SA;.:,. To boost the rectifier output
voltage an off-chip shunt inductor (L) is used to resonate
with the tranducer and the rectifier imaginary part.

For US-WPT a governing equation is nonexisting to
estimate the power link budget as function of frequency
selection and transducer design by considering all the
chain which includes the external PA, the attenuation



in the body and the load of the implant. Hence, the
following approach is used to design the power amplifier
and to determine the input voltage range at the DC-to-
DC converter. A narrowband model is assumed for the
piezoelectric (PZT) tranducers and the implant is always
presumed at the spatial peak of maximum intensity.

III. SHUNT-C CLASS-E POWER AMPLIFIER

Figure 2 shows the shunt-C class-E power amplifier
along with the driving amplifer and a transducer equivalent
model represented by a parallel branch constituted by the
capacitor (C}) in series with the resistor (R;).

H ZVS condition}
i lps 7 ;

vV, | i1 /
ke S T
:{VDRAIN *"3663;
RFC/ P <2vs t
{ Cs trans. eq. model
VDRAI": Ls Vour
los ) c==i

Voo |
I—I_

~

T CSHUNT cP "|’\ LP

Shunt-C class-E power amplifier with transducer equivalent

Fig. 2.
model.

The parallel inductor Lp resonates with the transducer
at 1 MHz, the series capacitor Cs prevents any DC
feedthrough, the parallel capacitors Csygynyr and Cp
helps to achieve zero voltage switching (ZVS). The series
inductor Lg increases the power amplifier efficiency since
the AC current through Lp decreases and as consequence
the iron loss decreases.

A. Tuning Methodology

Design equations have been developed for the class-E
power amplifier [4], henceforth in this section a tuning
strategy is proposed. The shunt-C class-E power amplifier
is designed with Advanced Design System (ADS) and
an average value for R; and C} is considered. 64-PA
are fabricated on standard substrate FR4 due to the low-
frequency requirement.

Figure 3 shows the tuning methodology adopted to
calibrate 64-PAs, two main loops can be distinguished to
set respectively the output voltage (Voyr) of the PA to
the desired voltage (Vgoar) and to achieve ZVS for best
efficiency. To set the value for the capacitors the magnitude
[Vour — Veoar| is compared with AV; or AV;. The
initial conditions AV; o, AV, o for AVy, AV, are chosen
within the range [0.1 = 1] V and their values also dermine
the final maximum distance between Voyr and Vgoar.
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Fig. 3. Tuning methodology for the calibration of multiple shunt-C
class-E power amplifer.

B. Measurements

Figure 4 represents the histogram of the number of
amplifiers versus the measured output voltage before and
after using the tuning methodology. A 37 % of the number
of PAs reach Voyr = Vgoar = 19 Vpeak, while the
remaining 63 % present a shift only of 1 V from Vgoar.
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Fig. 4. Number of amplifiers versus the output voltage w/ and w/o
tuning.

To evaluate the efficiency of the shunt-C class-E power
amplifier a prototype is realized and the transducer is re-
placed by its series lumped equivalent model (R; = 120€2,
X = —7290€2). Figure 5 shows the prototype efficiency
versus the DC power supply (Vo) while Vpp is kept
constant. Drain efficiency (eqn. la) and power added
efficiency (eqn. 1b) are measured for the power amplifier.

_ Pour,rF

DE = (la)
PVcc
PAE — Povur,rr — Ppyn (1b)
PVCC



Where Poyr, rr is the delivered power to R;, Py is
the DC power and Ppy n is the dynamic power consumed
by the driver during the charge/discharge of the gate-to-
source and gate-to-drain capacitances of the power MOS.
According to Figure 5, the ripple on DE is less that 10%
on all the scale of Vo whereas the ripple on PAE is less
that 10% for V¢ larger than 3 V.
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Fig. 5. Efficiency of the tuned shunt-C class-E power amplifier.

The 64-PAs are able to deliver an acoustic intensity
(Iac) in water of 23 W/em? at 11 ecm with Py, tot
equals to 8 W and Poyr rF,,, equals to 5.4 W. The
acoustic intensity is measured via the hydrophone HGL-
0200 (ONDA) which average sensitivity is -264.3 dB
re. 1V/pPa and its associated amplifier. The US-WPT
link efficiency can be expressed as the ratio between the
received electrical power Pj,,4 and the delivered electrical
power Pour rF,.. [2], [5]:

Pioad _ Ioe x SA X Nae
Pout,RrF,..

@)

Mink =
Pour,rF,,,

Where 7, = 50% is the acousto-electric efficiency for
one element of the implanted tranducer array. Assuming a
conjugate load matching at each element of the implanted
tranducer ends, the maximum theoretical US-WPT link
efficiency is 10.6%.

IV. Two STAGE LDO

Figure 6 depicts the linear DC-to-DC converter that sets
the charging voltage of the battery (see Figure 1). A current
mirror OTA (OTA1) and a basic OTA (OTA2) are designed
in a CMOS 0.18 um HV technology to enhance PSRR.
The rectifier output voltage (V...) is regulated to Voyr1 =
4.2V and Vparr = 4.1 V. To evaluate PSRR with respect
to Vycc, the reference voltage (V) is provided externally
and it is set to 1.2 V.

The micro-energy cell is represented by its Thevenin
equivalent model with an equivalent capacitance of 277
mF (Cparr), a cell equivalent series resistance of 180
2 (ESR) and a self-discharge resistor (Rge;r) of 10 MS2
representing the battery leakage.
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Fig. 6. Linear DC-to-DC converter to improve PSRR.

A. PSRR Analysis

A methodology to analyze PSRR is proposed in [6] by
mean of control-theory. Figure 7 represents an equivalent
network of the two-series LDO to analyse PSRR at low
greﬁ]uency. Hence, Vo1 and Vp a7t can be expressed as

ollows:

A1A2 A2 (1 — Ap1) + Ap2

Vi =——  Vier+ Vire 3a
ouT1 1T BrAs A ef 1T A A ec (3a)
A3A4 A4 (]. — Ap3) + Ap4
\% =——" _V Vi 3b
BATT 1T BadsAs ef + 1T GaAsAs our1 (3b)
Where the attenuation factors are defined as 81 = —le}%fl
— Ro i i
and f2 = #; TR The supply gains are written as

Apt = Vi/Viee, Apa = Vouri/Vree» Aps = Vaz/Vour:
and Aps = Vparr/Vouri. So, assuming 1 A1 A, > 1
and By A3A4 > 1, equations 3 can be rearragend as:

Vrgf V'rec 1
Ve ~ Lo Sarn 4
ouri /@1 + /61 PSRRLDOl ( a)
Vier | Vour 1
v ~ 4b
BATT ﬁQ ﬂg PSRRLDOz ( )
1 _ 4 1 L
Where perr—o a4, + apsem T Porr; and

1 _ 1 1

PSRRipo; — A3 + &rsrm T Ponms - The parameters
PSRR; are defined by PSRR; = —4-, PSRR; = 4,
PSRR3 —:;33 and PSRR, AA—‘Z. By replacing
equation 4a into equation 4b, V71 can be expressed

as follows:
1 VT€
5 |( ) e

N ( ) Vyee

5 ] ®)

At low frequency any variation in V... is further sup-
pressed at Vp a7 by using two LDOs in series as shown
by the term (PSRRLDOl X PSRRLDOQ)il.

1 1

B PSRRLpo,
1
PSRRLpo, PSRRLpo,

Vearr

B. Experimental Results

PSRR of the proposed LDO is measured using the
methodology proposed in [7]. At low frequency PSRR
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Fig. 7. Equivalent network of the linear DC-to-DC converter to improve
PSRR.
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measured at Vg is 10 dB above PSRR measured at
Vour: (Figure 8(a)), while at high frequency both PSRRs
dropped down to few dBs (Figure 8(b)). To compensate for
the very low frequency pole introduced by the micro-cell
battery and to improve PSRR at high frequency, a parallel
bypass capacitor with low ESR can be added (Figure 8(b)).
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Fig. 8.
at high frequency [10 kHz :

Measured PSRR: (a) at low frequency [50 Hz : 1 kHz] and (b)
1 MHz].

Table I is a summary of the measured performance of
the proposed LDO. Measured results are very close to
simulated results (typical case), the variation is due to a
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shift in the pmos threshold voltage from —1.4 V' (typical)
to —1.2 V as reported by the process control monitor
(PCM) characterization report of the foundry.

TABLE I
SUMMARY OF LDO SPECIFICATIONS AND PERFORMANCE

Parameter |

Input voltage (V) 09 (Vyee)
Load current (mA) 10 GiouT)
Output voltage (V) 4.1+£0.05 VBaTT)
Battery capacity (pAh) 300 [8]

Drop voltage (mV) 200 (= Vyec-VBATT)
Ground current (A) 210

0.66 (simulated 0.6)
2.2 (simulated 0.8)

4.7 (simulated 1.6)

0.08 (simulated 0.03)

Load regulation @ Vopyri1 (mV/mA)
Line regulation AAvg—i::l mV/V)
Load regulation @ Vg arr (mV/mA)

Line regulation % (mV/V)

V. CONCLUSION

A novel system to transfer energy via ultrasound to
deep implanted medical devices has been proposed. The
driving electronic for the external transducers showed a
DE up to 71% for Vo = 3 V and it was capable of
delivering I,. = 23 W/cm? at 11 c¢cm by leading to a
theoretical 1;;,x = 10.6%. Moreover, to recharge a micro-
battery in the implant, a linear dropout regulator was
fabricated in a CMOS 0.18 ym HV technology. The LDO
was successfully tested and measured along with simulated
results were reported.
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