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I NTRODUCTION
By offering zero standby power, non-volatile
logic is a promising solution to overcome the
leakage losses which have become an important
obstacle to scaling of CMOS technology [1]. Magnetic tunnel junctions (MTJs) offer a great potential, because of their unlimited endurance, CMOS
compatibility, and fast switching speed. Recently,
several realizations of MTJ-based logic gates have
been demonstrated using spin-transfer torque (STT)
MTJs for which the MTJ devices are used simultaneously as memory and logic gates [2], [3]. This
intrinsically enables logic-in-memory architectures
with no need for extra hardware [4]. The error
probabilities in these gates depend significantly on
device and circuit parameters. Here, we present a
method to optimize the device and circuit parameters by minimizing the errors.
E RROR P ROBABILITY C ALCULATION
Fig. 1a and Fig. 1b show the STT-MTJ-based
reprogrammable [2] and implication (IMP) [3] logic
gates, respectively. Depending on the resistance
(logic) states of the input (source) MTJ devices,
these gates provide a conditional switching behavior
on the output (target) MTJs. The error probability of the realized conditional switching behavior,
which is corresponding to a specific Boolean logic
operation, depends on the desired switching/nonswitching event probabilities as
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where N is the total number of possible input
states, nu (nd ) is the number of undesired (desired)
switching events, and Ps is the switching probability
of the MTJ defined as [5]
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∆I is the thermal stability factor associated with
the STT switching [6], t is the pulse width, and I
is the current flowing through the MTJ. In order to
calculate the current (I ) passing through each MTJ
the bias voltage dependence of the TMR ratio [5]
must be taken into account [3].
Ps = 1 − exp −

R ESULTS AND D ISCUSSION
Fig. 2 shows Perr for different logic operations
based on the reprogrammable gate as a function
of VA . It illustrates that for each operation there
is an optimal VA and the AND (NAND) operation
demonstrates a lower error probability as compared
to the OR (NOR) operation. Similar circuit parameter optimizations can be performed for IMP gate [3].
The minimum in total error probability is because
of a trade-off between the probabilities of the desired and undesired switching events as shown in
Fig. 3. As the state dependent modulation (SDM)
increases with the tunnel magnetoresistance (TMR)
ratio, the error probability decreases with the increase of the TMR (Fig. 4). Another important
device parameter is ∆I according to (2), higher ∆I
provides sharper switching dynamics, smaller SWs,
and thus lower error probabilities (Fig. 5).
Note that a larger ∆I is also needed for reliable
operation of large STT-MRAM memory arrays [6].
From Fig.4 and Fig.5 we conclude that the implication logic architecture provides smaller error for
probabilities logic operation and is thus preferred
for logic-in-memory implementation.
ACKNOWLEDGMENT
The work is supported by the European Research
Council through the grant #247056 MOSILSPIN.

c 2013 Society for Micro- and Nanoelectronics
978-3-901578-26-7 ⃝

245

R EFERENCES
Switching Probability

[1] N. S. Kim et al., Leakage Current: Moore’s Law Meets the
Static Power, Computer 36, pp. 68-75 (2003).
[2] A. Lyle et al., Magnetic Tunnel Junction Logic Architecture
for Realization of Simultaneous Computation and Communication, IEEE Trans. Magn. 47, pp. 2970-2973 (2011).
[3] H. Mahmoudi et al., MTJ-based Implication Logic Gates
and Circuit Architecture for Large-Scale Spintronic Stateful
Logic Systems, ESSDERC, pp. 254-257 (2012).
[4] W. Zhao et al., High Speed, High Stability and Low Power
Sensing Amplifier for MTJ/CMOS Hybrid Logic Circuits,
IEEE Trans. Magn. 45, pp. 3784-3787 (2009).
[5] M. Hosomi et al., A Novel Nonvolatile Memory with
Spin Torque Transfer Magnetization Switching: Spin-RAM,
IEDM Tech. Dig., pp. 459-462 (2005).
[6] E. Chen et al., Advances and Future Prospects of SpinTransfer Torque Random Access Memory, IEEE Trans.
Mag. 46, pp. 1873-1878 (2010).

AP→P Desired Sw.
AP→P Undesired Sw.

(a)

P→AP Desired Sw.
P→AP Undesired Sw.

(b)

1

RG

RG

SDM

0.5

SW

0

−1.4

SDM
SW

SW

−1.2

−1

1

Applied Voltage (V)

SW

1.2

1.4

Applied Voltage (V)

Fig. 3. Switching probabilities of the output MTJ (Fig. 1a)
plotted for desired and undesired switching events in AND (a)
and NAND (b) operations with the reprogrammable gate. A
high enough state dependent modulation (SDM) can open a
reliable gap (RG) between the switching windows (SWs).
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Fig. 1. (a) MTJ-based reprogrammable logic gate [2]. Depending on the preset state of the output MTJ and the polarity
and amplitude of the applied voltage (VA ), the result of a logic
operation (AND, OR, NAND, or NOR as shown in Fig. 2)
between the inputs will be written in the output MTJ. (b)
Current-controlled implication [3] logic gate. The resistance
states of the target and source MTJs are the logical inputs and
the final state of the target MTJ holds the output.
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Fig. 4. Average error probabilities for implication and reprogrammable logic gates as a function of the TMR ratio plotted
for optimized circuit parameters and ∆I = 40. Increasing the
TMR ratio increases the SDMs shown in Fig. 3. Therefore, it
increases RG and thus decreases Perr .
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Fig. 2. Average error probabilities for different logic operations using the reprogrammable gate as a function of VA based
on physical MTJ devices characterized in [5]. The value of the
circuit parameters (VA in the reprogrammable gate and Iimp
and RG in the IMP gate) can be optimized to minimize the
error probability (Perr ).

Fig. 5. Average error probabilities for implication and reprogrammable logic gates as a function of ∆I plotted for optimized
circuit parameters and TMR=200%. Increasing ∆I decreases
the SWs shown in Fig. 3 and therefore decreases Perr . The implication logic architecture significantly improves the reliability
as compared to the reprogrammable logic architecture.
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