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This paper presents a full wave active rectifier for biomedical implanted 
devices using a new comparator in order to reduce the rectifier 
transistors reverse current. The rectifier was designed in 0.13µm 
CMOS process and it can deliver 1.2Vdc for a minimum signal of 
1.3Vac. It achieves a power conversion efficiency of 92% at the 
13.56MHz Scientific and Medical (ISM) band.
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1 Introduction

This paper is an extension of work originally pre-
sented in The 15th International Symposium on In-
tegrated Circuits, Sigapure, 2016 [1]. It presents some
details not described in the original paper. This paper
also brings new results obtained after a new calibra-
tion of the system that improved the circuit efficiency.

Implanted medical device is a technology that of-
fers several possibilities to improve medicine and it
can change the paradigm of how doctors and patients
deal with treatments and drugs. In order to be im-
planted, a medical devices need a source of power that
will provide energy to the circuit. As used in RFID
technology, one of the ways to supply power to im-
planted medical device is by using an inductive link
[2] that can power up a circuit through the skin with-
out to use transcutaneous wires, which could expose
the patient to bacterias and viruses [3]. The other so-
lution is by using batteries that have limited life and
can cause heavy metal contamination in case of leak-
age.

Although this work is focused on inductive links,
there are other ways to transfer energy. There are
some applications that use ultrasound waves to excite
a piezoelectric device to generate a current. Another
way to provide power to medical implants is by using
a thermoelectric generator that makes use of the tem-
perature gradient between inside and outside of body
to create energy by Seebeck Effect.

An inductive link requires an AC-DC rectifier that
is responsible to transform the signal wave into a
power supply. Rectifiers are usually designed to use
conventional diodes that have a built drop voltage of
0.7V, which is suitable for conventional applications

but it is unusable for circuits running on power sup-
plies of 1V or less. Alternatively to the conventional
diodes, Schottky diodes can be used, but the manu-
facturing process of low forward drop voltage can be
more expensive than the traditional processes [4] be-
cause they might not be present in some regular pro-
cesses and require extra fabrication steps [5]. An alter-
native is the use of diode connected MOS transistors
to replace the conventional diodes in a bridge connec-
tion. CMOS transistors connected as diodes can work
at high frequencies, such as the Scientific and Medi-
cal - ISM band (13.56MHZ) that has been widely used
[4, 5, 6]. One problem of this solutions is that diode
connected MOS transistors in a bridge connection of-
fers low ON-OFF switching speed which in turn cre-
ates an undesirable reverse current. A cross-coupled
connected structure (Figure 1) can make the opera-
tion more efficient and minimizes the reverse current,
but in the ideal case the ON-OFF switch of the CMOS
transistors would be controlled by another circuit that
can speed up the operation and can create a dynamic
rectifier to make the operation more efficient, thus
minimizing the reverse current. Some dynamic rec-
tifiers have been reported in the last few years [6, 7, 8]
as solutions for powering medical devices under low
power.

One important characteristic of power supply is
the power conversion efficiency (PCE), equation 1,
which is defined as the rate of the energy dissipated by
the load by the power consumed by the entire circuit
[10], where ηpa, ηlink , ηrectif ier , ηregulator represents the
power amplifier, inductive link, rectifier, and regula-
tor efficiency respectively. The ηrectif ier represents the
amount of power provided to the output divided by
the amount of power that enters in the rectifier (equa-
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tion 2). For a PCE of 30% it is expected to have around
80% of efficiency of the AC-DC converter [6].

Figure 1: Cross-Coupled Rectifier [9].

P CE = ηpa ∗ ηlink ∗ ηrectif ier ∗ ηregulator (1)

ηrectif ier =
P out DC
P out AC

(2)

Figure 2: Active Rectifier Circuit [6].

The rectifier of Figure 2 is comprised of PMOS
transistors Q1 and Q2, and NMOS transistors Q3 and
Q4. Transistors Q5, Q6, Q7, and Q8 work in order
to tie the PMOS base transistor always at the higher
voltage [11]. Transistors Q3 and Q4 are connected as
a cross-coupled gate structure while Q1 and Q2 are
driven by comparators C1 and C2.

Figure 3: Cross-Coupled Rectifier wave form.

While the cross-coupled rectifier has a consid-
erable reverse current (Figure 3) the two compara-
tors shown in Figure 2 allow the active rectifier to
switch faster and minimize it. The challenge faced
by this technology is to make the comparators work
fast enough. Figure 4 shows the waveform signals
and highlights the comparator signal delay by circles
C and B, as well as the reverse current, by circle A.

In the ideal case, a perfect comparator would start
its output signal a moment before the AC signal be-
came larger than DC signal and would finish the pulse
in the exactly moment the AC signal becames smaller
than the DC signal. It is possible to see in the Figure 4
the delay showed inside of circle B which creates the
reverse current in circle A.

This paper presents one active rectifier using diode 
connected CMOS transistors, in 0.13µm process, con-
trolled by two original comparators that are responsi-
ble for turning ON-OFF the circuit and minimize the 
reverse current. This work was intended to provide 
an output voltage of at least 1V.

2 Cross Couple Structure

The cross-coupled structure shown in Figure 1 con-
nects the transistors gates in a cross mode. That con-
figuration puts the gates of transistors CQ1 and CQ2 
biased at a positive signal when their drain are biased 
by the negative signal. On the other hand, when the 
circle change, the drains are biased by the positive sig-
nal and the gates by the negative signal. The transis-
tors are made to turn ON at different voltage levels 
in their gates. NMOS needs to have high voltage and 
PMOS needs to have low voltage. At the same time 
the cross coupled circuit is designed so that the PMOS 
transistors provide higher voltage to the load while 
NMOS provide the lower voltage or GND voltage.

3 Active Rectifier

As mentioned in the introduction section, the desir-
able rectifier should have a  minimal reverse current, 
and one widely used way to achieve it is by using a 
comparator that can turn the rectifier ON-OFF faster 
enough. The Figure 2 shows the schematic of the rec-
tifier [6].
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Figure 4: Active Rectifier waveform - (A) reverse cur-
rent, (B) output delay, (C) entry delay.

4 Two Input Common Gate

Figure 5: Two input common gate.

Figure 5 shows the Two Input Common Gate Com-
parator, which is the comparator used to develop the
proposed comparator. This comparator is used in or-
der to monitor AC and DC signals, and to switch ON
and OFF the rectifier transistors always when the AC
signal becomes larger or smaller than the DC signal.
The Two Input Common Gate uses only four transis-
tors, Q10 and Q12 that form an inverter, and Q9 and
Q11 that form a voltage divider responsible by cre-
ate an (AC signal)/2. That comparator has been used
since it is small and simple, it does not require ex-
ternal power source, it consumes low power and pro-
vides faster switch for the rectifier transistors than a

cross couple structure. Although that comparator is
relatively fast, we propose a new comparator based
on the Two Input Common Gate, with some modifi-
cations that speeds up the operation of the switching
transistors.

5 Proposed Comparator

The proposed comparator shown in Figure 6 is a mod-
ified version of the two-input common gate, with an
extra capacitor and an extra voltage divider that are
responsible for speeding up the comparator.

Figure 6: Proposed Comparator.

Transistors Q9, Q10, Q11, and Q12 form a mod-
ified common gate structure. The gate of transistor
Q11 is connected to Q13 and Q14. Transistors Q10
and Q12 compose an inverter that can bring the OUT
pin to low or high level (DC signal). The transition be-
tween high and low level happens when the voltage,
at Q10 and Q12 gates, is larger than half of DC sig-
nal. Our comparator aims to detect when AC signal is
larger than DC signal. In order to accomplish it, tran-
sistors Q9 and Q11 form a voltage divider designed to
put the gates of Q10 and Q12 at a voltage larger than
DC/2 in the moment that AC signal is larger than the
DC signal.

In the proposed comparator, capacitor C1 works in
order to improve the rise time of the signal provided
by the voltage divider formed by Q9-Q11. While C1 is
not charged, it works as a short circuit and allows the
AC signal to drive the Q10-Q12 inverter. When C1
is charged, it becomes an open circuit, and the volt-
age between Q9 and Q11 starts to drive the inverter.
Figure 7 Q10-Q12 gates voltage waveform inside of
the circle. A lump appears when C1 gets full and dis-
connects the AC signal from driving the inverter. The
lump can occur above or below in the signal accord-
ing to the value of capacitor C1. If C1 is larger than
a certain value it will stop decreasing the reverse cur-
rent and will start increasing it. Figure 8 (a) shows a
waveform with an acceptable capacitor and (b) with
a capacitor larger than the optimum point. Figure 8
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(b) does not have a lump since its capacitor C1 is so
big that it never gets fully charged, and the AC signal
drives the inverter the whole time.

Figure 7: Proposed Comparator waveform. Lump’s
highlight.

Figure 8: Comparative between waveforms using an
acceptable capacitor size (a) and an over sized capaci-
tor (b).

Capacitor C1 helps the circuit to work faster but 
the use of integrated capacitor can be a problem since 
it may take a lot of silicon area. In order to avoid it, 
a second voltage divider is used. The voltage between 
transistors Q13 and Q14 is designed to be just a little 
higher than the voltage between transistors Q9 and 
Q11. It allows transistor Q11 to turn ON a little ear-
lier and to provide the delay shown in Figure 4 circle 
B to be a little shorter. Just as a comparison, if capaci-
tor C1 is 10pF at 1.3Vac input signal voltage, the max-
imum reverse current, without the voltage divider, is 
almost 2 times larger than the use of a voltage divider. 
In order to have the same result without to use the 
voltage divider, capacitor C1 would need to be 97pF.

6 Details About the Capacitor

In order to choose an ideal size of capacitor, some con-
siderations taken into account. The capacitor size de-
pends on the resistance and on the frequency oper-
ation, which defines t he t ime t he c apacitor n eeds to 
get fully charged. Since the circuit resistance changes 
during the circuit operation, the maximum capaci-
tance will be calculated, and later a smaller capac-
itance value needs to be calibrated through simula-
tions. The τ constant shown in equation 3 relates ca-
pacitor load time to the circuit resistance and capaci-
tance

τ = RC (3)

During the time given by the RC constant, a capac-
itor gets 63% charged/discharged [12]. For a 99.3%
load, it takes 5τ [13]. If a charge time of T = 5τ re-
place τ at equation 3 then the equation 4 will provide
capacitance that can be used in the circuit.

C =
T
5R

(4)

In order to obtain the time T on equation 4, the
circuit frequency needs to be analyzed. The time for
the capacitor be fully charged needs to be less than
the time to signal AC changes from zero to the max-
imum voltage value. That time is exactly 1/4 of the
cycle time. For 13.56MHz, it is 0.0184µs.

In order to determine the resistance R, the
Thevenin method for equivalent resistance can be
used. The R resistance applied to equation 4 results
in a reference capacitance that needs to be calibrated
by simulations. Its occurs because the R resistance is
not constant in this circuit.

7 Type of Transistor

In this work halo implanted transistors of small chan-
nel were used. Although this kind of transistor has
some problems such as threshold voltage mismatch,
caused by the halo implant, [14] they offer the ad-
vantage of having less internal resistance [14]. This
smaller internal resistance helps the circuit to waste
less energy on its own operation.
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8 Transistors Sizing

The transistors sizing takes 4 steps. The first step is
used to obtain the current to be provided by the recti-
fier transistors. This amount of current sets the min-
imum size of the four rectifier transistors according
to the technology used. After selecting the size of the
four rectifier transistors, the others three steps are re-
lated with the comparator.

In the second step 2, transistors Q10 and Q12,
which form the inverter are chosen. Those transistors
need to be large enough to supply current to the rec-
tifier. Besides that, Q10 and Q12 need to be designed
to switch the inverter exactly at half of the DC signal
voltage.

The next step would be the design of transistors
Q9 and Q11 that form the main voltage divider and
provide voltage to the inverter. Nevertheless, since
the gate of Q11 is controlled by Q13 and Q14, the
auxiliary voltage divider, therefore the voltage divider
Q13Q14 needs to be designed first.

While the main voltage divider needs to provide a
voltage of (AC signal)/2 to the inverter, the auxiliary
voltage divider needs to provide a voltage larger than
(AC signal)/2 to the gate of Q11 in order to turn it
on a little earlier. Thus, in step 3 the voltage divider
Q13Q14 needs to be designed to provide voltage ((AC
signal)/2 + δ). In our work we have chosen δ = 100mV,
but a different voltage is acceptable.

The fourth step, after designing the inverted and
the auxiliary voltage divisor, the main divisor needs
to be designed to provide (AC signal)/2 voltage. Since
the auxiliary voltage divider controls the gate of Q11
it can be a little difficult to obtain the Q9 and Q11
sizes. A simulation tool can help this task.

After the 4 steps, the capacitor needs to be calcu-
lated, as described in section 6.

Figure 9 summarizes all the steps described in this
section.

Figure 9: Transistors Sizing Flowchart.

9 Results

In order to simulate an input sine-wave at 13.56MHz,
of 1.3V peak was used.

Figure 10: Output of wave form using the proposed
comparator.

Figure 10 shows the output waveform. The out-
put DC voltage is 1.2V and the output peak current is
55.55mA under a reverse current of -1.47mA. In order
to trace this curve, a capacitor of 20nF and a resistor
of 193 ohms were connected in parallel as load [6].

Figure 11: Relationship between input voltage and
PCE.

The maximum ηrectif ier obtained is 0.92 and it was
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Parameter This Work [11] [5] [4]
Input Frequency (MHz) 13.56 13.56 13.56 13.56
Input Amplitude (|Vac|) 1.3 1.5 3.8 3.5

Output Voltage (V) 1.2 1.33 3.1 3.2
R Load (KΩ) 0.193 1 0.1 1.8

Output Power (mW) 44.93 1.8 96 5.7
PCE (%) 92 81.9 80.2 87

Process Technology (µm) 0.13 0.18 0.5 0.35

Table 1: Comparison with previous works.

computed using the same method described in [6] that
can be obtained from equation 2. The curve of input
voltage vs PCE is shown in Figure 11.

Figure 12: Relationship between input and output
voltage.

Figure 12 shows the relationship between input
and output voltage.

Table 1 shows a comparison to other works. It is
possible to verify the PCE achieved was compatible
with other reported rectifiers and that the output volt-
age is compatible with implantable devices.

10 Conclusion

In this extended version it is presented a low power
rectifier, on a new operating condition, using a pro-
posed comparator. The comparator is intended to re-
duce the switching delay of the rectifier transistors,
in order to decrease the reverse current. It was ac-
complished by using an extra capacitor and an ex-
tra voltage divider as compared to the original two-
input common gate comparator. Those comparator
and rectifier were designed and simulated on 0.13µm
CMOS process. The circuit was designed to work at
13.56MHz with an input signal of at least 1.3Vac. The
rectifier efficiency increased by 10% when compared
to the original paper and it can achieve a 92% of max-
imum efficiency at 1.2V.
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