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Abstract - This paper presents an ultra-low power RF-DC
voltage multiplier wusing auxiliary transistors block to
dynamically control the threshold voltage of the main chain
transistors. The proposed scheme enhances the forward
conduction current and reduces the reverse current by
controlling the gate to source voltage of the main chain
transistors. The proposed 5-stage scheme attains maximum
post-layout simulated power conversion efficiency (PCE) of
33.3% at -16dBm input level and delivers 2.63 V output DC
voltage to 1MQ load. The proposed RF-DC voltage multiplier
has been designed in a standard 180 nm CMOS technology.

1. INTRODUCTION

For more than a decade, energy harvesting from ambient
environment has been attracting a great deal of interest in
powering up the electronic devices and has become a
favorable substitute for the battery. The RF energy
harvesting is one of the most popular methods of extracting
power from ambient environment to supply the wearable
electronic devices, internet of things (1oT), wireless sensor
networks (WSN) and biomedical implantable devices [1].
Usually the signal strength of incoming RF signal is limited
to turn on a rectification device so we need an efficient RF
to DC conversion circuit to overcome this challenge.

Fig. 1 shows a basic block diagram of RF energy
harvester. The incident RF signal from the antenna feeds to
matching network which maximizes the power transfer from
the antenna to the rectifier circuit. The rectifier circuit
rectifies the input RF power and converts it to DC output
power. The DC output voltage is stored in the storage device
and supplies to the required load.

The major challenge in RF rectifier circuit design is to
minimize the threshold voltage when transistors are forward
biased to allow the current flow in the forward direction and
maximizes the threshold voltage when transistors are
reversed biased to prevent the leakage current. To achieve
the maximum rectifier's efficiency, energy losses introduced
by the threshold voltage and reverse current must be
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Fig. 2. Rectifier unit (a) diode-based voltage doubler (b) diode connected
MOS based voltage doubler

Power conversion efficiency (PCE) determines the
performance of the rectifier unit which is the ratio of the
power delivered to the load to the input RF power.
Mathematically,

PCE = (Pout, forward = Pleakage) - Pinput (1)
where Pinput IS the RF input power, Poytforward IS the output
power and Pieakage iS the power lost due to leakage current.

A lot of solutions have been presented in order to reduce
the threshold voltage and reverse leakage current of the
rectification devices. Technology based approach uses
schottky diodes [2] which have low threshold voltage and
low turn-on voltage but main drawback of this approach is
additional fabrication steps and production cost. In [3],
self-biasing technique is used with DC biasing voltage
which results in more power consumption and additional
area. In [4], NMOS transistors with body connected to
ground result in body effect which ultimately increases
threshold voltage of the transistors. Differential circuits
discussed in [5, 6] have cross coupled bridge configurations
which require differential antenna. In [7], floating well
technique is used to control body terminal of the transistors.
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Fig. 4. Circuit diagram of the proposed RF-DC voltage multiplier using auxiliary block scheme
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Fig. 5. Operation of the proposed scheme during (a) Positive Phase and (b) Negative Phase

The drawback of this technique results in undesirable
substrate current. Active circuit technique [8] to reduce
threshold voltage of rectifying device utilizes external power
supply resulting in increased cost and maintenance.
Multi-level threshold-compensation [9] decreases the
threshold voltage of the transistors but leakage current also

increases which degrades the efficiency. To control the
reverse leakage current, the author in [10] used high speed
comparator. But the use of high speed comparator increases
power consumption and make it less useful for
low-frequency application. Many techniques such as
External Vth cancellation (EVC) [11], Internal Vth
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cancellation (IVC) [12] and Self-Vth cancellation (SVC)
[13] are used to reduce the threshold voltage of the MOS
transistor in the rectifier circuit.

In this paper an efficient RF-DC voltage multiplier using
auxiliary transistors block for ultra-low RF input power
level is proposed. The proposed scheme enhances the PCE
by reducing the voltage drop across the forward-biased
transistors to increase the conduction current and increases
the threshold voltage of the reverse-biased transistors to
prevent the leakage current.

This paper is organized as follows. Section Il presents the

overview of the prior work. Section Il provides the
proposed scheme. Section 1V discusses the results of
proposed scheme. Comparison with the previous

state-of-the-art works is made in Section V. Finally,
conclusion is discussed in Section VI.

Il. OVERVIEW OF PRIOR WORK

Threshold voltage of a rectifying device significantly
affects the performance of the RF energy harvesting system.
A low threshold voltage rectifying device is necessary for
the operation of RF-DC converter to efficiently rectify low
RF power to DC power. There are two types of techniques
are being used to reduce the threshold voltage and leakage
current in the rectifier circuit (1) technology-based and (2)
circuit-level technology.

Fig. 2(a) shows the diode-based voltage doubler. The
diodes can also be implemented by connecting drain and
gate terminal of MOS transistor together as shown in Fig.
2(b) which keeps the transistor always in the saturation
region for forward-biased connection. The voltage doubler
rectifies the AC voltage to DC voltage. Each of the two
transistors in the voltage doubler conducts only during one
half of the input cycle. The output voltage of the voltage
double can be expressed as:

Vout = 2Vp — Vin1 — Vine 2

where V, is the peak amplitude of input RF signal, Vi and
Vinz are the threshold voltages of NMOS and PMOS
transistors respectively.

The output voltage of the voltage doubler can become
double of the input voltage only when the threshold voltage
of the two transistors becomes zero. However, if the
threshold voltage is reduced it introduces the reverse leakage
current during the negative half cycle which results in the
degradation of the power conversion efficiency (PCE).

11l. PROPOSED THRESHOLD VOLTAGE COMPENSATION SCHEME

Fig. 3 shows block diagram of the proposed RF-DC
voltage multiplier scheme using auxiliary block. Fig. 4
shows circuit diagram of the proposed voltage multiplier
using auxiliary block. The proposed auxiliary block consists
of two PMOS transistors in each stage to dynamically
control the gate to source voltage of the main chain
transistors. The auxiliary block uses minimum number of
transistors in order to avoid additional power consumption.
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Consider the nth stage of Fig. 4 which is well-defined in Fig.
5. The auxiliary block transistors M. and Mn, compensate
forward-loss and reverse leakage-loss in the main
rectification chain during positive and negative half cycle of
the input RF signal respectively. Therefore, this process
reduces the voltage drop across the forward-biased
transistors in order to increase the conduction current and
increases the threshold voltage of the reverse-biased
transistors to prevent reverse current. The main rectification
chain consists of one NMOS transistor and two PMOS
transistors in each stage for the rectification of the input RF
power. The gates of both the PMOS transistors are
connected together to nullify the threshold effect of each
other. The use of auxiliary capacitor Cauxn iS to preserve the
charge which is usually lost during reverse-conduction. The
proposed scheme is cascaded in series to improve the power
conversion efficiency required for ultra-low power RF
energy harvesting applications.

Consider the last stage i.e. nth stage of the proposed
scheme. By applying Kirchhoff’s voltage law (KVL) in Fig.
5.

Vin = Ved (n-1) + Vour 3)
Vout = Vaun + Vedn 4
By re-arranging (1) and (2), we get:
Vour = 1? (Vin —=Vsd (-1 + Vsan + Vaun) (5)
where Viy is the peak amplitude of input RF signal, Vsd (n-1)
and Vg are the voltage drop across My.1and M, transistors
respectively and Vauxn is the voltage across capacitor Cayxn.
Similarly,
Vin = Vg (n-1) + Vaun (6)
By putting value of V,y from (6) into (3), we get:
Vour = -Vsd ) + Vsg n-1) + Vaun (7
Similarly,
Vout = Vsgn + Vaun ®)

By subtracting (7) from (8) gives:

Vad (n-1)= ng (n-1) _ngn (9)

The increase in the output voltage makes the gate-source
voltage of M, transistor increases continuously. This will
help the transistor My.1 to enter in the saturation region when
gate-source voltage of the M, transistor becomes equal to
threshold voltage. Hence, we can rewrite (5) as:

Vour = % (Vin = Vih (mn-1) +Vin (Mn) + Vaun) (10)

From (10), we can say that the proposed scheme is capable
of minimizing the effect of threshold voltage of the transistors
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in the main rectification chain. This increases the harvested
power and improves the power conversion efficiency.

Fig. 5 shows the operation of the proposed scheme during
positive and negative phase of the RF input signal. During
the positive half cycle, My, transistor in the auxiliary block
keeps the transistors Mna1 and M, back-compensated to
reduce voltage drop across these transistors in the main
rectification chain. This increases the forward conduction
current and enhances the power transfer to improve the
power conversion efficiency. During the negative half cycle,
the transistor Mp, in the auxiliary block keeps the
gate-source voltage of transistors M, and My.1 to zero to
reduce the reverse leakage current.

IV. RESULTS AND DISCUSSION

Fig. 6 shows the layout of the proposed 5-stage RF-DC
voltage multiplier using auxiliary block scheme. The active
die area of the proposed 5-stage voltage multiplier is
(213um * 213pm). The total value of the capacitance, which
is the sum of input capacitance, auxiliary capacitance and
storage capacitance, is 54.9pF. Fig. 7 shows the simulated
results of the proposed scheme in a standard 180 nm CMOS
technology. Fig. 7(a) shows the efficiency versus input
power level (-25dBm to -10dBm) graph for different
rectifier stages by keeping the load of 1MQ. Different No.
of stages show different efficiency performance versus input
power range from -25dBm to -10dBm. The proposed 5-stage
RF-DC voltage multiplier achieves maximum power
conversion efficiency (PCE) of 33.3% at -16dBm input
power level. The PCE of the proposed scheme gradually
increases from (-25dBm to -12dBm) input power level and
then starts decreasing. From this graph, it can be concluded
that the proposed scheme is suitable for low input power
level. Fig. 7(b) shows graph of output DC voltage of
different stages versus input power level. It can be seen from
the graph that the output DC voltage increases with the
increase in number of stages and vice versa. The proposed
5-stage RF-DC voltage multiplier produces an output DC
voltage of 2.63V to 1IMQ load.

V. COMPARISON WITH PREVIOUS WORKS

Table 1 compares the performance of the proposed
RF-DC voltage multiplier with the prior state-of-the-art
works. The proposed scheme is designed in a standard
180nm CMOS technology. The active die area of the
proposed 5-stage voltage multiplier is (213um * 213um).
The RF input power level ranges from -25dBm to -10dBm
to check the power conversion efficiency (PCE) of different
stages (i.e. from 1 to 8) of the proposed scheme at 900 MHZ
frequency. Different no. of stages show different efficiency
performance vs RF input power level from -25dBm to
-10dBm. The proposed 5-stage RF-DC voltage multiplier
achieves the post-layout simulated PCE of 33.3% at -16dBm
input power level and delivers an output DC voltage of
2.63V to IMQ load.
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VI. CONCLUSIONS

The paper presents an ultra-low power RF-DC voltage
multiplier using auxiliary transistors block to dynamically
control the threshold voltage of the main chain transistors.
During positive half cycle, the proposed circuit increases the
conduction current by reducing the threshold voltage of the
forward-biased transistors. Similarly, during negative half
cycle, the proposed circuit prevents the flow of leakage
current by increasing the threshold voltage of the
reverse-biased transistors. The proposed scheme attains
maximum  post-layout simulated power conversion
efficiency (PCE) of 33.3% at input power level of -16dBm
and feeds output DC voltage of 2.63V to 1MQ load. The
proposed RF-DC voltage multiplier has been designed in a
standard 180 nm CMOS technology.
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