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Abstract— An UHF RFID system is required to be able to operate at long range coverage, typically at 1-4 m. As a result, the RF signal
power received at RFID Tag is very low, typically at -10 dBm. Moreover, practically most of commercially used RFID Tag is passive,
which means that it solely relies on the RF signal transmitted from the RFID reader as the power source. Therefore, it is mandatory
and critical to design an efficient and low input power RFID Tag system. In this paper, an energy harvester module for UHF RFID
Tag, which is able to work at low RF input signal power and generate a stable DC voltage output, is designed. The module is able to
operate at a very low RF input power as low as -10 dBm or equal to 100 m of induced voltage. To obtain such performance, a
modified and optimized rectifier-using a Dynamic Vth Cancellation technique, is designed. By using this technique, the rectifier is
able to produce an efficient and a high output voltage. Additionally, bandgap reference and voltage regulator circuits are designed to
be independent of power supply and temperature variation. As the result, a stable DC power supply output is able to be generated.
All the circuits are designed on Silterra 130nm CMOS technology. This technology allows us to design the transistor to operate at a
low threshold voltage of 0.1 V, which is very suitable for the application of low input power UHF RFID Tag system.

Keywords— UHF RFID; energy harvesting; dynamic Vth cancellation rectifier; bandgap reference; voltage regulator.

| INTRODUCTION must use an energy harvesting technique in generating the
' power supply. RFID Tag, which uses energy harvesting
Nowadays, the use of Radio Frequency lIdentification technique, is called a passive RFID tag [6]. Passive RFID
(RFID) system has been applied in various applications,Tag is a type of RFID Tag device that obtains the power
such as stock inventory and logistics management systemgolely from the incident radio frequency energy.
access control, smart grid, and healthcare [1]-[3]. Besides, Therefore, in passive RFID Tag, it is required to design an
with the new paradigm of Internet of Things (I0T) energy harvester module. This module is responsible for
technology, the use of RFID technology increases converting the RF signal, sent by the reader, into a stable DC
significantly. RFID, together with loT, creates an power supply. In this conversion, efficiency is a very crucial
innovation, called RAIN RFID, which allows the tagged parameter to obtain a stable and sufficient power supply
items at different places can be monitored remotely via cloudoutput level. The main circuit in the energy-harvesting
[4]. Twenty eight million devices that apply this technology module, which has the function to convert the RF signal into
projected in 2020 [3]. the DC signal, is rectifier. Several methods have been
In real practice, plenty of items or devices use a radio proposed to obtain a high-power efficiency rectifier. Jeti
identification system at the same time. This may causeal. [7] proposed a rectifier, using a diode-connected CMOS
ambiguity or signal interference in the communication in Dickson Charge Pump configuration that can reach a
between Reader and Tag. Therefore, the RFID system needgaximum Power Conversion Efficiency (PCE) of 33.69%.
to be developed by adding processor and security systemMany other works focus on decreasing threshold voltage by
However, as a consequence, the addition of these featuregsing the cancellation technique. Several cancellation
will increase the required power supply. The use of externaltechniques have been proposed, including External Vth
power supply such as a battery is not preferred due to lowCancellation (EVC) [8], Internal Vth cancellation (IVC) [9],
efficiency, short lifetime, area consuming, high production Self Vth Cancellation (SVC) [10] and Dynamic Vth
cost, and packaging issue. To solve these issues, the syste@ancellation (DVC) [11], [12]. Among these approaches, the
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highest efficiency is obtained by using Differential CMOS « A conduction path forms between the positive input
Rectifier or DVC. Additionally, in practical, RF signal terminal and the output node throu@h; and MP1. The
received at the Tag antenna will vary depends on the output storage capacitor is then charged to approximately
distance between the Tag and Reader. In the worst case, the

RF signal power may be very low, reaching -10dBm, which Vin ok ¥ Ver ~Von, (1)
results in a low induced voltage at the Tag antenna, as low as ]

100 mV [11], [13]. In this work, the Silterra 130nm CMOS Where._ .

technology is used to utilize the 0.1 V threshold voltage (Vth) Vin, p =15 the peak value of the input voltage

of the CMOS transistor. Furthermore, to obtain an efficient Vei  =is the voltage stored acrasg,

and high output voltage of the rectifier circuit, a modified Von =represents the voltage drop due to the on-
and optimized DVC rectifier is designed. As previously resistance of MP1.

stated that K. Liret al [12] has presented a high-efficiency It is assumed thatC.; is charged already to
rectifier circuit using DVC technique. However, a false approximatelyV;, — Vonduring the preceding negative
configuration in using their rectifier design may result in a half-cycle of the input signal.

negative output of the rectifier, so that an additional set-up _ _
or circuit may be needed to address the issue. Here, we Another cqnducnon path also forms between the negative
modify the rectifier, based on DVC technique, by flipping NPt terminal and the ground node throw@hand MN2.

the position of the cross-coupled transistor, which results in 1 he coupling capacito€c,is charged to approximately

a direct positive output of the rectifier. Vin, pk = Von- _
Moreover, to meet the requirement of 0.1 V threshold 10 obtaina 0.1V threshold voltage of the transistors, W/L

voltage, we optimize the WI/L size of the transistors in the for PMOS is set to 2/0.13, while for NMOS is 6/0.13. By
rectifier circuit. By using the modified and optimized DvC Using this combination of WL size, the rectifier is expected
rectifier, the energy harvester module can generate a stabl® Produce the maximum voltage output at given input
DC output voltage of 2.27 V from an RF input with the peak Voltage as low as 100 mV. _

signal is as low as 100 mV. The steady DC power supply of _ Eurthermore, in our _deS|gn, to meet th_e requirement of the
1.8 V, which is also independent of power supply and digital block, the rectifier has to be designed to produce an

temperature variation, is obtained by designing bandgapOutPut DC voltage of more than or equal to 1.8 V. Therefore,
reference and voltage regulator circuits. the rectifier circuit itself has to be able to increase the

voltage level to the required level. In our design, the rectifier
is constructed in 4 stages to ensure a sufficient output DC

level.
The energy harvester module consists of three main

circuit blocks: rectifier, bandgap reference (BGR), and B. Bandgap reference and Regulator

voltage regulator, as shown in Figure 1. The output of this  Bandgap reference circuit is used to generate a reference
energy harvester module will then be used as the poweRgjtage that is independent of temperature and power supply
supply to the other circuit blocks, analog and digital blocks yariation. Bandgap reference circuit generates two signals:
(load ICs). As illustrated in Figure 1 as well, aside of energy Proportional to Absolute Temperature (PTAT) and
harvester module itself, a matching network is also reqUiVEdCompIementary to Absolute Temperature (CTAT) [14].

in designing an analog front-end circuit. The matching pTAT is generated by the natural response of the resistor,
network has a function to increase the power transferyhich produces a linear response of the voltage across the
efficiency from the Tag antenna to the circuit blocks. resistor as the temperature changes. On the other hand,
However, this matching network will not be discussed in this cTAT is generated by the natural response of bipolar
paper since it is not the focus. The details of each circuitjynction transistor (BJT) which produces a linear counter-
blocks of the energy-harvesting module are explained in theresponse of the voltage across the base and emitter terminal
following subparts. (Vge) as the temperature changes. These two signals are then
A. Rectifier summed up to provide a negligible output voltage change by

. ) i i . the given temperature change, so-called a voltage reference.
The rectifier is designed using the Dynamic Vth

Il. MATERIAL AND METHOD

Cancellation (DVC) technique. The circuit configuration of )
our rectifier is shown in Figure 2. A discharge circuit is also
added to the rectifier to avoid voltage overdrive [13]. As can remare,
be seen from Figure 2, for each stage, the PMOS transistors || .| Matching o rectiier
are placed on the right side, while the NMOS transistors are Network
on the left side. By using this configuration, the rectifier can et
produce a positive voltage output directly.

The working principle of this rectifier is explained as '
follows. During positive half-cycles of the input signal, Load ICs
« Node A experiences a positive voltage input, whereas

node B is negative. Since the gate terminals of MN2 and J

MP2 are tied to _NOde A, MN2 _turns on, and MP2 turns Fig. 1 Block Diagram of Energy Harvester Module of a Passive UHF RFID
off. Reversely, since MP1 are tied to Node B, MP1 turns Tag
on, and MN1 turns off.
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Fig. 2. Modified and Optimized Dynamic Vth Cancellation (DVC) Rectifier Circuit
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Fig. 3. Bandgap Reference and Regulator Circuit

The bandgap reference circuit uses current mirror topology, as shown in Figure 3. A differential op-amp,
configuration to obtain an independent of power supply configured in error amplifier configuration, is employed in
variation. The output of bandgap reference is expressed athis design. The active loads (MP14 and MP15) divide
follow: rectifier output; the output of this voltage is then called as
feedback voltage (. Both V= and \ker then become the

Veer = Voe +VT,1n(N) @) input of the amplifier. The difference between them is the
Where: error. The amplifier uses this error signal to generate a
Vee = .Base—Emitter voltage control signal for controlllqg the gate of MN2. As a result,
XBE — ratio of resistor the regulated voltage @¢o) is generated.

V; = thermal voltage (approximately 26mV)

I1l. RESULTS AND DISCUSSION
N = number of BJT

. ) o All the circuits in this design are simulated using an input
Accordingly, we design a bandgap reference circuit, of _10dBm and in 50 Ohm system. The 50 Ohm system is
which is independent of temperature change and powercpasen since most of the commercial antennas are using this
supply varlatl_on, as shown in Elgure 3. Transistor MPO, Mpl-system. In the 50 Ohm system, the -10dBm of RF signal
MNO, MN1 is the current mirrors. BJT QO and Q1 are jon .t is approximately equal to 100 mV of voltage input
configured to work as a diode. R’_eS|stor RO and_ BJIT Q2 aregceived at the Tag antenna [11], [13]. The details of the
the components that are responsible for generating the PTATgimylation result for each circuit blocks are explained in the

and CTAT signal. _ following subparts.
RF signal at the Tag antenna will be at around -10dBm.

This low and variation of the RF signal power is caused by A. Rectifier Simulation
the distance variation between the Tag and the Reader. A Figyre 4 shows the simulation result of the rectifier circuit.

regulator is adopted in our design to prevent overvoltage,it can be seen that the output voltage increases as the voltage
which can severely damage the transistor and othergre probed at the higher stages. By using the 4-stage of
components. We use a regulator with Low Drop-Out (LDO) modified and optimized DVC rectifier, a maximum and
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stable DC output voltage of 2.27 V can be obtained. It also —

has a fast time response, which is as low as 600 ns. o Ve
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Fig. 6. Voltage Reference Output with the Variation of Temperature
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C. Regulator Simulation

Figure 7 shows the simulation result of voltage regulator
_ _ output with the input variation from the rectifier. In this
B. Bandgap Reference Simulation simulation, the voltage regulator is given a rectangular pulse

Two simulations have been done for Bandgap reference tasignal. The simulation result shows that the voltage regulator
show its independence of power supply and temperaturecan produce a very stable DC output signal of 1.8 V. The
variation. These simulation results are shown in Figure 5 andsimulation of the full circuit is shown in Figure 8.
6. Figure 5 shows the simulation result of voltage reference
output with the variation of power supply ga7). In this T IHT R EIH N

simulation, the bandgap reference circuit is given a ramp
. . . 2.6_ n
input voltage from 1 V to 3 V. The simulation result shows v
that the bandgap reference can produce a stable voltage SEREASR SRR, 22 i i
reference output of 1.16 V DC. Hence, it is proven that the S 24/ i
bandgap reference circuit is independent of power supply - '
variation. g
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Fig. 5. Voltage Reference Output with the Variation of Power Supply
Figure 6 shows the simulation result of voltage reference
output with the variation of temperature. As explained in
Part Il. B, the bandgap reference circuit summed-up PTAT Wi B MEHE T 3T B3 B

and CTAT signals. Hence, by summing-up these signals, the

simulation proofs that the voltage reference output can be

kept stable at 1.16 V DC regardless of the variation in

temperature

in the range of -40 to 120 °C.
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Fig. 7. Voltage Regulator Output with a Rectangular Pulse Input Signal
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Fig. 8. Simulation Result of Full Circuit Simulation
[4] (2019) What is RAIN?. [Online]. Available:

IV. CONCLUSION

An energy harvester module, which can operate at low RFI5]
power signal input, has been designed. It can work at RF
power signal input of -10 dBm or approximately equal to 6
100 mV of induced voltage input. The modified and
optimized DVC rectifier can generate a stable DC power of
2.27 V with a fast response time of 600 ns. By optimizing 7
the design of band gap reference and voltage referencé
circuits, the energy harvester module can generate a stable
DC power supply of 1.8 V, which is independent of power
supply and temperature variation. (8]
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