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Abstract—A closed-loop controlled wireless power transmission
circuit block for implantable biomedical applications is described in
this paper. The circuit consists of one front-end rectifier, power
management sub-block including bandgap reference and low drop-out
regulators (LDOs) as well as transmission power detection / feedback
circuits. Simulation result shows that the front-end rectifier achieves
80% power efficiency with 750-mV single-end peak-to-peak input
voltage and 1.28-V output voltage under load current of 4 mA. The
power management block can supply 1.8mA average load current
under 1V consuming only 12uW power, which is equivalent to 99.3%
power efficiency. The wireless power transmission block described in
this paper achieves a maximum power efficiency of 80%. Thewireless
power transmission circuit block is designed and implemented using
UMC 65-nm CMOS/RF process. It occupies 1 mm x 1.2 mm silicon
area.

Keywords—Implantable biomedical devices, wireless power
transfer; LDO,; rectifier; closed-loop power control

I. INTRODUCTION

IRELESS power transmission for biomedica

applications attracts intensive research interest in recent
decades due to the fast development of implantable biomedical
systems [1-4] which are currently in tremendous needs for
human organ prosthesis [5], daily life health carg[6] and
clinical treatment [7,8] .

Figure 1 shows the typical system configuration for an
implantable biomedical system and its applications. Most of the
real time health indicators monitoring systems and bioel ectrical
prosthesis systemsincluding retinal, cochlear, brain and muscle
prosthesis require the device to be implanted underneath the
skin, skull or other human body tissues for minimum damage,
higher performance and better cosmetic appearance[9-11]. For
implanted devices, wireless power and data transmission is
preferred to avoid changing battery frequently through surgery.
The externa power and signal transmission module in Fig.1
transmits the power and data to the implanted devices in the
human body through a wireless link. The implanted devices
interact with the targeted tissues and cells for biologica
prosthesis, health monitoring and advanced biomedical
treatment such as pain control, mood regulation and remote
microsurgery. These bio-information and operation can be
monitored and controlled through a handheld device.
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Fig. 1 Block diagram of atypica wireless powering link

There are severa concepts and technologies for wireless
power transfer since late 19" century [12] including capacitive
coupling, inductive coupling, microwave method and laser
method. Among these concepts and technologies, inductive
coupling is widely used for implantable biomedica systems
due to its simplicity and relatively efficient as a short-range
near-field wirel ess power transfer method [13-14]. The typical
system architecture of an inductive coupling wireless power
transfer system is shown in Fig.2. The dashed line in Fig.2
represents the separation between externa power transmission
module and the implanted device. The externa power
transmission module consists of one power amplifier and a
primary inductive coil.
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Fig. 2 Block diagram of atypical inductive coupling wireless power
link
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The power receiving block of the implanted devioasists
of the secondary inductive coil, matching netwadctifier and
low drop-out regulator. The primary and the secopdails are
designed to have a resonant frequency matchecetoaitrier
signal frequency for optimal coupling efficiency. hd
conventional efficiency-boosting technique addsgacitorC;
to form the resonance at power carrier frequefdye rectifier
is used to convert the differential alternatingtagé signal
(AC) appearing across the two terminals of secondaif into
a direct voltage signal (DC). To obtain a stable 2@ply, one
low drop-out voltage regulator (LDO) is followedtexf the
rectifier to provide a regulated DC output to powles entire
implanted device.

This paper is arranged as following: Section llalibes the
detailed circuit design and implementation of wées power
transmission circuit block. Section 1ll shows thenglation
results and interfaces to other blocks. Sectiorpt¥sents the
conclusion and discussion.

I. CIRCUIT DESIGN ANDIMPLEMENTATION

A. Circuit System Architecture

The circuit system architecture described in thapgy is
shown in Fig. 3. The circuit system consists of oeeifier
connected to the power receiving coil, one proted®F limiter
to limit the input voltage level, one protective Di@iter to
limit the output voltage level, one bandgap refeesto provide
voltage references, four LDOs to provide stable grosupplies
for different circuit blocks such as command li@k{) circuits,
transmitter (TX), Phase Lock Loop (PLL) and baseebéBB)
circuit in the implanted device and one comparaioay to
provide feedback on the input power level. The tqmwer can
be controlled based on the power received by thigless
power receiving circuit.
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Fig. 3 Circuit system architecture

B. Rectifier, RF and DC limiter

The rectifier circuit design is based on the cotioeral
diode-connected four MOSFETS cross-coupled rectifesign
[15]. The required output voltage for rectifierli® V.
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Fig. 4 (a) Top schematic of the rectifier (b) Smgtage schematic (c)
Schematic of RF/DC limiter

Two-stage architecture shown in Fig.4 (a) is adbpbeelax
the input voltage requirement for the rectifierheTschematic
of the rectifier and RF/DC limiters are shown i Bi (b) and
(c), respectively.

Two-stage rectifier architecture is adopted to eehil.2-V
output DC level under 750-mV single-end peak-tokp@gut
signal. C1 and C2 are used as coupling capacitasuple the
input signal of the second stage rectifier to thgat of the first
stage rectifier. The input signal frequency is 1 M€t by top
level system requirement, C1 and C2 is set as 28onF
effective coupling. Cr is used to reduce the riggdlthe rectifier
output. The single stage schematic of rectifishiswn in Fig. 4
(b). The negative peak voltage of both input teafsnare
directed to terminal OUT- and positive peak voltajeboth
terminals are directed to the terminal OUT+. Thedlo
resistance RLOAD is fixed at 250 Ohms in our agtlan. To
achieve a high efficiency in the rectifier the M@SI5 in the
rectifier is designed to have a very low ON resista The size
of MP1 and MP2 is 188200 um / 0.37um, the size of MN1
and MN2 is 120x32 pm / 0.37um. Two RF limiters are
connected with input nodes to protect the inputhefrectifier
from unexpected large voltage signal. One DC limisealso
connected between the rectifier output terminalpraiect the
circuit blocks following rectifier which are the @ in the
system. The schematic of the RF / DC limiters dr@ws in
Fig.4 (c). Two diode connected PMOS transistorsueed to
define the threshold voltage of the limiter. Onbe woltage
across terminal P and N exceeds the thresholdgeltisiN3
will be turned on. The gate voltage of MP5 will apgch 0 V

causingVgs of MP5 to approach VDD. The input impedance of

the limiter becomes very small when the voltageeers

threshold voltage, compensating the input voltanegy

increasing. The threshold voltage for RF limitedésigned as 1
V and threshold voltage for DC limiter is desigraedl1.4 V.
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Fig. 5 Simulation results of the two-stage capeeitioupled rectifier

The rectifier is designed and simulated under UM@B5
CMOS / RF process. Cr is chosen as 50nF in thelation,
input voltage source is set as 900 mV single-erak{e-peak
sinusoidal wave with 50 Ohm internal resistancg. Bishows
the simulation results of the rectifier under diffiet process
corners. The simulation result shows that the fiecutput is
within the design range from 1.2 V to 1.3 V. Thenslated
power efficiency of the rectifier is 80.2% undee thypical
process corner.

C. LDO and Bandgap
The power management system of the ASIC consistaef

bandgap reference and four LDOs to provide four grow

domains for the command and data link (CM), phas&dd
loop (PLL), baseband digital block (BB) as wellths transmit
power amplifier (TX).

In order to operate under 1.2-V supply, the banagégence
utilizes subthreshold property of MOSFETs to obt#ie
temperature invariant reference voltagéREF Under
subthreshold operation, the gate-source voltagges) ( of
MOSFET exhibits temperature characteristics thatsamilar
to BJTs. As shown in Fig. 6 (a), MN1 and MP5~6l@iesed in

subthreshold operating region avigs can be expressed as (1)_Va

which is a negative temperature coefficient terj [1

Iy L
Vs = Vi, +NV; In(ID %] )

o
where Vgs is the gate-to-source voltag®s is the thermal
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Fig. 6 (a) Schematic of bandgap reference (b) Setiemmf LDO

TABLE |
SUMMARY OF POWERMANAGEMENT SIMULATION RESULTS
Parameters Conditions Value
VOUT 1.023V
177 mV
IQ Bandgap 1.14pA
LDO 1.48pA
lout(Max) 10 mA
Line regulation Lc_)W load currer 0.8 %/V
High load current 0.7 %IV
Load regulation 0.004 mV/mA

voltage, Ip is the drain current|, is a process dependent

characteristic current, is the effective channel-length, awd
is the effective channel-width.

In this design, MP6 has a size that is 8 timeslatigan MP5.
They generate a proportional-to-absolute-tempeza@T AT)
current having their gate-source voltage differerzmeoss
resistor R1. By adding the negative temperatureficant
term Vgs with the positive temperature coefficient term,
temperature independent reference voltdB&EFis generated
as expressed in (2)

VREF=Vgguyn: + %i nV; In(WMPGJ 2

MP5

The VREF is then utilized to generate the supplyage for
the four power domains through LDOs.

The schematic of the LDO is shown in Fig. 6. (Bn
amplifier Al is applied in the feedback mechanisnkeep the
voltage level at its two input terminaREF andVFB to be
equal. The output of Al adjusts the gate voltagéVBfl to
£ounteract any changes WOUT either due to load current
variation or supply variation such theEB keep tracks with
VREEFE Miller capacitor C1 and resistor R1 stabilizes HDO.

The simulation results of the power managementesys
including bandgap and LDO are summarized in Table |
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IIl. SIMULATION RESULTSAND DISCUSSIONS

The wireless power receiver circuit system described in
section |l is simulated using an ASK modulated RF signal of 1
MHz as the input voltage source. The load is emulated using
one 250 Ohm resistor connected to the output of the LDO
which is equivalent to 4-mA load current a 1-V supply.

The simulation results are shown in Fig. 7. The rectifier
output stables to 1.28 V 2 ms after the initialization. The LDO
output is 1.01 V. The 1 MHz CLK is extracted by clock and
data recovery (CDR) circuit from the RF input. The two-bit
power level <01> from the comparators indicates that the
received power is within the optimal power range. POR signa
is generated from the POR circuit which is aso powered by the
LDO. The simulation results demonstrate the functionality of
the designed wireless power receiver circuit system with a
wireless power transfer capability of 4 mW.

IV. CONCLUSION

An inductive coupling based CMOS wireless power
receiver is designed and implemented using UMC65nm
COMS/RF process. The required input RF voltage for the
receiver is 750 mV single-end peak-to-peak. The designed
output voltage and maximum load current is 1 V and 4 mV
respectively to supply other circuit blocks in the implanted
device. The entire wireless power receiver achieves 80% power
efficiency without considering the inductive coupling loss. This
design can be adopted in implantable biomedical applications
which require wireless power/data transfer.
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Fig. 7 Simulation results of the close loop wireless power receiver circuit
system
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