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Energy-Efficient and Highly-Reliable Nonvolatile FPGA Using
Self-Terminated Power-Gating Scheme

SUMMARY  An energy-efficient nonvolatile FPGA with assuring
highly-reliable backup operation using a self-terminated power-gating
scheme is proposed. Since the write current is automatically cut off just
after the temporal data in the flip-flop is successfully backed up in the non-
volatile device, the amount of write energy can be minimized with no write
failure. Moreover, when the backup operation in a particular cluster is com-
pleted, power supply of the cluster is immediately turned off, which min-
imizes standby energy due to leakage current. In fact, the total amount
of energy consumption during the backup operation is reduced by 66% in
comparison with that of a conventional worst-case-based approach where
the long time write current pulse is used for the reliable write.

key words: field-programmable gate array (FPGA), power gating, mag-
netic tunnel junction (MTJ) device, and low power digital

1. Introduction

While an SRAM-based field-programmable gate array
(FPGA) is utilized in a variety of applications [1], standby-
power dissipation due to leakage current is a critical issue
when it comes to battery-powered or energy-harvesting ap-
plications. A nonvolatile FPGA, wherein all the configura-
tion data as well as temporal data are stored in nonvolatile
devices is one promising solution for the standby power
problem owing to its zero-standby-power capability [2]-[8].
There are several key requirements of the nonvolatile de-
vice: (1) virtually unlimited endurance, because temporal
data in flip-flops (FFs) must be backed up before power
off; (2) three-dimensional (3D) stacking capability, and (3)
CMOS compatibility, for area efficiency of the configura-
tion cell. While all the nonvolatile devices described the
above satisfies (2) and (3), ReRAM devices, atom switches,
and PCRAM devices do not satisfy (1). In contrast, a mag-
netic tunnel junction (MTJ) device has virtually unlimited
endurance over 10'°[12]. However, a large amount of en-
ergy consumption for the backup operation is one major
challenge for the MTJ device. Since the MTJ switching is
stochastic and the actual time to complete the write opera-
tion varies dramatically, a longer time write current pulse is
required for the reliable backup operation than average one.

The long time backup operation also wastes leakage
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energy because power supply of a particular logic cluster
must be kept turned on unless backup operation is com-
pleted.

In this paper, an energy-efficient nonvolatile FPGA
with assuring highly-reliable backup operation using a self-
terminated power-gating scheme is proposed. The self-
terminated write driver makes it possible to automatically
cut off the write current by monitoring the change in cur-
rent or voltage level when the desired data is written in
the nonvolatile device [9], [10]. Just after the data is writ-
ten, write-completion signal is generated and write opera-
tion is automatically terminated. Therefore, self-terminated
power-gating can be realized by detecting all the write-
completion signals in the particular cluster. To detect the
write-completion signals, a dynamic AND gate is utilized,
which makes it possible to implement the power-gating con-
troller with a compact circuitry. As a result, the total amount
of energy consumption during the backup operation is re-
duced by 66% in comparison with that of a conventional
worst-case-based approach where the long time write cur-
rent pulse is used for the reliable write.

2. Architecture of Nonvolatile FPGA

In this paper, an MTJ device [11]-[13] is used; note that
the proposed power-gating scheme is also applicable to
PCRAM or ReRAM based FPGAs. Figure 1 (a) shows the
structure of an MTJ device, which consists of two ferromag-
netic layers separated by a tunnel barrier. The magnetization
of the pinned layer (PL) is fixed, while that of the free layer
(FL) is free to rotate. By controlling the direction of the
magnetization of the FL with respect to the PL, the MTJ
device can be configured to a low-resistance state (R, the
corresponding state is Y=0) or a high-resistance state (R|,
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Y
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Fig.1 MTIJ device: (a) structure, (b) R-I curve. The MTJ device can be
regarded as a variable resistor whose resistance is programmed by write
currents Iyq or Iyq.
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Fig.2  Worst-case-oriented write scheme.

,»':  Self-termination Power
o) &1 signal (ST) 4 switch

Tile | Tie | Tile L1
: CLB CB

S| Tie | Tie | Te |5| i
Tile | Tile | Tile B B

s N e | . | =

Routing /y::tjljl:i::.
channel

.......................................................

Fig.3  Overall architecture of the proposed nonvolatile FPGA. When
self-termination signal becomes high, the power switch of the tile is turned
off.

the corresponding state is Y=1). Thus, the MTJ device can
be regarded as a variable resistor whose resistance value is
programmed by write currents Iy (R to Ry) or Iy (Ry to
Ry) as shown in Fig. 1 (b). The difference between Ry and
R, is defined as Ag [Ag=(R; — Ro)/Ro].

Due to the stochastic nature in the switching mecha-
nism, there is a variation in the switching time of the MTJ
device. The switching probability of the MTJ device (Psyw)
is given as follows;

Psgw=1- exp{—_l_—t0 exp[ - A(l - L)z]} (D)

where ¢ is the duration of the current pulse, 7y is the attempt
time (Ins), A is the thermal stability factor and I¢ is the
critical switching current. Equation (1) indicates that a long
time write current pulse is required if / is fixed. As a result,
a worst-case-oriented long-time current pulse is required for
reliable write as shown in Fig. 2.

2.1 Proposed Nonvolatile FPGA Architecture

Figure 3 shows the overall architecture of the proposed non-

1619

Fig.4 Block diagram of CB and SB.

volatile FPGA which is composed of a 2-dimensional ar-
ray of tiles [14]. The tile is composed of a power switch,
a configurable logic block (CLB), a switch block (SB), and
two connection blocks (CBs). MT]J devices are stacked over
the CMOS circuit plane of each block [6]. When the self-
termination signal becomes high, the power switch of the
tile is turned off. The CLB is surrounded by routing tracks
on all four sides and logic input and output pins can be con-
nected to the other CLBs via CBs and SBs.

Figure 4 shows the routing architecture of the FPGA.
Logic input and output signals of the CLB are interfaced
by CB and the signals are propagated to any adjacent tiles
via the SB. The CB is composed of routing switches which
are composed of a pair of an MTJ-based nonvolatile stor-
age element (NVSE) and an NMOS pass gate. The NVSE
is implemented so that its effective area becomes small by
sharing a large-sized write-control transistor among several
NVSEs and reducing the size of the write-control transis-
tors in each NVSE [16]. The SB is composed of six routing
switches and buffers. By the configuration of the latches,
any arbitrary signal routing can be performed. We define
the number of wires in the routing track as W, the ratio of
wires in each channel to which a CLB input pin can connect
as F.y,, and that of an output pin as F,,. For example, in
Fig. 4, Wis 4, F;, is 0.5, and F,,; is 0.5, respectively.

Figure 5 shows the block diagram of the CLB which
is composed of N CLB slices. Each CLB slice has I ex-
ternal logic inputs and N internal feedback inputs from the
CLB slices. In this paper, we assume that the CLB layout
is one dimensional and the number of N is at most 10 [15].
The CLB slice consists of a K-input nonvolatile lookup ta-
ble (LUT) circuit [8], a self-terminated FF [10], and a MUX
to perform both combinational and sequential logic func-
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Fig.5 Block diagram of the CLB. Each nonvolatile FF contains a self-
terminated write driver. When all the write-completion signals (F[0], ...,
F[N-1]) become high, the power supply of the tile is turned of by the power
switch controller.

tions. The output of the FF (Q) is selected for the output of
the LE (Z) when SEL=1, and the output of the LUT circuit
(D) is selected when SEL=0, respectively. The LUT circuit
performs any K-input logic function by using input vectors
(X). The K M-to-1 multiplexers interfaces between the LUT
circuit and M bit inputs (I external inputs and N feedback in-
puts). Each nonvolatile FF contains a self-terminated write
driver and when all the write-completion signals (F[0], ...,
F[N-1]) become high, the power supply of the tile is cut off
by the power switch controller.

Figure 6 shows the schematic diagram of the self-
terminated FF. It consists of a CMOS FF core, a self-
terminated write driver, and a nonvolatile storage cell. Dur-
ing the normal mode, the FF operates as a standard CMOS
FF and the self-terminated driver and the nonvolatile stor-
age cell are electrically separated. During the backup mode,
CLK is set low and the driver is activated by the store enable
signal (STR). Then, a bi-directional write current is applied
to the nonvolatile storage cell and the temporal data of the
master latch (A) is stored in the MT]J device. If the desired
data is written in the MTJ device, write enable signal (WR)
becomes low and the bi-directional write current is cut off.
The recall enable signal (RCL) is set low so that Vj is elec-
trically separated from BLO. During the recall mode, RCL
becomes high and the stored data is recalled to the slave
latch. Two inverters in the slave latch are used to amplify
Vi to a full-swing output voltage.

Figure 7 shows the block diagram of the proposed self-
terminated write driver. The voltage signals of BLO (V)
and BL1 (Vp) are selectively used for monitoring the state
transition of the MTJ device from R, to Ry and Ry to Ry,
respectively. Because the change in Vi is significant when
Y = 01is written whereas that of Vpy; is significant when Y =

IEICE TRANS. INF. & SYST., VOL.E100-D, NO.8 AUGUST 2017

Slave latch/sense amplifier
RCL

Oll:l:ll—
o

Vv
BLO i
STR—| _ Selt- |WR|Nonvolatile [~ RCL
erminate I—_'|storage cell
WCK—| write driver BL1 —RCL
VDD
RCL4
RCL
BLO Va

wn—]

BLA1

Fig.6  Block diagram of the self-terminated NVFF. Before power off, the
temporal data in the master latch (A) is stored into the nonvolatile storage
cell. The data is restored into the slave latch just after power on.
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Fig.7  Schematic diagram of the self-terminated driver. At the beginning
of the backup operation, the output node WR is pre-charged to Vpp by
activating STR low. Then, STR becomes high to detect write completion.
If A and SD are matched and CMP becomes high, WR is discharged and
the write current is automatically cut off.

1, selective voltage monitoring makes it possible to achieve
sufficiently large sense margin in any write current direction.
At the beginning of the backup operation, the output node
WR is pre-charged to Vpp by activating STR low. Then,
STR becomes high to detect write completion. If A and
selected data (SD) are matched and CMP becomes high, WR
is discharged and the write current is automatically cut off.
Note that, if the backup data A is the same as the stored data
M, write operation is immediately skipped, which greatly
saves the backup energy consumption.

Figure 8 shows the schematic diagram of the power-
gating controller which is implemented by using dynamic
circuitry. To turn on the power swich, PGEN is activated
at low level. Therefore, NO and N1 are pre-charged and ST



SUZUKI and HANYU: ENERGY-EFFICIENT AND HIGHLY-RELIABLE NONVOLATILE FPGA USING SELF-TERMINATED POWER-GATING SCHEME

VDD VD
A NO N2
" ST
Flo——H
Fit—H PGEN
GND
FIN-11—
PGEN -+

GND

Fig.8 Schematic diagram of the power-gating controller. To turn on the
power switch, PGEN is activated at low level. To perform power-gating,
PGEN is activated at high level and two PMOS transistors are turned off.
When all the write completion signals (F[0], F[1], ..., and F[N-1]) become
high, N2 is discharged and ST becomes high.
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Fig.9 Example of energy consumption during backup operation. By

utilizing the proposed self-termination scheme, write current of each FF

is optimally turned off and total energy consumption is greatly reduced

compared to that of worst-cased based method.

becomes low and the power-switch is turned on. During
the basic operation PGEN is kept low. To perform power-
gating, PGEN is activated at high level and two PMOS tran-
sistors are turned off. When all the write completion signals
namely F[0], F[1], ..., and F[N-1] become high, NO is dis-
charged and then, N2 is also discharged. In this way, ST
becomes high and the power-switch is turned off. Note that
the power line of the controller is directly connected to VDD
line.

Figure 9 shows energy consumption of a tile during the
backup operation where 3 CLB slices (thus N is 3) are em-
bedded. Irporar and I are the total current of the tile and
leakage current of the tile, respectively. FF[i] (0 <i < N-1)
corresponds to the self-terminated FF in i th CLB slice
(CLBI[:]). Ip[i] and #; correspond to the backup current of
FF[i] and the time when the backup operation in FF[i] is
finished, respectively. We can see that the total power con-
sumption is greatly reduced compared to the worst case (in
this case, write current pulse width is set fyogrs7). In the
next section, we quantitatively evaluate the usefulness of the
proposed method.
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3. Evaluation
3.1 Formulation

For the evaluation, let us formulate the energy consumption
during the backup operation. First, the backup energy of
FF[i] (0 <i < N — 1) is expressed as t;Vpplp[i]. Therefore,
the total backup energy ELO74% is expressed as follows.

N-1
Efgal = Z t;VpplIglil 2)
i=0

The energy consumption during backup operation (E)
is depends on the longest #;. Therefore E; is expressed as
follows.

E; = Vpp X Iy X max(to, ti,...,tn-1). 3)
I; is expressed as follows;
I =I5 + [+ 55 4)

where IS5, I8 and I;® are leakage current of CLB, CB,
and SB, respectively. If we design M-to-1 multiplexer in the
CLB slice by using an NMOS binary tree, the number of
latch required for one CLB slice is given by K([log, M) +
1. Therefore, the leakage current of the CLB is given as

follows;

I = NPT (K (Tlog, MT) + 1)+ IEV7T + 17 + 1)V
&)

where [FAT JEUT JFF "and MU are leakage current of the
latch, LUT, FF, and 2-to-1 MUX, respectively. The total
number of the latch is given as IWF,;, + NWF,,;. Thus,

I8 = IAT(IWF sy + NWF o) ©)

As shown in Fig. 4, the SB is composed of W basic block
which is comprised from 10 latches and 8 tri-state buffers.
Thus,

5P =waorA" + 817 %UF) (7)

where 17 8UF

is leakage current of the tri-state buffer.
3.2 Evaluation Setup

In this evaluation, a 90 nm CMOS technology together with
MT]J devices whose parameters are summarized in Table 1
are used (note that these parameters are estimated from [13]
and [17]). In the nano-second region, it is reported that the
variation of the MTJ switching time follows the Gaussian
distribution [17]. Therefore we assume that the standard de-
viation of the switching time (o) is 30% of ideal switch-
ing time, thus, oy = 3 [ns]. Figure 10 shows the simulated
MTJ’s switching variation where 2560 times of write oper-
ation is performed in a single MTJ device to obtain an ac-
curate distribution of the switching time. We can see that
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Table1 MTJ design parameters.
R, 6 kQ
R, 13.5kQ
TMR ratio 1.25
s 50 uA
Iwo -100 pA
Tipeat 10ns
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Fig.10  Simulated switching time variation.

Table 2  Leakage current of each components.

Isd 10.8nA
|, MUx 9.6nA
L 69.3nA
(Proposed) =N
I,FF A
(w/o self-termination) 87.7n
I, LAT 9.1nA
1,BUF 5.5nA

Table3  MTJ design parameters.

w 72

I 24

N 8
Fonm 0.25
Fopout 0.25

the worst-case switching time is about 20 ns. So we set
Tworst = 20 [ns].

The circuit components of the FPGA are designed by
using NS-SPICE which includes MTJ macro model [18].
Table 2 summarizes the amounts of leakage current of the
FPGA components. To determine the FPGA architecture
parameters that are shown in Fig.4 and Fig.5, an open-
source CAD tool called verilog-to-routing (VTR) [19] is uti-
lized. Table 3 summarizes FPGA architecture parameters
for the evaluation. These parameters are determined so
that typical benchmark circuits can be implemented success-
fully [14], [15].
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Table4  Summary of simulation results.
Conventional Proposed
AI‘:ie’age 15.7 pJ 5.31 pJ (-66%)
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15.00 : :
<I I I ¥
10.00 : A~
: -70%// :
— 5.00
a : :
== 0.00 O~
I$] LAY
Q H H
W 500 —1 |
[OIE // :
¢ -10.00 =g ;
2 ] :
uw -15.00 : :
160ns: 480ns:
-20.00 — x
0 100 200 300 400 500

Tipe [ns]
Fig.13  Comparison of break-even points (BEPs).

3.3 Simulation Results

Figure 11 shows the simulated waveform of the self-
terminated power-gating. We can confirm that when F[0],
F[1], ..., and F[7] become high, ST becomes high and the
power-switch is turned off.

Figure 12 summarizes the simulation results of two
tiles; with the proposed power-gating scheme and with the
worst-case based one. We assume that random ‘0’ ans ‘1’
patterns are applied to the inputs of the FFs and the simu-
lation is performed 20 times We can see that the proposed
power-gating scheme effectively reduces both write energy
and leakage energy. As a result, 66% of total energy re-
duction is demonstrated as shown in Table 4. Note that if
the number of the circuit components except for FFs is in-
creased, the leakage power reduction becomes more signifi-
cant.

Figure 13 shows the comparison of the break-even
points (BEPs) of the conventional tile and the proposed tile,
where Enopg, Epg, and Tipp g are the energy consumption
during the idle mode with no power gating, the energy con-
sumption during the idle mode with power gating, and the
length of the idle time, respectively. Because 20 ns is re-
quired for backup operation, the rest of (T;p.r — 20) ns can
be power gated. We define the BEP as the value of Tip.p
when Enopc — Epg firstly exceeds 0. As shown in Fig. 13,
BEP of the proposed power-gating scheme is 70% lower
than that of conventional one.
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4. Conclusion

An energy-efficient and highly-reliable nonvolatile FPGA
using self-terminated power-gating scheme has been pro-
posed. Since the write current is automatically cut off just
after the data in the FF is backed up in the nonvolatile de-
vice, the total amount of backup energy can be minimized
with no write failure. Moreover, when all the backup op-
eration is completed, power supply of a particular domain
of FPGA is fall into sleep mode, which minimizes standby
power consumption. As a result, the total amount of en-
ergy consumption is reduced by 66% in comparison with
that of conventional worst-case-based approach. It is very
important to consider how to apply and optimize the pro-
posed method to the CLB with more complex structure un-
der physical effect such as wiring delay, capacitance, and so
on. Since severe increase in the standby power consump-
tion can be avoided even if a state-of-the-art CMOS tech-
nology is used, it is expected that MTJ-based FPGA can
break through the power and performance walls that cannot
be overcome by CMOS-only based approach, thus explore a
wide variety of battery-powered or energy-harvested appli-
cations.
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