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A current-mode voltage regulator with an embedded sub-threshold reference for
a passive UHF RFID transponder
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Abstract: This paper presents a current-mode voltage regulator for a passive UHF RFID transponder. The passive tag
power is extracted from RF energy through the RF-to-DC rectifier. Due to huge variations of the incoming RF power,
the rectifier output voltage should be regulated to achieve a stable power supply. By accurately controlling the current
flowing into the load with an embedded sub-threshold reference, the regulated voltage varies in a range of 1–1.3 V from
–20 to 80 ıC, and a bandwidth of about 100 kHz is achieved for a fast power recovery. The circuit is fabricated in UMC
0.18 �m mixed-mode CMOS technology, and the current consumption is only 1 �A.
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1. Introduction

RFID technology firstly appeared inWorldWar II for flight
fighter recognition. Nowadays this technology has been widely
implemented in many areas such as supply chain management,
access control and environment monitoring. RFID transpon-
ders fall into two categories: active and passive. The passive
transponder uses the RF energy transmitted by the reader as
its power source. Figure 1 shows the conversion of RF power
into a DC voltage supply. The RF energy is induced on the
tag antenna and converted into the voltage supply by the RF-
to-DC rectifier, which is realized by stacked voltage doublers
known as a Dickson charge pumpŒ1�. Since the transponder is
located at various distances from the reader, the receiving radio
power varies aggressively and causes huge rectifier output volt-
age fluctuations. As a result, a voltage regulator is necessary
to be placed at the rectifier output to generate a stable power
supply. There are two cases when there is instant absence of
RF power available for tag. One is that for the forward link
(reader to tag communication), a bit “0” is denoted by the ab-
sence of RF energy. The other one is for the reverse link (tag
to reader communication), when the reader transmits full RF
power, a bit “1” is sent to the reader by connecting the tag an-
tenna to ground to reflect most of the receiving energy back to
the reader, known as backscatter modulation. As a result, an
on chip capacitor should be connected with the regulator out-
put to provide power for the transponder during the absence of
RF power and to store energy when RF power appears.

Figure 2(a) shows a simple voltage regulator using a crude
voltage clamp. When VDD exceeds 3VD C Vthn, where VD and
Vthn are the threshold voltages of the diode and NMOS transis-
tor respectively, the bypass device turns on and provides an
alternate path for the excess current. Hence, VDD is crudely
clamped to 3VD C Vthn. This circuit suffers from two prob-
lems. Firstly, Vthn and VD change with the process and temper-
ature variations. On the other hand, due to its small voltage-to-

current gain, a fine regulated voltage cannot be achieved. To
resolve these two problems, a regulator with a voltage refer-
ence, shown in Fig. 2(b), is produced. A simple different am-
plifier compares the scaled voltage of VDD with the reference
to control the bypass device current. However, a pole is added
due to the amplifier, leading to limited bandwidth and insta-
bility problemsŒ2�. Huge variations of input and load currents
also make frequency compensation very difficult. The two reg-
ulators described above are parallel regulators with a bypass
device to conduct the excess current. The other method, called
series regulation, is to insert a pass device between the rectifier
output and power supply as shown in Fig. 2(c)Œ3�. The voltage
across the pass device increases with the rectified voltage to
keep the supply voltage below a fixed value. Nevertheless, the
input power is very limited without the device for huge power
dissipation. Furthermore, all devices of the amplifier operate
under an unregulated high voltage and the circuit lifetime is
affected. A combination of both the parallel and series regula-
tions is presented in Ref. [2]. A dynamic bias method is also
introduced in the regulator to ensure enough bandwidth and
phase margin. However, two diodes in the current path cause
large voltage loss and low power efficiency at far field leading
to limitation of the communication range. A maximum band-
width of 90 kHz is achieved with large receiving power.

So a current-mode regulator is proposed to clamp the sup-
ply voltage by precisely controlling the rectified current to the
load with a series current source of 35 �A and two parallel
current bypass paths. The regulated voltage is set at 1.2 V for
low power circuit operation and a bandwidth of 100 kHz is
achieved.

2. Current-mode voltage regulator

A new architecture for the regulator is developed as shown
in Fig. 3. The output of the rectifier is modeled as a current
source Iin. Firstly, a bypass current path I1 is connected be-
tween V1 and ground and it will be conducted when V1 exceeds
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Fig. 1. Conversion of RF power into DC supply.

Fig. 2. Conventional voltage regulators.

Fig. 3. Current mode voltage regulation.

Fig. 4. Coarse bypass current I1 circuit.

Fig. 5. Constant current I2 circuit.

1.6 V. The value of I2 is set at 35 �A. I3 is another current
bypass path to conduct the excess current. Hence V2 is given
by

V2 D .I2 � I3/RLoad: (1)

I3 as a function of V2 is given by

I3 D gm.V2 � VRef/; (2)

where Vref is 1.2 V. By comparing Eqs. (1) and (2) we can get

V2 D
I2RLoad C gmRLoadVRef

1 C gmRLoad
� VRef: (3)

If gmRLoad is large, V2 is almost equal to VRef.

2.1. Coarse parallel regulator I1

Figure 4 illustrates the detailed circuit of I1. I1 is a coarse
voltage clamp to dissipate excess current. R1 is about 2 M�.
When V1 exceeds about 2Vthp C Vthn, the current in M6 in-
creases sharply. The standby current is several hundreds of nA.
The voltage-to-current gain is highly increased by adding the
inverter formed by M4 and M5.
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Fig. 6. Bypass current I3 circuit.

Fig. 7. Simulation results of circuit loop gain and phase shift. (a) RLoad = 60 k�. (b) RLoad = 600 k�.

2.2. Constant current source I2

The circuit of I2 is shown in Fig. 5. There are two cur-
rent sources Iref1 and Iref2 connected with the diode-connected
PMOS transistors to control the passing current. When there is
no RF energy or the tag sends data by connecting the antenna
to the ground, V1 will drop below V2 due to bypass current I1.
Hence, a low voltage loss switch formed by M3 and M4 is in-
serted between V1 and V2 to prevent the current flowing back
to I1. As V1 rises above V2, the equivalent resistor of M3 is
reduced by decreasing the M3 gate voltage. The voltage drop
across M3 is much smaller than the diode or diode-connected
MOS transistor. Iref1 is generated by power supply V1 and Iref2
is generated by V2. At the initial state when the tag firstly enters
the reader interrogation area and begins receiving RF power,
Iref2 may be zero. As a result Iref1 gives I2 an initial value to
provide energy for the storage capacitor. After V2 is stabilized
and Iref2 is started up, the switch S1 is open to block Iref1 vari-
ations induced from unregulated V1. Iref1 and Iref2 are several
dozen nA to reduce the power. The current I2 is enlarged by
the W=L ratio of PMOS transistors M1 and M2.

2.3. Fine parallel regulator I3

Figure 6 shows the fine parallel regulator I3. M6–M9 form
a main bypass current path. M10 and M11 constitute a de-
modulator to accelerate the closure of the current path in M8
when there is no power available for the tag. When V2 exceeds
VRef D VR2 – VGS6, M8 is turned on and draws huge current
to keep V2 equal to VRef. VR2 is generated from another power

supply and it is given by

VR2 D
˛�R2VT

R1

ln
.W=L/2

.W=L/1

; (4)

where � > 1, ˛ D (W=L/5/(W=L/4 and VT D KT=q. As
a result, VR2 is a positive-temperature coefficient voltage. Be-
cause M6 works in the sub-threshold region VGS6 can be ap-
proximated byŒ4�

VGS6.T / � VGS6.T0/ C KG

� T

T0

� 1
�
; (5)

whereKG is positive. Therefore, the following condition is sat-
isfied to obtain a zero-temperature coefficient VRef W

KG

T0

D
˛�R2K

R1q
ln

.W=L/2

.W=L/1

: (6)

By breaking the loop at M8 gate, the loop gain can be
calculated as

LG � gm8gm6rds7RLoad
1 C C1s=gm6

.1 C rds7C1s/.1 C RLoadCLoads/
:

(7)
There are two poles:

p1 D �1=RLoadCLoad; (8)

p2 D �1=rds7C1: (9)
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Table 1. Comparison of performances between the proposed and referenced regulators.
Parameter Technology (�m) Efficiency Bandwidth (kHz) Current consumption (nA) Regulated voltage (V)
Ref. [2] 0.15 N/A 20–90 110 1.15–1.35
Proposed 0.18 86% 100 1000 1–1.3

Fig. 8. Die photograph (die size 0.43 � 0.36 mm2/.

C1 is added to move p2 to the low frequency region. Clearly
p2 can be compensated by a left-plane zero near p2 expressed
as

z1 D �gm6=C1: (10)

So the system is stable with only one pole. Figure 7 shows the
simulation results of loop gain and phase shift with constant
current I2 of 35 �A and CLoad of 300 pF. The system stability
is enhanced when RLoad reduces because of the further p2 and
p1 separation. A bandwidth of 100 kHz is achieved for fast
supply voltage recovery.

3. Measurement results

The whole circuit is fabricated in UMC 0.18 �m mixed-
mode CMOS technology. The die photo is shown in Fig. 8 and
the chip area is 0.43 � 0.36 mm2.

Figure 9 shows the transient response of the regulator to
the input current from 0 to 3 �A and 0 to 6 mA at 10 kHz
with RLoad of 600 k� and CLoad of 300 pF. Clearly the voltage
drops slowly for little leakage current consumption. The mea-
surement results show the regulated voltage variation is around
1.15 V of ˙ 0.15 V across a temperature range of –20 to 80 ıC
with 2 �A to 2 mA input current. The current consumption of
the regulator is only 1 �A. Table 1 compares the performances
between the proposed and referenced regulators.

4. Conclusions

A current-mode voltage regulator is developed to convert-
ing the rectified LF power into a stable voltage supply. The
output of the proposed regulator is clamped at 1.2 V by an ac-
curate control of the rectified current flowing through the load
with an embedded sub-threshold reference, and a bandwidth of
about 100 kHz is achieved. The regulator is fabricated in UMC

Fig. 9. Measurement voltage waveforms of input and regulated volt-
ages. (a) Input current 0–3 �A. (b) Input current 0–6 mA.

0.18 �m mixed-mode CMOS technology with 1 �A current
consumption.
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