This article has been accepted for publication in IEEE Electron Device Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LED.2024.3515147

Jian et al.: Bipolar random signal generation with electrical operation based on two magnetic tunnel junctions 1

Bipolar Random Signal Generation with
Electrical Operation Based on Two Magnetic
Tunnel Junctions

Jiajia Jian, Xihui Yuan, Zheng Chai, Xue Zhou, Yongjie Luo, Yingtong He, Xin Yue, Jian Fu Zhang,
Weidong Zhang and Tai Min

Abstract—The generation of high quality bipolar random
signal for unconventional computing and artificial neural
networks remains challenging. In this study, we proposed
a new method to generate bipolar random signals using
two industrial-viable magnetic tunnel junctions (MTJs)
operated solely by electrical operations compatible to the
conventional memory program/read circuits. The bipolar
random signals demonstrate excellent randomness and
this method shows satisfying controllability over the
average dwell times (ADTs), with good adjustability in bit
generation speed and power consumption. This study
provides a new practical hardware solution to the
generation of high-quality random signals in the post-
Moore era.

Index Terms—random bit generation, magnetic tunnel
junction, probabilistic switching, spintronic

I. INTRODUCTION

IPOLAR signals with positive (“+1”), negative (“-1") and

zero (“0”) elements carry more information than their
binary counterparts (“1” and “0”) [1] [2], and were initially
used in telecommunication [3] [4]. Recently, bipolar random
signals, whose “+17, “-1”” and “0” bits are randomly distributed,
are attractive in unconventional computing paradigms such as
stochastic computing (SC) and spiking neural networks (SNNs).
In SC, they facilitate the scaled subtraction and the stochastic
tanh function [5] [6] [7]. In SNNs, they naturally mimic the
biological spikes that transmit both excitatory and inhibitory
information [8] [9] [10] [11] [12], leading to improved learning
efficiency and recognition accuracy [13].

Random signals, including the bipolar random signals, if
generated from stochastic physical phenomenon within devices,
are considered naturally unpredictable with higher quality.
CMOS-based random signal generators (RSGs), unfortunately,
require complex circuits for entropy extraction and post-
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processing [14] [15] [16]. Thanks to the advancements in
spintronics, various RSGs based on the MTJs [17] [18] have
emerged through exploiting the stochastic switching of MTJ
driven by operation currents below the critical threshold [19].

Most existing RSGs are designed for binary signal with only
two states [20] [21] [22]. For bipolar random signal made up
of “+17, “0” and “-17, [23] utilizes a spin-orbit torque (SOT)
MT]J with a heavy metal layer and requires a rather large device
area and a four-port circuit. [24] proposes a circuit consisting
of MTJs and carbon nanotube field-effect transistors
(CNTFET), but the mess production of the latter remains a
challenge. [25] employs two MTJs driven by simultaneous
magnetic fields and electrical bias, but the magnetic field is not
easy to realize in high density circuits.

In this work, we propose a hardware solution for bipolar
random signal generation, based on two industrially viable
MT]Js operated solely by electrical operations compatible with
the standard memory program/read circuits. The signals
demonstrate good randomness and controllability across a wide
range of speed and power consumption. This study provides a
unique perspective on the generation of random signals using
emerging memory technologies.
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Fig.1. (a) Cross section scanning electron microscope (SEM) of MTJ. (b)
I-V and (c) R-V curves show the magnetic-resistive switching of two
MTJs with similar AP-/P-state resistances. (d) Schematic of the proposed
MTJ-based bipolar random signal generator. (e) The real-time currents
in a MTJ during the voltage pulse waveform.
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Il. DEVICE AND EXPERIMENT

The MTJs are bottom pinned perpendicular magnetization
anisotropy (PMA) devices with a diameter of 78 nm (Fig. 1a).
I-V curve (Fig. 1b) and R-V curve (Fig. 1¢) show the magneto-
resistive switching between the low resistance (P) state and the
high resistance (AP) state. Fig. 1e illustrates that for each MTJ,
there is only one probabilistic switching event per pulse, as the
industrial-ready device is thermally stable. Such probabilistic
switching below the threshold voltage can be attributed to the
thermal fluctuations causing random initial polarization angles
of the free layer [26]. The electrical measurements were
conducted using a Keithley 4200 semiconductor analyzer with
embedded pulse measurement units (PMUs).

[ll. RESULTS AND DISCUSSIONS

A. Bipolar Random Signal Generation

In this work, a series of waveforms consisting of three
sequential square pulses are repeatedly applied to the top
electrodes of two parallel MTJs sharing similar P-/AP-state
resistances (Fig. 1d). The 1% pulse (V+) intends to
probabilistically switch the MTJ from P to AP, while the 2"
pulse (V-) works in the opposite direction. The 3™ pulse
measures the total current flowing through the parallel MTJs.
As shown in Fig. 2a, after the stochastic switching induced by
the 1%t and 2™ pulse [27] [28], the 3™ pulse generates a current
signal with three states in Fig. 2b: the lowest state indicates that
both MTJs are at AP state, which can be represented as [AP,
AP]. The highest state indicates [P, P], while the intermediate
state indicates either [P, AP] or [AP, P]. This current signal is
then digitized into a bipolar bit stream formed by “+17, “-1”
and “0”, as Fig. 2b shows. Moreover, if necessary, such bipolar
signal can be further converted into a binary bit stream via a
Schmitt trigger (Fig. 2¢), which can be used for the quality
assessment with the National Institute of Standards and
Technology Statistical Test Suite (NIST STS) [29].
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Fig.2. (a) The timing process of bipolar random bit generation per cycle.
(b) The 3-state bipolar current signal generated at vV, =310 mV and V_
= 375mV with pulse width of 500 ns. (c) The digitized bipolar random
signal and (d) binary bit stream for optional randomness evaluation.

B. Randomness Quality Evaluation

The quality of randomness means how unpredictable the
next signal is despite any knowledge of the previous signals in

a sequence. Here, we use the mathematical distribution of the
bipolar random signal to evaluate its quality: as shown in Fig.
3(a-c), the exponential distribution of Dwell Times (DTs) t
supports that the transitions among the three states follow
Poisson processes. This suggests that the bipolar signals are
stochastic because it can be mathematically described as a
discrete three-state “memoryless” Markov process, which is a
fundamental type of random process [30]. The average values
of the DTs are called average dwell times (ADTs) and
represented by .

Furthermore, another way to evaluate the randomness
quality is the average output: it is expected that in bipolar
random signals, the distribution of “-1” and “+1” should be as
balanced as possible. This is often called “bias-free”, where the
“bias” is commonly evaluated with the average output [25]:

_ (—1)*T_q*n_1+T1*Nq (1)

ttest

y

where t;.¢; refers to the number of cycles for testing; n_, and
n, respectively denote the occurrences of the low and high
current state. Apparently, the closer y is to 0, the smaller the
bias of the bipolar bit stream.
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Fig.3. Histograms indicate that (a) t_4, (b)t,, and (c)t, follow exponential
distributions. (d) The average output y under different combinations of
V, and V_. The line satisfies y=0. (e) NIST results of the binary random
bit stream converted from a bipolar one generated under V,=310 mV
and 1.=375mV.

Moreover, NIST STS was used to examine the randomness
quality of data by comparing its certain characteristics with the
expected test statistic that is precomputed for random infinite
sequences [29]. Bipolar random signals are generated across a
wide amplitude range of V+ and V., where V- ranges from 290
mV to 315 mV and V. ranges from 360 mV to 385 mV. The
generated bipolar signals are converted into 20,000-bit binary
stream for NIST STS. In Fig. 3d, the line represents the (V+, V.)
combinations where y = 0. In fact, the binary bit streams
generated using conditions near this line pass more NIST tests
than that farther away. Fig. 3e demonstrates the NIST results
for V,=310 mV and V_=375 mV and y=0.01, showing that 12
tests passed the criteria of p-value > 0.001, supporting the high-
quality of bipolar random signals. The remaining three tests in
NIST were not implemented because of the huge amount of
data required.
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C. Timing Parameter Modulation

For bipolar random signals, the flexible modulation of timing
parameters is also important. For example, in artificial neural
networks, e.g. SNN, information is encoded into a random
time-series spike sequence, [31] in the form of spike rate [32]
or inter-spike intervals [33]. If information is encoded in the
form of spike rate which corresponds to the proportion of “+1”
and “-1” in a bipolar random signal, Fig. 4a&c shows that with
V., fixed, the proportion of “+1”” and “-1” in the bipolar streams
approximately covers 0~100% by adjusting V_. Thus, the
intensity of information can be encoded as the frequency of
excitation of bipolar bits.
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If information is encoded in the form of inter-spike intervals,
which can be closely linked to the ADT of the bipolar random
signals, Fig. 4(d-f), demonstrates how the ADTs are
determined by V, and V_: 7, is affected by both V, and V_,
while 7_; is solely dependent on V_ and independent of V.
This inspires that a target combination of 7_; and 7, could be
reached following a two-step procedure similar to what we
have proposed for binary random bit streams [27]: set T_; with
V_ and then set 7; with V.

D. Speed and Energy Adjustability
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Fig.5. (a) Bipolar signal generated with different pulse widths exhibits
scalability from 10 us to 500 ns, with (b) t_, and 7, of bipolar signal
unchanged and y=0, after pulse amplitude modulation. (c) Energy
consumption per bit can be conveniently modulated by pulse width.

It is worth noting that the time per bit of bipolar signal
generation can be conveniently scaled by using shorter pulse

(Fig. 5a), while maintaining the same ADTs and keeping y~0
(Fig. 5b). Energy consumption per bit also can be modulated
according to pulse width due to the linear relationship between
them. Thus, the bit generation speed and energy consumption
can be flexibly controlled according to the specific application
requirements.

E. Across Multiple Devices Test

Finally, the versatility of the methods is validated through
tests conducted across multiple devices. 9 pairs of MTJs across
the 12-inch wafer were randomly picked in Fig. 6a, to generate
bipolar random signal under the same condition (V,=340 mV,
V_=380mV, pulse width = 500 ns). As shown in Fig. 6b, the y-
values of the generated bipolar signals are all around 0, with the
outcome of T_; displayed uniformity, as did those for 7, and .
This supports that our method is applicable on multiple devices.
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Fig.6. (a) Multiple devices were selected from the 12-inch MTJ wafer for
testing. (b) The ADTs (7_,, 74, 7o) and y of the bipolar random signals
generated from the randomly selected 9 pairs of MTJs. Each of the
parameters is narrowly distributed on its own. These signals are
measured at V, =340 mV and V_= 380mV with pulse width of 500 ns.

IV. CONCLUSIONS

In this study, we proposed a new method to generate bipolar
random signals using two industrial-ready MTJs operated
solely by electrical operations compatible with the memory
program/read circuits. This method produces bipolar random
signals with good randomness, and also shows controllability
over the timing parameters, together with good adjustability in
bit generation speed and power consumption, which provides
new prospects for single-channel transmission of positive and
negative signals in neural networks.
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