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LDO for Bio-implantable Devices

Byeonggyu Park, Tae-Gwon Yun, Kyongsu Lee, and Jin-Ku Kang

Abstract—This paper describes a neural stimulation
system that employs an inductive coupling link to
transfer power and data wirelessly. For the reliable
data and power delivery, a self-referenced amplitude-
shift keying (ASK) demodulator and a wide-range
voltage regulator are suggested and implemented in
the proposed stimulator system. The prototype
fabricated in 0.35um BCD process successfully
transferred 1.2 Kbps

supplying 4.5 mW power to internal MCU and

data bi-directionally while

stimulation block.

Index Terms—Neural stimulator, near-field inductive
coupling, maximum power transfer efficiency (PTE),
implanted device

I. INTRODUCTION

Deep brain stimulators have been successfully
demonstrated as a clinical tool for the treatment of
chronic pain and movement disorders such as
Parkinson’s disease [1-3]. These medical devices often
employ the near-field inductive coupling for power and
data delivery to implanted devices as a replacement for
transcutaneous wires or implantable batteries that may
cause infections in human body or require a periodic
surgery. However, the small form factor requirement of

these implants usually makes them difficult to deliver
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enough power for the internal circuits.

Therefore, the efficiency of power transfer to the
remotely powered implants has been one of the important
issues and it is mainly limited by the weak inductive
coupling [4, 5]. When the coupling distance and load
condition are given, a careful choice of inductor topology
should be made to utilize the maximum allowable power
transfer efficiency (PTE). At the same time, the chip area
and power consumption of the internal device should be
kept to a minimum.

Due to its simplicity, ASK scheme is often used for the
data modulation in the implanted device. For the
demodulation of the data from coupled ASK signal at the
implanted device, it is necessary to build an extra
regulator circuit for the reference voltage generation,
consuming the chip area and power. Furthermore, the
generated reference should not closely correlated to the
signal to be detected so that the data recovery becomes
insensitive to noise. To overcome the issue, a self-
referenced ASK demodulation scheme is proposed for
the reliable data demodulation with a low power
consumption.

During the power recovery, the operation range of
internal circuits such as regulator and DC generator often
limits the dynamic range. To solve this issue, we propose
a wide-range voltage regulator to extend the operation
range of the implanted device.

This paper is organized as follows. In Section II, a
system design methodology is described. In Section III,
circuit designs including two proposed circuit blocks are
discussed. The measurement results are presented in

Section IV and conclusion is given in Section V.
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II. SYSTEM DESCRIPTION

The implanted stimulation system as shown in Fig. 1
consists of an external device for power and data delivery,
inductive coupling interface, and internal device (or
implanted device). A carrier frequency from external
device delivers the power remotely to the internal device
where a full rectifier and a voltage regulator recover DC
power (3V) for the internal use. For the half-duplex data
communication, transmitting data from an external
device (downlink data) to an internal device is modulated
with amplitude-shift-keying (ASK) and the data from
internal device (uplink data) to an external device is
modulated with load-shift-keying (LSK) [6]. The LSK
modulation technique is to send the internal data (digital
data) to the external device by changing the impedance
of the resonance in the inductive link. If the impedance
of the resonance circuit is changed by an internal switch,
the output voltage level in the receiver side (external
device) is varied and the change can be detected with
LSK demodulator as an uplink data.

The two resonance circuits resonated at the carrier
frequency amplifies the modulated signal and transfers
data through the coupled inductor pair (L,, L,). The
degree of inductive coupling is represented by the
coupling coefficient (k), which is inversely proportional
to the distance between two inductors. A typical distance
(i.e. the thickness of tissue) for the neural stimulator
ranges from 2 to 10 mm.

During transferring downlink data, the external device
should deliver a continuous power to the internal circuits
including a demodulator, a stimulator, a MCU (Micro-
controller unit), and 4-channel electrodes. In transmitter a
power amplifier (class-D type) drives low impedance
series resonance circuits (L, and C;). The downlink data
transfers the configuration parameters for the stimulator
and the MCU that chooses the combinations of channels
to be activated and modulates the shape of stimulation
signal. The uplink data transfers the status of the
stimulation device to the external monitoring system.

When the inductors (a spiral trace on PCB) in the
inductive link are to be designed, the PTE of inductive
coupling system should be considered and it is heavily
depends on the coupling factor (k) and the load in
parallel with the secondary resonance circuits (L, and C,).

The coupling factor is inversely proportional to the
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Fig. 1. The stimulation system block diagram.
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Fig. 2. The design procedure for the stimulator system.

distance between inductors where its values ranges from
0.02 to 0.12. The transferred power through the
inductively coupled links at the resonance is maximized
at an optimal resistive load (R,,,), which can be

R, =1JQ% (1)
k\ O 272'fOC2

where f, is the resonance frequency, O, is the quality

approximated as

factors for the primary, and O, is the quality factor for
the secondary resonator, respectively [6, 10].

In practice, the load (R;) is set by the power
consumption of the internal circuit driven by the voltage
regulator. Therefore, if the system parameters such as %,
R;, fp, and Q values are known, the optimal inductance
can be derived from the Eq. (1). This observation
delivers a practical design procedure which is shown in
Fig. 2. The validity of this design approach is based on
the observation that the effective resistive load seen from
the secondary coil (L,) is the sum of the series resistance
of the full rectifier, the regulator and the load. When an

optimal L, is found then the next step is to design a
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resonance circuit with a given inductance and a Q factor
with a field solver simulator in order to match with the
measurement result of actual circuits on PCB. The & in
this paper is chosen from the median value (0.06) of the
range between 0.02 and 0.12. In this way, the optimal
power transfer at given system parameters can be
achieved. In this paper, we followed the design
procedure in Fig. 2 to implement the proposed system.

Various design issues may occur while designing
wireless ASK modulated data and power transceiver for
the implanted device. The full-rectifier acts as an
envelope detector and removes carrier frequency from
the received signal in the implant. The full wave rectifier
is realized by discrete devices with a diode bridge. The
rectifier output (Vgzgc) can be used as the ASK
demodulator input to recover downlink data. However,
the voltage level of Ve changes with respect to the
coupling coefficient. Also, the voltage level of Vygc
changes with respect to the data pattern due to ASK
modulated data transmission. Therefore the supply and
reference voltage of the amplifier should track the
common-mode level of Vygc to recover data signal
reliably. To achieve a reliable data recovery a self-
referenced circuit technique for the ASK demodulator is
proposed.

Secondly, a low-dropout (LDO) regulator with a band-
gap reference (BGR) is used to provide a constant
voltage to the internal circuits. However, the
conventional regulators often exhibit a limited range with
respect to its input voltage level (Vggc). The lower
boundary is due to the fact that the minimum voltage
level is required to enable the BGR circuit. If the input of
the reference generator is larger than a specific value,
transistors in the BGR fall into the triode region failing to
keep a constant reference level. This issue becomes more
important in ASK modulated data transmission system
since the output of regulator (Vygg) is derived from the
ASK modulated data. Therefore, a wide-range LDO
topology covering the required Vygc range reliably is

proposed.

III. CIRCUIT IMPLEMENTATION

1. Inductor Design

The first step of the proposed design procedure is to
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Fig. 3. Simulated PTE with respect to (a) the coil inductance,
(b) the coupling coefficient.

determine design parameters such as R;, carrier
frequency and the Q value of the resonance circuit. The
design starts from the required power specification in the
receiver. The power consumption of the internal circuits
is targeted as 4.5 mW at 3 V supply. The higher carrier
frequency, in general, suffers more attenuation in the
body tissues [7] but supports the larger bandwidth for the
data transfer. However, in typical stimulation system, the
stimulus rate for stimulation is usually less than 1 Kbps
[8]. The typical stimulation system does not require a
high speed data rate. The Q factor of a spiral inductor on
FR4 PCB

requirements, we set design parameters as R;=2 KQ,

is around 10 to 20. Based on these

carrier frequency = 6 MHz and Q = 5. From Eq. (1), we
found the target inductance is about 3 uH at k=0.06 (the
median value). The simulated PTE is the ratio of the
recovered power at the secondary coil (PTE1) and the
output of full rectifier (PTE2) in the implant to the
transmitted power from the primary coil (Fig. 3). Fig.
3(a) presents that the PTE is maximized at about L=3 pH.
At the target inductance, the PTE varies dramatically
with respect to k as shown in Fig. 3(b). The maximum
PTEs at £=0.12 are 71% and 48.3%, respectively. After
the target inductance value is determined, the next step is
to design a spiral inductor on PCB. The field solver
simulations are performed to determine the geometric
parameters (Fig. 4) such as the number of turns, outer
dimension (X, Y), width, space and the size of hollow.

2. Proposed Self-referenced ASK Demodulator

The voltage range of Vyge, which is the output of the
rectifier, is varying from 3 to 7 V. The ASK demodulator
should decode directly the data as ‘O’or ‘1’ from the
varying Vggc value. The proposed self-referenced ASK

demodulator consists of two amplifiers with passive
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Fig. 5. (a) Proposed self-referenced ASK demodulator circuit,
(b) its simulation result.

components (Fig. 5(a)). A low-pass filter (R; and C)) is
used to extract the common-mode (CM) level of Vyge
and DC supply (V,) to the amplifier. A resistive divider
network (R; and R,) is for lowering the amplifier input
level (Viy). The CM of the Vi is filtered again by
another filter (R, and C,) and provides the reference
(Vrer ) for the amplifier. Thus the supply power and
the reference voltage of the amplifier follow the CM
level of Vgge. With the proposed ASK demodulator, data

is recovered reliably in the presence of Vg variations.

When a toggling pattern is applied to the demodulator
(Vrec) as shown in Fig. 5(b), Vggr v stays in the middle
of the Vyy so that the amplifier can recover the data with
a margin. In the simulation, the data can be successfully
recovered with the two stage amplifiers with the
detection margin of less than 20 mV.

The Vi is amplified if CM level of Vint+ and Vin- is
between supply voltage and GND. The gain of this
amplifier is small and the operating speed is slow
because there is no bias current. Since the data rate in the
wireless stimulator does not require a high speed, this
amplifier is useful in wireless stimulator system with
ASK demodulation where the CM level of Vi is not
precisely defined. The proposed ASK demodulator
consumes much less power (~200 pW), when compared
to prior works in [12] and [13] that exhibit the power
consumption of 1.01 mW and 0.481 mW, respectively.

3. Proposed Wide-range Voltage Regulator

In conventional LDO regulators, the rectifier output is
directly connected to the supply voltage of a band-gap
reference (BGR) as shown in Fig. 6. A cascoded BGR
circuit in Fig. 7 is used for voltage regulator [9]. When
all MOS transistors are operating in saturation region and
the ratio of R, and Ry is properly set, the cascaded BGR
outputs Vygg.

In conventional LDO with a cascoded BGR circuit, the
minimum Vgge which makes the BGR generate the
constant Vygp is the lower bound. When Vg becomes
very large, then the BGR fails to generate a constant
Vier since some transistors fall into the triode region.
Thus, the operating range which the BGR generates the
constant Vygp limits the operating range of the LDO. In
wireless stimulator, the operating region of the cascoded
BGR should satisfy the condition, Vygg<operation-range
<VgegtVpeak rec While the level of Vggc is varying by
the modulated data pattern and k (coupling coefficient).
Veeak rec 18 Vhicr - Viows Where Vygy and Vi are
the high and low amplitudes of the carrier corresponding
data, respectively. In order to increase the output range of
the BGR, all the MOS transistors should operate in
saturation region under the higher Vygc levels. For this,
the current of BGR should be increased accordingly to
keep the transistors saturation region, resultantly the

power consumption increases.
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The cascoded BGR generates a reference voltage of
1.12 V when its power supply reaches a certain level
(>3 V). The conventional LDO generates the desired
level of Vygg by feedback if BGR supplies the constant
Vier- Vrig is determined by the Eq. (2).

Vieo = (1 + g_)’\] Ver (2)
X

The proposed regulator (Fig. 8) has increased the
operating area of the BGR without increasing the power
consumption of BGR and the operating range of the LDO
is also increased accordingly. In the proposed regulator, a
cascaded amplifier stage (M;, M, and R,) is added to
extend the operation range of BGR compared to
conventional LDO, in which Vggc is directly connected
to the power supply of the BGR block. The benefit of the
proposed LDO can be seen using large signal model and
small signal model.

Added block

Mpass VREG
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Fig. 8. The proposed wide-range LDO regulator.
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Fig. 9. The simulation result of proposed wide-range regulator.

First, in point of small signal model, the circuit that
consists of M;, M, and Ra decrease the output impedance
of source of M,. When the gate voltage of M, increases,
the gate voltage of M2 (Vjy) is decreased and output
voltage (V) of the source follower stage (M2 and BGR)
is lower than Vi by V. Thus Vg has the smaller
variation relative to variation of Vyge. Therefore, the
operating range of LDO is increased and the BGR output
(Vgrer) is more stable as the supply voltage of BGR is
less sensitive to variation of Vygc.

Secondly, in large signal view, when Vygc increases,
the output (Vi) of the common-source amplifier
increases slowly (Fig. 9). This is because the increment
of Vyge forces the amplifier (M;) to enter into triode
region dropping its gain. This slow slope of the BGR
supply voltage actually helps extending the operation
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Fig. 10. (a) Fabricated spiral inductor on PCB, (b) its S11 and
S21 measurement result.

range. The output (V,) of the M, follows Vy where its
level is shifted by the threshold voltage. As shown in Fig.
9, the operation range of the proposed regulator is
extended by 2.1 times. Proposed wide-range voltage
regulator has power dissipation of 320 uW. The
simulated line regulation is 14 mV/V, the load regulation
is 0.05 mV/mA, and PSRR is 75dB to 110dB up to
10 MHz disturbance in the power line at Vin=8V,
Vout=3 V and load current=2 mA.

IV. MEASUREMENT RESULT

Based on the iterative simulations, actual spiral
inductor patterns were fabricated on PCB. Several
inductor patterns with slightly different geometric
parameters (Fig. 4) are fabricated to match to the target
inductance (3 uH) (Fig. 10(a)). A 2-oz metal thickness
was used to secure high Q of the inductor. To measure
the Q factor, a resonance circuit is designed to measure
S11 and S21 with a network analyzer. The measured
inductance was 3.4 uH and its Q factor (Fig. 10(b)) was
15.2 around 6 MHz.

The external and internal chips are fabricated in
0.35 um BCD process. The chip photographs are shown
in Fig. 11. Each chip occupies 2.3x2.3 mm?. These chips
are assembled on FR4 PCB by using COB process. A test
setup for the power and data transfer is shown in Fig
11(c). A pattern generator with clock output is connected
to the input of the ASK modulator and on-chip power
amplifier to drive a series resonant circuit. The inductor
pair was coupled to transfer power and data to the
internal device. The regulator output at 2 KQ load and
the demodulator output were monitored with an
oscilloscope. The on-chip power amplifier is connected
to the series resonant circuit to measure the frequency

} ASK DEMOD

Pawer amplifier -

Fig. 11. Photographs of (a) external chip, (b) internal chip, (c)
test setup.
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Fig. 12. Measured frequency response of the primary resonant
circuit.

response (Fig. 12). The measured Q, at 6 MHz was
around 10.

The ASK modulated waveforms across the coupling
inductors and demodulator output at the internal device
are shown in Fig. 13(a). The proposed demodulator
successfully recovered NRZ data delivered at 1.2 Kbps
from the external device. The minimum resolution of the
self-referenced demodulator was about 50 mV. Within 3
to 8 mm separation of coupling inductors, the regulator
45mW power. The LSK
modulated signal waveforms at the coupling inductors

successfully supplies
and recovered uplink data are shown in Fig. 13(b). The
LSK demodulator in the external device successfully
recovered uplink data at 1.2 Kbps. Measurement results
for the operating area of the wide range LDO is shown in
Fig. 14. It shows wider the operation area than operation
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Fig. 13. Recovered waveforms of (a) the downlink, (b) the
uplink data.
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proposed LDO.

area of the conventional regulator. The performance of
the stimulator system is summarized in Table 1. In Table
2, the performance of the proposed demodulator alone is
compared with the prior works in the literatures [11-13].
self-referenced ASK  demodulator

consumes less area and power.

The proposed

V. CONCLUSIONS

For the implementation of biomedical stimulator
system, this paper described a practical design procedure
that delivers the maximum allowable power at the given
system requirements such as carrier frequency, inductor
topology, and load condition. Self-referenced ASK
demodulator and wide-range regulator topology have
been proposed to recover power and data reliably for the
ASK modulated transmission system. Since the proposed
ASK demodulator is flexibly working in response to
changes in the input voltage, more stable data recovery is
done. And the proposed wide-range voltage regulator
recovers the DC power more stably for the receiver
circuit. The prototype chips fabricated in 0.35 um BCD

Table 1. Performance of the designed stimulator system

Items Values
Carrier frequency [MHz] 6
External ] link 2
device Maximum downlink data rate [Kbps] .
Supply voltage of power amplifier [V] 2.6
Inductance [uH] 34
Coupled -
resonators Capacitance [pF] 200
Q factor (primary/secondary) 10/15.2
Regulated voltage [V] 3+5%
Internal - -
device Maximum uplink data rate [Kbps] 12
Power recovery [mW] 4.5
Maximum power efficiency [%] 71

Table 2. ASK demodulator comparison
[11] [12] [13] | This work
Process [um] 0.35 0.18 0.35 0.35
Area [mm?] 0.003025 - - 0.00205
Carrier frequency [MHz] 2 2 2 6
Data rate [Kbps] 250 1000 10 >1000
Supply voltage [V] 1.8 33 33 3
Power consumption [mW] 1.01 0.48 *10.2 0.2

* SS corner simulation

successfully transferred 1.2 Kbps data in

bidirectional ways while supplying 4.5 mW power at the

process

implant. The proposed demodulator works up to 1 Mbps
data with 200 pW power consumption.
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