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Abstract: Single-poly,576bit non-volatile memory is designed and implemented in an SMIC 0. 18um standard CMOS

process for the purpose of reducing the cost and power of passive RFID tag chips. The memory bit cell is designed with

conventional single-poly pMOS transistors, based on the bi-directional Fowler-Nordheim tunneling effect,and the typical

program/erase time is 10ms for every 16bits. A new,single-ended sense amplifier is proposed to reduce the power dissipa-

tion in the current sensing scheme. The average current consumption of the whole memory chip is 0. 8y A for the power

supply voltage of 1.2V at a reading rate of 640kHz.
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1 Introduction

In recent years, radio frequency identification
(RFID) has received much attention for its explosive
growth in use in public transportation, supply chain
management,access control,and animal tracking-' =% .
Two of the most important concerns with a passive
tag IC are the cost, which is the main driver for the
popularization of RFID technology, and the power
consumption of tag chips,which determines the oper-
ational range of the tag""'.

A critical component of tag chips is the embed-
ded non-volatile memory (NVM) ,which stores essen-
tial information such as the electronic product code
(EPC), chip configuration bits, tag manufacturer in-
formation,and possibly user data. However, the con-
ventional embedded non-volatile memory approach,
such as EEPROM, which has been widely used in
RFID technology,is expensive because it requires ad-
ditional mask and process steps. Aiming at low cost
and low power, a single-poly non-volatile memory
(SPNVM) is developed,which is compatible with the
standard CMOS process. The single-poly memory cell
consists of a coupling and tunneling capacitors, where
the capacitance of the coupling capacitor is much lar-
ger than that of the tunneling one. Thanks to the ca-
pacitive divider, a large fraction of the voltage ap-
plied between two terminals will be transferred onto
the dielectric of the tunneling capacitor. Then,several
mechanisms,such as Fowler-Nordheim tunneling, exist
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to modulate the charge of the floating gate,and logic
“1” and “0” states can be created. Some publications
have addressed this issue'”~"'. Reference[ 5] used an
nMOS transistor as tunneling capacitor. In fact, using
a pMOS transistor instead is a better choice because of
its higher data retention and endurance characteris-
tics. In Ref. [ 6], each bit cell has its own localized
sense-amplifier and switching circuits. Although it of-
fers better reliability, the bit cell is too complicated
and thus is too large and consumes too much power.
Reference[ 7] used a MIM capacitor as a coupling ca-
pacitor, but this reduces the memory retention time
due to leakage from the poly contact and the metal
inter-layer dielectric.

In this paper.both coupling and tunneling capaci-
tors were realized by adopting pMOS transistors.
Write/erase operations are performed by exploiting
Fowler-Nordheim tunneling™ to minimize the power
consumption. The limitation of an SPNVM bit cell is
its larger memory cell size compared with the conven-
tional EEPROM bit cell. However, it is not a con-
straint in RFID technology since the required data
storage capacity is small and the capacity of 576bit is
enough in most cases. In addition,optimization of the
periphery circuits, such as word-line driver, is also
considered. A new single-ended sense amplifier is pro-
posed for reducing the power consumption during the
read process. An SPNVM chip containing a 576bit
memory array has been fabricated in an SMIC
0. 18um standard CMOS process. Testing is performed
to qualify the memory bit cells and validate the whole
memory chip.
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SPNVM operation

A cross section of the SPNVM cell structure is il-
lustrated in Fig. 1 (a). The memory cell consists of
two pMOS capacitors that are interconnected through
a common floating polysilicon. Here,the physical size
of transistor Mpl is much larger than that of tran-
sistor Mp2,so Mpl behaves like a coupling capacitor
and can be used to control the floating-gate voltage
and establish a large electric field across the tunneling
capacitor (Mp2). In order to keep the power con-
sumption as small as possible,both write and erase op-
erations are based on the Fowler-Nordheim tunneling
effect and, therefore,avoid the high drain current re-
quired for hot electron injection. By modulating the a-
mount of charge residing on the floating gate, logic
“1” and “0” states can be created. Special attention
was paid to the layout of the memory bit cell,shown
in Fig.1 (b). In order to prevent the floating gate
from disturbing neighboring signals, we adopted a low
layer metal, which is connected to clean ground as a
shield to cover the floating gate. In addition, those
controlling signals were implemented in high layer
metals and they were forbidden from passing above
the floating gate in order to keep cross talk to a mini-
mum.

The schematic of a complete SPNVM bit cell is
shown in Fig. 2 (a). Mp 1 and Mp 2 are the coupling

logic state of the memory cell. Mn2, Mn3, and Mn4
are control transistors, selecting the active block that
will do the program or read operations. According to
our specification,since all bit cells in the same block
will be erased before programming, MnZ can be
shared in one block. The four nMOS transistors are
realized by 3.3V input/output transistors, which are
readily available in a standard CMOS process. They
can withstand a higher voltage before Fowler-Nord-
heim tunneling affects them. The table in Fig. 2 (b)
shows the operational conditions, where V4 equals
the voltage of the power supply; V, is the high volt-
age generated by the charge pump.and V., roughly e-
quals the threshold voltage of Mnl.

3 Memory architecture

A general description of the memory architecture
is given in Fig. 3. The 576bit memory array is ar-
ranged with 36 rows and 16 columns. The periphery
circuits consist of a word-line decoder, including the
row pre-decoder and word-line drivers, and a bit-line
decoder ;including column pre-decoder and bit-line se-
lect module. The data latch stores the data that will be
programmed in parallel and driving the corresponding
bit-line to the high voltage. The charge pump gener-
ates internally the high voltage necessary to program
the single-poly memory cells. To minimize power con-
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Fig.3 General description of the memory architecture

sumption,data is read out in serial and thus only one
sense amplifier is needed. The control logic is necessa-
ry to manage functional and test modes, as well as
synchronizing the datapath thanks to a clock signal
provided by the baseband of the tag chip.

4 Design optimization

Many design techniques for low power non-vola-
tile memories have been reported® . The main as-
pects of low power optimization include word-line
driving,the current sensing circuit for the read opera-
tion,and the charge pump circuit for the memory pro-

gramfll .12] X

4.1 Word line driving

According to the bit cell operational conditions
(see Fig. 2),the word line signals must be driven to
high voltage in the program mode, but low voltage in
the read mode. The corresponding word line driving
scheme is shown in Fig. 4. The address is partitioned
into sections of 2bit that are decoded in advance in
the first stage. The resulting signals are then com-
bined using 4-input NAND gates to produce the fully

Pre-decoder

(%] The use of a

decoded array of word line signals
pre-decoder in the decoding scheme reduces the num-
ber of transistors required and,thus,reduces the prop-
agation delay and the power consumption. The tran-
sistors (M1~M4) are high voltage devices,acting as a
level shifter. The following buffer plays the role of i-
solation, preventing the large word line capacitance

from disturbing the voltage-shifting operation.
4.2 A new single-ended sense amplifier

Sense amplifiers (SA) play a major role in the
functionality and performance of memory circuits. In
order to distinguish the logic “1” and “0”, most con-
ventional SA™"® need a bias-generator module, such
as bandgap, which provides bias voltage or reference
current for them to compare with the readout cell
current. Such accessorial circuit modules are one of
the main sources of power consumption during the
read process. In this work, a new single-ended SA is
proposed, as shown in Fig. 5 (a). Since the absolute
value of I,; is not important in our circuit, we omit
the accessorial modules that provide an accurate ref-
erence. Mpl,Mp2 and Mp3 all have a length to width
ratio of 20 : 1 and they are connected in serial as a
high-impedance resistor, providing reference current
(I,¢).Simulations have been done at different corners
and I, is about 180~250nA when node B is ground-
Mp4 provides
(I,).Concerning the special needs of the tag IC,the
width to length ratio of Mp4 cannot be too large in
order to reduce transient power consumption. For

ed. Transistor pre-charge current

simplicity, the bitline switch and memory cell are re-
presented by transistor Ms and Mcl-McZ2, respective-
ly. And C, represents the parasitic capacitor at the
bit line. Assuming that the potential of the node FG
is — 0.8V for the “0” state cell and 1.1V for the “1”
state cell (these two voltages can be calculated and
correspond to the high voltage applied during pro-
gram process), the transient current of the memory
cell is less than 1nA (I.) for the “0” state cell, and
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Fig.5 (a) Schematic of the proposed single-ended SA; (b)
Timing diagram for the operation of the SA

5uA(],,) for the “1” state cell when node B is high
enough and transistor Mcl works in saturation re-
gion. With the potential of node B decreasing and
gradually lower than the threshold voltage of the in-
verter, I,, will be reduced accordingly. So the thresh-
old voltage of inverter should also be carefully de-
signed to guarantee the right output can be achieved.

The timing diagram for the operation of the SA
is shown in Fig. 5 (b). In the pre-charge phase, Pre-
charge signal is low and the bit line is pre-charged to a
clamped value, which is near V4, and higher than the
threshold voltage of the inverter. When Precharge,
ReadSyn and WL signals go high, the SA is activa-
ted. When the active memory cell is a “0” cell ([,
I..), the potential of node B is nearly unchanged
since the parasitic capacitor of the memory cell is
small. Then DataOut equals “0”. Conversely, when
the active memory cell is a “1” cell (I,,>>1I,), node
B is discharged and finally DataOut equals “1”. Tran-
sistors, Mpl~Mp3, and the inverter form a feedback
loop which is used to save a branch of current ([,)
after DataOut equals “1”.

The main aim of this circuit is to minimize the
power consumption in read mode. With the proposed
SA,the simulation result shows that the power con-
sumption decreases by 30% . Other techniques-'*
also used to minimize the voltage swing on bit lines
and further reduce the power dissipation during the
memory reading operation in our current sensing

were

scheme.
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Fig.6 Microphotographs of two memory chips,implemented in
EEPROM (a) & standard CMOS process (b) , respectively

5 Results and discussion

The microphotographs of the two memory chips
are shown in Fig. 6. Figure 6 (a) is implemented in an
SMIC 0. 18um EEPROM process while Figure 6 (b) is
fabricated in an SMIC 0.18pym standard CMOS
process. A comparison between the two tag chips is il-
lustrated in Table 1. Although the area of the SPNVM
bit cell is comparatively large, the ratio between the
area of the whole memory chip and that of the tag
chip only increased 7. 7% . The total cost of the tag
chip dramatically decreased 19. 7% ,thanks to the rel-
atively cheap process and less photolithograph steps.

Tests performed include qualification of the
SPNVM bit cells and validation of the whole memory
chip. After a stress of 1000 program/erase cycles,
there is no distinct degradation of the readout cur-
rents. Even after a stress of 10000 cycles,the memory
bit cells still work well and the programmed and
erased states can be sensed by the peripheral circuits.
The data retention characteristics of the memory bit
cells are slightly inferior to conventional EEPROM
bit cells. The main reason of it is relatively thin gate
oxide (4nm).
by a trap-assisted tunneling process'’’’. So the tunne-
ling probabilities will be higher in a thinner oxide
with equal trap densities.
large capacitance of the floating gate and thus a lon-
ger program/ecrase time (10ms) will also influence the
retention characteristics.
using differential bit cells which allow the doubling of
the storage window. A functional test of the whole

The electrons flow through the oxides

Besides, comparatively

But it can be improved by

memory chip was implemented under typical condi-
tions, which includes block-erase, block-pro-gram,
chip-erase, chip-program, bit-read, and address ac-
cess''®). Different patterns, such as all zeros, all ones,
random and diagonal, were applied during program-
ming . The read process is followed and the read-out
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Table 1  Comparison between two tag chips with different
processes
Process (SMIC 0. 18;.m) EEPROM CMOS
Area of memory bit cell 3.96,m? 150p.m?
Number of mask layers 28 19
Number of photolithograph 29 19
Memory chip area 0. 15mm? 0. 25mm?
Memory chip/tag in area 15. 0% 22.7%
Cost increase due to area 0 10. 3%
Cost increase due to process 0 —30.0%
Total cost increase of tag IC 0 -19.7%

data are sent to the logic analyzer to validate the
memory chip. The performance test was implemented
by changing the working condition of the memory
chip. Different power supplies and read-out data rates
are applied to validate the robustness of the memory
chip. When the data rate of the read process is
640kHz, the current consumed by the whole chip is
0. 8uA for the power supply voltage of 1. 2V.

6 Conclusion

A low-power SPNVM has been designed and im-
plemented in an SMIC 0.18um standard CMOS
process,the production cost of which will be 19. 7%
less than the conventional method. The SPNVM bit
cells have good endurance characteristics and can be
cycled up to 10000 times. In addition,a novel, single-
ended sense amplifier with a feedback loop was pro-
posed for power consumption optimization. For a ma-
jority of applications,such as supply chains, the total
operating time of tag chips may be less than 100h and
the tag chip will be read or programmed only a limit-
ed number of times during its life time. These factors
lessen the requirements for the tag’s memory com-
pared with conventional non-volatile memory. Thus,
this low-cost, low-power SPNVM chip is suitable and
reliable for RFID technology.
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