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1. Iniroduction

A magnetic-tunnel-junction (MTI) shows potential for a
universal logic element which can implement the sequential
logic as well as the combinational one, since an WTI
element can compite Boolean functions and also store the
output results in itself [1]. The conventional structure for
magneto-logic needed triple-layer metal lines over an WTI
element [2]. Fig. I{a) shows a structure of single-layer (510
MTI element proposed in our previous work [3] that
provides wnproved functional flexibility and requires fewer
fabrication steps. In this paper, we present a logic module
based on BTI elements which can be used as a basic logic
cell for FPGA S-MModule is a basic logic cell for ACT3
family of FPGAz by Actel Inc[4] It can implement
arhitrary  five-input  logic  functions together with a
sequential element. We designed an 3-MModule using 5L
WITT elements and werified the functionality. The functional
verification has done by HSPICE stmulation with a macro-
model developed for magneto-logic design.

2. Nonvolatile S-module using SL MTJ
Basic operation concepts of am 5L MTT element

Bistahle states of an MTI element, high (R and low
(R} resistance states, can be associated with logic “17 and
‘07, respectively. The logic walue can be changed by the
direction of the cwrrent passing through layer 1 shown in
Fig 1fa) As indicated in Fig 10k}, the direction of the
cutrent is controlled by a current driver which is switched
by combinatorial inputs. If more than two of three inputs
have logic °1°, positive direction curent flows through
layer 1 and the WTJ gets high resistance state{Ry), and wice
versa. The Boolean expression for the output of a current
driver with respect to combinatorial inputs i given as eq.

(1.
OUF = S+ 8 y+y- 2 (1

A zense amplifier (5/4) compares the resistance on the
W, node with the one on the V. node with positive offzet.
Thus, the output of 374 15 expressed as in eq. () for single
T on each node and eq. (3 for two serial MTJs on each
nodeFig. 2

OUT =W 7 (4
OUT =W+ X ). F Z+fF+Z)W - X (3

Fig 3 shows a couple of 5L WITJs can realize hasic
logic functions. A single MTJ implements AND, OR MNOE,
and MAND by applying appropriate inputs, and two WTIs
with a %A functions as XOR or ZNOE. Az shown in Fig,
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2y, we can expand WTJ elements attached to a S/A to
realize more comnplex logic as is given by eq. (30 [3], [6].

Ewmbodiments of the Morvalatile Stmodule using 5L ATT

In this section, we desctibe how the ACT3 B-IModule
can be implemented using 5L MTJT elements. The original
schematic with a 4-input WU shown in Figo 4a) is
transformed into three 2-input WITes of Fig 4(b). An 3-
Module has four data inputs, such as 5 to S, four select
inputs, such as Ay, By, &), By,and a clear signal, CLE. The
modified schematic has two interim outputs, such as 55 and
Sg, and the final output 0). The Boolean expressions of the
outputs are given in eq. (43, (5, and ().

S =fA+E S +{A+E )5, = A'E "5, + A5 +E5, (4)
S =(A+B S, +(A+B, )5 = 4B 'S,+ A5, +BS, (5)
=04 B V5 CHA B M C= 4, 5 C+E O+ 4E5C (&)

serially connected 5L WTT elements can generate the
interitn outputs, 55 and 5, fom the for data inputs and
two select nputs 55 iz achiewed with four SL MTI
elements hawing input sets of (0, Ay, 50, (1, By, 50,00, A,
S, and (0, By, Sh) as iz shown in Figo 5 WITT elements
with input sets of (0, A, 32, (1, By, 300, (0, &g, 39, and (0,
By, Sab) implement (4323, (By+31), (A151), and (B Sah),
respectively. The output fom each element corresponds to
gach bit W, 2 ¥, and 7 in eq. (3). Thus, 35 can be obtained
by substituting (A;-32), (Bp+31), (4;-31), and (Bp-S.b)
for W, 2 Y, and Zin eq. (3. S 0f eq (5), can be obtained
in the same fashion The final output O of eg. (6) is
generated by the inputs of Ay and By, aforementioned
interitn outputs of 55 and 55, and CLE. It can be realized in
sitmilar way by substitution (A5-5g), (C-Byt+ Bg-3s+ 5500,
(Chy, and (Ag-Bo+ Bo-3sb+ Ssbed) for W, 20 ¥, and £ in eq.
(3, respectively. Mow a nonvolatile 3-module is embodied
without a separate sequential element [SE) because each
WITT element inherently worlcs as a nonwolatile storage.

Advatages of the Novvolatile S-module

An array of 3-modules constitutes an ACT3 FPGA that
can be configured to implement any arhitrary logic. As
every DBoolean operation of ACT3 S-module can be
mapped into the proposed nonwolatile S-module, any
arhitrary logic can be implemented with an aray of the
WTI-based 5-modules. FPGA: commposed of W TI -based 3-
modules have several adwantages ower conventional
ChID5-based FPGAs. First, the MTJ-based FPGAs are free
from soft errar problems because an MTJ-based 5-module
stores interitn data within the MTJ instead of charge-based



memory devices. Secondly, an FPGA using nonvolatile 5-
modules doesn’'t suffer from stand-by power consumption
since it iz completely safe to shut off the supply power
during stand-by such that there iz no lealzage current during
stand-by. Finally, enhanced speed is guaranteed when an
FPGA restarts after shut-down because nonvolatile 5-
modules don’t need rebooting.

Siraulation Results wsing HEPICE Macro-Adodel

In our previous worls, warious characteristics of an WMTJ
have been modeled as a circuit macro-model that can be
integrated  with CWOS  logic circuits for HSPICE
sitmilation [A]. We designed a test circwt for the non-
volatile 3-module using this macro-model. Fig 6 shows
output waveforms of the 35-module, simulated with
HSPICE. It can he ohserved that the output bits, (), keep
changing in agreement with eq. (6), according to the data
inputs S to 5 and select inputs Ay, By, &g, and By, until C
clears () at the end of one period.

3. Conclusions

It iz shown that an 5L WTT can be used to implement a
non-volatile 5-module which is a basic logic cell for ACT3
family of FPGAz An FPGA using proposed nonvolatile 5-
module has great merits in warious ways. It is fee fom soft
error of SEAN. Power consunption during stand-by can be
reduced to zero hecause it iz completely save to shut off the
power supply during  stand-by.  MNonwolatility  ensures
improved speed when a system needs to restart. Its
functionality weas verified by HEPICE simulation using a
macro-model of an 5L T
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Fig. 1 (a) Structure of an 3L MTT element and (b)) schematic of an
SLMTT with a current deiver
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Fig. 3 Magneto-logic gate (£) AND, (b) OF, (¢) NOR, () NAND,
(¢) XOR, and (f) XNOR.

Fig 4 Schematic of ACT3 3-module () vsing d-irgnat M and
() using 2-itgnat MU es

Fig. 5 3chematic ofthe notrroldtile 3-module using 3L WTT
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Fig. 6 H3PICE simulation resalts of the nonvoldile 3-module
with final magats Q00, Q01, 010, and Q11 whete the logic sets of
select inputs TAOD-BO,(AL+BL” are 0,07, *0,1°, 1,07, and *1,1°,
tespectively.





