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ABSTRACT In this article, the so-called bootstrapping rectifier (BSR) proposed by Hashemi er al. is
re-analyzed, and a novel high-efficiency low-power rectifier called Opto-Coupled Dynamic Gate-Control
(OCDGOCO) rectifier is presented based on the bootstrapping structure. Circuit analysis of BSR shows that the
rectifier design has inherent problems that cause a high forward voltage drop and limit its power conversion
efficiency (PCE). The BSR is simulated and fabricated in TSMC 0.18 um process, and both simulation and
experiment results prove the analysis. Inspired by the idea of bootstrapping structure, the presented OCDGC
rectifier utilizes an opto-coupler to control the on-off switching of the active diode to maximize input power
and prevent reverse leakage. A feedback loop is also introduced in the rectifier to limit the forward voltage
drop. The proposed design is simulated in the TSMC 0.18 um process. Simulation results show that, with a
3 MHz input, OCDGC rectifier is able to achieve more than 80% PCE at an input power down to 0.55 mW
and achieve a forward voltage drop less than 0.1 V. More than 20% PCE improvement is achieved compared
with the PCE of BSR.

INDEX TERMS Active diode, active rectifier, deep micro-implants, forward voltage drop, low power, opto-

coupler, power conversion efficiency, rectifier, reverse current, wireless power transfer.

I. INTRODUCTION

Implanted electronic devices are increasingly being used in
medical treatment and diagnostics. Wireless power trans-
fer (WPT) is a desirable option for powering such devices
as it removes the requirement for batteries or subcutaneous
wiring, avoiding the risk of infection or chemical battery
leakage. This has distinct advantages for the safety and con-
venience of patients, potentially extending the life of the
implanted device and reducing the need for further surgical
intervention. WPT also allows, in principle, larger numbers of
sensors to be implanted, which is crucial to provide rich 3D
information for the clinicians involved in therapy. Multiple
sensors become very inconvenient (and generally impossible)
with wiring.

In recent decades, WPT has been used in a wide range
of implantable medical devices (IMDs), for cochlear [1]-[3],
cardiac [4]-[7], retinal [8]-[10], spinal [11], [12], cortical
[13]-[15], and peripheral implants [16]-[18]. Meanwhile,
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many wireless power capsule-dedicated implants have been
developed for biopsy [19], [20], therapy [21], locomotion
[22]-[25] and visual prostheses [26], [27] applications.

In a WPT system, the rectifier (or AC to DC converter)
is a vital component. It converts AC power from the receiver
coil (for the magnetic coupling resonance WPT) to DC power
for the load. For wireless powered deep micro-implants,
the power budget can vary from a few hundreds of microwatts
to several milliwatts. This proposes a challenge to the design
of rectifier because the operational power of the rectifier
is restricted by the power budget of the receiver. Conven-
tional rectifiers such as the junction-diode bridge rectifiers
(shown in Fig 1) are not commonly used in a WPT system
because of their high  forward voltage drop (Vrwp =
0.7V) in rectification. Schottky diodes can be a replacement
because of their lower Vpwp, but they will also experience
heavy leakage and require special fabrication process that
may increase chip cost [29]. To overcome the disadvan-
tage of the junction-diodes, diode-connected Metal-Oxide-
Semiconductor (MOS), as shown in Fig 2, has been used
in the rectifiers of WPT systems [30], [31]. This MOS is
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FIGURE 1. Conventional junction-diode rectifier [28].
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FIGURE 2. Diode-connected PMOS rectifier.
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FIGURE 3. Self-synchronous rectifier.

fabricated using special processes and has zero threshold.
However, they will experience large leakage currents when
reverse biased. In other studies, active rectifiers have been
proposed to avoid the problem of the threshold of MOS,
in which the MOS gate is connected to an active node instead
of the source of the MOS. The forward voltage drop Vrwp
then becomes the voltage drop between the source and drain
of the MOS instead of its threshold voltage. Unlike rectifiers
operating in GHz frequencies, in which parasitic leakage
is the main issue, and multiple stages are used to reduce
leakage [32], the main issue of active rectifiers operating
in a few MHz is the mismatching between the on-off time
of active switch and the crossover time of input and out-
put voltages, which leads to reverse leakage loss. There-
fore, control circuits are designed to minimize the reverse
leakage loss. One of the most basic active rectifiers is the
self-synchronous rectifier [33], as shown in Fig 3, which
utilizes a cross-gate structure to avoid latch-up problems.
The problem of the synchronous circuit is that the on-off
time of the switches is controlled by the input voltage and
will not always be at the time when Vjy and Voyr cross
each other. Therefore, the reverse current will be high and
reduce power conversion efficiency (PCE) [34]. To solve
the problem, comparator-based active rectifiers have been
proposed [35]-[39], as shown in Fig 4. The comparators
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FIGURE 4. Comparator-based active rectifier [38].

compare the VAC and VDC of the rectifier and control the
on-off of the MOS so that the MOS can be forced to turn on
and turn off when V;y and Vpyr cross each other. However,
the comparators will experience delays at a high operational
frequency due to parasitic resistance, parasitic capacitance,
system offsets and mismatches [40]. Therefore, the rectifiers
should be compensated with extra control schemes, which
will increase the circuit complexity and power consumption
[41], [42]. These rectifiers are more suitable for WPT systems
with a power budget more than 40 mW at the receiver circuit
and can experience start-up problem or low PCE at deeply-
implanted micro-receivers [43].
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FIGURE 5. Bootstrapping rectifier basic structure [44].

Another solution to reverse current leakage is using a
so-called bootstrapping structure [44], as shown in Fig 5.
This circuit structure does not require comparators and, thus,
is more suitable for deep micro-implants with small power
budgets and do not have to face problems, such as start-
up and delays. However, unlike described in [44] and [45],
the bootstrapping structure has inherent problems that cause
the measured PCE much lower than the simulated results,
which are neither mentioned nor analyzed in either of the
papers.

Il. OPERATION AND PROBLEMS OF BOOTSTRAPPING
STRUCTURE

A. ANALYSIS OF BASIC BOOTSTRAPPING RECTIFIER (BSR)
As shown in Fig 5, the MOS gate is controlled by the voltage
at the bootstrapping capacitor Vcap. When Viy > Veap +
| Vi1, the PMOS will turn on; when Viy < Veap+ | Vi |,
PMOS M1 will turn off. The symbols are defined in Table 1.

VOLUME 8, 2020



L. Huang et al.: High-Efficiency Low-Power Rectifier for Wireless Power Transfer Systems of Deep Micro-Implants

IEEE Access

TABLE 1. Definition of Symbols.

Symbol | Definition Symbol | Definition
v Rectifier input " Rectifier output
N voltage OUT | yoltage
v Bootstrapping v M1 threshold
CAP | capacitor voltage thM1 | yoltage
v D2 threshold v M1 source to
thD2 | yoltage SAM1 | drain voltage
I M1 source to v M1 source to
SAM1 | drain current SgM1 | oate voltage
v Rectifier forward R Rectifier load
¢AP | drop voltage Load | yresistance
Because
Vear = Vour — Vinp2, (H

the turn-off condition of M1 becomes

Vin < Vour + (IVam1] — Vinp2) - )

When |Vipari| = Vinpz, PMOS M1 will turn off as soon as
Vin drops below Voyr. In this way, no reverse current will
flow when Vjy < Vouyr, and there will be no reverse leakage
loss.

However, due to the bootstrapping structure, PMOS M1 is
unable to operate efficiently when V;y > Voyr, and the value
of Voyr is dependent on the load.

Normally, the value of the bootstrapping capacitor is much
less than the output capacitance of the rectifier, so the rise
of Vcap can be assumed to be faster than the rise of Voyr.
Therefore, when Viy > Voyr and Vi is increasing, the volt-
age Vcap will become

Vear = Vi — (Vsamt + Vinp2) - 3)
The circuit has the following feedback loop:
Lapy1 1= Vour 1= Vsami1 > Veap = Vgt 4= Lam1 1

In the circuit, because Vour — Veap = Vb2 < |Vamil,
PMOS M1 is in saturation region.

B 2
Lsam1 = 7 (Vsgm1 — |Vinm1) 4)
Veam1 = Vin — Vour 5
Vg1 = Vin — Vear (6)

where f = kl’,% kI; is a process parameter, W and L are the
effective width and length of a PMOS.

By combining (3) (4) (5) (6), the current through PMOS
MI has the following equation,

B
Lsapm1 = 5 X (Viv — Vour + Vapz — Va1 D* . (1)

Because the value of Vy,py is approximately equal to the
value of |Vyar1], (7) can also be written as

Lsapm =~ g x (Viv — Vour)*. (8)
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From (8), when the difference between Viy and Vour
becomes smaller, current I;;s; will decrease. Therefore,
the output voltage and the output current of the rectifier are
inherently dependent on the load. For a rectifier load, which
is equivalent to a capacitor and a resistor in parallel, because
of the feedback loop, the value of Voyr will be such that the
resulting load resistor current

I1oad—R =~ Tam1, 9

assuming that the current through diode D2 is negligible.
Because

Vour

Rioad '

ILoad—R = (10)

by combining (8)(9)(10), the value of /41 can be calculated.

BVINRLoad + 1 — ~/2BViNRLoad + 1
2
/3 RLoad
From (9)(10)(11), the output voltage of the rectifier thus
equals to

Y

L1 =

V2VINBRLoaa + 1 — 1)

VOUT=V1N—< BRiot
Loa

(12)
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FIGURE 6. Calculated Vpyr of bootstrapping rectifier versus load
resistance. § = 400 x 15.4uA/V2.

From (12), it can be seen that the forward voltage drop
Vrwp of the bootstrapping rectifier is dependent on the input
voltage and the load resistance. The calculated Voyr versus
the load resistance in different input voltage is shown in Fig 6.
For the same input voltage, as the load resistance decreases,
Vewp increases. Vewp also increases with the increase of Vpy .
At Ripad = 5k2, Vrwp increases from 0.33V for Viy =2V
to 0.53V when Vjy = 5V. The only way to reduce Vrwyp
without changing the load or input voltage is by increasing f.
However, the saturation effect of Voyr at a high Ry ,4q shows
that the increase of 8 will also have a similar effect.

In [44]-[46], the authors confused the turn-off condition,
as shown in formula (2), of the bootstrapping rectifier with the
steady-state value of Vpyr, ignoring the fact that the PMOS
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M1 is unable to operate efficiently due to formula (3), and
the output voltage is dependent on the load resistance due to
formula (12), which result in a high Vgyp and a low PCE,
as shown in Fig 6.
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FIGURE 7. Practical Half-Wave bootstrapping rectifier.

B. SIMULATION AND MEASUREMENT RESULTS

A full-wave practical basic BSR, with its half-wave structure
shown in Fig 7 was simulated and fabricated. In the circuit,
C1 is the bootstrapping capacitor, and M1 is the active diode
for rectification. M2 is a diode-connected PMOS to avoid
latch-up. M3 is a diode-connected PMOS to charge C1. The
substrate of M3 is connected to point A. The PMOSs M4 and
M5 make a Dynamic Bulk Switching (DBS) circuit to define
the substrate voltage of the PMOS M1. The gate of M5 is
connected to the input, and the gate of M4 is connected to the
output. The source of M4 is connected to the input, and the
source of M5 is connected to the output. The drains of M4 and
MS5 are connected to each other.

During operation, the voltage at point A will be approxi-
mately equal to the higher voltage of either the input or the
output. When Vjy is more than Voyr, M4 will turn on, and
M5 will turn off. The voltage V4 at point A will then be equal
to Viv. Because M5 is turned off, almost no current will flow
through M4. V4 of M4 can then be neglected. When Voyr
is higher than Vjy, M5 will turn on, and M4 will turn off. V4
will be equal to Voyr. Therefore, the voltage V4 at point A
will be equal to the higher voltage of input and output.

The full-wave basic BSR was simulated in Cadence Spec-
treD simulator and fabricated using a TSMC 0.18um CMOS
6-Metal/2-Poly high voltage mixed-signal based 2nd gen-
eration BCD process. M1 and M3 are enhancement-mode
PMOSs with W/L = 10um/400nm, 8 fingers and 8 mul-
tipliers. M4, M5 and M2 are enhancement-mode PMOSs
with W/L = 10um/400nm, 2 fingers and 1 multiplier. The
value of Cl1 is 10pF. This chip is mounted in a PLCC 84
package. The PMOSs used are the same type, which is a high
voltage PMOS with a maximum allowed V;; = 12V, which
is sufficient for the wireless power implants. The maximum
allowed Vg is 5V. Itis a multi-finger PMOS with a minimum
finger of two. The substrate connection of this PMOS is
floating and thus can satisfy the requirement of the circuit
for substrate voltage definition.
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FIGURE 8. Measurement setup of bootstrapping rectifier.

The measurement setup is as shown in Fig 8. In the mea-
surement setup, a wideband balun transformer is connected at
the output of the signal generator to provide a floating input
for the full-wave rectifier. Two 1002 resistors are connected
between the two output ports of the transformer and the two
input ports of the rectifier, respectively, for input current
measurement. The probes to measure ViN_res and VIN + are
set to the differential mode for balanced measurement. The
input current is thus calculated as Iy = W A).

The input power to the rectifier is fOT Vin () ijy (t) dt at the
steady working state. The output power was calculated as the
integral of the squared measured output voltage divided by
the load resistance over the same period as the input measure-
ment. The voltage conversion ratio (VCR) was calculated as
the ratio of the RMS output voltage to the peak amplitude of
the input voltage. The amplitude of input voltage at the rec-
tifier ranges from 1.5V to 5V. The input frequency is S8MHz.
The load of the rectifier is a SkS2 resistor and a 34pF load
capacitor with the output pad parasitic capacitance, package
and PCB parasitic capacitance and test probe capacitance in
addition. The load capacitor is a smoothing capacitor which
can store excess energy from the rectifier and reduce the
ripples of output voltage.

The measured PCE and the measured VCR of the full-wave
basic bootstrapping rectifier (basic BSR) are shown in Fig 9,
together with the simulated PCE and simulated VCR. The
higher VCR at higher Vjy seems to conflict with the higher
Vrwp at higher Vv, but it is untrue because the VCR is a
measurement of RMS Vpyr in a full cycle, but the Vryp is
only related to the instantaneous Voyr when Viy > Voyr.

As shown, the PCE of the measurement result is similar,
but not identical, to the simulated output efficiency. The
measured PCE and VCR are lower than the simulation results.
The reason is that the bootstrapping capacitor becomes over-
charged for low input voltages. Because there is no discharg-
ing path for the bootstrapping capacitor, the voltage at the
bootstrapping capacitor has no way to decrease except for
parasitic leakage. Once the capacitor has a high voltage, it will
keep the voltage for a certain period before the parasitic
leakage of the capacitor drains it out. During the period,
whose length depends on the quality of the capacitor, the gate
voltage of the PMOS M1 remains at a high voltage level even
if a low voltage is input into the circuit. Therefore, the PMOS
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FIGURE 9. Simulated and experiment PCE and VCR with no pre-set
voltage.

M1 will not be able to fully turn on at low input voltages,
causing a lower measured PCE.

In Fig 9, the voltage at the bootstrapping capacitor resets
to OV for each measurement, so this problem will not occur.
Further simulations showed that, if an initial voltage of more
than 2V is pre-set at the bootstrapping capacitor or the output
capacitor, the RMS output voltage will decrease by 0.1V to
0.2V depending on the value of input voltage. The simulated
PCE and VCR of the BSR with a pre-set bootstrapping
capacitor voltage are shown in Fig 10 and compared with the
experiment results.

With the pre-set capacitor voltage, both the simulated PCE
and the simulated VCR have closer results to the measured
ones. The maximum difference of the PCE is less than 5%
between simulation and measurement results. The most out-
standing differences are when Viy = 2Vpeak and 5Vpeak,
which have both 4.3% difference of efficiency. The simulated
RMS output voltages with a pre-set voltage agree to the
measurement results with less than 5% of VCR difference.
The VCR simulation results are closer to the experiment
results when Vpy is between 2.5Vpeak and 4Vpeak, with an
average difference of 1.3%.

As a summary, the bootstrapping rectifier is a simple solu-
tion to reverse leakage problem of active rectifiers. However,
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FIGURE 10. Simulated and experiment PCE and VCR. Simulation result
with 2V pre-set voltage.

it inherently suffers from a few problems such as high Vgwp,
load-dependent Voyr, and low PCE and VCR at low Vpy.
To solve these problems, a novel rectifier is proposed based
on the bootstrapping structure with the use of opto-coupler in
the control circuit.

Ill. OPTO-COUPLED DYNAMIC

GATE-CONTROL RECTIFIER

A. CIRCUIT ANALYSIS

The circuit diagram of Opto-Coupled Dynamic Gate-Control
(OCDGC) Rectifier is shown in Fig 11. In the circuit, DI,
M2 and D2 are the opto-coupler, where D1 and D2 are light-
emitting diodes (LED), and M2 is an opto-transistor. The
current gain of the opto-coupler is set to 1. C1 and C2 are the
bootstrapping capacitors, which are charged with the current
from D1 and D2, respectively. PMOS M31 and M32 are
connected in parallel with C1 and C2, respectively, to provide
a discharging path. The gate of M31 and M32 is connected to
Point B, which is derived from the bottom right circuit (the
Point B circuit) in Fig 11. The bulk of M31 is connected
to Point A because its threshold voltage is intended to be
higher, whereas the bulk of M32 is connected to its source.
The resistor in the Point B circuit is chosen to minimize
the current in the branch and to make sure the voltage at
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Ve = Vour — 2Vmp. (13)
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FIGURE 11. Half-wave OCDGC rectifier.

PMOS M6 and opto-transistor M2 form an amplifier cir-
cuit with VDD being the rectifier Voyr. The output of the
amplifier is connected to the gate of PMOS M1 for on-off
switching. The gate voltage of M6 is the bias voltage of the
amplifier and is set to match the current from M2. PMOS
M1, M4 and MS5 are the same as the ones in Fig 7, in which
M4 and M5 are the DBS circuit, and M1 is the active diode
for rectification.

In the circuit, D1, C1, M31, M2, M6 make a control circuit
(CTL1), and D2, C2, M32, C2 and M6 make a second control
circuit (CTL2).

The threshold voltages of the MOSs and diodes should
meet the following conditions:

[Vinms1] + Vo1 = 2Vip + Vam1 —ser (14)
[Vinm32l + Vinpz = 2Vip + Vier (15)

where V31 and Viyr3o are the threshold voltages of PMOS
M31 and M32. Vyp1 and Vyy,py are the threshold voltages of
LED DI and D2. Vy,p is the threshold voltage of the diodes
in the Point B circuit. Vigpr1—ser 1S the target maximum value
of Viapr1(i-e. Vrwp, the rectifier forward voltage drop) that is
decided by the circuit designer.

It should be noted that the non-linear characteristic of
diode D1 and D2 is the key in the operation of OCDGC
rectifier because this make sure that the values of Vigps1—ger
and V; can remain constant during operation to keep the
forward voltage drop within the desired range.

The waveforms of Voyr, Vv are shown in Fig 12, in which
Vin 18 4Vpeak Rroaa = 5k2, and Cpoqq = 100pF.

B. OPERATION OF CTL1

1) FROMT1 TO T2

Vv increases and charge C1 through D1. LED D1 emits light,
which causes M2 to turn on. M6 and M2 make an inverting
amplifier, and the value of M1 gate voltage Vg1 thus drops
from Voyr to near ground voltage, which turns on M1 and
let current flow from rectifier Vv to Voyr.
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FIGURE 12. Simulated waveforms of Vpyr, V;y of OCDGC rectifier. T1, T2,
T3 are the turn-on, turn-off time of active diode M1. V;y is 4 Vjeak-

The voltage at C1 V¢ is
Ver =Vin — Vipr.- (16)
The voltage at Voyr is
Vour = ViN — Vsam1- (17)
At PMOS M31,
Vsgms1 = Ver — Va. (18)
From (13) (16) (17) III-B2,

Vsem31t = 2Viup — Virp1 + Vsami - (19)

From (14), if the load resistance decreases, causing Voyr
to decrease, there forms a feedback loop.

Vour 1 = Vsam1 1> Vsam1 > Vsami1—ser —> Vigmsi
> |Vimstl = In31 1= Ipt 1= 2 1 — Viemt
4y = Lay1 1= Vour 1

If Voyr decreases and causes Vigyr1 > Viani1—ser» PMOS
M31 will on, letting more current flow through LED D1,
which will result in a lower Vigps1 and a higher Igp1, causing
Vour to increase.

If Viau1 < Vsami—ser, due to formula (14), Viemsr <
|Vinmz1 ], PMOS M31 will be kept close, no current will flow
through M31.

In this way, Vrwp of the rectifier can be maintained
within the target range Vygpr1—se; When the load resistance is
changed. The range of change of load resistance is dependent
on the value of Vigr1—ser, the voltage at the gate of MI,
the current through D1 and M2, and the Vi, — Iy response
of M31.

2) AT T2
Vin begins to drop but is still higher than Vppr.
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If Va1 < Visami—ser, M3 remains off, and there is no
discharging path for C1. The voltage at C1 remains at

Ver = Viy (max) — Vippy . (20)

Therefore, Viy — Vc1 < Vipi, D1 turns off, and no light
will emit. If D2 also works properly and turns off, no current
will flow through M2, and the voltage at gate of M1 Vg1 will
be equal to Voyr. Vsgm1 will be less than [Vipg1], M1 will
turn off.

If Viai > Vsdmi—ser», M3 is turned on. However,
because Vjy drops faster than Voyr at the falling edge,
Vsam1 < Vsam1—ser Will eventually happen, and M1 will turn
off as well.

Therefore, at T2, M1 will turn off before Viy drops below
Vour, preventing any reverse current from flowing. However,
it should be noted that, because the time gap between T2
and the Vijy — Vpyr crossover point is very small, and the
time for Vgp1 to rise from near ground voltage to Vour is
dependent on the slew rate of the amplifier M6-M2, the value
of Vsanr1—ser should be properly chosen to make sure PMOS
M1 is turned off before the Viy — Voyr crossover point.

3) AFTER V|y — Vour CROSSOVER POINT AND BEFORE T3
Vour drops due to the discharging of load capacitance, but
Ve still equals to its value at T2 V1(T2) because of no
discharging path.

At PMOS M31, due to (13) I1I-B2,

Viems1 = Ve1(T2) — (Vour — 2Vup). (2D
When Va1 < Vsami—ser at T2, Ve1(T2) equals to 1TI-B3,
Viem31 = 2Vip — Vanp1 + Viy (max) — Vour.  (22)

After Viy — Vour crossover point, when Voyr decreases,
and meets the condition that

Vin (max) — Vour > Vami—ser, (23)

M31 will turn on due to (14) (22), and C1 will discharge.
When Va1 > Vsamri—ser at T2, Vo (T'2) will be less than
the value at IT1I-B3, and condition (23) becomes

Vin (T2) — Vour > Vsam1—ser- (24)

M31 will turn on again, and C1 will discharge.

At this moment, because Viy < Vour, Vsgm3st > |Vinm31|
and (14), (Viy — Vcap) will be less than Vyp. D1 will not
conduct, and M1 will not turn on.

Because the C1 discharging rate is faster than the discharg-
ing rate of load capacitance, and M31 will turn off when
Vsgm31t < |Vim3il, the value of V1 between the Viy — Vour
crossover point and T3 will follow Vpyr to drop, and thus
equals to

Ver = Vour — Vot + Vsam 1 —ser (25)
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4) AT T3
Vin increases and crossovers Voyr again. This is the opti-
mum moment for M1 to turn on. If M1 turns on before T3,
because Viy < Vour, reverse current will flow, reducing
PCE. If M1 turns on much later than T3, the operation time
of the rectifier will be so short that the load may not be able
to receive enough power.

For M1 to turn on, D1 needs to conduct, and V;y needs to
meet the condition that

Vin — Ver = Vbt (26)
Because of 111-B4,
Vin — Ve1r = Vit + Vin — Vour — Vsami—ser- (27)

Therefore, when Vv — Vour > Vsdm1=set»
condition III-B5 will be met, D1 will conduct, and M1 will
turn on. Because Vgy1—ger is @ small value, the delay of
M1 turn-on time from T3 will be short.

5) SUMMARY OF CTL1
As a summary, circuit CTL1 in OCDGC rectifier can achieve
the following functions:

(1) Turn on active diode M1 at Vjy rising edge when Vv
crossovers Voyr, avoiding reverse leakage.

(2) Maintain rectifier forward voltage drop within the tar-
get range when M1 is on.

(3) Turn off M1 near the Vjy — Voyr crossover point at the
falling edge of Vjy, avoiding reverse leakage.

C. OPERATION OF CTL2
The operation of CTL2 is similar to CTL1, but its operation
is dependent on CTL1.

1) FROM T1 TO T2
When Vpyr increases, D2 conducts and C2 is charged.
D2 will emit light, more current will flow in M2, and M1 will
turn on more.

At the moment,

Ve = Vour — Vi (28)
Because of equations (13) (15) and III-C2,
Vsem32 = 2Viup — Vo2 < [Vimz2l s (29)

PMOS M32 will turn off.

2) FROMT2TO T3
Vour decreases, and because M32 is off from T1 to T2, the
voltage at C2 is

Vea (T2) = Vour (max) — Vinpo. (30)
Therefore,
Vour —Vc2 (T2) < Vinpa. (3D
D2 stops conducting.
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At PMOS M32,
Vsgmsz2 = Vo — Vg = Veo — (Vour —2Vmp)  (32)
Because of equations (15) (31) (33),

Vsem32 > 2Vip — Vip2 > [Vinm32| (33)

PMOS M32 will turn on and discharges C2.
Like the value of V¢ at this period, V, will also follow
Vour to drop.

Ver = Vour — Vinpz + Ve 34

From (34), because Voyr — Ve2 < Vmpe, D2 will not
conduct even though C2 discharges through PMOS M32.

D. SUMMARY OF OPERATION OF OCDGC RECTIFIER

As a summary, when the conditions (14) (15) are met, the pro-
posed rectifier is expected to operate with low Vgyp and load-
independent Voyr. Because of the amplifier M6-M2, the gate
voltage of M1 is switched between Vopyr and near ground
voltage, maximizing the forward current and blocking any
reverse current. The major design concern is the selection of
Vsam1—ser, which is related to the turn-on and turn-off time
of active diode M1 and the range of forward voltage drop.
Another design concern is the inverting amplifier M6-M2.
The bias voltage of M6 should match the current through
M2. The slew rate of the amplifier should be large enough
to make sure the active diode can turn off before V;y — Vour
crossover point. Because the current through M2 is related to
the currents charging C1 and C2, the size of C1 and C2 should
also be chosen with care.

IV. SIMULATION RESULTS OF OCDGC RECTIFIER
The proposed rectifier is simulated with TSMC 0.18um
CMOS 6-Metal/2-Poly high voltage mixed-signal based BCD
process in Cadence SpectreD simulator. The same type of
PMOS is used as the ones used in the simulation and fab-
rication of basic bootstrapping rectifier in II. The W/L size of
active diode M1 is 10.¢m/400 nm, with 8 fingers and 8 mul-
tipliers. The size and multipliers of M1 are sufficiently large
to reduce the conduction heat loss during operation. PMOS
M6 is also 10 um/400nm with 2 fingers and 2 multipliers.
PMOS M4, M5, M31, M32 are of the same size, with 1 finger
and 1 multiplier. The optocoupler formed by D1, D2 and
M2 has a current gain of 1 and a bandwidth of I0MHz. Both
C1 and C2 are integrated Metal to Metal capacitors and are set
to 10pF. The diodes in the Point B circuit are diode-connected
PMOSs of the same type to M1. The resistors in the Point B
circuit is 1MQ. The load resistance is 5k€2, and the load
capacitance is 100pF. The operational frequency is 3MHz.
The value of Vigpr1—ser 18 0.1V and Vi, is also 0.1V. The input
voltage varies from 1V to 5V, which corresponds to the likely
output voltage range of receiver coil of WPT systems for deep
micro-implants.

The simulated waveforms of Voyr, Vv is shown in Fig 12
and the simulated waveforms of current through active diode
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FIGURE 13. Waveforms of current through active diode M1. T1, T2, T3 are

the turn-on, turn-off time of active diode M1.

M1 is shown in Fig 13. As shown, M1 begins to conduct at
T1 when Voyr and Vi crossover and stops conducting at T2.

2
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FIGURE 14. Simulated waveforms of Voyr. Vi for 2Vpeak and 1.5V ,eak
input. The output voltage rise is after the V;y — Voyr crossover point,
which is due to the turn-on delay of M1.

The M1 turn-on time for Viy = 1.5 Vpeak and 2V peqx is
delayed, which results in lower values of Voyr, as shown in
Fig 14. This is because the voltage at the gate of M31 is Vp,
which is obtained from formula (13). Because the threshold
voltage of the diode-connected PMOS Vy;,p is about 0.55V,
the value of Vpyr will have to be more than 1.1V to control
M31, otherwise M31 will remain off, and C1 will be unable
to discharge between T2 and T3. Thus, V1 will be higher
than the value obtained in formula III-B4, and the value of
Vin to make D1 conduct will need to be higher, which results
in a delay in the turn-on time of active diode M1. For Vjy =
1.5V peak, because of the lower Vyy and higher V¢, the cur-
rent through D2 is unable to match the current through M6,
which results in a higher M1 gate voltage Vgy1. Moreover,
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because Vpyr is lower than 1.1V for most of the conduction
time, PMOS M31 is unable to turn on to increase the current
through D2. These two reasons cause M1 to turn on less and
results in a higher forward voltage drop Vgwp. This is much
improved for Viy = 2Vpeak, where Voyr catches up with Viy
quickly after the turn-on delay, and Vrwp remains within the
value of Vigpri—ger-

0.55 mW input power

control
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7%
reverse
loss
3%

PCE
82%

heat loss
8%

1.73 mW input power

PCE

control 25,

loss
9%
reverse
loss
2%
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3.54 mW input power

PCE

control 86%
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8%

reverse
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)
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4%

FIGURE 15. Power distribution of OCDGC rectifier.

The proposed rectifier is able to operate in a high efficiency
at a small input power. The power distribution of OCDGC
rectifier is shown in Fig 15. The PCE of OCDGC rectifier is
more than 80% for input power more than 0.55mW. The main
sources of loss are control loss and heat loss. The heat loss
is between 4% and 8%. Because of the small proportion of
heat loss, the self-heating effect of the rectifier is minimal and
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its effect to PCE is negligible. The heat loss is mainly from
the conduction of active diode M1. For small input power,
e.g. 0.55mW, the heat loss is the highest loss because the
M1 turns on less due to the mismatch of amplifier current
and M31 turn-on problem as mentioned above. For a higher
input power, the control loss is the highest loss, which mainly
comes from the operation of amplifier M6-M2, and the charg-
ing and discharging of C1 and C2. The power consumption
of amplifier M6-M2 can be reduced by reducing the current
through M6 and M2, but this will also reduce the slew-rate of
the amplifier, which may result in a longer turn-on/off time
of active diode M1 and reduce the overall PCE. The reverse
leakage loss of OCDGC is minimal, with less than 3% of
input power. This loss is mainly from the inherent leakage
of PMOS M1 when it is turned off.

e
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FIGURE 16. Simulated voltage conversion ratio versus input peak voltage
of OCDGC rectifier and basic bootstrapping rectifier at 3 MHz.
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FIGURE 17. Simulated power conversion efficiency versus input peak
voltage of OCDGC rectifier and basic bootstrapping rectifier at 3MHz.

Comparisons of voltage conversion ratio (VCR) and PCE
are shown in Fig 16 and Fig 17 between OCDGC rectifier and
basic bootstrapping rectifier (basic BSR). As shown, OCDGC
rectifier has a lower VCR and PCE than basic BSR at 1V eax
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input, but higher VCR and PCE for 1.5V ek and higher input.
The improvement in PCE is from 4% at 5Vpeux to 24% at
1.5Vpeak. The improvement in VCR is from 2% at 5V peak to
22% at 1.5V peak.

Overall, simulated results show that the proposed OCDGC
rectifier is able to operate with more than 80% PCE at input
power from 500uW to more than 3.5mW with minimal
reverse leakage loss. The problem is that the output voltage
should be higher than 1.1V for the feedback loop of the
rectifier to operate and for the rectifier to work in the high-
efficiency mode. Comparisons with prior works with similar
input power are shown in Table 1. Even though the VCR is
lower in this work, but the PCE of this work is higher with
a lower input power. Also, the Vrwp (0.05 V to 0.1V) of the
proposed rectifier is much smaller than the Vrwp of the prior
designs.

TABLE 2. Comparison With Prior Works.

TBCAS’ 10| TCAS-II’ TC’?S_H TBCAS’ This work
[14] 06 [35] [47] 12 [45]

IProcess| 0.5 um 0.35um | 0.18 um | 0.18 um | 0.18 pm
Croad N/A 200 pF 10 puF 200 pF 100 pF
Rioad N/A 1.8 kQ 1 kQ 2 kQ 5kQ

Vin 355V [ 1535V ]| 092V |0827V]| 155V
Vour | 312V [1.2-322V]0.45-1.78 V| 0.3-2V |1.4-495V
Poyr | 7.05mW | 576 mW | 3.2 mW 2 mW 0.55-3.54

mW
VCR | 87.9% | 78%-92% | 82%-89% | 60%-89% | 70%-78%
PCE 80.2% | 65%-89% |60%-81.9% | 37%-80% | 73%-86%

V. CONCLUSION

In this article, the so-called bootstrapping rectifier proposed
in [44]-[46] have been analyzed, and the reasons for its lower
PCE in the experiment results have been pointed out and ver-
ified with simulations and experiments. A so-called OCDGC
rectifier was presented in this article inspired by the idea
of bootstrapping structure. Circuit analysis and simulation
results show that OCDGC rectifier is able to operate at an
efficiency over 80% with an input power down to 0.5mW.
The forward voltage drop of the rectifier can be set by the
circuit designer based on application requirement and can be
maintained when output voltage drops out of the target range.
The proposed OCDGC rectifier is suitable for WPT systems
for deep micro-implants with a receiver power budget around
ImW and with a rectifier input voltage more than 1.5V.
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