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Abstract: This paper presents a power supply solution for fully integrated passive radio-frequency identification
(RFID) transponder IC, which has been implemented in 0.35xm CMOS technology with embedded EEPROM
from Chartered Semiconductor. The proposed AC/DC and DC/DC charge pumps can generate stable output for

RFID applications with quite low power dissipation and extremely high pumping efficiency. An analytical model of

the voltage multiplier,comparison with other charge pumps,simulation results,and chip testing results are presen-

ted.
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1 Introduction

Radio frequency identification (RFID) sys-
tems have been developing rapidly in recent
years. RFID systems consist of radio frequency
transponders (tags), radio frequency transceivers
(readers) ,and a host computer. Tags are attached
to objects. In passive RFID systems at the UHF
spectrum, which are considered in this paper.the
reader unit and tag communicate via the backscat-
tering of electromagnetic waves. The reader sends
energy to the tag,which then harvests the energy
and responds by backscattering its identification
data. The transponder has a voltage multiplier,
which is connected to the antenna. The transpon-
der gets its operating power from the RF field ra-
diated by the reader device. The voltage multiplier
converts the antenna RF voltage at the operating
frequency into two DC voltages of at least 0.65
and 1. 5V for all active circuits on the chip,inclu-
ding the digital section, modulator, demodulator,
and DC/DC charge pump for programming EEP-
ROM#).

2 Architecture

In this section, we will describe the design
considerations of the power supply section of a
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fully integrated passive RFID transponder IC,in-
cluding a voltage multiplier,a low-power voltage
regulator,and a DC/DC charge pump. In the tag
reading mode,the voltage multiplier and the regu-
lator can provide a typical operating voltage of
1.5V with a 1MQ load resistor when the input
900MHz RF power is 12, W. In the mode of writ-
ing to the EEPROM, the DC/DC charge pump
circuit converts the DC supply voltage of 1.5V to
a voltage of approximately 14V, which is needed
for programming the EEPROM. With the assump-
tion of a 2. 5pA programming current, the input
900MHz RF power needs to be 210pW. The DC/
DC charge pump works at a frequency of approxi-
mately 1IMHz generated by an on-chip oscillator,
which also can be used as the operating clock of
the digital section.

2.1 n-stage voltage multiplier

Typical AC-DC charge pump circuits used in
RFID are usually composed of a capacitor-diode
network™ ,as shown in Fig. 1.In order to increase
output voltage and conversion efficiency,Schottky
diodes are generally used for their low conduction
resistance and low junction capacitance. Howev-
er, the particularity of manufacturing processes
for Schottky diodes and the inconsistency in quali-
ty between different product batches often make
the integration of a Schottky charge pump incom-
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Fig.1 Conventional Schottky-diode AC/DC charge
pump

patible with standard CMOS circuits and thus lim-
it its applications.

This paper presents a novel AC/DC charge
pump for RFID application. Instead of expensive
Schottky diodes, the proposed charge pump em-
ploys MOSFET diodes with low or zero threshold
(V) that is compatible with standard CMOS
technologies. With a low-power output regulator,
the proposed charge pump converts input radio
frequency (RF) signal power into DC voltage
with high conversion efficiency and input-inde-
pendence. In the next section, the novel charge
pump circuit will be analyzed in detail.
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Fig. 2 Schematic of basic MOS charge pump

. iﬁ M-1 '

~

=

=
O
3|
71

Fig. 3 Initial unit voltage multiplying cell

Figure 2 shows an odd AC/DC charge pump
which utilizes ultra-low V,, nMOS FETs connect-
ed as diodes. Analyzing the initial unit voltage
multiplying cell (UVMC) shown in Fig. 3, multi-
plying capacitor C,-; and C, can look like a pair
of DC voltage sources. C. is a coupling capacitor
that combines input voltage V;and V,_; ,the volt-
age drop on C,-, ,to provide a recharging voltage
for the next multiplier. Suppose V-, is the volt-
age drop on nMOS FET Mn -1, V,, for Mn, and
V. is the DC voltage at point C. Then under
steady-state conditions,we have

Ve=V.1= Vi

V.=V.,+V, @D
If W/L of two MOS FETs is identical (both equal
to I4),we have
Vin =V
V.=(V,+V,.1)/2 (2)
The actual input signal for Mn is V. + V.

Assume AV is the unit voltage increment,

namely,
AV=V= V.,
(V,+V,.D/2+AV=V,
V,=V,1+t2AV (€))
If re-defining a MOS FET and capacitor pair as
new UVMC, the stage number in Fig. 2 becomes
two,namely,

Vi =V, +2AV €]
where n =2k +1,and k is the ordinal number of
the initial UVMCs and is equal to 1,2,3---. With
the same aspect ratio for all the MOSFETs in the
charge pump.every AV would be identical. Itera-
ting the above formula,we have

Ve, =V,,+4AV =V, 5+ 6AV (5
and finally, V, = n AV ,which results in
V. = nAV = n(V, = Vi) (6)
where n is the number of nMOS FETs and circuit
stage number. In RFID applications, due to lack of
input power, the output voltage and conversion effi-
ciency of the AC/DC charge pump are hence the two
primary performance parameters. One must pay extra
attention to the tradeoff those two parameters.

2.2 Low-power regulator for charge pump

Due to the variance between V;., RF input
signals with different power levels, modulation in-
dexes and modes will generate quite different and
even unstable output voltages through the charge
pump, which is not desired for a steady DC supply
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Fig. 4 Complete schematic of the low-power regulator

in an RFID transponder. For stabilizing output
voltage. Figure 4 presents a proposed low power
regulator that includes a diode regulator,a voltage
reference,and a series regulator.

The diode regulator simply utilizes four series
diodes to provide an elementary regulating strate-
gy, which only confines large output swing to a
comparatively low but still apparent and unfavor-
able degree. For the two following portions, such
pre-regulation is necessary and makes them prop-
erly work in an appropriate and acceptable supply
swing range to produce a more precise and stable
output.

To reduce power dissipation. the required
high reference voltage, such as 1.5V, is directly
generated through a § self-biasing voltage refer-
ence instead of the conventional way to accurately
amplify a pre-generated low reference voltage. As
shown in Fig. 4, M5~ M10 build up a triple cas-
cade connection to increase the output resistance
and all operate in the sub-threshold region for re-
duced power consumption. The series regulator
simply utilizes a differential amplifier and a nega-
tive feedback nMOS FET to fix the output at a
given reference voltage. In order to achieve low-
dropout regulation and ensure that M16 operates
in the saturation region, a native transistor the
same as the one in the basic charge pump and very
large W/L are employed.

2.3 DC/DC charge pump

Most DC/DC charge pump designs are based
on the circuit proposed by Dickson. However, for
high output generated voltages,the increase in the
threshold voltage due to the body effect can sig-
nificantly reduce the pumping efficiency. It is also
known that the circuit performance is limited due
to the threshold voltage drop of the nMOS devices
and the reverse charge-sharing phenomenon. In
recent years, several modifications of the Dick-
son’s charge pump circuit have been proposed to
solve the output voltage saturation problem.
2.3.1 NCP2 charge pump

The NCP2 circuit proposed by Ref. [4] is
shown in Fig. 5. It utilizes charge transfer switches
(CTS) to solve the problem of the body effect by
using the next pumping voltages to switch each
CTS. However, V, still unavoidably grows along
with the increasing body effect that results from
increasing the pumping voltage presenting at each
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Fig. 5 A four-stage NCP2 charge pump circuit
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Fig. 6 A four-stage SP charge pump circuit

terminal of CTS. The NCP3 circuit proposed in
Ref.[4],which uses a high-voltage clock genera-
tor, can eliminate the body effect, but it is not
used widely because of the complicated high volt-
age amplitude clock generator circuit. Another
problem of NCPZ mainly lies in increased parasit-
ic capacitance at pumping nodes, which reduces
the pumping efficiency.
2.3.2 SP charge pump

The small pump (SP) circuit”® , as shown in
Fig. 6, utilizes an extra gate bias control circuit.
The design concept in the SP is two-fold. It uses a
small pump circuit to control the gates of the ma-
jor pump circuit, which has a better pumping effi-
ciency than NCP2. But the circuit suffers from
two other problems: First, the technique to solve
the body effect,utilizing the manufacture of float-
ing body of nMOS transistors or triple-well tech-
nology,cannot be implanted in the normal ASIC
process;Second, the circuit uses a small pump cir-
cuit for gate biasing in the main circuit, and this
mechanism results in a reverse charge sharing
problem.
2.3.3 Voltage-doubler charge pump

As shown in Fig. 7,the proposed charge pump
circuit® utilizes cross-connected nMOS. with a
voltage doubler as a pumping stage. The charge
transfer from one stage to the next is accom-
plished by using a pair of pMOS as serial switches
(MPi). The MOS transistors MSi can ensure the
wells of the pMOS transistor switches always in the
higher voltage between source and drain. For low-
voltage operations and a large number of pumping
stages,the MOS transistors MCi and MTi are used to
reduce the body effect. The
of the pMOS are all connected in the common

substrates

Fig.7 One stage of the voltage doubler charge pump

node V, to ensure that they are always tied in
the higher voltage between source and drain.

The charge pump circuit is complicated, and
such many transistors used will increase the para-
sitic capacitances, which can reduce the output
voltage gain. In addition,for higher voltage oper-
ation,the voltage doubler needs a very large tran-
sient charging current at the edge of the clock,
which is difficult to get from the former stage
AC/DC voltage multiplier.

2.3.4 Proposed charge pump

The proposed charge pump circuit is imple-
mented in a normal n-well/p-type substrate CMOS
0.35um process. As shown in Fig. 8,the two pum-
ping clocks CLK and CLK, which are generated
by the on-chip oscillator (details omitted), are
out-of-phase and have the same voltage amplitude
V. The pMOS transistors MTi are the main
charge transfer parts. The nMOS transistors MNi
and pMOS transistors MPi are used in this circuit
to turn on and off completely as charge transfer
switches. The operation of the charge pump cir-
cuit is explained as follows. When CLK becomes
low and CLK becomes high, nodes 2 and 4 are
charged to V, + AV and V, + AV by the couple
capacitors C, and C,, respectively. The voltages
of nodes 1 and 3 are discharged from V; + AV
and V; + AV to V, and V;,respectively,in which
Vi+AVisequal to V,,V, + AV is equal to V5,
and V; + AV is equal to V,. The pMOS transistor
MPZ turns on, which makes the gate voltage of
MT2 nearly equal to the voltage of node 2. Then
the charge transfer transistor MT2 turns off com-
pletely. Meanwhile, the nMOS transistor MN3
turns on, which makes the gate voltage of MT3
nearly equal to the voltage of node 1. Then the
charge transfer transistor MT3 turns on complete-
ly, and charge is pushed from node 2 to node 3.
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Fig. 8 Proposed charge pump circuit

The analysis of MT4 and MT5 is similar to MT2
and MTS3, respectively. On the other hand, when
CLK becomes high and CLK becomes low, there
will be some similar analysis on these charge pum-
ping transistors. Thus the new charge pump circuit
will push the charge only in one direction effec-

tively. We adopt a configuration in which the sub-
strates are connected to the drains of the pMOS
transistors. Proved by simulation results, the pro-
posed substrate connecting technique has better
pumping gain than techniques used in Ref.[7] or
Ref.[8].

The proposed new charge pump circuit can
reduce the threshold voltage drop, eliminate the
body effect completely,and improve the pumping
gain. Therefore, the new charge pump circuit can
transfer voltage level more effectively than some
other circuits.

3 Simulation results

Simulations were performed with the SPEC-
TRE simulator, using 0.35pm CMOS technology
with embedded EEPROM from Chartered semi-
conductor. Figure 9 shows the simulation results of

the output voltage of the proposed AC/DC charge
pump with different input signals. Based on the
practical design demands, the output needs to
reach 1. 5V with a 1MQ load resistor. In the tag
reading mode,our simulation shows that when in-
put 900MHz RF power changes from — 19.25 to
13. 22dBm, the deviation of the output V,, from
1.5V is less than 15mV. With a — 19.25dBm
(124W) input power, the largest obtainable con-
version efficiency is still 18. 56% , which is higher
than the reported results in Ref.[1]. In addition,
the minimum input working power of 12uW is
much lower than the results in Ref.[1].

In the mode of writing to the EEPROM, the
DC/DC charge pump circuit converts the DC sup-
ply voltage of 1.5V to a voltage of approximately
14V ,which is needed for programming the EEP-
ROM. With the assumption of a 2. 5pA program-
ming current, the input 900MHz RF power of the
AC/DC voltage multiplier needs to be 210, W.

Figure 10 shows the simulation results of the
DC/DC charge pump output voltage against the
number of the pumping stages. All the charge
pump capacitances (C;) are 2pF,and all the out-
put load capacitances (C.) are 20pF. All the sim-
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Fig. 9 Simulation results of MOS AC-DC charge pump
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Fig. 10  Simulation results of the DC/DC charge
pump output voltage against the number of the pum-
ping stages
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Fig. 11 Chip photograph of the presented circuits

ulations were carried out at 20MHz. It is obvious
that the proposed charge pump circuit presents
higher voltage gain when compared with other
circuits'"®! for any number of pumping stages. In
addition, the proposed circuit is much less compli-
cated than an SP charge pump and has better per-
formance.

The proposed circuits can be used as a power
supply for RFID with low power dissipation and
high conversion efficiency.

4 Fabrication and measurements

We have implemented the proposed circuits
in 0. 35um CMOS from Chartered Semiconductor.
A chip photograph is shown in Fig. 11, which can
be easily embedded into RFID transponder chips.
Meanwhile, it also provides good compatibility
with various CMOS digital or analog integrated
circuits. Figure 12 shows the testing results of the
AC/DC charge pump output voltage. When the
amplitude of the 900MHz RF input signal is
80mV,the output voltage is stable at 1. 52V, with
a deviation less than 10mV. This agrees with the
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Fig. 12 Testing results of the AC/DC charge pump
output voltage

simulation results (1. 5V) very well. With a 2. 5, A
load programming current, the tested output volt-
age of the DC/DC charge pump is 9. 7V, which is
lower than the simulation result (14. 8V). This is
due to an extra testing pad whose parasitic capaci-
tance enormously worsens the pumping clock of
the DC/DC charge pump. These testing results in-
dicate that the presented novel circuit is capable
of providing an efficient, stable and input-inde-
pendent power supply for RFID transponder tags.

5 Conclusions

We have reported a novel power supply sec-
tion for passive UHF transponders. Theoretical
analyses and circuit simulations used for the de-
sign optimization were presented. Proved by the
chip testing,the circuit demonstrates the capabili-
ty of generating stable and input-independent DC
voltages as a power supply for RFID tags. Using
more stable and compatible MOS FETs,these new
circuits eliminate the process defects existing in
the conventional Schottky diode based charge
pumps. The proposed circuits are hence more
compatible with other CMOS circuits and can be
used in many areas where a passive power supply
is needed.

The authors would like to thank
Yuan Yao for fruitful work.
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