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Abstract—In this work, a linear-based battery charger is
proposed, designed, fabricated in a 180 nm SOI process, and
measured. The design is aimed to charge low-power wearable or
implantable medical devices through a wireless power transfer
(WPT) link at a transfer distance of several centimeters, where
the available power is in the range of a few milliwatts. A novel
self-turn-on/off circuit was implemented, preventing quiescent
power consumption while the WPT link is inactive. The com-
pact proposed circuit requires a remarkable low chip area of
0.023 mm>. In measurements, using a 3.7 V (nominal) lithium-
Ion battery, a configurable charging current from 500 p A to
20 mA was achieved, while presenting a competitive efficiency
with the state-of-the-art. The automatic transition between the
constant current (CC) and constant voltage (CV) charging phases
is shown in measurements.

Index Terms—Battery charger, lithium-ion (Li-ion) battery,
area-efficient, low-power, wireless power transfer

I. INTRODUCTION

Wireless power transfer (WPT) has proven to be an ef-
fective solution to recharge the battery of mobile devices,
simplifying the recharge process and relaxing the trade-off
between the battery size and the autonomy of the device.
This is particularly useful in size-constrained applications such
as wearable or implantable medical devices where a wired
connection or battery replacement is not feasible. Inductive
WPT is the most typically used link type, especially preferred
for wearable and implantable medical devices [1]. A block
diagram of an inductive WPT link is shown in Fig. 1. In these
systems, an alternating current is imposed in the transmitter
Lr1y-Crx resonant tank at the resonant frequency. Then, the
induced voltage in the Lgy-CRrx resonant receiver is usually
rectified and used to charge the battery of the mobile device.
The design of the WPT link has been addressed in many
previous works [2], [3] and it is out of the scope of this
work which is focused on the battery charger design. Most of
the commercially available WPT links for active implantable
medical devices (AIMDs) require placing the charger over the
patient skin, achieving a transfer distance of a few centimeters.
In that charging scheme a charging current, Iy, of hundreds
of milliamps can be achieved. However, the received power
is not as high if the transmission distance is increased to
several centimeters. A transmission distance in a range of
several centimeters is required to act closer to the target organ
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Fig. 1. Block diagram of an inductive WPT link. This work focuses on the
battery charger design.

or nerve, or to implement a patient imperceptible charging
scheme, e.g., to charge the wearable device or AIMD from be-
hind the bed while the patient is sleeping [4]. In this charging
scheme, only a few milliwatts are received [4], however, it is
enough for applications such as hearing aid, analog cochlear
processor, body-area monitoring, and the promising field of
electroceuticals [5], [6].

In these low-power size-constrained applications, the
charger has to be power-efficient while delivering a few
milliamps to the battery. Additionally, the charger must be
area-efficient, to allow its integration jointly with the other
required circuits such as the rectifier and others required by
the application.

This paper presents a novel integrated 3.7 V (nominal)
lithium-ion battery charger that requires minimal layout-area
and achieves high efficiency while delivering a charging cur-
rent in the milliamps range. The charging current, during the
constant current (CC) phase, can be controlled from .5 mA
to 20 mA, to adjust the battery charging rate to the power
available through the WPT link. When no power is being
received through the WPT link, a novel self-turn-on/off circuit
disconnects the battery from the circuit, preventing bias power
consumption, until the WPT link is active again, as explained
in Section II. Therefore, the proposed battery charger is
suitable for low-power size-constrained wireless chargers.

This paper is organized as follows. First in Section II the
proposed circuit is introduced. This circuit was fabricated in
a 180 nm Silicon On Insulator (SOI) technology from X-Fab
Silicon Foundries, and the measurement results are presented
in Section III including a comparison with the state-of-the-art.
Finally, the main conclusions are drawn in Section IV.



II. ARCHITECTURE AND CIRCUIT DESIGN
A. Battery charger design

The battery chargers can be divided into switching-based
and linear-based architectures. The linear (also known as low
dropout, LDO) architectures are widely used due to their
high accuracy, compact layout size, and low noise [7], [8].
Since the input current, [;,, and the output current, Iy, are
almost equal in a linear-based battery charger, the efficiency
can be approximated as the ratio between its output and input
voltages,

n= Pout/Pin = M‘/bat ~ Vou

m‘/;ect ‘/TCCt

Therefore, the main drawback of this architecture is that the

larger the voltage drop between Vi and Vi, the lower the

efficiency. On the other hand, the switching-based chargers

achieve higher efficiencies but introduce switching noise and
require a complex control circuit [7], [8].

One approach to reducing the power loss in the linear-based
battery chargers is to control its input voltage, maintaining Vi
as close to Vi as possible.

On one hand, this control can be implemented using a
switching-based DC-DC converter placed between the recti-
fier and the linear-based battery charger, thus combining the
advantages of these two methods [9]. This method to control
Viect makes the receiver circuits more complex which is not
desired in this work where a compact circuit is pursued.

On the other hand, if the charging current, Iy, is below
the maximum battery charging current, the Vi could be
reduced by simply increasing Iy, and thus charging the battery
faster, without requiring an extra complex circuit. This is the
approach taken in this work, where the charging current can be
configured in a wide range, from .5 mA to 20 mA, as shown
later. Additionally, if the charging current is at the maximum
battery charging rate, Vi, could be adjusted by modifying the
transmitter output power [8]. Although this method requires
back telemetry, this data link is usually required by the type
of applications that this work is aimed for.

Although the V. regulation is out of the scope of this work,
this is discussed to justify the selected charger architecture.
For the target application, the linear-based architecture was
selected due to its compact layout size and low ripple. The
proposed circuit achieves a wide charging current range to
allow the adjustment of the battery charging rate to the power
available through the WPT link.

The proposed battery charger, shown in Fig. 2, is a compact
and minimal version of the widely used linear-based chargers
[8], [10], [11]. It is able to implement the well-known constant
current (CC) and constant voltage (CV) charging phases,
required to charge a lithium-ion battery. In this section the
EN signal is assumed at ground, thus M5 is on. The EN
signal generation is discussed in the next section II-B.

During the CC phase, the charging current is controlled
by the control voltage Vo (from off the chip). During this
phase, M4 operates in triode region with low on resistance,
and Vo is copied to the R1 terminal by the OTA1 (virtual
short), thus the current through the M1-M3-M4 branch, Ipirror,
is Veon /180 k. The charging current, Iy, is 1000 times
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Fig. 2. Proposed linear-based battery charger.

higher than I, due to the M1-M2 mirror copy ratio. The
OTA?2 and M3 hold the M1 and M2 drains at the same voltage,
reducing the current copy error. When the battery reaches its
charge voltage (4.2 V in this case), the CV phase begins,
where the charging current is gradually decreased. The CV
phase is implemented by OTA3 and M4. When V;,, reaches
the charging voltage (4.2 V) the inverting input of OTA3,
%atﬁ, begins to surpass the non-inverting input, V¢, thus
the gate voltage of M4 begins to go down. Therefore, the on-
resistance of M4 is increased, reducing Ipirror and thus Iy,
limiting Vi, to the charging voltage during the CV phase.

All the OTAs (operational transconductance amplifiers), are
simply Miller OTAs, and are powered from V. They were
designed following the gm/ID methodology [12], minimizing
layout area and power consumption while keeping the offset
below 10 mV. The OTAl and OTA3 have a PMOS input,
while OTA2 has an NMOS input since its input voltage, Vpqt,
approaches the supply voltage during the CV phase.

Layout matching techniques were used to minimize the
impact of mismatch and process variations. In the proposed
architecture, MOS variations generate a fairly imperceptible
impact compared to the variation of the R1 resistor in Fig. 2,
which directly impacts the charging current. For instance,
based on corner simulations, at Vo, = 360 mV (target Iy, =
2 mA), the MOS variations generate less than 20 pA shift,
while the resistor variation could generate up to +350 pA
shift. The on chip generation of V., is part of future work.
The R1 related spread can be mitigated through the inclusion
of a replica of R1 in the circuit that generates Vi op.

B. Self-turn-on/off circuit design

As explained in the previous subsection, all the OTAs used
in the battery charger circuit are powered from the rectifier
output node, V.. When no wireless power is being received,
Viect could drop below Vi, causing a reverse current through
the charger, from the battery back to the output node of the
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Fig. 3. PMOS cross-coupled active rectifier [17].
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Fig. 4. Proposed self-turn-on/off circuit that generates the charger enable
signal, EN.

rectifier. If that happens, the battery will provide the bias power
of all the circuits powered from V., while the wireless link is
inactive. That quiescent power consumption from the battery is
unnecessary, since the battery charger circuit could be powered
off while the WPT link is inactive. Therefore, a self-turn-
on/off circuit was proposed which generates the enable signal,
EN, turning on and off transistor M5, see Fig. 2, in order
to disconnect the battery while the WPT link is inactive, thus
preventing any quiescent consumption.

The proposed self-turn-on/off circuit takes advantage of the
gate drive signals that are generated by the active rectifier.
Instead of using diodes, an active rectifier uses MOS switches
that are turned on and off by voltage comparators, behaving
as a near-zero threshold voltage diode, reducing the forward
voltage drop and thus increasing the power conversion effi-
ciency and the voltage conversion efficiency of the rectifier
[81, [9], [13]-[16]. In this work the PMOS cross-coupled active
rectifier depicted in Fig. 3 was selected, which is widely used
in the literature for this kind of application [8], [13]-[15], [17].

The design of the rectifier is out of the scope of this paper,
but its architecture is introduced as the gate drive signals, Vg1
and Vo (Fig. 3), are used by the proposed self-turn-on/off
circuit. The Viz; and V(g2 signals only have pulses while the
rectifier is delivering power to the output node [8], [13]-[15],
which indicates that the inductive link is active. Therefore,
the proposed self-turn-on/off circuit, shown in Fig. 4, uses
one of these signals (Vz1) to generate the enable signal, EN,
as explained next.

While power is being received, M7 (Fig. 4) is periodically
turned on by the Vi signal, at the WPT carrier frequency,
discharging the Vp node to ground. When no power is being
received, Vi1 remains at low level, and the node Vi is charged
by the bias current Iz, rising £ N and thus disconnecting the

TABLE I
TRANSISTORS SIZE

M2E T M3 [ M4 | M5 | M6 | M7
W () 500 | 20 | 20 | 200 | 22 | 22
L (um) 5 3 3 I 3 50 | 5

A: 10 PMOS in series with L=500 nm. B: 100 PMOS in parallel with W=5 pm

M14

battery from the charging circuit. Since the Vgj,s of M6 is
generated from V., as all the bias, Vpi,s Will drop to ground
after disconnecting the battery, increasing /5 and speeding up
the end of the Vp charging process. Then, when the WPT link
is active again, Vi rises restoring the bias voltages, and the
switching signal, V51, discharges Vp through M7, enabling the
charger again. It is worth mentioning that the self-turn-on/off
circuit does not consume quiescent power from the battery
(except for leakage currents) while the WPT link is inactive
since M7 remains off until the WPT link is restored.

The highest voltage of this circuit can be either the battery
voltage, Vi, or the rectifier output voltage, Vi, depending on
whether the WPT link is active. This highest voltage is usually
required by the PMOS substrates and pad ring. To obtain the
highest voltage between Vi, and Vi, referred to as Viignests
the PMOS cross-coupled circuit shown in Fig. 2 was included,
widely used for dynamic body voltage control [8].

The proposed charger was designed and fabricated jointly
with the active rectifier in a 180 nm SOI technology from
X-Fab, the transistors sizes are summarized in Table 1. Mea-
surement results are presented in the next section, proving the
circuit performance and comparing it with the state-of-the-art.

III. MEASUREMENT RESULTS

A micrograph of the fabricated chip is shown in Fig. 5.
Since the top layer metals were not used, our circuit is
hidden by the autofill, thus a layout picture was also included
indicating the circuit size.
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Fig. 5. Fabricated chip layout and micrograph, 180 nm SOI X-Fab technology.

To validate the circuit design, a 9x10x 3 mm?3, 3.7 V (nom-
inal), battery from Guangzhou Markyn Battery Co., Ltd was
charged. The measurement setup and a connection diagram
are shown in Fig. 6. The charging current for this experiment
was set to 2 mA (Veone = 360 mV). The selected battery has
an effective measured capacity of 8 mAh, thus it is being
charged at a 0.25C rate. This charging current is compatible
with a WPT link charging a wearable or implantable device
in the centimeter range [4], as discussed in the introduction.

The measured charging profile is presented in Fig. 7. The
proposed circuit holds the desired constant charging current
during the CC charging phase, and automatically switches to
the CV phase when the battery reaches the charging voltage.



TABLE II
PERFORMANCE COMPARISON
[18] [19] [20] [11] [16] [21] This Work
Technology 0.35 pm 0.6 um 180 nm 0.35 pm 180 nm 0.5 pm 180 nm
Charger Type Digitally-controlled LDO LDO LDO Switched LDO LDO
Battery Capacity 3400 mA n/a n/a 80 mA n/a 8 mAh 8 mAh
Charge Voltage 4.2V 4.2V 4.2V 4.2V 1.0-1.2V 4.2V 4.2V
Charge Current 600mA 1.5mA 1-6.8 mA 25 mA ~ 1.5 - 50 mA 3 mA 0.5 - 20 mA
at Viect 50V n/a 4.25-5.0V 4.4V AC input 4.3V 4.3-55V
Peak Efficiency n/a 95 % 98 % 94 % n/a n/a 93 %4
Average Efficiency 79 % n/a n/a 88 % 84.7 % 89.7 % 89 %4
Max. Quiescent Current n/a n/a < 151 nA 58 uAB n/a n/a <1 pA®
Chip Area 0.77 mm? 1.74mm? | 0.13 mm? | 2.09 mm? 0.22 mm? 0.16 mm? | 0.023 mm?

o A:at Vie = 4.4V and Ty = 2 mA @ B: Inior=25 pA, Ipias=33 pA e C: plus Iiror = Iba/1000, but it is turned off while the WPT link is inactive.
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Fig. 6. Experimental setup: picture and block diagram.

During the CV, the battery voltage, Vi, is tightly compared
against the reference, reducing the charging current accord-
ingly to hold a constant battery voltage. During that phase,
slight variations in Vp, (tens of millivolts, not perceptible in
Fig. 7) generate the observed fluctuations in the charger output
current. The charger input current is only 3 ©A greater than the
output current, as 2 puA are consumed by the current mirror
(Imirror = Iba/1000 = 2 pA), and approximately 1 pA is
being consumed by the OTAs. Therefore, the charger efficiency
(1), can be approximated by the ratio between the output and
input voltages. During this experiment Vi, was fixed at 4.4 'V,
obtaining a measured maximum efficiency of 93 % and an
average efficiency of 89 % during the whole charging process.
The minimum required V. depends on the selected charging
current and the battery voltage which ranges from ~ 3.3 V
to = 4.2 V during the charging process. Figure 8 shows the
charger output current during the CC phase (@ Vi = 3.7 V)
as a function of the control voltage for different values of
Vieet = {4.3,4.5,5.0,5.5} V. As can be seen, the circuit is able
to deliver a charging current between 500 pA and 20 mA. The
greater the target charging current is, the higher Vi should be
to prevent an error between the target and effective charging
current. The charger efficiency was not reported in Fig. 8 for
the sake of simplicity, however, it can be estimated from (1)
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Fig. 7. Measurement results of the CC/CV charging profile of a battery with
8 mAh, 3.7 V (nominal), and 4.2 V (charging voltage). This experiment was
at Vieet = 4.4 V and Veone = 360 mV (in CC Iy = Veont/180 = 2 mA).
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Fig. 8. Measured charging current, Iy, as a function of the control voltage,
Veont, at Vpae = 3.7 V. The ideal curve is compared with measured results for
four values of Viect.

as the 1 pA+1Iy, /1000 quiescent consumption (OTAs+mirror)
is negligible, thus Ij, ~ Iy.

The self-turn-on/off circuit was also experimentally vali-
dated by measuring the generated enable signal, EN, at the
beginning and end of the wireless charging process, Fig. 9.
To do so, the rectifier and a test WPT link were included in
the measurement setup. When the WPT starts, a voltage is
induced in the receiver coil at nodes V, and V_, see figures 1
and 3. In Fig. 9, the measured V., was included over the enable
signal to indicate the WPT link status. As shown in Fig. 9a, at
the beginning of the charging process the self-turn-on circuit
responds very fast, switching the EN signal in around 200 ns.
As explained in Section II-B, during the self-turn-off, the bias
current Ip has to charge the node Vp, see Fig. 4, which
requires more time than the turn-on transition. Figure 9b shows
the measured turn-off delay, which is 11.53 ps. Since the
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Fig. 9. Enable signal, E N, at the beginning (a) and end (b) of the wireless
charging process.

goal of the self-turn-on/off circuit is to prevent bias power
consumption while the WPT link is inactive, this short delay
(11.53 us) is not a problem from the energy savings point of
view, and it prevents an undesired circuit turn-off in case of a
short interruption in the WPT link.

To quantify the energy saving thanks to the self-turn-on/off
circuit while the WPT link is inactive, the quiescent power
consumption from the battery was measured connecting EN
to ground and disabling the self-turn-on/off circuit. If the
battery is not disconnected while the WPT link is inactive,
5.3 nA (measured) quiescent current is consumed. That con-
sumption corresponds to: 1) the bias consumption of the
battery charger’s OTAs (= 1pA), 2) other on-chip circuits
such as the bias voltage generator, rectifier comparators, and
rectifier on/off delay compensation circuits (=~ 3.4 pA), and
3) the off-chip voltage divider shown on Fig. 2 (= 879 nA).
When the self-turn-on/off circuit is used, the on-chip quiescent
consumption is eliminated and only the voltage divider con-
sumption (= 879 nA) remains. It is worth mentioning that the
same enable signal provided by the proposed circuit could be
used to turn on/off other off-chip circuits such as the voltage
divider.

The performance is compared with the state-of-the-art in
Table II. As can be seen, the proposed circuit presents a com-
petitive efficiency, is able to deliver a wide range of charging
currents, and requires a remarkable low area, allowing its
integration jointly with the other required circuits in a size-
constrained application.

IV. CONCLUSION

An integrated lithium-ion battery charger was proposed,
designed, and fabricated in a 180 nm SOI technology from
X-Fab. The design was aimed to charge low-power wearable
or implantable medical devices wirelessly in the centimeter
range. A linear-based architecture was selected and a novel
self-turn-on/off circuit was included, preventing quiescent
power consumption from the battery while the WPT link is
inactive. The compact and minimal design requires a remark-
ably low area of 0.023 mm?. The measured efficiency is com-
petitive with the state-of-the-art, and a wide charging current
range from 500 pA (= 1.85 mW) to 20 mA (= 74 mW)
was obtained. Additionally, a commercial battery was charged,
showing in measurements the CC and CV charging phases and
their automatic transition.
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