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Abstract—The realization of a low-cost passive radio frequency
identification (RFID) tag requires the ability to fabricate the
system in a bulk CMOS process without any additional process
steps. A recently presented single-poly C-Flash memory bit-
cell provides an ultralow-power option for implementation of
a nonvolatile memory array for use in an RFID system, using
only core masks. This cell requires the application of a 10-V
potential difference between the cell’s control lines for program
and erase operations. Providing the required voltages, while
using only standard devices results in several design challenges
for the voltage drivers, such as the elimination of gate-induced
drain leakage (GIDL) currents. In this paper, we present a pair
of voltage driver architectures that utilize novel techniques to
overcome these challenges. In addition, for the first time, we
present an in-depth analysis of the dynamic behavior of standard
level shifters. This analysis is applied to our proposed GIDL-free
level shifters to provide a sizing methodology for optimization of
the area, energy-per-operation, and delay of these circuits. The
drivers were designed and fabricated in a TowerJazz 0.18- m
bulk CMOS technology, providing the required functionality
with a low static-power figure of 47–49 pW and 0.03–0.36 pJ
energy-per-operation.

Index Terms—C-flash, differential cascode voltage switch logic
(DCVSL), grid-induced drain leakage (GIDL), level shifter, low
cost, low power, nonvolatile memory (NVM), optimization, phase
portrait, radio frequency identification (RFID), voltage driver.

I. INTRODUCTION

T HE key factors in widespread adoption of radio frequency
identification (RFID) tags remain cost minimization and

low-power operation [1]–[3]. The incorporation of read-write
memories into RFID tags provides the opportunity to realize
many advanced applications [2]; however, integration of an em-
bedded nonvolatile memory (NVM) array into the integrated
circuit (IC) is one of the major obstacles to cost reduction. In
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general, NVM arrays are fabricated as stand-alone blocks in
dedicated processes, requiring multiple nonstandard masks and
process steps that substantially increase the manufacturing cost
[4]. In addition, these memories usually require high voltages
( 10 V) to initiate the tunneling currents necessary for pro-
gramming and erasing the memory. Delivering high voltages
to the memory cells often requires special devices to eliminate
high leakage currents, such as those caused by gate-induced
drain leakage (GIDL) [5], as well as reliability problems. Man-
ufacturing these devices further increases the chip fabrication
costs. In order to manufacture a minimum-cost RFID tag, it is
essential to integrate an embedded NVM array, fabricated ex-
clusively with core CMOS masks [6].
Recently, TowerJazz presented an ultralow-power

single-poly C-Flash bitcell that complies with the afore-
mentioned requirements [7]. By applying opposite-polarity
5-V signals to isolated P-wells (IPWs), the 10-V potential
difference necessary for Fowler–Nordheim (F-N) injection is
achieved. In addition, this cell provides a fully digital readout
through an integrated CMOS inverter, thus eliminating the
need for power consuming analog readout circuitry. The
C-Flash bitcell is fabricated using a standard 0.18- m CMOS
process and is therefore a perfect candidate for integration in
a low-cost, low-power, passive RFID tag. However, the cell
operation requires a comprehensive control scheme, using
several voltages (from 5 V to 5 V) that are applied upon a
pair of shared buses. Standard analog voltage multiplexing
implementations require large, power-hungry circuits, such as
digital-to-analog converters (DACs), operational amplifiers,
and switched capacitors [8] that are infeasible for integration
in a row-wise manner in these low-power, low-cost devices.
Therefore, the required voltage multiplexing is carried out by a
pair of drivers that are solely comprised of standard devices.

A. Contribution

In this paper, we present the circuit implementation of novel
low-power voltage drivers for delivering the required voltages
for programming, erasing, and reading from a C-Flash-based
NVM array. These drivers are implemented with standard de-
vices, thus enabling low-cost integration of an NVM array into
a passive RFID chip. In order to overcome the inherent chal-
lenges in designing these drivers, a number of circuit techniques
are proposed, and a novel sizing methodology was developed.
This methodology is based on an in-depth, dynamic analysis of
standard level shifters. This analysis is presented here for the
first time and is shown to be applicable to other level-shifter
topologies, such as the GIDL-free drivers that we propose here.
Finally, the drivers were fabricated and tested, showing full
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Fig. 1. C-flash memory cell design and schematic.

TABLE I
DRIVER OPERATING MODES.

functionality according to the NVM requirements, while pro-
viding a very low power figure.
The remainder of this paper is constructed as follows. The

NVM array architecture and resulting driver requirements,
including the inherent design challenges, are presented in
Section II. Section III presents the memory architecture and the
detailed driver circuit designs. An in-depth dynamic analysis
of level shifters and the resulting sizing methodology are
presented in Section IV. Section V presents the measurement
results, and Section VI concludes the paper.

II. MEMORY ARCHITECTURE AND DRIVER REQUIREMENTS

A. C-Flash Memory Cell Overview

The previously presented C-Flash memory cell [7], is a low-
cost NVM bit cell, compatible with single-poly, standard logic
twin-well CMOS processes, as illustrated in Fig. 1. Similar to
other NVM bit cells, the C-Flash cell provides a programmed
and an erased state that are toggled through peripheral biasing,
as summarized in Table I. Data are read out of the cell through
a standard CMOS inverter (N1 and P1) that is gated by a pass
gate (N2 and P2). When the wordlines (WL and ) are as-
serted, the data stored in the cell are driven onto the bit line
(BL), for a static digital readout. Differentiating between the
“0” and “1” states of the cell is achieved by essentially modi-
fying the switching threshold ( ) of the readout inverter. In its
initial, erased state is lower than the digital supply voltage
( ), such that, upon application of read biases (Table I), BL is
discharged.1 Programming the cell causes the inverter’s voltage
transfer characteristic (VTC) to shift, raising above .

1The digital supply voltage ( ) for this technology is 1.8 V; however, de-
pending on the proximity from the RFID reader, this voltage can drop as low as
1.2 V. The drivers are designed to function at this entire range of voltages, as
we will present later.

Any subsequent read biasing charges the BL to represent a logic
“1.”
The internal state of the cell is stored upon a floating gate (FG)

that is formed between two capacitors: the tunneling gate (TG)
capacitor and the control gate (CG) capacitor. These capacitors
are formed by a poly-oxide–isolated p-well structure, as illus-
trated in Fig. 1(a). Changing the state of the cell (i.e., the
of the inverter) is achieved by tunneling charge onto or off-of
the FG via the F-N tunneling mechanism. Contrary to stan-
dard NVM implementations that require special high-voltage-
tolerant devices for tunneling, the C-Flash cell uses standard
I/O devices by applying opposite-polarity 5-V biases to the ca-
pacitors’ IPW terminals (CG and TG in Fig. 1). Due to the fact
that the CG capacitor is approximately 10 larger than the TG
capacitor, this biasing scheme causes an approximately 9.5 V
potential to fall on the TG capacitor. A positive-polarity tunnels
charge onto the FG, resulting in a program operation, while a
negative polarity removes the charge for an erase operation. For
any nonselected cell in write mode, the maximum voltage dif-
ference that falls on the TG capacitor is 6.5 V, which is not suf-
ficient for initiating F-N tunneling. For additional details about
the cell operation, the reader is encouraged to turn to [7].

B. Memory Array Architecture and Operation Modes

The low-cost fabrication requirements of the C-Flash cell
make it a viable candidate for implementation of the NVM
memory core of a passive RFID tag. A passive RFID system
architecture, including a 256-b C-Flash-based NVM array is
illustrated in Fig. 2(a). In addition to the NVM array, the system
comprises an energy harvesting and voltage rectifying unit to
supply the operating power; an ASK modem and digital control
unit for protocol realization; an oscillator for synchronization;
and switch cap based DC/DC Converters to supply the NVM
operating voltages [9]. Operation of the C-Flash cell requires
a complex biasing scheme, requiring the propagation of var-
ious voltages to each cell according to the operating mode (see
Table I). This is achieved through the detailed array architecture
illustrated in Fig. 2(b). This architecture employs a low-power
row decoder for row selection and two designated drivers for
driving the biasing voltages. The tunneling gate driver drives
the horizontally routed TG signals independently to each row,
while the control gate driver drives the vertically routed CG
signals independently to each column. Data are fed in serially
to a serial-input parallel-output (SIPO) write register, thus
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Fig. 2. Architectural block diagrams of (a) a passive RFID system and (b) a C-Flash-based NVM macro.

enabling random access for programming, by independently
applying the appropriate CG signals to the selected row. In
this architecture, an entire row is read out simultaneously and
the bit-line data is sampled by a parallel-input serial-output
(PISO) read register. The TG driver and CG driver transfer the
appropriate voltages to the output according to the input data,
address, and mode. A detailed description of the operation of
the TG driver and CG driver is given in Section III.

C. Design Challenges

The TG and CG drivers can be considered analog multi-
plexers, as they are required to transfer various voltages to
bias lines according to a number of digital input signals, as
defined in Table I. These voltages include 5-V and 5-V biases
that are considerably higher than the standard supply voltage
(1.8 V). Multiplexing such voltages in a bulk CMOS process
without mask adders faces several design challenges. The target
TowerJazz 0.18- m process includes two main categories of
MOSFET devices: standard logic (1.8 V) and I/O (3.3 V)
transistors. The I/O devices meet the high-voltage requirements
of this design, as they can withstand gate voltages of up to
5 V for multiple programming durations. However, application
of a large drain-to-gate potential ( ) results in high GIDL
currents due to band-to-band tunneling (BTBT). These currents
can cause the drivers to consume a significant amount of power
for extended durations—which is an intolerable requirement in
passive RFID tag applications. Therefore, the design must not
include a voltage drop of 5.5 V for NMOS devices or

5.5 V for PMOS devices during any operating mode
or while switching between modes.
The second challenge originates from the passive nature of an

RFID tag with an embedded NVM array. A passive RFID tag
utilizes energy harvesting from electromagnetic waves to build
up the supply voltage. The power of these waves is quadratically

inverse-proportional to the distance from the RFID reader, as
described in Friis transmission equation [10]

(1)

where and are the power received by the RFID
tag and the power transmitted by the reader, respectively,
and are the gain of the RFID tag antenna and the reader
antenna, respectively, is the wavelength of the transmitted
wave, and is the distance between the reader and the RFID
tag. Note that the available energy of the tag’s source is
less than due to the energy losses in the energy harvesting
unit (ac–dc converter).
The quadratic inverse-proportional nature of (1) requires

short distances between the tag and the reader, in order to
build up the high 5-V biases. This requirement is sufficient
for infrequent program and erase operations; however, larger
distance operability is required for read operations. Therefore,
during read operations, the on-chip 5-V and 5-V dc–dc
converters are shut down, and these voltages are not generated.
Consequently, the outputs of the 5-V voltage sources are
driven to a high-impedance state. In addition, the level of the
standard 1.8-V supply voltage is also affected by the distance
from the reader. Therefore, the drivers are required to operate
with a supply voltage ranging from 1.2 to 1.8 V, both when the
5-V biases are available, as well as when they are not.

III. DRIVER IMPLEMENTATION

The previous section described the NVM array architecture
and operating modes, defined the basic requirements for the
voltage drivers, and presented the challenges that are inherent
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Fig. 3. (a) Schematics of TG driver. (b) Eight rows of the TG driver (layout).

to the design of these drivers. Based on the NVM architec-
ture and operating modes, here, we describe the detailed imple-
mentations of the TG and CG drivers that overcome the design
challenges.

A. TG Driver

The horizontally routed TG signal is driven by the TG driver
analog multiplexer, as shown in Fig. 2(b). A close study of this
driver’s output biases (Table I) shows that, for all of the de-
fined operatingmodes, the drivermultiplexes between a positive
voltage (5 or 1.8 V) and a negative voltage ( 5 V), depending
on whether or not the row is selected. This requirement led to
implementation of the driver at two levels: global and local. The
resulting architecture of the driver is illustrated in Fig. 3(a). The
global level comprises a positive driver that selects between the
system’s positive bias voltages (1.8 and 5 V) according to the
operating mode. The selected positive voltage is globally driven
to all of the row peripherals as an input to the local levels of
the driver. This level is made up of a row specific Logic Block
and End Driver pair. The Logic Block receives the WL signal
for row selection and the mode signal that defines the system
operating mode. Accordingly, it selects the positive or negative
voltage to be driven from the End Driver onto the adjacent row’s
TG signal. In readmode, when the 5-V bias is not available and
considered as a high-impedance line, the Positive Driver drives
1.8 V and the End Driver selects the positive voltage (1.8 V),
whether the cell is selected or not. The layout of eight rows of
the TG driver is shown in Fig. 3(b).
Delivering the required output during read mode is a non-

trivial design challenge, as the high voltage (5 V) input to the
block is floating. To deal with this state, the schematic shown
in Fig. 4 is proposed. The block receives a digital input signal
(ERS, denoting an erase operation) and two bias voltages, ,
the standard 1.8-V supply voltage, and , the 5-V bias
that is floated during read and standby modes. The upper block
of the circuit, comprising M5 and M6, essentially selects the

Fig. 4. Positive driver/pre-multiplexer.

maximum voltage between the two bias inputs and passes it to
the node. This can be explained as follows: if
5 V, M6 is cut off, and M5 passes the high voltage to .
When is floating, it will discharge until M5 is cut off and
M6 passes to . The central block of the positive driver
(M1–M4) is a standard differential cascode voltage switch logic
(DCVSL) level shifter [11], with output nodes marked
and . DCVSL circuits are appropriate for low-power de-
sign, as they enable level shifting with ideally zero static cur-
rent consumption (neglecting leakage currents, such as GIDL).
The result of this setup is a standard level shifter with as its
high voltage; therefore, the and nodes are shifted
versions of the ERS and signals, respectively. The output
of the Positive Driver is driven through a pair of PMOS devices
(M7 and M8) that function as an output buffer, driving or

with minimum output resistance. Note that in program
mode, despite the fact that is 5 V, is driven to ,
as required.
Using the concept presented for the Positive Driver, one could

assume that a standard DCVSL level shifter would be suitable
for second level multiplexing (i.e., implementation of the End
Driver). Let us assume, for the sake of simplicity, that the End
Driver has to select between (1.8 V) and 5 V. This
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Fig. 5. (a) Standard DCVSL level shifter. (b) GIDL-free level shifter.

situation is illustrated in Fig. 5(a), showing that the output ports
would indeed be driven to 5 V and 1.8 V
(or vice versa, when the input port voltages are reversed). How-
ever, in its static state, this circuit conducts high GIDL current,
since 5.5 V and 5.5 V. In order to
solve this problem, an additional bias level was added, forming
a GIDL-free level shifter, as shown in Fig. 5(b). The gates of
the additional devices (M3–M6) are tied to ground to create a
stacked buffer between the positive and negative voltages and
the output ports. This forces and
to be lower than 5.5 V. This is possible due to the fact that M3
cannot charge node to a potential higher than , andM6
cannot discharge node to a potential lower than (where

and are the threshold voltages of NMOS and PMOS
devices, respectively). Therefore, this circuit does not suffer
from the highGIDL currents present in the standard DCVSL im-
plementation. An output buffer, similar to that shown in Fig. 5(a)
for the Positive Driver, is added to the End Driver for mini-
mizing output resistance. A detailed analysis of transistor sizing
considerations is given in Section IV.

B. CG Driver

Following the detailed overview of the challenges and solu-
tions in the design of the TG driver from the previous subsec-
tion, it would seem that the design of the CG driver would be
trivial. However, a closer examination of Table I, shows that
the CG driver actually has a more complex biasing scheme, as
each column requires an independent positive voltage, thus ren-
dering a global positive voltage inapplicable. Employing a full,
two-stage driver for each column would be area and power con-
suming; therefore, a different approach was used, as illustrated
in Fig. 6.
In this case, a global Negative Driver was employed, pro-

viding the CG signal’s 5-V bias during erasemode. However,
in order to ensure correct operation during other modes and,
in particular, when high voltages are not available, this block

drives during all modes other than the erase mode.
Therefore, its implementation was realized with the same
GIDL-free level-shifter circuit that was described for the TG
driver [Fig. 5(b)].
The CG driver’s positive voltages, on the other hand, are

produced independently for each column. Each local column
driver comprises a Logic Block, a Positive Driver, and a P-type
pass transistor ( ). An additional global component selects the
maximum positive voltage ( ) and
drives it as an input to the local column drivers. The Positive
Driver is implemented with the same concepts used in the de-
sign of the TG positive driver, driving either 0 V or to the
gate of , according to the mode and (output from
theWrite Register) signals. The drain terminal of is also con-
nected to , such that in program, read, and standby modes,
this bias is driven to the output, and during erase mode, is
cut off, presenting a high-impedance output.
The outputs of the local positive blocks and the global Neg-

ative Driver are multiplexed through an anti-GIDL block, sim-
ilar to the mechanism implemented inside the GIDL-free level
shifter, as shown in Fig. 6. This prevents the potentials of
for NMOS devices and for PMOS devices from exceeding
5.5 V, while driving the final CG signals to their respective
columns.

IV. DESIGN CONSIDERATION AND SIZING METHODOLOGY

The previous section introduced the architectures and circuit
implementations of the TG and CG voltage drivers. In this sec-
tion, a more comprehensive analysis of the GIDL-free driver
is presented, along with a novel optimization approach for
DCVSL-like circuits. The similarity between this DCVSL-like
circuit and SRAM bit cells is first discussed. In this context,
optimization of the driver circuits using phase portrait plots is
presented. This analysis is the first time standard DCVSL-based
level shifters have been discussed in terms of dynamic analysis,
providing a sizing methodology for these common circuits.
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Fig. 6. Schematic of the CG driver.

Fig. 7. (a) Standard DCVSL level-shifter transient illustration. (b) Equivalent circuit for level shifters.

A. Phase Portrait as an Efficient Optimization Tool

In order to understand the design considerations of the
GIDL-free level shifter, we will first discuss a standard DCVSL
level shifter. Unlike the nonratioed CMOS logic family,
DCVSL gates require proper transistor sizing for robust func-
tionality, and, when this circuit style is used to implement a
level shifter, careful sizing is mandatory.
Fig. 7(a) illustrates the transient behavior of a DCVSL level

shifter, with standard digital (1.8 V, 0 V) input signals and
shifted (1.8 V, 1.8 V) output signals (nodes and ).
In order to avoid GIDL currents, let us examine the interval
[ 1.8 V, 1.8 V] for standard level shifting. When the gate
voltages of M3 and M4 are flipped to 1.8 V;

0 V, M4 starts charging , but M2 also drives
current (in triode mode), discharging this node due to the initial
condition of . If M4 drives more current than M2 does,
the voltage of will start increasing. With the increase of
the voltage on , M1 starts conducting and discharging ,

causing the discharge current of M2 to weaken. As a result, the
voltage of will increase further, until reaching its final value
of 1.8 V.
Clearly, transistor sizing plays an important role in proper op-

eration of the cell. If the transistors are not sized well, the final
values of and will converge to a meta-stable point, rather
than the target stable point of 1.8 V; 1.8 V.
This state is reached due to the feedback nature of the level
shifter which is demonstrated in the small-signal circuit model
of Fig. 7(b). Each transistor is modeled as a voltage-dependent
current source, charging or discharging the parasitic node capac-
itors or . The currents sourced by and depend on
the voltages of both and . Metastability is reached when,
at an intermediate point, the sum of all currents at and is
zero. The transient region around the metastable point will hold
for a substantial time period, resulting in increased power dissi-
pation and long propagation delays and thus should be avoided.
Sizing methodologies for DCVSL circuits have previ-

ously been shown [12], [13] with the intent of optimizing
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Fig. 8. (a) 6T-SRAM cell. (b) Standard DCVSL level shifter. (c) GIDL-free level shifter.

the propagation delay of these cells, using an approximation
for the delay affected by the input signal slope. Unlike these
methodologies, the goals of the proposed sizing methodology
are reduction of the energy consumption and chip area. The
proposed methodology is based on the similarity between the
transient state of a DCVSL level shifter and a write operation
of a standard SRAM cell. These two circuits are illustrated in
Fig. 8(a) and (b), respectively.
A close look at the level shifter of Fig. 8(b) shows that this

structure is actually a memory circuit comprising M1 and M2.
Realizing that toggling a DCVSL level shifter is very similar
to a single-ended SRAM write operation allows us to adopt
SRAM design methodologies for optimization of the DCVSL
level shifter. The traditional metric of robustness for SRAM
cells is static noise margin (SNM), as described extensively in
the literature [14], [15]. However, a better andmore accurate un-
derstanding of the dynamic nature of an SRAM cell is achieved
through the analysis of dynamic noise margins (DNMs) with
control theory tools [16], [17]. The basic equations for this anal-
ysis are derived from the small-signal model of Fig. 7(b) as

(2)

where is the lumped capacitances of the two internal nodes,
assumed to be equivalent ( ). Equation (2)
suggests that knowing the current differences at each node leads
to the voltage derivatives of the two nodes. Therefore, by taking
a linear approximation of the derivative, the voltage difference
of each node ( ) for a sufficiently small time step can be
written as

(3)

As a result, the system’s stable points can be derived from its
phase portrait by finding the points at which the voltage gradient
is substantially small relative to the maximum voltage gradient

(4)
In order to demonstrate proper and improper sizing of a

DCVSL level shifter, a phase portrait plot can be used in a sim-
ilar fashion to that applied on a 6T SRAM cell in [18] and [19].
The plots were constructed by simulating a toggling bias with
initial conditions in the range of 1.8 V,1.8 V .
Voltage differences ( ) were measured after a sufficiently
small time step ( ), during which the node voltages were
approximately linear. Fig. 9(a) plots the phase portrait of
a DCVSL level shifter with minimum sizes ( ;

) for all devices. The resulting state space shows
three stable points, with the bottom right stable point repre-
senting the desired final value. It is evident from the phase
and magnitude of the arrows that starting from the initial
condition of 1.8 V; 1.8 V, the system
would converge to one of the metastable points, resulting in
large static currents, increased delay, and possible erroneous
digital readout. Proper sizing, on the other hand, results in a
single stable point, as shown in Fig. 9(b) for PMOS devices
sized and NMOS devices sized .
Indeed, this is the expected result, as increasing the pull-up
drive (as compared to the pull-down drive) assists the circuit to
overcome the positive feedback of its initial state.
While the phase portrait is an efficient tool for cell sizing, ex-

tracting this plot with an accurate circuit simulator is extremely
time consuming. Therefore, a more suitable approach would be
to use an approximate model for the transistors conductance,
and to calculate the phase portrait with a numerical solver, such
as MATLAB. An appropriate model for this approximation is the
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Fig. 9. Simulated phase portrait, for DCVSL level shifter. (a) An improperly sized cell. (b) A properly sized cell.

Fig. 10. Calculated phase portrait, for DCVSL level shifter. (a) Improperly sized cell. (b) Properly sized cell.

well-known EKV model for MOS transistor current [20], since
it is a continuous, single-equation model for all the modes of
operation (i.e., subthreshold, triode, and saturation). According
to this model, the transistor current of an NMOS device is given
by

(5)

where is the thermal voltage, , , and
are the gate, source, and drain potentials, respectively,

is the drive strength of the transistor, is the body
effect (slope) factor, and is described as

(6)

where is the transistor’s threshold voltage. It is worth men-
tioning that, when the gate voltage is higher than the threshold
voltage, (5) reduces into the Shockley model [21]. In the same
way, for subthreshold operation, this expression coincides with
the expression for subthreshold current [22].
Estimation of the parameters , , and can be

established using the nonlinear least squares (NLLS) method
[23]. Table II summarizes the parameters for the curve-fitting
process and the calculation times of the phase portrait using the
different approaches. Fig. 11 shows the curve-fitting results for
NMOS transistor currents using 400 total measurement points
of and with 0 V. The same process was used to
extract the parameter of a PMOS device. Once accurate current
models were extracted, phase portraits were plotted, as shown in
Fig. 10 for the same sizing choices as in Fig. 9. The differences
between the simulated and the calculated portraits are mainly
due to the nonideal linear approximation [see (3)] which can be
corrected by using smaller time steps ( ).
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Fig. 11. NMOS current curve fitting.

TABLE II
TRANSISTOR-CURRENT CURVE-FITTING PARAMETERS.

Table II emphasizes the benefit of phase portrait calculation
over full simulation, showing a speedup of approximately
250 . The minimal differences between the two methods, evi-
dent from a comparison of Figs. 9 and 10 make the calculated
phase portrait an efficient tool for sizing evaluation, especially
for optimization of cell area and energy-per-operation. Dif-
ferent choices of sizing should be evaluated until a sufficient
phase portrait is achieved, i.e., displaying a single stable point
at the bottom-right (top-left) corner with large-magnitude right
(left)-pointing arrows on the left (right) side of the plot. A
choice of and , for instance,
produces a proper phase portrait, as seen in Figs. 9(b) and
10(b). This sizing also provides a satisfactory tradeoff between
cell area and energy-per-operation, as illustrated in Fig. 12.
This figure presents the area and energy-per-operation of the
cell, as a function of transistor sizing. It can be deduced from
this figure that increasing and substantially decreases
the energy-per-operation, until a point where the energy con-
sumption starts to rise. The reason for this is that increasing

and below certain values reduces the wasted energy
consumption caused by the previous state of the cell, but at
the same time increases the node capacitances. Therefore,
the “desirable” energy consumption, which is proportional to

, increases.
To conclude, the sizing of the cell should be as minimal as

possible, while still producing a proper phase portrait. Doing
so will lead to a small overall area and low energy consump-
tion, as well as sufficiently low propagation delay. In this ex-
ample, for and , the propagation

Fig. 12. Standard DCVSL level-shifter energy/operation and cell area as a
function of and .

Fig. 13. Transistor chain current for 0 V; 1.8 V.

delay is around 0.9 ns, which is a reasonable delay for RFID
applications.

B. Using Phase Portrait for GIDL-Free Driver Optimization

The previous subsection argued that the phase portrait is an
efficient optimization tool for a standard DCVSL level shifter in
terms of energy, area, and delay. However, the proposed GIDL-
free level shifter [see Fig. 5(b)] is a more complex circuit than
the standard level shifter, as it comprises six internal nodes in-
stead of two. One reasonable approach for handling this circuit
would be the construction of a phase portrait with more than two
dimensions. However, in this approach, the calculated voltage
differences ( ) cannot assume equal node capacitances ( ),
as in the previous analysis.
For the standard DCVSL level shifter (Fig. 8), each node de-

termines the operating mode of all of the transistors in the cir-
cuit. The situation is different for the GIDL-free level shifter,
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Fig. 14. GIDL-free level shifter: calculated phase portrait for (a) improper sizing and (b) proper sizing.

where the internal nodes and do not directly affect the
operating modes of the opposite branch transistors (M4, M6,
and M8). The same holds true for nodes and , and tran-
sistors M3, M5, and M7. In other words, the feedback mecha-
nism of this circuit primarily depends on the voltages of nodes
and . Additionally, taking into account the fact that phase

portraits with three or more dimensions are nonintuitive (and
impossible to visualize), a more acceptable approach would be
lumping the devices in the pull-up chains into simplified equiv-
alent circuits. Using this approach, each pull-up chain (com-
prising two PMOS devices and one NMOS device) is consid-
ered as a single three-terminal device. After expressing the cur-
rent of these “new” three-terminal devices, construction of the
phase portrait is achieved exactly as described before.
To derive the current expressions of the equivalent devices, it

is important to realize that the currents that charge or discharge
the node capacitances of and can be described as the dif-
ferences between the pull-up chain currents and the pull-down
transistor currents as

(7)

and, as before, (3) and (4) hold true.
Fig. 13 shows the – curves of a transistor chain for sev-

eral sizing cases, with 1.8 V and 0 V. The tran-
sistor chain and its equivalent circuit are shown in the inset of
Fig. 13. Interestingly but not surprisingly, the transistor chain
produces an – curve of serially connected PMOS and diode.
The “diode” behavior of 1 V, 0 V is due to the fact
that for higher than (i.e., 0.7 V for an I/O
transistor) the NMOS transistor can only drive a subthreshold or
near-threshold current, thereby limiting the current of the equiv-
alent device. Furthermore, for voltages below 3 V, the
current curve is approximately linear, since the NMOS tran-
sistor is in the triode region. The reason for this is that in order
to attain a current equality between the NMOS and PMOS de-
vices, the voltage of node has to be relatively low, since the
overdrive voltage and mobility of NMOS transistors are higher

than that of PMOS transistors. Consequently, the voltage at
is very close to . Moreover, for voltages below 3 V,

is very low and relatively constant; hence, its current can
be approximated as

(8)

where represents the transconductance of a NMOS device.
Since is relatively constant when is lowered below
3 V, increases linearly as decreases. As a

result, lowering below 3 V linearly increases the equiva-
lent device current. However, below 4.5 V, slight current satu-
ration occurs. This is due to a very high overdrive voltage ,
combined with a very low voltage, resulting in high ver-
tical fields and considerably low horizontal fields that cause the
NMOS transistor current to saturate.
One of themost important conclusions derived from Fig. 13 is

that the equivalent transistor chain current is linearly dependent
on the PMOS transistor widths ( ) and is hardly affected by
the width of the NMOS ( ), in particular for voltages below

1.3 V. Assuming 0 V provides the two seri-
ally connected PMOS devices with the same gate voltages, we
can size them with equivalent widths and consider them as a
single PMOS with . As before, a low (highly negative)

voltage pulls down , biasing the equivalent PMOS in
saturation mode ( 1.8 V . As a
result, neglecting channel length modulation, the current of the
equivalent PMOS can be expressed as

(9)

where represents the transconductance of a PMOS device.
This current also equals the NMOS current given in (8), and the
fact that the term is independent of suggests
that increasing decreases at the same rate, thereby
keeping the current of the transistor chain constant. However, it
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Fig. 15. GIDL-free level-shifter performance as a function of and . (a) Energy/operation and cell area. (b) Propagation delay.

can be noticed that increasing slightly decreases the point
where the NMOS starts to drive current.
The above results substantially simplify the GIDL-free level

shifter optimization, as only two sizing parameters need to
be determined: and , exactly as in the DCVSL stan-
dard level-shifter optimization. In order to minimize area,
energy-per-operation, and delay, the proposed approach targets
the minimum sizing that produces a proper phase portrait.
Fig. 14(a) and (b) presents the GIDL-free level-shifter phase
portraits for cases of improper and proper sizing, respectively.
In Fig. 14(b), the PMOS widths were set to , the width of
the NMOS of the three-transistor branch was kept minimal, and
the length of the bottom NMOS transistors were set to .
It is evident that there is only one stable point in Fig. 14(b),
which is close to the point 5 V .
This result coincides with the presented theory, as well as the
analysis illustrated in Fig. 5(b), where the voltages of nodes

and varied from 5 V to . The total cell area,
as a function of and , is described in the following
expression:

(10)

Fig. 15(a) and (b) shows that a choice of
and provides a good tradeoff between the cell
area, energy-per-operation, and propagation delay. This result
is well understood by observing the phase portrait in Fig. 14(b).
It is also worth mentioning the exponential decay of both en-
ergy-per-operation and cell delay as a function of the sizing.
This result stems from the fact that proper sizing substantially
decreases the time period during which the cell struggles to
change its mode, while spending an abundant amount of en-
ergy for this purpose. Moreover, sizing beyond a given value
leads to a negligible benefit, as shown in Fig. 15(b). Determining

instead of leads to a delay reduction
of only 1.58 ns, at the cost of approximately doubling the total
cell area.

Fig. 16. CG driver layout.

V. MEASUREMENT RESULTS

The TG and CG drivers were implemented in a bulk CMOS
TowerJazz 0.18- m technology, using a standard twin-well
process without any additional process steps. Fig. 16 shows the
top part of the CG driver layout and a photograph of the same
chip area. This displayed block includes the global positive
driver above the local driver of the top row. The layout and
photograph of the left part of the TG driver are displayed
in Fig. 17. The large metal pads (approximately 90 m 90
m) were used to connect the test circuits to the measurement
scheme, illustrated in Fig. 18. The cascade prober comprises
the microscope and a 32-channel probe card. The probe card is
located below the chip, connecting to selected metal pads on the
surface. The cascade prober was connected to the low-leakage
switching matrix that switches between delivering the output
signals to the HP-415x signal analyzer, and delivering the
signals created in the NI-6133 generator card to the probes
connected to the chip. Furthermore, the switching matrix
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Fig. 17. TG driver layout.

Fig. 18. TowerJazz laboratory measurement setup.

Fig. 19. Measured GIDL currents of a PMOS I/O transistor in the TowerJazz
0.18- m technology.

and the analyzer were controlled with the TowerJazz internal
Chameleon program, created in the Lab-View environment.
The problematic GIDL currents due to a high potential drop

between gate and drain are measured in Fig. 19. This figure
plots the leakage currents of a PMOS I/O transistor as a func-
tion of an applied negative drain voltage with all other terminals

Fig. 20. Output voltage and current dissipation of the CG driver for full range
of required supply voltages.

Fig. 21. Measured CG driver wave diagrams.

grounded. The exponential nature of the bulk to drain current as
a function of emphasizes the need to limit these biases, as
elaborated in Section III.
Functionality of the CG driver for the full range of read volt-

ages is shown in Fig. 20. The driver sufficiently output the full
value of for supplies of 1.2 V to 1.8 V according to the re-
quirements of the energy harvesting unit during read operations
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TABLE III
FIGURES OF MERIT

lacking a high (5 V) and low ( 5 V) supply. The low static cur-
rents, ranging from 15 to 20 pA per driver, coincide with the
driver requirements. Indeed, the maximum energy dissipated
for the worst case operating mode is lower than 0.36 pJ, and
this only occurs when higher energy is available due to close
proximity to the reader (during program/erase cycles). Mea-
sured waveforms of the CG driver are shown in Fig. 21. The
hashed lines denote the initiation of a program operation. This is
achieved by asserting PRG and SEL to “1” with ERS (not shown
here) constantly held low. Accordingly, the internal node
(referred to as ) is pulled up to 5 V, and, subsequently, the
CG output signal is pulled up close to 5 V. Together with the
appropriate TG output signal, this voltage is sufficient for pro-
gramming the selected C-Flash cell.
Table III summarizes the main features of the TG and CG

drivers according to post-silicon measurements. Both drivers
have a very low static power figure, as expected through the em-
ployment of GIDL-free circuits. The dynamic energy-per-oper-
ation shown in Table III represents the switching operation that
led to the highest energy consumption, both in the presence of
5-V/ 5-V supplies, as well as when only the 1.8-V supply is
generated. As expected, the CG driver consumes slightly more
energy-per-operation than the TG driver, due to its larger com-
plexity. However, in both cases the dynamic energy consump-
tion is considerably low.

VI. CONCLUSION

This paper presented a pair of low-power voltage drivers
for a C-Flash-based NVM array to be integrated in a passive
RFID system. The driver requirements include multiplexing a
wide range of voltages to their output nodes, while maintaining
low static and dynamic power consumption. Designing these
drivers required the development of several novel techniques
to solve challenges that arose from the necessity to retain
ultra-low manufacturing costs. These challenges included
floating bias voltages during read and standby modes and high
GIDL currents that result from large potential drops over stan-
dard process devices. The resulting architectures and circuits
developed were presented. An in-depth analysis of the dynamic
behavior of DCVSL level shifters and the proposed GIDL-free
level shifters was presented for the first time. This analysis
resulted in a methodology for sizing these level shifters to
optimize the tradeoffs between area, energy-per-operation,

and delay. This methodology can also serve as a useful tool
for other ratioed logic families and subthreshold logic design.
The drivers were implemented and fabricated in a bulk CMOS
TowerJazz 0.18- m process without any additional masks or
process steps. The drivers were tested for functionality and
resulting waveforms were presented. Future work includes the
fabrication of the full NVM array and the complete RFID tag.
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