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ABSTRACT
A novel fully integrated CMOS passive RFID

transponder without EEPROM and control logic
was designed and simulated. 1.5V of the operation
voltage was generated by the charge pump and
the average power required for operation was
62.9pW at 910MHz. 0.41x0.64mm2 of die area was
required for fabricating the suggested RFID chip.

1. INTRODUCTION
The applications of Radio Frequency

Identification (RFID) can be found in the supply
chain for inventory control, product tracking, and
counterfeit control [1] and aviation for airline
passenger and baggage tags. [2] These are a few
RFID applications and their applications are
expanding rapidly. However, up to now, RFID tags
are used for only high price merchandise and
applications because of the high manufacturing
cost. In other words, reducing the manufacturing
cost is the main concern and inexpensive CMOS
technology is one of the most promising solutions
due to its low-cost, and low-power operation.

Several CMOS passive RFID tags were
suggested [3-4], and they used EEPROM using
floating gate memory for reading and writing data
in RFID transponder tags. EEPROM and its logic
circuitry require many transistors and are difficult to
be fabricated in the standard CMOS process which
increase the manufacturing cost and may be
vulnerable to tampering.

Here, we report a design of a simple RFID tag,
which does not have EEPROM and logic control
circuits and occupies only 0.41 x 0.64 mm2 of die
area. An inverter train, which has a series of 128
inverters, was designed to read 64-bit data
sequentially and a modified ring oscillator was
designed to generate a short pulse train with long
period. The pulse generated in the oscillator travels

Figure 1: Block diagram of the RFID transponder chip

from the first inverter to the 128th inverter with
enough time delay to read one bit of data where
traveling through two inverters. An external printed
dipole antenna is connected to the input of the
charge pump. Even though our design is a read
only RFID tag and does not ally reprogramming,
the manufacturing cost can be significantly
reduced over currently used RFID tags.

11. SYSTEM ARCHITECTURE
The RFID chip consists of four parts, a charge

pump for generating 1.5V of DC operating voltage,
a nng oscillator for clock generation, a data
readout circuit with inverter train, and a modulator
to modify the input impedance. (Fig. 1)

A. Charge Pump with voltage regulator
For generating a DC supply voltage, the

incident RF signal needs to be multiplied after
rectification. A charge pump circuit with Schottky
diodes was used for multiplying the operating
voltage. Two diodes and two capacitors consist of
one stage. For the multiple stages, the maximum
possible DC bias voltage can be calculated by the
following equation.

VDC = 2N(VPP RF-VOn) (1)

Where VPP_RF iS the positive peak voltage of the
incident RE signal, Von is the turn-on voltage of a
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Figure 2: (a) Measured DC current(A) vs. DC voltage input(V)
curve of a Schottky diode with 10xlOpm2 contact area (b)
Three stage Charge pump with voltage regulating diodes

Schottky diode, and N is the number of stages in
the charge pump. [4] Fig. 2(b) shows a three-stage
charge pump with voltage regulating diodes. The
number of diodes can be decided by the peak-to-
peak voltage, Vpp, of the incident RF signal. For
the case of the small RF signal input, such as

0.7Vp_, the 13-stage charge pump was enough to
generate the operating voltage of 1.5V.

The main parameters for designing a charge
pump are the series resistance and the junction
capacitance of the Schottky diodes and load
capacitors. After fabricating and testing several
diodes with various contact areas through the AMI
0.5p process, a Schoftky diode with 1Ox,Opm2
contact area was selected due to its DC IV
characteristics, 7.2pA at 0.2V turn-on voltage and
2150 of the series resistance as shown in Fig. 2(a).
From this measured result, seven Schottky diodes
were used for limiting the DC output to below 1.5V,
which can be calculated by the following equation.

Vdd =k(VO +RsId) (2)

Where k is the number of regulating diodes, Rs is
the series resistance, and Id is the diode current. If
the voltage generated by the charge pump was

lower than the limit, 1.5V, the voltage applied to
each regulating diode was lower than Von.

B. Ring Oscillator with modified pulse train
To generate a short pulse for stimulating the

first inverter in the inverter train, a modified ring
oscillator was designed by adding a capacitor, "C"
in Fig. 3. A normal ring oscillator generates a pulse
train with the pulse width of a half of its period. If a
capacitor is added between the first and the

,'Vdd

Figure 3: Ring oscillator with pulse width modification

second inverters, the second inverter waits until
the capacitor is charged up to the threshold voltage.
The gate width and length ratios of all transistors
were chosen to set the pulse width to 200ns.

C. Data readout with an Inverter Train circuit
The main idea of the inverter train circuit is

modifying the delay between two inverters. The
delay time of an inverter was intentionally
increased to a half of the pulse width of the
oscillator output by changing the width and length
ratios of the pFET and nFET of the inverter. Fig. 4
shows the inverter train and switches. Dl through
D64 represent the 64bit fixed data, which is
already coded during the fabrication. All inputs
connected to switching nFET's, which is connected
to on-or-off nFET's (M2, M4, M6,..., M128). Focused
Ion Beam (FIB) can be used for implanting Ga+
ions to permanently turn some of nFET's off. For
fabricating a 200mm wafer with 80,000 chips,
5.6min implantation time, after thinning the glass
layer, is required. [5] When a pulse, Vpulse, with
20Ons of pulse width comes in, the first switch, M1,
is tumed on and the first inverter, In1, begins to be
turned on. In2 begins to be turned on at 1OOnsec.
After 200ns, In2 is fully turned on and M1 is turned
off and M3 is turned on. The third inverter, In3,
begins to operate at 200ns. At 300ns, In2 and M3
are turned off and M5 is turned on. As time goes by,
this single pulse travels to the last inverter, In128,
and turn on M127. After tuming off the last switch

Vdd

Figure 4: Inverter Train with nFET switches between data
and output to the modulator and on-or-off nFET's
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M127, the pulse vanishes. Since Vpulse was
periodic, a periodic pulse travels through the
inverter train and the output data is repeated with
the same period as that of the ring oscillator.

C. Modulator
Backscattered modulation was used for

designing the modulator. When the periodic data
sequence arrives from the readout circuit, the
modulator changes the input impedance of the
RFID chip. As a result, the reflected RF signal
varies with a specific pattern, which is repeated at
the same frequency as the ring oscillator. By
detecting this pattern, the RFID data receiver can
recognize the target.

Amplitude Shift Keying (ASK), Frequency Shift
Keying (FSK), and Phase Shift Keying (PSK) are
dominant digital modulation methods for RFID
applications. ASK is common in 13.35MHz load
modulation. PSK is the most common in 915MHz
backscattered modulation due to the better power
efficiency. [4] Since ASK could give a loading
effect on the operation of the charge pump and the
variation of the capacitance of the charge pump
was negligible in PSK mode, PSK was considered
to be implemented. Fig. 5 shows the modulator
circuits for both ASK and PSK cases, where the
data pulse train changes the capacitance of the
input impedance.

111. Simulations
0.5,u CMOS process transistor models were

used for the Spice simulation. The Schottky diodes
with 0.2V as the turn-on voltage, 2150 for the
series resistance, 16fF as the junction capacitance,
and 2pF capacitor loads were used in the charge
pump circuit. Table 1 shows the design
specification for the RFID transponder chip. An RF
signal at 915MHz, which is within the standard
operating frequency range in Auto-ID class 0 &1
and ISO 18000-6 A & B [3], and 0.7V V>pwas the

v (a) anitennal v (b) ~~

Figure 5: (a) PSK circuit and (b) ASK circuit, output impedance
varies by the data train (VA).
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Figure 6: (a) 1.5V Vdd and 16 outputs (V) of the inverter train:
Outputs of Inl to ln16 in Fig. 4. The first pulse tums the second
inverter on and the second pulse turns the third inverter on,
and so on. A pulse travels through the inverters in the readout
circuit. Each pulse tums one switch on to transfer the input
data to the output (b) Scanned output voltage: Vout of Fig. 4.
The input data was "0101010101010101"

incident RF signal. The ring oscillator consists of
high W/L ratio (20/1) nFET's for generating a short
pulse with 200ns pulse width. The inverters in the
readout circuit consist of low W/L ratio (3/10)
nFET's for lOOns delayed switching and the
switches are all nFET's with fast switching. Fig. 6
shows the simulation result of the 16bit inverter
train with switch circuit. 16 outputs of 16 inverters
are shown in Fig. 6(a). The output of switches (Fig.
6(b)) showed the same sequence as the input data.
For the PSK modulation circuit, the nFET capacitor
had a large gate area for a wide variation of the
input impedance.

The power was mainly consumed in the charge
pump and the oscillator circuit, since only up to two
inverters and one nFET were in the operation of
the readout circuit. For 0.7Vpp and 910MHz of
incident RF signal, the average powers consumed
were 0.2uW, 2.5pW, and 60.2pW for the readout,
the oscillator, and the charge pump, respectively.

The average power consumption was 62.9p1W.
If OdBm transponder antenna gain and free space
propagation loss are assumed, the operating
distance can be calculated by the following Friis
free space transmission equation. [6]

d< GPGTX A2GRx
X 162P,LL

Where d is the distance between transmitter and
transponder, PTX is the transmitted power, PRx is
the received power, GTX is the transmitter gain, GRx
is the receiver gain which is the antenna gain, k is
the wave length of the incident RF signal, and L is
the system loss factor. If an RF signal with the
frequency of 915MHz and 4W of Effective Isotropic
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Radiated Power (EIRP) was transmitted, the
working distance was calculated to be 6.39m.

Fig. 7 shows the simulation result of the
inverter train for 64bit input data with a ring
oscillator circuit. The 0.5V pulse train represents
the output signal transferred from the input through
the readout circuit. The 1.5V pulse train with 200ns
of the pulse width and 15[ts of the period was
generated by the oscillator circuit. One bit data can
be read in 200ns and the data rate is 10Mb/s. As
long as the operation voltage of 1.5V is maintained,
there was no effect on the pulse width and the data
rate. When we changed the frequency of incident
RF signal, the pulse width varied due to the
operation voltage change. However, in the
frequency range between 800MHz and 2.5GHz,
negligible Vdd change was observed.

The modulator changed the capacitance of the
load transistor Mid in Fig. 5 by changing the voltage
between gate and source. The threshold voltage of
the inverter needed to be low to 0.4V due to the
low output voltage from the readout circuit.

Table 1: Design specification for RFID chip
Part W/L Capacitance

pFET nFET
Charge pump N/A 2pF
Ring Oscillator 3pI4,u 1Op/l 2OpF
Readout Inverters 1 12p 3Wi10 N/A

Switches N/A 2p/lp, 10/3p N/A
Modulator 1Ij/l 0[t 20p1pg, 30u1 0[t 5pF

IV. Layout
The charge pump circuit in 0.119mm2 area, the

readout circuit in 0.076mm2 area, the ring oscillator
circuit in 0.041mm2 area, the modulator circuit in
0.023mm2 area, and the pads in 0.02 mm2 area
were used. Total 0.261mm2 (0.408mm x 0.639mm)
of die space was required for fabricating the
designed RFID chip.

V. Conclusions
An RFID transponder chip with read-only

memory was designed and simulated. By omitting
EEPROM and logic circuitry, the chip size is
minimized and the suggested RFID chip can be
fully fabricated through the inexpensive CMOS
process. As a result, significant cost reduction is
expected. The data transfer rate was 1 OMb/s,
which is much faster than other RFID circuits. The

1.6 Inverter train for 64bit data transfer
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Figure 7: Simulation result of inverter train for 64Bit data. Solid
line is the output (Vout in Fig. 4) and dashed line is a pulse
train (Vpulse in Fig. 3 and 4) generated by the rng oscillator.

power required for operation was 62.9pW and the
working distance between transmitter and
transponder was calculated to be 6.58m. For
numbering codes, FIB implantation of transistor
gates can be used to permanently tum some of on-
or-off transistors off. Actual RFID chip is being
fabricated through a 0.5p CMOS process and will
be tested in an anechoic chamber with RF
radiation.
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