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Abstract—The key factor in widespread adoption of Radio Fre-
quency Identification (RFID) technology is tag cost minimization.
This paper presents the first low-cost, ultra-low power, passive
RFID tag, fully integrated on a single substrate in a standard
CMOS process. The system combines a 24 GHz, dual on-chip an-
tenna, RF front-end, and a C-Flash based, rewritable, non-volatile
memory module to achieve full on-chip system integration. The
complete system was designed and fabricated in the TowerJazz
0.18 µm CMOS technology without any additional mask adders.
By embedding the RF, memory, and digital components together
upon a single substrate in a standard digital process, the low-cost
aspirations of the “5-cent RFID tag” become feasible. Design
considerations, analysis, circuit implementations, and measure-
ment results are presented. The entire system was fabricated on
a 3.6 mm × 1.6 mm (6.9 mm2) die with the integrated antennas
comprising 82% of the silicon area. The total read power was
measured to be 13.2 µW, which is sufficiently supplied by the
on-chip energy harvesting unit.

Index Terms—C-Flash, low-cost, low-power, non-volatile
memory, on-chip antenna, radio frequency identification, RFIC,
RFID tags.

I. INTRODUCTION

I N LIGHT of the evolution of communications over recent
decades, it is only a matter of time until any physical object

can be connected together and remotely controlled. This con-
cept is sometimes called the Internet of Things (IOT), and its
implementation can only be made possible through incorpora-
tion of Radio Frequency Identification (RFID) devices. These
small systems with integrated wireless communications enable
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the automatic identification of objects in various application
areas, such as: manufacturing, retail, healthcare, finance, and
transportation [1].
The key factor in widespread adoption of RFID technology

is tag cost minimization. Passive, battery-less tags can sig-
nificantly reduce the manufacturing cost of RFID systems;
however, the lack of an internal power source requires energy
harvesting and ultra-low power (ULP) operation. The main
challenges for producing a low-cost, ULP, rewritable (RW) tag
are the integration of the non-volatile memory (NVM) and the
RF-frontend. Standard NVM solutions, such as Flash memory,
require high voltages ( 10 V) and are non-logic compatible.
Off-chip antennas and energy harvesting components further
increase the system complexity, resulting in large, expensive,
and power-hungry multi-chip systems, which render the much
sought-after “5-cent tag” unattainable [2].
This paper presents a low-cost, ULP, RW, passive RFID tag,

fabricated in a standard 180 nm CMOS Logic process. The pro-
posed tag achieves the aforementioned low-cost aspirations by
implementing the complete system on a single substrate in a
standard digital process. This is done by integrating a novel,
on-chip, dual-antenna based, 24 GHz RF-frontend for wireless
communication and energy harvesting, and implementing the
RW NVM with the TowerJazz C-Flash memory cell that is op-
erated with a 5 V supply and can be manufactured in a standard
CMOS technology without the need for any additional masks
[3]. The design considerations and circuit implementations of
these components are presented, along with additional compo-
nents required for low-power operation of the system.
Contributions: This paper is the first reported fully embedded

passive RFID chip with on-chip antennas and NVM, fabricated
in a standard CMOS process to make the low-cost aspirations of
item-level RFID tags feasible. Specific contributions are as fol-
lows: 1) The entire system is manufactured in a mature 180 nm
3.3/1.8 V CMOS process, resulting in extremely low manufac-
turing and packaging costs. 2) All circuits on the chip are pow-
ered entirely by energy harvesting, completely eliminating the
need for back-up power. 3) Among the single Poly low-cost
NVM options suitable for RFID applications, C-Flash displays
record low power consumption and significantly smaller cell
size ( 30 m ). 4) Integration of the entire system provides en-
hanced reliability due to the guaranteed high memory retention
performance of C-Flash in a standard 0.18 m CMOS process
and the elimination of antenna assembly processes.
The rest of the paper is organized as follows. Section II

presents the system overview and main design considera-
tions; the design and analysis of circuit blocks that com-
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Fig. 1. The RFID tag system architecture.

prise the system modules are presented in Sections III–V.
Section VI presents the post-fabrication measurement results,
and Section VII concludes the paper.

II. SYSTEM OVERVIEW AND DESIGN CONSIDERATIONS

The architecture of the proposed passive RFID tag is pre-
sented in Fig. 1, emphasizing the system’s three main modules:
the RF-frontend Module, the Memory Module, and the Control
Module.
The RF-frontendModule includes transmission and reception

components to implement the wireless communication physical
layer and to supply the system’s operating power. The incoming
interface with the physical layer is provided by the on-chip re-
ceiving antenna, which distributes the absorbed signal to theDe-
modulator and to the Energy Harvester (EH). The demodulator
converts the input signal into a well-defined digital stream-in
signal, which is passed on to the Digital Control Unit (DCU)
in the Control Module. The EH converts the absorbed power
into a voltage limited DC bias, which is used as the supply
voltage for the entire chip. The outgoing interface from
the RF-frontend Module is realized by the Modulator unit that
converts streamed digital data from the DCU into a continuous
wave (CW) to be transmitted through the on-chip transmitting
antenna using a backscattering method.
The Control Module implements the system’s digital control

and provides biases and signals to the rest of the chip. The DCU
receives an incoming stream from the demodulator, and accord-
ingly provides the memory module with the required control
signals to implement Erase (ERS), Program (PRG), and Read
(RD) operations. Resulting outgoing messages are streamed-out
to the Modulator for off-chip transmission. The system clocks
are generated in the Control Module through the Local Oscil-
lator (LO) and a clock divider. A pair of DC-DC converters
generate the 5 V/ 5 V biases required for C-Flash operation.
Finally, the Power-on-Reset (POR) unit disables the DCU until

TABLE I
RFID TAG OPERATING PARAMETERS

the EH has stored enough power to supply a sufficient power
supply voltage.
The Memory Module comprises a 256 bit (16 16) C-Flash

array and the peripherals required to operate it. These include
novel analog drivers for multiplexing the required voltages onto
the control lines [4], as well as decoding and readout circuitry.
The primary specifications of the proposed system are sum-

marized in Table I. The main design considerations that led to
the definition of this architecture are detailed below.
1) Carrier Frequency: RFID systems operate in one of the

reserved ISM frequency bands, such as 900 MHz or 2.4 GHz.
However, operation at such a low frequency requires a large,
external antenna, substantially increasing the physical size and
manufacturing cost of the tag. In order to alleviate this draw-
back, the higher, 24 GHz ISM band was chosen, requiring a
much smaller antenna, while maintaining relatively high effi-
ciency considering substrate losses. This enabled integration of
an on-chip, dual antenna design, as will be discussed in the next
subsection.
2) Dual Antenna Design: Traditional passive RFID tag de-

sign relies on antenna backscatter to transmit information back
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Fig. 2. (a) Printed dipole horn antenna design. (b) Antenna gain simulations.

to the reader. However, this backscatter power is shared by all
system circuits, significantly limiting the transmission range.
Operation at 24GHz further suffers from a 20 dB increase in free
space link budget attenuation as compared to 2.4 GHz [5]. To
extenuate these drawbacks, the proposed tag includes a novel,
dual-antenna approach, that separates the power source of the
modulated signal from the rest of the system. This approach in-
creases the re-radiated power and thereby extends the system’s
link budget capacity and operating range.
3) Modulation and Coding Scheme: Due to the limited en-

ergy available for system operation, the modulation and coding
scheme implemented in a passive RFID tag must be targeted
at low-power consumption and simplicity of implementation.
Therefore, an amplitude shift keying (ASK) modulation scheme
was chosen for both the incoming and outgoing data. Transmis-
sion of the outgoing ASK signal can be achieved in a power ef-
ficient method through antenna backscatter, while detection of
the incoming ASK signal is carried out with simple, low-power
circuitry.
For the outgoing encoding a Manchester code was chosen,

as the encoder can be implemented with a simple, low-power
circuit, based on a single XOR gate. Manchester encoding en-
ables clock regeneration at the receiver possible due to the tran-
sition in mid-bit and the possibility of rudimentary error detec-
tion, suitable for low SNR operation. Both of these features can
be implemented in the external Reader device, which does not
suffer from the same power limitations. Implementation of a
Manchester code requires double bandwidth; however, this is
not a problem for RFID systems given the low bit rate and the
wide ISM bandwidth.
4) Synchronization Algorithm: A basic requirement for im-

plementation of the communication protocol is the baseband
data frequency synchronization between the RFID tag and the
reader. Several standards have been proposed for RFID systems,
such as ISO18000-6B and EPCglobal Gen-2 [6], [7]; however
these often require complex, power hungry implementations. In
this work, the guideline of the proposed synchronization algo-
rithm is to achieve simplicity, while passing complex tasks to
the RFID reader, which is less limited in terms of power and
area. Therefore, a digital local oscillator circuit is implemented
on-chip, and the clock recovery is performed by the reader,
based on the mid-bit transitions of the Manchester encoding.
Through the use of two antennas, the reader is able to estimate

the baseband clock at any time, according to the constantly mod-
ulated CW, and thereby track the changes in frequency caused
by the fluctuations in the on-chip supply voltage.
5) Non-Volatile Rewritable Memory: A re-programmable

passive RFID tag requires a non-volatile RW memory for tag
identification storage. Whereas the most common available
NVM technology is Flash memory, several other NVM op-
tions exist [8]; however, they currently suffer from very high
embedded integration costs.
In contrast, C-Flash technology [3] is a non-volatile memory

solution fabricated in a standard process without the need for
additional masks. This leads to low fabrication costs and the
ability to integrate an embedded RW storage array in a low-
cost RFID tag. Therefore, C-Flash was chosen to implement the
embedded NVM in the proposed tag.
Supply Voltage Generation: Operation of the C-Flash

memory array requires several biasing voltages, including
higher than standard (5 V/ 5 V) supplies for ERS and PRG
operations. These operations are carried out at close-proximity
to the reader device, enabling sufficient power generation;
however, at all other times (i.e., RD and standby) the absorbed
power is much lower. Consequently, the internal biasing
scheme was designed to generate the high voltages only when
needed. This is done by only providing the global voltage
source (1.2 V 1.8 V) from the EH and generating the high
voltages in dedicated DC-DC converters, which are shut down
when not required.

III. DUAL ON-CHIP ANTENNAS AND RF-FRONTEND
MODULE DESIGN

The previous section provided an overview of the complete
system architecture and the main considerations in choosing
the design features. This section presents detailed design and
analysis of the dual on-chip antennas and RF-frontend module.

A. Dual On-Chip Antennas

A printed dipole antenna was chosen to implement the
on-chip antennas, as it provides the highest gain within the
confinement of the available area. The layout of the antenna,
shown in Fig. 2(a), is constructed of pairs of parallel metal
strips that create an effective width higher than that available
by the technology design rules for improved performance.
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Fig. 3. The modulator circuit: (a) a diagram of the modulator circuit, (b) schematic model for the proposed modulator circuit.

Impedance of the antenna was designed to match 50 in order
to comply with lab measurement equipment.
Test measurements show the antenna to have an of
18 dB. Simulations exhibit a maximum directivity of 6.77 dBi

at an angle of approximately 35 , as shown in Fig. 2(b). This
is achieved due to the conductance of the 10 -cm silicon sub-
strate used in the technology. Due to the high substrate losses of
the silicon bulk, the resulting antenna gain is 8.7 dBi, which
is comparable to other work in the field [9]–[11]. The antenna
gain could be significantly improved by using a technology
with a high resistivity substrate or with silicon-on-sapphire
(SOS), but these options are less standard than CMOS and
therefore result in a higher expected cost.

B. Modulator

The system’s transmitting unit comprises an ASK modulator
that implements a low-power Manchester encoding scheme
connected to an on-chip antenna. This block is conceptually
realized, as shown in Fig. 3(a), with D-Flip-Flop (DFF) for syn-
chronization to the low-frequency clock (LFCLK) and an XOR
gate for data encoding. The XOR operation is implemented with
a novel, low-power, reduced-area, encoding circuit (Fig. 3(b))
by sampling the synchronized output at different points. The
resulting modulator provides a 10% improvement in power
efficiency compared to previously reported synchronizer-XOR
solutions [12], [13].
The 24 GHz ASK backscatter modulation is achieved by con-

trolling the load to the transmitting antenna. Load control is re-
alized by switching the NMOS load device between Triode and
Cutoff operation, effectively changing the antenna load from
high to low impedance in the operating frequency range. The re-
sulting modulation is illustrated in Fig. 4. The load transistor’s
parasitic capacitance at this frequency is resonated with a small
inductor, such that the actual impedance at the antenna termi-
nals is close to open and short terminations, respectively, as re-
quired for optimal power transfer in backscattered ASK modu-
lation [14]. The total radar cross section ( ) of the antenna for
backscattering can be written as [15]:

(1)

where is the antenna gain, is the wavelength, is the reflec-
tion coefficient, and is a complex parameter that can be found
through graphical [14] or analytical [16] analysis, or from sim-

Fig. 4. Manchester encoded ASK modulation of the transmitted data stream.

ulation and measurement. Since two symbols are needed in our
constellation, a different can be ascribed to each symbol:

(2)

In order to minimize the bit error rate (BER) for ASK modu-
lation, a maximum power difference between the two symbols
is required. Therefore, if corresponds to ‘1’ we would like
to be of the same phase as and of maximal amplitude. The op-
posite is true for representing ‘0’. In the latter case we would
like to be in anti-phase to and that the combined vector
would sum to zero. This method achieves the maximum ,
and thus the best possible SNR, as can be observed in (3):

(3)

With a standard, single antenna design, all absorbed power
would be shared by the different front-end modules, whether by
constant power sharing or through duty cycle switching. There-
fore, the reflected power would be just a fraction of the avail-
able power, reducing the operational distance according to Friis
equation [5]. In the case constant power sharing, the decrease in
would decrease the reflected power, reducing the SNR and im-

pairing the BER [17]. A dual-antenna design permits the use of
one of the antennas solely with the modulator, avoiding the need
to compromise between forward and backscatter link budgets.
The entirety of the incoming power absorbed by the first antenna
reaches the harvester and demodulator, while all the power re-
ceived by the second antenna can be reflected back. Therefore, a
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Fig. 5. The energy harvester circuit diagram.

reflection coefficient close to one is achieved, resulting in close
to maximum reflected power.

C. Energy Harvester

Lacking an internal power source, an efficient EH unit is es-
sential in order to supply sufficient power to operate the tag and
support long operational distances. Fig. 5 presents the topology
of the integrated EH, comprising four subcircuits: (a) matching
circuit, (b) voltage doubler, (c) voltage limiter, and (d) decou-
pling capacitor, as described below.
1) Matching Circuit: In order to increase the forward link

budget, conjugate matching of the antenna and input impedance
are carried out, thereby creating a high quality factor matching
circuit [18]. This is achieved with a single parallel inductor, as
the intrinsic inductance of the metal interconnect can be used as
the serial matching element at the required 24 GHz frequency.
However, the resulting input impedance is non-linear, resulting
in a time variant mismatch. Therefore, large signal S-param-
eter power matching is used, taking into account non-linearities
to minimize power reflection. In addition, the matching circuit
boosts the incoming voltage in order to provide the necessary
high voltage swing required by the voltage doubler in light of
the 50 antenna.
2) Voltage Doubler: The EH circuit uses a 6-stage Dickson

Voltage Doubler [19]–[21] to boost and rectify the incoming
electromagnetic (EM) wave in order to produce the system’s
required DC supply voltage. Each stage of the rectifier approx-
imately doubles the incoming input signal amplitude by using a
clamping circuit followed by a half-wave rectifier. The gener-
ated DC signal then acts as ground for the subsequent stage, fur-
ther boosting the output voltage until the system’s is pro-
duced by the final stage. The diodes are implemented with low-
resistance Schottky diodes to minimize power consuming re-
verse recovery currents that are significant at 24 GHz switching
speeds [22].
3) Voltage Limiter: Under high energy EM waves, such as

those encountered at close proximity to the RFID reader, the
absorbed power may be boosted above the technology’s max-
imum tolerance. Therefore, a voltage limiter, comprising four
diode-connected MOSFETs, is attached following the voltage
doubler stage, limiting the output to a safe maximum voltage of
2.2 V.
4) Decoupling Capacitor: In order to mitigate the effects of

changes in the absorbed power at the incoming antenna termi-

Fig. 6. An illustration depicting the demodulation and decoding.

nals, a 24 pF decoupling capacitor is attached at the harvester
output. The capacitor was designed for a 3 s discharge time,
which is sufficient to sustain expected power-loss pulses of up
to 400 ns.

D. Demodulator

The incoming data signal is ASK modulated and encoded by
a new synchronous Pulse Interval Encoding (PIE) scheme, as il-
lustrated in Fig. 6. Each high pulse is transmitted with a constant
bit length, and the value of the bit is determined according to the
length of the pause between bits. Conversion of this signal into
a baseband data stream is carried out in the demodulator that
shares the same antenna as the EH. The demodulator comprises
four subcircuits: (a) peak detector, (b) Schmitt trigger, (c) de-
coder, and (d) synchronizer, as shown in Fig. 7 and described
below.
1) Peak Detector: The first stage of the demodulation

process is the rectification of the signal with a peak detector.
The peak detector is constructed similar to the EH, but with
fewer multiplication stages and including a pull-down resistor
at the output to enable high speed input signal tracking. To
meet the bandwidth requirements of the protocol, the detector
response time was designed to be 100 ns for high input power.
This is achieved by reducing the size of the output capacitor
rather than the pull-down resistor, as a small resistor would
result in higher power consumption.
2) Schmitt Trigger: This rectified signal is supplied to a low-

power Schmitt trigger, designed according to [23], that enhances
the signal to a full swing baseband signal.
3) Decoder: The third stage is a decoder stage to determine

the length of the separating ‘0’ pulse, comprising a 300 ns,
falling-edge triggered pulse generator and a negative-level sen-
sitive latch. The decoder is realized by connecting the rectified
Schmitt Trigger output to both the pulse generator and the latch
input. Therefore, if a short (e.g., 100 ns) ‘0’ pulse is received,
the decoder will latch a ‘1’, but for a longer pulse (e.g., 400 ns)
a ‘0’ would be latched. This coincides with the decoding wave-
forms illustrated in Fig. 6.
4) Synchronizer: The incoming data signal is generated ac-

cording to the mimicked LFCLK in the RFID reader. There-
fore, by feeding the decoded signal into the synchronizer subcir-
cuit, which comprises a DFF triggered by LFCLK, the signal is
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Fig. 7. The Demodulator circuit diagram.

Fig. 8. Positive and negative charge pumps block diagram.

synchronized to the internal digital clock and no cycle slipping
occurs.1

IV. CONTROL MODULE DESIGN

The control module comprises the DCU, DC-DC Converters,
LO, and POR, as previously shown in Fig. 1. Each of these
blocks are described in the following subsections.
1) DC-DC Converters: C-Flash PRG and ERS operations

require higher than nominal ( 5 V/ 5 V) voltages to induce
Fowler-Nordheim (F-N) tunneling, as described in Section V.
Generation of these voltages is performed using a pair of
DC-DC converters—one for the high positive voltage and the
other for the high negative voltage. These converters are im-
plemented with switched-capacitor converter (SCC) or charge
pump (CP) circuits, shown in Fig. 8, as inductors are both
expensive to embed, and could potentially cross-talk with the
on-chip antennas [7].
The Pelliconi CP topology [25] was chosen to implement the

Charge Transfer Block (CTB) circuits in the proposed RFID

1Note that the implemented system was designed as a proof of concept, and
therefore, for simplicity, it does not address the issue of accessing multiple tags.
For a production ready product, advanced synchronization and anti-collision
mechanisms, such as those described in [24], should be considered.

system, as it has been shown to be the most efficient among var-
ious candidates [26]. In addition, it presents a simple, two-phase
switching scheme, low switching voltage degradation, and low
ripple. The positive converter comprises two Pelliconi CTB
stages, each adding approximately to the input voltage

to generate a final output voltage of . The
negative converter, however, requires an additional stage for
initial 0 V to conversion, prior to boosting the negative
voltage. The detailed design of the positive CP converter is
illustrated in Fig. 9. In order to evaluate the efficiency of the
CP, the principal power losses must be taken into account,
including those due to charge/pre-charge of switch conduction,
bulk capacitors, and transistor gate capacitors, and due to
reverse charge-sharing caused by non-ideal switches and clock
signals. At steady-state, the total charge entering a node during
the first half of a clock cycle is the same as that leaving the node
during the second half cycle; otherwise, the average voltage per
cycle would not be constant. This leads to a general expression
for the efficiency of an stage CP:

(4)
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Fig. 9. Positive charge pump circuit model. In this model the transistors are represented by ideal switches, the series resistors represent the combination of the
switch resistance and equivalent series resistance (ESR) of the capacitors, and the parasitic bulk capacitor formed between the bottom plate of each capacitor and
the grounded substrate is included.

Fig. 10. (a) Charge-pump subcircuit model, with including the switch and ESR resistances, representing the serially connected capacitances without initial
conditions, and including and the initial voltage of the capacitors (b) Output subcircuit model (c) Full charge-pump model for efficiency.

where is the DC-DC converter target voltage, and
is the input current with and representing

the average supply current and the current consumed by the par-
asitic capacitors, respectively. From Fig. 9, ,
leading to new expressions for current and voltage ef-
ficiencies:

(5)

(6)

As investigated in [27], in order to maximize the output cur-
rent, given total capacitance, all the capacitors should be equal.
In our case, the parasitic bulk capacitance is a portion of the each
capacitor with [27]. Therefore
for a CP switching frequency of , we can write:

(7)

(8)

Next, we will express the power losses caused by switch con-
duction in terms of average output current . The authors
of [28] and [29] show that for sufficiently high frequencies,
the charging/discharging profile of a CP is almost constant, and

Fig. 11. POR output signal illustration, including the signal, driven by
the harvester, and the signal, in charge of resetting the entire system.

each subcircuit of the CP can be represented with the simple RC
circuit of Fig. 10(a). Accordingly, if is the sum of the resis-
tances of all subcircuits, the average power due to conduction
loss is:

(9)

For the output stage of the CP shown in Fig. 9, the subcir-
cuit model is illustrated in Fig. 10(b). However, since

, one root is close to zero, resulting in a similar analysis
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Fig. 12. Power-on-reset circuit description.

Fig. 13. Local oscillator (LO) circuit description.

as for the other subcircuits. The complete CP can be modeled
with the simple schematic of Fig. 10(c), using the closed forms
for and from [28], [29], leading to an efficiency of

(10)

In order to increase the efficiency, should be maxi-
mized and should be minimized. Doing both simultane-
ously is difficult, as they have opposite effects on frequency.
However, using this model, the optimal frequency can be found,
resulting in efficiencies of 82% and 71% for the positive and
negative CP, respectively.
2) Power-On-Reset Circuit: In order to ensure the system is

shut down until the EH has built up a sufficient supply voltage,
the Control Module includes a hysteretic POR circuit. Typical
operation of this block is illustrated in Fig. 11, showing that

Fig. 14. Block diagram of the memory module.

when crosses the high trip voltage , the reset signal
is released after a built-in 12 s delay and a subsequent reset
will only be invoked if drops below the low trip voltage

. This hysteretic operation avoids false resets caused
by temporary voltage drops due to current peaks during initial-
ization. The detailed schematic structure of the POR is shown
in Fig. 12. The reference voltage is generated using a simple
voltage divider, composed of a diode (D1) and a resistor (R1).
This scheme provides reduced operating current and requires
a lower supply voltage than a bandgap reference. Transistors
M1–M4 compose a comparator, which feeds a low-pass filter
(LPF) through a buffering stage. M7 is used to rapidly discharge
capacitor in the event of a supply voltage drop, as previ-
ously discussed. An additional signal generated by the POR is
LOEnable, which turns on the LO prior to the rising edge of

, ensuring that the clock is stable before turning on the
DCU.



1950 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 9, SEPTEMBER 2014

Fig. 15. The C-Flash memory: (a) schematic model for the memory cell; (b) the memory block schematic illustrating the program mode and its resulted
voltages falling across the cell floating gates.

Fig. 16. (a) Photograph of the full RFID tag. (b) Layout of the control and memory module components.

3) Local Oscillator: The LO that supplies the primary clock
signal to the RFID tag is composed of a 5-stage ring oscillator,
as shown in Fig. 13. As low phase noise is not a major require-
ment in our design, a ring oscillator provides a simple and re-
duced-area clock generator. The target frequency of the LO is
4 MHz, the ideal operating frequency of the CP blocks; how-
ever, standard methods to achieve this low frequency, such as
a many-stage ring oscillator or very long transistors, are large,
power hungry, and very sensitive to fluctuations in the supply
voltage. Therefore, a constant current mirror is employed to
limit the current drawn by the LO, generating a virtual supply
voltage (Virtual ) which is relatively independent of .

V. MEMORY MODULE DESIGN

The architecture of the Memory Module, shown in Fig. 14,
comprises a 256-bit C-Flash bitcell array, a row decoder and
Tunnel Gate (TG) driver for horizontal biasing, a 32-bit write
register and Control Gate (CG) driver for vertical biasing, and
a read register for serial data readout. Several of these subunits
are detailed below:
1) C-Flash Memory Array: The C-Flash memory cell [3]

is a low-cost NVM bitcell, compatible with single-poly, stan-
dard logic twin-well CMOS processes. Similar to other NVM
bitcells, the C-Flash cell provides PRG, ERS, RD, and standby

states that are toggled by biasing the horizontally routed TG and
signals and the vertically routed CG signal, as shown

in Fig. 15. PRG and ERS operations are achieved through F-N
tunneling to and from the internal floating gate node. Ap-
plication of the 10 V potential required to onset the F-N tun-
neling is achieved by driving CG and TG at opposite polarity 5
V biases for a predetermined duration. An example of a PRG
operation is illustrated in Fig. 15(b), showing the biases re-
quired to program the top left bitcell and the resulting voltages
that fall across the floating gate in this small array. Readout is
achieved through the pass gate made up of N2 and P2, which
when enabled, drives or ground onto the bitline that
is vertically routed throughout the array. This circuit can be re-
alized with standard I/O transistors that can tolerate 5 V biases
for limited durations, and a twin-well process to generate the
CG and TG capacitors between a polysilicon gate and isolate
P-wells. Full description of C-Flash operation is given in [3]
and [4].
2) Analog Drivers (TG and CG): Operation of the C-Flash

memory array is based on a complex biasing scheme, requiring
various bias voltages, from 5 V to 5 V, to be multiplexed
upon the TG and CG buses. Design of the analog multiplexers
(TG and CG Drivers) employed to drive these biases presented
several challenges. To start, in order to be fabricated in a stan-
dard logic process, only 3.3 V I/O and 1.8 V core devices could
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Fig. 17. Measured input matching of the energy harvester.

Fig. 18. De-embedded measurement results for the energy harvester.

be used. However, application of a large drain-to-gate poten-
tial would result in high GIDL currents, causing the
drivers to consume a significant amount of power for extended
durations. Second, in order to conserve power under low in-
cident EM energy conditions, the DC-DC converters are shut
down when not required. Therefore, the (5 V) and
( 5 V) supplies are floating during RD cycles, but the drivers
are still required to operate correctly. In order to address these
challenges, several techniques were incorporated, such as pre-
multiplexing and novel GIDL-free level shifting. Detailed de-
sign and analysis of the analog drivers is presented in [4], in-
cluding stand-alone test-chip measurements and an advanced
methodology for circuit sizing.
3) Read and Write Registers: The internal DCU to memory

protocol manipulates complete word accesses through a serial
data stream, using a resettable, 16-bit, serial-in, parallel out
(SIPO) write register and a 16-bit, parallel input, serial output
(PISO) read register, as shown in Fig. 14.

Fig. 19. The Manchester encoded signal.

Fig. 20. The backscatter modulation test setup.

Fig. 21. The received backscattered modulated signal.

VI. MEASUREMENT RESULTS

The previously presented RFID systemwas designed and fab-
ricated in the TowerJazz 0.18 m twin-well CMOS process. De-
velopment of this project included the fabrication of several in-
dependent modules to enable standalone testing [4], and con-
cluded with full chip testing. The die photograph of the com-
plete system is shown in Fig. 16(a), and the layout of the func-
tional modules (without the antennas) is displayed in Fig. 16(b).
The following section presents measurements of several inde-
pendent modules, as well as full chip functionality.
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Fig. 22. (a) The switching signal (top) and the rectified signal (bottom). (b) Zoom-in to measure rectifier response time.

1) Harvester Power Measurements: The output voltage of
the independent EH test module was measured with an oscillo-
scope providing an input impedance of 1 and parallel ca-
pacitance of approximately 13 pF. Simulations showed that the
added capacitance of the measurement device has little effect on
the steady state output voltage or on the input impedance to the
harvester. measurements of the fabricated EH are plotted in
Fig. 17, showing lower return loss than anticipated, presenting
a more inductive term than that found in simulation. This dis-
crepancy was due to the output capacitor array structure, which
had a much more significant influence than expected. In order
to provide the circuit with the best possible input power match,
testing was carried out at 20.6 GHz and simulations results were
retaken at this frequency for comparison. The de-embedded re-
sults, taking into consideration the insertion losses due to the
connecting cable and probe, are displayed in Fig. 18. Here, as
well, a distinct difference between simulations and measure-
ment results can be observed, primarily due to modeling issues,
since the foundry supplied Schottky diode model was only ver-
ified up to 3 GHz. The discrepancy can be accounted for by
adding a small capacitor from the anode of the diode to the
deep N-well and another from the deep N-well to ground. The
resulting adjusted simulations are plotted in Fig. 18, showing
2 dBm sensitivity relative to an assumed 1 V minimum target

voltage for correct operation of the RFID tag.
2) Manchester Encoder: The low power Manchester en-

coder was tested using intentionally unsynchronized square
wave LFCLK andData signals at 2 to 5 kHz with 1.8 V.
Correct functionality of the encoder is displayed in Fig. 19,
with the output demonstrating a synchronized XOR function
with the input data stream, as defined by the protocol. The
encoder power consumption was found to be 3.49 nW, which
is a 10% improvement in power efficiency, as compared to the
leading combined synchronizer-XOR circuits [12], [13].
3) ASK Backscatter Modulator: Measurements of the

backscatter modulator were carried out upon a specially de-
signed printed circuit board (PCB) inside an anechoic chamber,
using a pair of horn antennas, each with an approximate gain
of 17.5 dBi. The modulator was located in the far field range
of 20 cm from the horn antennas. The first horn antenna was

used for transmitting the 24 GHz CW signal from a 10 dBm
output of a signal generator and the second was used to receive
the signal modulated by the on-chip antenna and antenna
load. This dual-antenna configuration was chosen to achieve
better separation between the received (backscattered) signal
and the reflected signal (antenna reflection) and to enable
placement of an amplifier on the receive path. The horn antenna
placement was chosen to minimize coupling and provide better
inter-antenna isolation, such that the entire received signal is
due to backscattering. The PCB was placed on an extended
polystyrene foam base and rotated around its vertical axis while
a 4 kHz square wave signal was fed into the modulator, as
shown in Fig. 20. A maximum SNR of 40 dB was measured at
a 40 angle with the received modulated signal at 79.6 dBm,
the carrier at 26 dBm, and a noise floor of 120 dBm/Hz,
as plotted in Fig. 21. This result proves that a 24 GHz carrier
signal with an on-chip antenna backscatter transmission link
can operate well in the far field for a short enough range, as-
suming the surrounding background does not mask the received
data signal below a reasonable SNR.
4) Demodulator: The demodulator was tested using a

24 GHz ASK modulated input signal, generated by a high
speed switch with digital TTL control. The measured wave-
forms of Fig. 22 show that the rectified signal appropriately
follows the switching signal with a response time of 680 ns with
this setup. Scaling the input capacitance of the measurement
setup ( 18 pF) to the actual internal load for the rectifying
circuit ( 15 fF) results in an actual switching time of 517 ps,
which corresponds well to the desired response time. Func-
tionality of the decoder is shown in Fig. 23, demonstrating an
encoded ‘1’ (Fig. 23(a)) and ‘0’ (Fig. 23(b)). The pulse width
of the pulse generator was approximately 600 ns which is
longer than expected, making the actual ‘0’ pulse modulation
scheme 100–300 ns for a ‘1’ and 900–1100 ns for a ‘0’. The
intermediate area of 400–800 ns showed erratic results and so a
100 ns margin was used for adequate results. The sensitivity of
the rectifier was found to be 0.2 dBm with a 3.3 dB hysteresis
due to the Schmitt trigger.
5) DC-DC Converters: The positive and negative DC-DC

converters were designed according the schemes described
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Fig. 23. (a) Digital ‘1’ corresponding to a short zero pulse, (b) Digital ‘0’ corresponding to a longer zero pulse. The top signals are the data stream and the bottom
signals are the synchronized output of the demodulator.

Fig. 24. (a) DC-DC total efficiency (b) DC-DC voltage efficiency.

in Figs. 8 and 9, using 6 pF metal–insulator–metal (MIM)
capacitors and an of approximately 0.05. The resulting total
efficiency, , and voltage efficiency, , as a function of LO
frequency are shown in Fig. 24(a) and 24(b), respectively. As
expected for both the positive and negative converters, the
voltage efficiency increases with operating frequency due to
the lower serial resistance . However, taking into consid-
eration the bulk capacitance losses, a peak total efficiency is
reached around 2.5 MHz for both charge pumps, as can
be seen in Fig. 24(a). This behavior is well predicted from the
model depicted in Fig. 10(c). A final operating frequency of

4 MHz was chosen, resulting in total efficiencies of 82%
and 71% for the positive and negative converters, respectively,
and providing an absolute output voltage of at least 4.5 V, as
required to ensure proper F-N tunneling..
6) Power-on-Reset: The POR generator was designed with

high and low trip voltages of 1.55 V and 1.25 V, respectively,
and a response time of ( in Fig. 11) of 12 s. A 1.5 pF
MIM capacitor and several polysilicon resistors were used
to achieve these specifications. Fig. 25 demonstrates standalone

Fig. 25. POR measurements demonstrating the required hysteresis, releasing
the system reset ( ‘1’) only after crosses 1.55 V and disabling the
system ( ‘0’) when drops below 1.25 V.

functionality of this circuit, by supplying a slow changing trian-
gular wave to its port. The POR generator consumes only
2.8 W of static power, mainly due to the bias current of the
comparator.
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Fig. 26. (a) Erase—opcode 10 at address . (b) Program—opcode 11
at address . (c) Read—opcode 00 at address followed by a
StreamOut signal of .

7) Analog Drivers: The CG and TG drivers, briefly pre-
sented in Section V-A.2, were fabricated and tested for func-
tionality independently prior to full integration with the memory
array. A full recount of these measurements is presented in [4],
showing full functionality of both driver architectures over the
required voltage range (1.2 V 1.8 V). The low static currents,
ranging from 15–20 pA per driver, coincide with the driver re-
quirements.
8) Full System Measurements: To demonstrate full system

functionality, a sequence comprising an ERS, PRG, and RD op-

TABLE II
STATIC POWER CONSUMPTION OF SYSTEM COMPONENTS

eration was transmitted to the chip, as shown in Fig. 26. Test pat-
terns were generated by connecting a 24 GHz CW from an Ag-
ilent E8257D signal generator through a high-speed RF switch,
controlled by a programmable function generator. This setup
transmitted the coded synchronized-PIE envelope signal at TTL
voltage levels, and the outputs were recorded with an oscilis-
cope. Each StreamIn signal in Fig. 26 is composed of a leading
‘1’, followed by 4 address bits, 2 opcode bits, and an optional
16-bit word (for PRG commands). In this example, an arbitrary
data word of was programmed to (Fig. 26(b)) and cor-
rectly read out from (Fig. 26(c)) memory address , also
chosen arbitrarily.
Table II summarizes the steady-state power consumption of

all the RFID tag modules for all modes of operation. In standby/
RD modes the consumed power is 13.15 W, whereas during
PRG/ERS operations, the power consumption is almost three
times as high. This is mainly due to the higher power consumed
by the memory block during PRG/ERS operations, in addition
to the operation of the DC-DC required by these modes.
This work cannot be directly compared to other state-of-

the-art system, as no other fully-integrated (including on-chip
antenna) RFID system operating at the far field has been
reported. However, the systems of [6] and [30] are provided
as examples of state-of-the-art Passive RFID tags for general
comparison in Table III. While these systems have a signifi-
cantly smaller die size, due to the lack of on-chip antenna, the
power consumption of [6] is an order-of-magnitude higher, and
the system of [30] consumes 3 mA of current for a transmission
burst, or approximately 5 mW.

VII. CONCLUSIONS

In this paper, we have presented a fully integrated,
low-power, low-cost, passive RFID tag, designed and fabri-
cated in a standard 0.18 m CMOS process. The tag comprises
an on-chip RF-frontend module with a novel, dual-antenna
configuration, a logic compatible, low-power, C-Flash based,
RW NVM module, and an embedded control module. The
RF-frontend implements a 24 GHz wireless communications
protocol, as well as energy harvesting for battery-less opera-
tion. The memory module includes low-power analog drivers
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TABLE III
COMPARISON TO OTHER RECENT PASSIVE RFID TAGS

for C-Flash biasing with novel, GIDL-free circuitry to limit
leakage currents. The control module includes adaptive POR
generator and LO circuits, as well as a pair of CP based DC-DC
converters to provide ERS/PRG biases. The entire system was
integrated on a 3.74 mm 1.86 mm chip, fabricated exclu-
sively with standard logic masks. This is the first time a fully
embedded passive RFID tag has been reported, integrating
on-chip antennas and NVM, fabricated in a standard digital
process. The result is an extremely low-cost IC, rendering the
low-cost aspirations of the “5-cent RFID tag” feasible.
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