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Dual-output regulating rectifier is highly desired in wireless power
transfer (WPT) for sub-100mW bioimplants. Such rectifiers perform
voltage rectification and dual-output regulation simultaneously, thus
avoiding post DC-DC conversions and cascaded power losses [1-4].
However, the conventional dual-output structure suffers from a low
voltage conversion ratio (VCR) (<1) due to the full bridge rectifier
(FBR) topology (Fig. 1), severely limiting the receiver operation when
wireless link condition varies [1-2]. In order to extend the operational
range without increasing the power demand from the transmitter, [3]
presents a charge-pump based dual-output rectifier; however, it uses
10 power transistors (PTs) and 8 off-chip capacitors, degrading the
power conversion efficiency (PCE) and increasing the integration
cost. Alternatively, the current-mode dual-output rectifier can realize
a VCR higher than 1, but the output power is limited to less than
10mW [4], which is insufficient for advanced bioimplants. In this work,
a 13.56MHz single-stage dual-output voltage doubler (DOVD) is
proposed to address the above limitations, which employs only two
PTs and a fully integrated design. It can achieve a peak VCR of 1.78
and outputs power up to 81mW with a 91.8% peak PCE.

The proposed DOVD consists of two PTs, Sp and S, and two output
capacitors, CL1 and Ci2, in the power stage. Fig. 1 shows the working
principle of the DOVD with 4-phase operation. When both outputs,
Vbc1 and Vbcz, need to be charged, the DOVD operates in @1, where
both Sp and Sn are enabled to deliver power to CL1 and Cyo,
respectively. When only Vbct1 needs to be charged, the DOVD
switches to @2, where Sk is disabled so that only Ci1 is charged. In
@3, Sp is disabled, and the DOVD charges Ci2 through Sk to build
Vpcz. Due to the stack topology of CL1 and Ci2, Vbc1 also increases
slightly when C.2 is charged, but this can then be compensated by
the controller, as will be explained later. When both Vbc1 and Voc2
do not require energy from the AC input, the DOVD enters @4, the
freewheeling phase, where both Sp and Sk are disabled.

Fig. 2 presents the architecture of the proposed DOVD with controller
and the operation principle of the dual-output regulation. Sp (or Sn)
is controlled by the delay-compensated comparator CMPp (or CMPn)
through the gate driver Driverp (or Drivern), functioning as a power-
efficient active diode when enabled. To eliminate the dual-output
cross-regulation issue, the parallel pulse frequency modulation
(PPFM) controller is proposed, regulating Vpc1 and Vpcz in two
distinct hysteresis windows independently. If Vpbc1 (or Vbc2) reaches
the lower hysteresis threshold, Sp (or Sn) will be enabled by signal
ENp (or ENn) to charge Cr1 (or Cr2). When Vbci1 (or Vbc2) reaches
the upper hysteresis threshold, Sp (or Sn) will be disabled.
Selectively enabling the two PTs results in the 4-phase operation. In
the freewheeling phase (®4), an over-voltage protection block is
activated by the controller (Sove) to limit the open-circuit Vac.

Fig. 3 shows the circuit implementation of the PPFM controller. To
regulate Voct1 and Vbcz, the controller firstly employs two op-amp
comparators (CMPs) to compare the divided versions of Vbc1 and
Vbc2 with a reference voltage Vrer generated on chip. The hysteresis
window for Vpct (or Vbpcz) regulation is defined by the positive
feedback resistor Rs (or Rs) and the resistive voltage divider. The
control signals ENp, ENn and Sove are then derived from the CMP
outputs, Vrs1 and Vrsz, synchronized with the CLK signal (recovered
from Vac). Therefore, ENp, ENn and Sove will not change until Vac
roughly equals Vbce, resulting in a zero-voltage phase switching
avoiding switching noise and efficiency degradation.

When the DOVD works in @2 (or ®3) where Sn (or Sp) is disabled,
Vac can level up during the half period without resistive loading. The
amplitude of Vac can easily go lower than —|VTH,n| (or higher than
(Voci1+|VTh,r|)). To avoid the undesired channel conduction in Sn (or

Sp), Drivern (or Driverp) is designed to
clamp Ven (or Vep) to the adaptive
biasing Vmin (or Vmax), which tracks
the minimum (or maximum) voltage in
the system, when Sn (or Sp) is
disabled, as shown in Fig. 3.

To drive Sp (or Sn) properly at 13.56
MHz, the delays in CMPp (or CMPn)
and Drivere (or Drivern) need to be
compensated, or reverse currents and extra conduction losses could
pop up. Therefore, CMPp and CMPn are designed to be switched-
biased push-pull comparators with adaptive delay compensation
blocks [5] (Fig. 3). By sampling Vac at the turn-on/off moment of Sp
(or Sn) and comparing it to Voct (or GND) by the error amplifier, the
gate-driving delay can steer the feedback loop tuning the bias current
in the push-pull comparator, then aligning the turn-on/off timing of Sp
(or Sn). The coupling/loading-insensitive delay compensation results
in a high PCE. Moreover, shield switches are used to introduce Vwmin
(or Vmax) into CMPn (or CMPe), ensuring robust transistor shutoff
when CMPn (or CMP&g) is disabled in @2 (or @3).

The proposed DOVD was fabricated in the 180nm BCD process,
occupying a chip area of 0.4/3.68mm? with/without capacitors. The
on-chip resonance capacitor Crx (518pF) is implemented by MIM
capacitors; C.1 and Cr2 are MOS/MIM stacking capacitors (3.9nF
each). Fig. 4 shows the measured steady state operation waveforms
and load transient waveforms of the DOVD. In the steady state, Vac
amplitude changes dramatically, notifying 4-phase operation, which
can also be verified by ENp and ENn. Vbc1 and Voc:2 are regulated at
3.6V and 1.8V, respectively, within preset hysteresis windows. The
load transient waveforms were measured when Ri1 was changed
between 500Q and 4kQ in both directions and R.2 was kept equal to
2kQ. No voltage undershoot/overshoot is observed at the transient
moments, and more importantly, the cross-regulation issue is not
observable because, by the nature of the proposed PPFM controller,
the response of load transient is theoretically instantaneous and only
determined by the preset hysteresis windows [6].

The top half of Fig. 5 shows the self-startup setting and the measured
self-startup operation of the DOVD. During startup, the DOVD is
forced to work as a passive voltage doubler by diode-connecting Sp
and Sn. A Vrn-based startup detector is designed to activate the
DOVD mode when Vpc1 reaches Vr st (3V). The bottom half of Fig.
5 shows the measured VCR and PCE results of the DOVD. A VCR
larger than 1 is easily obtained at Vbc1, thanks to the voltage doubler
topology. The peak VCR reaches 1.78 when RL1=R12=4kQ. Because
only two PTs, with gate-driving delay compensated, are employed in
the power stage, a high PCE is attained. The peak PCE reaches
91.8% when the total output power Pour is 33.5mW, and the PCE
keeps higher than 87% when Pour is larger than 30mW.

Fig. 6 compares the proposed DOVD with state-of-the-art regulating
rectifiers. This work is the only one simultaneously achieving: 1) dual-
output regulation, 2) higher-than-1 VCR, 3) up-to-81mW available
Pour, while keeping a state-of-the-art PCE. By fully Integrating the
resonance and output capacitors on chip, this work also achieves the
smallest receiver volume (1.97mm3) and the highest power density
(41.12mW/mm3) among the designs in the table.
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Fig. 1. Conventlonal dual- output rectifier, and the proposed dual-
output voltage doubler structure and its working principle.
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Fig. 2. Architecture of the proposed DOVD with controller, and the
operation principle of its dual-output regulation.
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Fig. 3. Circuit |mplementatlons of the PPFM controller, the PT
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Fig. 4. Measured steady-state waveforms and load transient
responses.
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Fig. 5. The schematic and measured operation waveforms of the
self-startup setting, and the measured VCR and PCE results.

Fig. 6. Performance summary of the proposed DOVD and
comparison to state-of-the-art designs.
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