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SUMMARY A ferroelectric-based (FE-based) non-volatile logic is pro-
posed for low-power LSI. Standby currents in a logic circuit can be cut off
by using FE-based non-volatile flip-flops (NVFFs), and the standby power
can be reduced to zero. The FE capacitor is accessed only when the power
turns on/off, performance of the NVFF is almost as same as that of the
conventional flip-flop (FF) in a logic operation. The use of complemen-
tarily stored data in coupled FE capacitors makes it possible to realize
wide read voltage margin, which guarantees 10 years retention at 85 de-
gree Celsius under less than 1.5V operation. The low supply voltage and
electro-static discharge (ESD) detection technique prevents data destruc-
tion caused by illegal access for the FE capacitor during standby state. Ap-
plying the proposed circuitry in CPU, the write and read operation for all
FE capacitors in 1.6k-bit NVFFs are performed within 7us and 3us with
access energy of 23.1nJ and 8.1nJ, respectively, using 130nm CMOS with
Pb(Zr, Ti)O3(PZT) thin films.

key words: non-volatile logic, non-volatile flip-flop, ferroelectric capaci-
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1. Introduction

Low power logic circuits have been attracting more and
more attentions with the rapid spread of LSI applications
such as mobile electronics. And the reduction of standby
power is one of critical issues for low power LSI since the
leakage current greatly increases with downscaling of tech-
nology node [1]-[3].

Recently, the technology of non-volatile logic (NVL)
using non-volatile flip-flops (NVFF) has been proposed as
one of the promising candidates to solve the above prob-
lem [4],[5]. In the NVL, all registers consist of NVFFs
which have capability to retain its state without power sup-
ply. Therefore, it is possible to cut off the power supply
during standby state, and standby power is reduced to zero.
The NVL technology is very suitable not only for low-power
LSI but also for energy harvesting applications such as in-
frastructure and building automation because it is capable
of continuously operating a logic circuit and retaining state
during frequent power interruption, i.e., unstable power sup-
ply. An arbitrary logic circuit is easily nonvolatized by re-
placing all conventional flip-flops (FFs) to NVFFs.

An important point of NVL circuit design is to imple-
ment an NVFF without performance degradation in compar-
ison with a conventional FF. If an NV device implemented
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in the NVFF acts as an additional load device in the logic
operation, it causes large loss of the dynamic power.

To overcome the above issue, this paper presents a
ferroelectric-based (FE-based) NVL circuit, in which the
NVFF is designed on the basis of conventional FF circuits
with FE capacitors and access drivers. Since FE capaci-
tors are isolated by disabled access driver except for turn-
ing on/oft the power supply, performance of the NVFF is
almost as same as that of the conventional FF during a logic
operation. The access sequence for FE capacitors in all
NVFFs is controlled by an NVFF controller jointly work-
ing with a reset IC or a power-on-reset (POR) circuit, which
is used to detect turning on/off of the power supply [6], [7].
Since FE capacitors are accessed only when the NVFF con-
troller detects a positive/negative edge of the reset signal, ac-
cess times of FE capacitors are same to the cycles of power
ON/OFF cycle. Therefore, regarding the fatigue endurance
of 10'? cycles of FE capacitors [8], the NVL is able to bear
a 10 year long performance assuming power ON/OFF hap-
pening 3000 times in a second. Moreover, the use of com-
plementarily stored data in coupled FE capacitors makes it
possible to realize wide read voltage margin [9], which guar-
antees 10 years retention at 85 degree Celsius without power
supply after low voltage operation of Vpp < 1.5V. Char-
acteristics of all FE capacitors can be evaluated by using
comparators in NVFFs together with a scan path, and it is
possible to screen out the anomalous FE capacitors, which
have a signal margin less than quality assurance level.

In addition, two kinds of data protection technique are
introduced to the NVFF controller for the reliable operation.
One is a voltage-level checker (VLC), which is used to pro-
tect stored data in FE capacitors from an illegal operation
caused by an incorrect signal coming from the POR during
rising of Vpp. The VLC is able to forbid any operation if
Vpp is lower than the specified detect voltage Vy.;y. Since
the required accuracy of Vv is low, the VLC can be con-
structed by a simple circuit. The other is an electro-static-
discharge(ESD) detection technique by checking the voltage
level on multi PADs, which can prevent an illegal access for
FE capacitors caused by ESD.

The proposed NVL technology has been already ap-
plied to several applications such as an NV counter, a re-
configurable logic and a non-volatile CPU (NVCPU) [10]-
[12]. The NVCPU demonstrates that the write and read op-
erations for all FE capacitors in 1.6K NVFFs are performed
by 7us and 3us with access energy of 23.1nJ and 8.1nJ, re-
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Fig.1  Overall structure of a non-volatile logic circuit.

spectively, using 130nm CMOS with Pb(Zr,Ti)O3(PZT) thin
films.

2. Non-volatile Logic Circuit
2.1 General Structure

Figure 1 shows the general structure of an NVL circuit,
which consists of three components, non-volatile flip-flops
(NVFFs), a clock generator and a timing controller. The
NVFF is designed on the basis of a conventional FF cir-
cuit with FE capacitors. The write driver and comparator
are controlled by a driver enabling signal DE and a sense-
amplifier enabling signal SAE, respectively. These signals
are controlled by the NVFF controller module, which is syn-
chronized to a clock signal supplied by the clock generator.

Figure 2 shows a basic operation of the proposed NVL
circuit. The NVFF controller is basically controlled by us-
ing reset signal, which comes from a reset IC or a POR cir-
cuit [6],[7]. When Vpp reaches to the detect voltage V.z
of the reset IC with turning on the power supply, a positive
edge of the reset signal is applied to the NVFF controller.
Simultaneously, the clock generator starts to generate clock
signals for the timing controller, and the recall operation is
performed. After reading out stored data from FE capaci-
tors, the NVFF controller becomes idle mode, and the NV
logic block performs a normal logic operation. In the same
way, a store operation is enabled the negative edge of the
reset signal as the power supply is turning off. Stored data
in an FF circuit is written into the FE capacitors through the
write driver in the NVFF, and then the NVL circuit becomes
idle mode. At power on state, the NVFF works as a conven-
tional FF. The write driver is constantly at high-impedance

2227
— E— Power OFF - Power ON ——
VDD \/
RESET \
b )
Internal CLK ; I gg
|
|
NVFF controller Idle Store ”Ip Recall X Idle
| i Timing controller sends J
@_ Store/Recall control _@
- signals to NVFF.
State FF Store }— - Recall FF
CLK [t
NVFF < Qoutput Valid data Valid data
NV data Valid data

Data is retained in ferroelectric capacitors.

Fig.2  Basic operation of a non-volatile logic circuit.

Fig.3  Ferroelectric capacitor. (a) Cross-sectional view and Symbol. (b)
Hysteresis loop characteristic.

state with two plate lines PL1 and PL2 grounded. Since
the applied voltage across the FE capacitor is kept at 0V, no
power loss is induced by FE capacitors. Therefore, in the
logic operation, performance of the NVFF is equal to that of
the conventional FF.

2.2 Review of Ferroelectric Capacitors

The FE capacitor is a kind of a non-volatile storage de-
vices, and it has been used as a memory cell of a ferro-
electric random-access memory (FERAM) [8]. The FE ca-
pacitor is physically distinguished from a regular capacitor
by substituting the dielectric with an FE material as shown
in Fig.3(a). When the voltage Vy applied across the FE
capacitor becomes higher than the coercive voltage V¢, the
polarization charge Q in the FE capacitor shows a hysteresis
loop characteristic with a remnant-polarization charge Q, as
shown in Fig. 3 (b). Since Q, is retained at Vy = 0, the FE
capacitor is capable of a non-volatile memory device, where
0, is O, for a logic value “0” or —Q,; for “1”.

Basically, stored data S in the FE capacitor is read out
by the capacitive coupling effect between the FE capaci-
tor and a load capacitor. When Vpp is applied to series-
connected capacitors, an output voltage Voyr on an inter-
mediate node is determined by ratio of Cr to C, as shown
in Fig.4 (a), where Cr and Cj, indicate equivalent capac-
itance of the FE capacitor and the load capacitor, respec-
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Fig.4  Read operation of the ferroelectric capacitor. (a) Equivalent read
circuit. (b) Capacitance of the ferroelectric capacitor. (c) Output voltage
caused by the capacitive coupling effect.
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Fig.5 Imperfections of the ferroelectric capacitor. (a) Imprint. (b) Re-

tention.

tively. Since C; becomes Cy or C; depending on stored data
S as shown in Fig. 4 (b), Voyr becomes high V| for § = 1
or low V, for S = 0 as shown in Fig.4 (c). Theoretically,
a read voltage margin AVyyr = Vi — Vj is increasing as a
function of Cy/Cy ratio. In the case of C; = VCoCy, AVour
becomes maximum, which is expressed as

AVour = (VC1/Co = D/(JC1/Co+ 1) - Vp. 6]

In the use of the FE capacitors, it is important to con-
sider the output voltage shift caused by various FE capaci-
tor imperfections such as imprint and retention [8]. Imprint
refers to an physical phenomenon that the polarization can
be coerced to its initial direction easier than its opposite di-
rection if the polarization state is statically kept for a long
period of time as shown in Fig. 5 (a). Retention refers to a
partial loss of remnant charge during power off as shown in
Fig.5(b). These imperfections decrease C;/Cy, which re-
sults in degradation of AVpyr.

2.3 Non-volatile Flip-Flop

In the implementation of the NVFF, it is important to real-
ize large AVpyr at Vpp < 1.5V because the store and re-
call operations are performed during falling and rising of
Vbp, respectively. However, a conventional circuit based
on Fig. 4 (a) is not suitable to be used in the NVFF because
of its large overhead caused by the load capacitor, in which
Cp, = VCyC; usually becomes several hundred femtofarad.

In the proposed NVFE, coupled FE capacitors with
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Fig.8 Timing diagram of a basic operation of the NVFE.

complementary data storage [9] are introduced to realize
large AVoyr with small area overhead. In this circuit, da-
tum S is stored into in series-connected FE capacitors as a
pair of complementary code (S, §) as shown in Fig. 6. Since
capacitance of two FE capacitors changes complementarily
depending on (S, §), large AVoyr can be obtained by capac-
itive coupling, in which AVt is represented as

AVour = (C/Co = D/(Ci/Co + 1) - Vpp. 2

For example, in the case of C1/Cy = 2, AVyyr in (2) be-
comes 33% of Vpp, which is twice of 17% of AVyyr in (1).
This circuit is implemented only by FE capacitors without
the large load capacitor, its circuit area becomes small in
comparison with the conventional one.

Figures 7 and 8 show a schematic and a timing diagram
of a basic operation of the proposed NVFF, respectively. In
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Table 1  Relationship between stored data in FE capacitors and the read
voltage corresponding to state Q of the FF circuit.

Stored Data Read Voltage
U side D side |U side|D side

Cru| Cru| Crp| Cro| Vouru | Vouro
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Fig.9 4096 NVFFs-chained test circuit.

the logic operation, the NV data storage circuit is separated
from the FF circuit by the disabled write driver and com-
parator. In the store operation, the clock signal for the FF
is stopped by the NVFF controller, and write drivers are en-
abled by a driver enabling signal, DE. Then, the state Q in
the FF circuit is written into U-side and D-side of series-
connected FE capacitors as pairs of complementary code
(5,5) and (S, S), respectively. Table 1 shows the relation
between Q and stored data in FE capacitors.

In the reset state, FE capacitors are separated from the
FF circuit. During the transience of power on/off, the NVFF
will also undergo voltage turbulence at Vpp, due to which
the voltage applied on the FE capacitor might lead to a da-
tum destruction. To prevent it from happening, all FE ca-
pacitors are shorted by parallel-connected MOS transistors
with PL1 and PL2 grounded. In the recall operation, voltage
pulse is applied to PL1 with PL2 grounded. Simultaneously,
Vourv and Voyrp are induced by capacitive coupling of D-
side and U-side FE capacitors, respectively. Then, Voyry
and Voyrp are compared by the comparator, and the FF cir-
cuit is set or reset depending on the comparison result.

Characteristic of the proposed NVFF is evaluated by
using a 4096 NVFFs-chained circuit. A test chip is fabri-
cated by using 130nm CMOS with Pb(Zr, Ti)O3(PZT) thin
films. All NVFFs are randomly placed on a logic circuit as
shown in Fig. 9, and two series-connected FE capacitors are
arranged as 2 by 2 array in the NVFF. Figure 10 (a) and (b)
show the relation between Voyr and Vpp, and Voyr distri-
bution of the 4096 NVFFs-chained circuit. The read voltage
margin AVpyr becomes larger than 400mV at Vpp =1.5V.
But it would gradually degrade due to the imprint and relax-
ation, and it was extrapolated that the AVyyr was still larger
than 90mV after being baked at 85 degree Celsius for 10
years as shown in Fig. 11, which is large enough to perform
reliable store and recall operations at Vpp < 1.5V. In the
retention time of a few milliseconds, the proposed NVFF
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Fig.10  Read voltage Voyr of the NVFF. (a) Relationship between Voyr
and Vpp. (b) Voyr distribution of a 4096 NVFFs-chained circuit.

After 85 degree Celsius 10 years equivalent bake.

Number of NVFFs _ AVout(mV) 10 years
10000 (g Y2DZLEV@RT 425 : .
i
er 10 years e
1000 |- J 100 .
75 -
100 g
50
10 1 o5l L
Om 1 1 1 I I v:
002040608 T 1214 01 1 10 102 105 107 105

Read voltage Vour(mV) Bake time (85 degree Celsius) (hour)
(a) (b)

Fig.11  Read voltage Voyr after 10 years equivalent bake at 85 degree.
(a) Imprint. (b) Retention.

Vop(mV)
900 FH
LOGIC
800
STORE
700
10ms Data
500
460 RECALL

400 HH
25 225 425 625 825 ﬁ
Pulse with of a clock signal  (ns) LOGIC

in the LOGIC operation

Fig.12  Shmoo plot.
%%?ober of NVFFs N=4096 . o
! ! ! ! ! ! Equivalent test circuit
0 Vrer “1
1000 Comparator
100
10 Vrer
— Anomaly of
1 FE capacitors
0 02 04 06 1 12 14

Read voltagé Vout(mV)

Fig.13  Screening test for anomaly of FE capacitors.

works at Vpp < 0.5V as shown in Fig. 12.

Inferior NVFFs which have AVyyr less than quality
assurance with anomaly of FE capacitors can be easily re-
jected in the proposed NVFF. Applying analog voltage Vger
to the comparator as shown in Fig. 13, the voltage level
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Fig.15  Voltage-level checker (VLC). (a) Block diagram of NVFF con-
troller with the VLC. (b) Truth table of the VLC.

of Voyr can be compared to Vggp. Therefore, abnormal
Vour is found out by checking a comparison result with
Vrer, which is set to quality assurance level of Voyr. Since
the comparison result is written into the FF circuit, inferior
NVFFs are screened out by a scan path testing.

3. NVFF Controller with Highly Reliable Operation

The proposed NVFF has capability to work at Vpp < 0.5V.
This characteristic sometimes becomes account for data de-
struction because the NVFF works illegally by an unex-
pected noise on input signals or Vpp. Therefore, the NVFF
controller has to protect stored data in FE capacitors from
above illegal operation.

3.1 Noise Protection

During rising of Vpp, an incorrect reset signal sometimes
comes from the reset IC or POR when Vpp is lower than
the threshold voltage of the reset IC or POR as shown in
Fig. 14 (a). Usually, the reset IC is implemented by us-
ing high-voltage CMOS to realize the high accurate detect
voltage V.r, meanwhile the NVL circuit uses low-voltage
CMOS to perform a low-power operation. Therefore, the
threshold voltage of the NVL circuit is lower than that of
the reset IC, i.e., the NVL circuit starts the recall opera-
tion by the trigger of the incorrect reset signal as shown in
Fig. 14 (b).

To overcome this problem, a voltage-level checker
(VLQO) is introduced to the NVFF controller as shown in
Fig. 15(a). The VLC is a kind of buffer circuit in which
output depends on Vpp in case of an enabling signal EN be-
ing low, as shown in Fig. 15 (b). Even if the reset signal be-
comes high, the output signal of VLC keeps low when Vpp
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is lower than the specified detect voltage V. In the pro-
posed VLC, Vv is set between the threshold voltage of the
reset IC and V,.g. Since accuracy of Vg is relatively low,
the voltage-detect circuit can be implemented by a simple
circuit as shown in Fig. 16 (a).

In this circuit, Vv is determined by drain current
Ipsy of an NMOS transistor My and Ipgp of a PMOS tran-
sistor Mp as shown in Fig. 16 (b), where characteristics of
Ipsn and Ipg p are controlled by g ratio and the gate bias of
My and Mp. Since static current flows in the voltage-detect
circuit incurs large loss of the static power, the current flow
is cut off when the reset signal is low, or the output of VLC,
which is used as an enabling signal EN of the VLC, becomes
high.

Figure 17 shows an experimental result of the VLC.
When the VLC is disabled, an output of the NVFF changes
after the positive or negative edge of the incorrect reset sig-
nal, which means that the NVL circuit performs the ille-
gal recall and store operations at Vpp = 0.5V. On the other
hand, the use of VLC makes it possible to forbid any opera-
tion if Vpp is lower than V. Since Vv is higher than the
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threshold voltage of the reset IC, the incorrect reset noise is
neglected from the NVFF controller.

3.2 ESD Protection

The illegal store and recall operations are sometime caused
by electro-static discharge (ESD) pulses from the operating
environment and peripherals. When ESD is applied to an
I/O PAD of an LSI, electrical charge transfers from the I/O
PAD to the Vpp line through a protection diode, i.e., the
power supply for LSI turns on [15]. Therefore, the illegal
operation is possibly performed by a signal noise on a reset-
signal PAD as shown in Fig. 18.

In the proposed NVL circuit, two I/O PADs are used to
receive the reset signals in order to forbid the illegal opera-
tion. During ESD applied, an ESD-applied PAD goes high,
but others keep low because each I/O PAD is isolated by the
protection diode. Therefore, if only one PAD goes high, the
LSI possibly works by the power supply of ESD. From this
point of view, the proposed NVL performs store and recall
operations only when the same reset signal is applied to two
I/O PADs simultaneously as shown in Fig. 19 (a). Other-
wise, the store and recall operations are disabled, i.e., stored
data in FE capacitors are protected from the illegal access
caused by ESD pulses as shown in Fig. 19 (b).

4. Design of NVL Circuits
4.1 Design Flow

The design flow of the proposed NVL circuit is same to that
of the conventional one except for NV replacement. A given
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Fig.20  Design flow of an NVL circuit. (a) Design flow chart. (b) Non-
volatile replacement.
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Fig.22  Photograph of an NV counter.

RTL specification is synthesized into a gate netlist together
with the NVFF controller module as shown in Fig. 20 (a).
Then, all conventional FFs in a target logic module are re-
placed by NVFFs. At the same time, signal wires used to
transit NVFF control signals are connected to the NVFF
controller and NVFFs as shown in Fig.20(b). Since the
performance of the NVFF is the same as that of the con-
ventional one in a logic operation, timing mismatch will not
occur after the NV replacement. Figure 21 shows an exam-
ple of the simulation waveform using the NVFF-based gate
netlist, in which state of the NVFF becomes arbitrary during
power off. A state of the NVFF is correctly recovered after
the recall operation, i.e., the store and recall operations are
correctly performed with the negative and positive edge of
the reset signal, respectively. As shown in this example, the
basic function of the designed NVL circuit is strictly verified
by using proposed design environment.

4.2 Design Examples

The proposed NVL circuit has already been applied to some
prototype chips such as a binary counter, a power-getable
reconfigurable logic chip [10] and a non-volatile CPU [11].

Figure 22 shows a photograph of a 4-bit NV counter
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Table 2  Data store and recall energy consumption of three different data
backup locations [11].

Data backup Data store | Data recall
location energy (uJ) | energy (1J)
FeFF (NVFF) 0.023 0.008
Off-chip Flash 2060 1.3
On-chip Flash 445 0.6

chip using 130nm CMOS with PZT thin film, which in-
cludes four NVFFs. The function of the NV counter is
same as that of standard 4-bit counter, 74HC161 [13]. Fig-
ures 23 (a) and (b) show measured waveforms of the store
and recall operations, respectively, with a reset IC of V. =
1.3V. The store and recall operations are performed at delay
time of 8us at Vpp = 1.2V and 3us at Vpp =1.3V, respec-
tively, which are short enough to perform these operations
during rising and falling of Vpp.

Since the write and read access for FE capacitors are
performed in parallel, delay time of the store and recall oper-
ations is independent of the number of NVFFs. Figure 24 (a)
shows a photograph of the NV CPU, named as THU1010N,
using same process as the NV counter[11]. As shown in
Fig. 24 (b), the store and recall operations for 1.6k NVFFs
are performed in 7us and 3us at Vpp = 1.5V, respectively,
which are almost same to that of the NV counter.

Table 2 shows comparison of energy consumption
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MV current VE
mode circuit
1s=400uA
MV Current :S=288u2
i s=200u
signal Is o= 100UA
MV NV Time

storage Period of write access
Stored data GND
(a) (b) ()

Fig.25  Multiple-valued data storage using an FE capacitor. (a) Minor
hysteresis characteristics. (b) Write operation using current-mode logic.
(c) Applied voltage across the FE capacitor.

for store and recall of 1.6k data by three different meth-
ods, THU1010N, off-chip flash memory and on-chip flash
memory. Comparing THUI010N with other two methods,
THUI1010N can decrease the energy consumption by 19000
times in the data store and 74 times in the data recall.

5. Conclusion

In this paper, an FE-based non-volatile logic is proposed for
low-power LSI. During standby state, the state of the NVFF
is retained in FE capacitors without power supply. Standby
currents in a logic circuit can be cut off, which reduces the
standby power to zero. The use of complementarily stored
data in coupled FE capacitors makes it possible to guar-
antees 10 year retention at 85 degree Celsius at 0.9-1.5V
read/write operations. The low supply voltage and electro-
static discharge (ESD) detection technique prevent data de-
struction caused by illegal access to FE capacitors during
standby state. Any logic LSI can become non-volatilized
by using this technology without degradation of the perfor-
mance. Applying the proposed circuitry in CPU, the write
and read operations for all FE capacitors in 1.6k-bit NVFFs
are performed within 7us and 3us with access energy of
23.1nJ and 8.1nJ, respectively.

The use of FE capacitor-based NVL may contribute to
reduce power dissipated in not only binary CMOS logic but
also in multiple-valued (MV) logic. The multiple-valued
non-volatile storage is realized by using minor hysteresis
characteristics of the FE capacitor as shown in Fig. 25 (a).
The remnant polarization charges of each FE capacitor are
determined by applied voltage Vy across the FE capacitor,
which corresponds to current flow Iy as shown in Fig. 25 (b),
(c). In case of MV current-mode logic (MVCML) [14]
based circuit, an operation result is obtained by current sig-
nal Ig. Therefore, MV data can be stored into the FE ca-
pacitors by using Ig. During standby state, stored data is
retained in FE capacitors, power supply for MVCML can
be cut off, that is, standby power can be reduced to zero.
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