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Abstra
t

The Complementary Metal Oxide Semi-
ondu
tor (CMOS) te
hnology has tremendously

a�e
ted the development of the semi-
ondu
tor industry. However, as the te
hnology node is

s
aled down, the CMOS te
hnology fa
es signi�
ant 
hallenges set by the leakage power and

the short 
hannel e�e
ts. To 
ope with this problem, resear
hers pay their attention to the

spintroni
s in re
ent years, 
onsidering its possibilities to allow smaller-size fabri
ation and

lower-power operations. The Magneti
 Tunnel Jun
tion (MTJ) is one of the most important

spintroni
 devi
es whi
h 
an store binary data based on Tunnel MagnetoResistan
e (TMR)

e�e
t. Ex
ept for the non-volatile memory, MTJ 
an be also used to 
ombine with or repla
e

the CMOS 
ir
uits to implement a hybrid 
ir
uit, for the potential to a
hieve low-power


onsumption and high-speed performan
e. However, the problem of frequent spin-
harge


onversion in a hybrid 
ir
uit may 
ause large power 
onsumption, whi
h diminishes the

advantage of the hybrid 
ir
uits. Therefore, the ASL 
on
ept whi
h uses a pure spin 
urrent

to transport the information is proposed for fewer 
harge-spin 
onversions, thus for less power


onsumption. The design of All-Spin Logi
 (ASL) devi
e-based 
ir
uits leads to numerous


hallenges related to the heterogeneity they introdu
e and the large design spa
e to explore.

Hen
e, this thesis fo
us on �lling the gap between appli
ation requirements at the system

level and the devi
e fabri
ation at the devi
e level.

In devi
e level, we developed a 
ompa
t model integrating the Spin-Transfer Torque

(STT), the TMR, the spin inje
tion/a

umulation e�e
ts, the 
hannel breakdown 
urrent

and the spin di�usion delay. Validated by 
omparing with experimental results, this model

allows exploring fabri
ation-related devi
e parameters su
h as 
hannel lengths and MTJ sizes

and help designers to prevent from devi
e damages. Moreover, programmed with Verilog-A

on Caden
e and divided into several blo
ks: inje
tor, dete
tor, 
hannel and 
onta
t de-

vi
es, this model allows the independent design and 
ross-layer optimization of ASL-based


ir
uits, that eases the design of hierar
hi
al, 
omplex 
ir
uits. Furthermore, the spin inje
-

tion/a

umulation expressions for the 
onsidered ASL devi
e are derived, enabling to dis
uss

the experimental phenomena of the ASL devi
e.

In 
ir
uit level, we developed a 
ir
uit/system design methodology, taking into a

ount

the multi-
hannel distribution, the gate inter
onne
tion and the di�erent inje
tion 
urrent

ratios 
aused by the spin di�usion. With 
ir
uit/system spe
i�
ations and 
onstraints, the

boolean fun
tions of a 
ir
uit are synthesized based on the developed synthesis methods

and fabri
ation-level parameters: 
hannel lengths, MTJ sizes are spe
i�ed. Based on this

developed methodology, basi
 
ombinational 
ir
uits that form a 
ir
uit library are designed

and evaluated by using the developed 
ompa
t model.

In system level, a 
onvolution 
ir
uit and an Intel i7 system are evaluated exploring the

inter
onne
tion issues: inter
onne
tion distribution between gates and inserted bu�er 
ount.

With theoreti
al parameters, results show that ASL-based 
ir
uit/system 
an outperform

CMOS-based 
ir
uit/system. Moreover, the pipelining s
hema of the ASL-based 
ir
uit is

dis
ussed with MTJ as lat
hes inserted between stages. The re
on�gurability 
aused by the

inje
tion 
urrent polarities/values and the 
ontrol terminal states of ASL-based 
ir
uits are

also dis
ussed with the re
on�gurable exploration of basi
 logi
 
ir
uits.

Keywords: All spin logi
, 
ompa
t modeling, design methodology, pipelining, re
on�g-

urability
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Résumé

La te
hnologie CMOS a 
onsidérablement 
ontribué au développement de l'industrie des

semi-
ondu
teurs. Cependant, au fur et à mesure que le n÷ud te
hnologique est réduit, la

te
hnologie CMOS fait fa
e à des dé�s importants liés à la dissipation dûe aux 
ourants de

fuite et aux e�ets du 
anal 
ourt. Pour résoudre 
e problème, les 
her
heurs se sont intéressés

à la spintronique 
es dernièeres années, 
ompte tenu de la possibilité de fabriquer des dis-

positifs de taille réduite et d'opérations de faible puissan
e. La jon
tion tunnel magnétique

(MTJ) est l'un des dispositifs spintroniques les plus importants qui peut sto
ker des données

binaires grâ
e à la Magnétorésistan
e à e�e
t tunnel (TMR). En dehors des appli
ations

de mémoire non volatile, la MTJ peut également être utilisée pour 
ombiner ou rempla
er

les 
ir
uits CMOS pour implémenter un 
ir
uit hybride, de façon à 
ombiner une faible


onsommation d'énergie et des performan
es à grande vitesse. Cependant, le problème de la


onversion fréquente de 
harge en spin dans un 
ir
uit hybride peut entraîner une importante


onsommation d'énergie, 
e qui obère l'intérêt pour des 
ir
uits hybrides. Par 
onséquent,

le 
on
ept ASL qui repose sur un pur 
ourant de spin 
omme support de l'informaition est

proposé pour limiter les 
onversions entre 
harge et spin, don
 pour réduire la 
onsommation

d'énergie. La 
on
eption de 
ir
uits à base de dispositifs ASL entraîne de nombreux dé�s

liés à l'hétérogénéité qu'ils introduisent et à l'espa
e de 
on
eption étendu à explorer. Par


onséquent, 
ette thèse se 
on
entre sur l'é
art entre les exigen
es d'appli
ation au niveau

du système et la fabri
ation des nanodispositifs.

Au niveau du dispositif, nous avons développé un modèle 
ompa
t intégrant le 
ouple

de transfer de spin (STT), la TMR, les e�ets d'inje
tion/a

umulation de spin, le 
ourant

de breakdown des 
anaux et le délai de di�usion de spin. Validé par 
omparaison ave
 les

résultats expérimentaux, 
e modèle permet d'explorer les paramètres du dispositif liés à la

fabri
ation, tels que les longueurs de 
anaux et les tailles de MTJ, et aide les 
on
epteurs à

éviter leur destru
tion. De plus, 
e modèle, dé
rit ave
 Verilog-A sur Caden
e et divisé en

plusieurs blo
s: inje
teur, déte
teur, 
anal et 
onta
t, permet une 
on
eption indépendante

et une optimisation des 
ir
uits ASL qui fa
ilitent la 
on
eption de 
ir
uits hiérar
hiques

et 
omplexes. En outre, les expressions permettant le 
al
ul de l'inje
tion/a

umulation de

spin pour le dispositif ASL utilisé sont dérivées. Elles permettent de dis
uter des phénomènes

expérimentaux observés sur les dispositifs ASL.

Au niveau 
ir
uit, nous avons développé une méthodologie de 
on
eption de 
ir
uit/système,

en tenant 
ompte de la distribution des 
anaux, de l'inter
onnexion des portes et des dif-

férents rapports de 
ourant d'inje
tion provoqués par la di�usion de spin. Ave
 les spé
i�-


ations et les 
ontraintes du 
ir
uit/système, les fon
tions booléennes du 
ir
uit sont syn-

thétisées en fon
tion de la méthode de synthèse développée et des paramètres de niveau de

fabri
ation: longueur des 
anaux, et tailles MTJ sont spé
i�ées. Basé sur 
ette méthodologie

développée, les 
ir
uits 
ombinatoires de base qui forment une bibliothèque de 
ir
uits sont


on
us et évalués en utilisant le modèle 
ompa
t développé.

Au niveau du système, un 
ir
uit de 
onvolution et un système Intel i7 sont évalués en

explorant les problèmes d'inter
onnexion: la répartition de l'inter
onnexion entre les portes

et le nombre de tampons inséré. Ave
 des paramètres théoriques, les résultats montrent que

le 
ir
uit/système ASL peut surpasser le 
ir
uit/système basé sur CMOS. De plus, le s
héma

de pipeline du 
ir
uit basé sur ASL est dis
uté ave
 MTJ 
omme tampons insérés entre les

étapes. La re
on�gurabilité provoquée par les polarités/valeurs du 
ourant d'inje
tion et les

v



états des terminaux de 
ontrol des 
ir
uits ASL sont également dis
utés ave
 l'exploration

re
on�gurable des 
ir
uits logiques de base.

Mots-
lés: logique à pur 
ourant de spin, modélisation 
ompa
te, méthodologie de 
on-


eption, pipeline, re
on�gurabilité
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1.1 Ba
kground

1.1.1 Devi
e

The CMOS te
hnology has tremendously a�e
ted the development of semi-
ondu
tor in-

dustry in the past de
ades. Its ability to s
ale ele
troni
 devi
es to ever-smaller dimensions

has been the primary driver of the in
reased performan
e leading to this development. For

over 40 years, the industry has been able to pa
k twi
e as many CMOS Field-E�e
t Tran-

sistor (FET) onto a 
hip every 18 months, whi
h is known as �Moore's Law� [1℄. Moore's

predi
tion proved a

urate for several de
ades and has been used in the semi
ondu
tor indus-

try to guide long-term planning and to set targets for resear
h and development. However,

as devi
e s
aling 
ontinues into the 21st 
entury, it turns out that past trends in growth,

doubling 
ir
uit density and in
reasing performan
e by around 40% for ea
h new te
hnology

generation 
annot be maintained by 
onventional s
aling. The CMOS te
hnology fa
es sig-

ni�
ant 
hallenges and will slow down the growth of semi
ondu
tor industry, a

ording to

the International Te
hnology Roadmap for Semi
ondu
tors (ITRS) [2℄, one of the leaders in

the �elds of semi
ondu
tor resear
h and industry.

The limitations are found in three aspe
ts: performan
e, lithography and e
onomi
.

When s
aled down to nano-s
ale, Short Channel E�e
t (SCE) be
omes in
reasingly domi-

nant, lowering the threshold voltage and making the devi
es more vulnerable to variability.

Moreover, in
reasing leakage 
urrent [3℄ during s
aling down leads to higher power 
on-

sumption. From the lithographi
 point of view, s
aling down to sub-50 nm requires several

innovations in terms of design and equipment: opti
al proximity 
orre
tion, high output

power laser light sour
es, o�-axis illumination, short wavelength, et
. These will in
rease

the manufa
turing 
osts. Due to these observations, the way out for semi
ondu
tor in-

dustry is, either �nding a way to 
ontinue the s
aling of CMOS te
hnology(�More Moore�
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and �More-than-Moore� [4℄), or �nding other repla
ed te
hnologies promising more s
aling

opportunities(�Beyond-CMOS� [2℄), as shown in Fig. 1.1.

Figure 1.1 � Hierar
hi
al organization and opportunites for CMOS and emerging te
hnologies

[5℄.

�Beyond CMOS� is the name of one of the seven fo
us groups in ITRS 2.0 and refers to

the possible future digital logi
 te
hnologies beyond the CMOS s
aling limits, su
h as spin-

based devi
es, ferromagneti
 logi
, and atomi
 swit
h. Until now, various kinds of �Beyond-

CMOS� devi
es, in
luding memory devi
es (MTJ [6�33℄, Ferroele
troni
 Field-E�e
t Transis-

tor (FeFET) [34,35℄, Resistive Random-A

ess Memory (ReRAM) [36�38℄, Mole
ular mem-

ory [39, 40℄, et
) and logi
 devi
es (Spin Field-E�e
t Transistor (Spin-FET) [41�43℄, Spin

Wave Devi
e (SWD) [44℄, Spin torque majority gate [45℄, All-Spin Logi
 (ASL) [46�59℄, Spin

Torque Os
illator (STO) [60�62℄, et
), have been proposed, for their potential to over
ome

the power and performan
e limitations.

Among emerging memory devi
es, MTJ, whi
h 
an store binary data based on Tunnel

MagnetoResistan
e (TMR) e�e
t [6, 31, 63℄, has been studied a lot sin
e the main sour
e of

stati
 power 
onsumption in a 
omputational system is the memory whi
h must be main-

tained by an ongoing power supply. Besides being used as Magnetoresistan
e Random A

ess

Memory (MRAM) [15, 16, 64, 65℄, MTJ is also used to 
ombine with CMOS to establish hy-

brid MRAM/CMOS 
ir
uits [8,24,25,66℄. This type of 
ir
uits is proved to have high power

e�
ien
y. Moreover, the hybrid 
ir
uit over
omes the bottlene
k of 
ommuni
ations between

memory and logi
. Nevertheless, it is di�
ult to manage the power 
onsumption 
aused by

the frequent 
onversion between spin and 
harge. Moreover, from the perspe
tive of design

method, the hybrid 
ir
uits still belong in the 
ategory of CMOS design. Hen
e, to better

exert the advantage of spintroni
 devi
es, some ASL devi
es are proposed, whi
h use the

pure spin 
urrent to transport information and thus lower power 
onsumption 
aused by


harge-spin 
ommutation. It has been argued that ASL devi
e 
ould potentially lead to ultra

low power swit
hes sin
e a stable nanomagnet with an a
tivation barrier of 40 kBT 
ould be

swit
hed with less than 1 aJ [57℄. Under this 
ir
umstan
e, this thesis fo
us on the study of

the ASL devi
e.

1.1.2 Cir
uit and system

Speaking of the possible appli
ations of emerging resear
h memory and logi
 devi
e, the

envisioned appli
ations 
an take many forms, a

ording to ITRS 2011 [4℄:

• as a drop-in repla
ement for 
onventional 
ir
uits,

2



• as supplemental devi
es that 
omplement and 
oexist with CMOS devi
es,

• as devi
es whose unusual properties 
an provide unique fun
tionality for sele
ted in-

formation pro
essing appli
ations.

The aforementioned hybrid MRAM/CMOS 
ir
uits belong to the se
ond possible appli
a-

tion. The future trend will possibly fo
us on the �rst and the third possible appli
ations,


onsidering the s
aling limitation of CMOS te
hnology. ASL devi
es, whi
h integrates the

fun
tion of memory and logi
, have the possibility to be used for new 
ir
uit/system design.

Furthermore, the 
urrent superposition and swit
hing threshold of ASL devi
e impel their

resear
h in neuromorphi
 appli
ation [29, 30, 52, 55, 56, 67�98℄, whi
h is di�erent with tradi-

tional Von Neumann ma
hines [99, 100℄ and attra
ts growing interest due to their potential

to a
hieve human-like intelligen
e and low-power operation. Along with zero stati
 power,

low power 
onsumption, high density, and non-volatility, ASL 
ould provide a dominant

implementation for future 
ir
uits and systems.

1.2 Motivation

ASL devi
e is �rst proposed in [46℄. It is an emerging devi
e that uses a pure spin 
urrent to

transport information and 
an realize both memory and logi
 fun
tions. It is argued that ASL

devi
e shows �ve essential 
hara
teristi
s for logi
 appli
ations: 
on
atenability, non-linearity,

feedba
k elimination, gain and a 
omplete set of Boolean operations [46℄. Hen
e, along with

the possibility to allow low-power and high-density operations, these advantages prompt the

dis
ussion of the ASL devi
e in new Boolean 
omputing and neuromorphi
 
omputing.

Nevertheless, the ASL resear
h is still in its infan
y. Its physi
al fundamentals � the spin

inje
tion/transport experiments begin at the end of the 20th 
entury [101,102℄. Most of these

experiments prove the spin inje
tion/transport phenomena and explore the enhan
ement of

the inje
tion/transport e�
ien
y by using di�erent materials and stru
tures of single ASL

devi
e [22, 103�145℄. By the time of debut of this thesis, there is few arti
le exploring the

possible appli
ations of ASL on 
ir
uits and systems. While as an emerging devi
e and

di�erent with CMOS, ASL needs to be explored to system level with a new design paradigm.

This situation prompts us to study ASL in three levels: devi
e, 
ir
uit, and system.

First and most basi
, an ele
tri
al model is ne
essary to explore its possibility in 
ir
uits

and systems, to �ll the gap between appli
ation requirements at the system level and the


ir
uit fabri
ation at the devi
e level. Currently, some ele
tri
al models are proposed based

on the spin-
ir
uit 
on
ept by using MatLab [51, 54, 146�151℄. However, these approa
hes

are not s
alable and 
annot be used for 
omplex 
ir
uits. Some ele
tri
al models [152, 153℄

use Verilog-A as the modeling language, yet 
annot be used for 
ir
uit simulation be
ause

of the integration of the whole devi
e into one blo
k [152℄, or does not take into a

ount

the STT e�e
t, the 
hannel di�usion and breakdown 
urrent e�e
ts whi
h are essential for

delay 
al
ulation in 
ir
uit design [153℄. Hen
e, an ele
tri
al model of ASL devi
e, that allows

the independent design of di�erent parts, needs to be developed for 
ir
uit simulation and

analysis.

In 
ir
uit level, the 
urrent addition or subtra
tion of ASL devi
e shows the majority

property [154℄. The ASL 
ir
uit design is based on majority prin
iple, whi
h means a new

design/synthesis method, unlike the AND/OR/Inverter (AOI) method [155℄, needs to be

developed exploring the majority property. Moreover, to evaluate the performan
e of the


ir
uits even the systems and to 
ompare with CMOS based 
ir
uits, the ben
hmarking

of ASL based 
ir
uits [156℄ also needs to be developed based on this new synthesis design

method. Unlike the CMOS te
hnology, whi
h is fairly straightforward, the 
ir
uit design and

the ben
hmarking of ASL are far more 
ompli
ated. Many of the devi
es may perform 
om-

putation utilizing di�erent ar
hite
tures, so it requires looking at not just the devi
e but also

the 
ir
uit implementation and in some 
ases even the spe
i�
 appli
ation or 
omputation
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algorithm being implemented. Moreover, �nding a quantitative set of metri
s that 
an be

used to 
ontrast the devi
es and ar
hite
tures is also ne
essary for 
ir
uit/system evaluation.

Moreover, as it is said that ASL devi
e prompts the investigations of new 
omputing,

new 
omputational ar
hite
ture and relevant optimization methods need to be explored. How

ASL devi
e provides unique fun
tionality in information pro
essing appli
ations is also one

of the most promising topi
s.

1.3 Obje
tives and Methods

This se
tion fo
us on the obje
tives and methods of our resear
h, whi
h aims to make progress

of the synthesis methodology used in the framework of emerging 
omputing te
hnologies, here

the ASL devi
e. We approa
h this obje
tive in three steps/levels: 
ompa
t modeling for ASL

devi
e, ASL-based 
ir
uit design and system design/evaluation.

Based on the above-mentioned motivations, our goal of this thesis is divided into three

parts: devi
e, 
ir
uit and system level.

First, in devi
e level, a 
ompa
t model of ASL devi
e needs to be developed in order to

�ll the gap between appli
ation requirements at the system level and the 
ir
uit fabri
ation

at the devi
e level. This 
ompa
t model should a
hieve these following goals:

• A

urate simulations of spin inje
tion/dete
tion e�e
ts are needed to estimate the MTJ

swit
hing time, spin di�usion delay and the spin a

umulation a

ording to material

properties.

• A s
alable approa
h that allows the independent design of di�erent parts, is mandatory

to investigate the design of 
omplex and hierar
hi
al 
ir
uits. It is worth noti
ing that,

to be adopted by the designer 
ommunity, the approa
h should be 
ompliant with


urrent standardized CMOS-based design te
hniques and should be implemented in an

existing 
ommer
ial environment.

• The models should be generi
 to allow exploring fabri
ation-related devi
e parameters

su
h as 
hannel lengths and MTJ sizes. Su
h exploration should allow investigating

not only performan
es tradeo�s but should also help designers to prevent from devi
e

damages.

In 
ir
uit level, sin
e ASL devi
e follows the majority prin
iple, this demands an entirely

di�erent design/synthesis method with that of CMOS. Hen
e, the most important is de-

veloping a methodology for ASL-based 
ir
uit design, approa
hing the 
ir
uit layout to the

greatest extent possible. Moreover, 
onsidering the design/evaluation in system level and the


omparison with CMOS te
hnology, the ben
hmarking of these 
ir
uits is needed.

In system level, the main goal is to develop a method to evaluate the system performan
e

based on the 
ir
uit ben
hmarking and to study the advantages of ASL devi
es and the

possible optimizations 
ompared with CMOS te
hnology. The exploration in new 
omputing,

new 
omputational ar
hite
ture and relevant optimization methods is also inevitable.

The development of the 
ompa
t model is the 
ore of this thesis and is the foundation for


ir
uit/system design and evaluation. A

ording to our obje
tive for ASL 
ompa
t model,

we use Verilog-A language [157℄, whi
h is 
ompatible with standard 
ir
uit simulation tools,

to program our model. With Caden
e platform, this model provides an easy parameter

interfa
e and 
an be divided and reorganized to implement di�erent 
ir
uits. This allows


ross-layer optimization of ASL-based 
ir
uits and eases the design of hierar
hi
al 
ir
uits.

The validation of this model is a
hieved by 
omparing with the experimental results extra
ted

from published literatures.

A 
ir
uit/system design methodology is developed 
ombining with the majority synthesis

methods. With 
ir
uit spe
i�
ations and 
onstraints, the 
ir
uit is implemented spe
ifying

the 
hannel lengths and MTJ sizes, and its fun
tional behavior is veri�ed based on the

4



developed 
ompa
t model. Moreover, basi
 
ir
uits are implemented and ben
hmarked to

build a library for system design/evaluation.

The system design and evaluation are based on the ben
hmarked 
ir
uit library, 
on-

sidering the gate inter
onne
tion distributions and the inserted bu�er 
ount. Moreover, the

pipelining of ASL-based 
ir
uit/system is dis
ussed to improve the performan
e, namely

the throughout. Finally, the unusual property of ASL devi
e indu
ed by the majority fun
-

tions, the re
on�gurability, is introdu
ed and prompts the appli
ation of ASL devi
e in new


omputational ar
hite
tures.

1.4 Resear
h Contributions

In a

ordan
e with the goals of this thesis, the 
ontributions have been made at three levels

from the devi
e modeling to the system ar
hite
ture/appli
ation. The 
ompa
t modeling

of ASL devi
e and 
ir
uit design methodology based on ASL are the 
ores of this thesis.

The re
on�gurability of ASL devi
es are dis
ussed using the developed basi
 logi
 
ir
uits.

Based on the designed 
ir
uits and ben
hmarking, system design/evaluation methodology is

developed, as well as the pipelining method.

1.4.1 Compa
t modeling of All Spin Logi
 (ASL) devi
e

On the devi
e level, this thesis develops a 
ompa
t model of ASL devi
e based on the spin-


ir
uit 
on
ept with Verilog-A language on Caden
e platform, whi
h has an easy parameter

interfa
e. This 
ompa
t model integrates the STT e�e
t, the TMR e�e
t, the spin inje
-

tion/di�usion/a

umulation e�e
ts and the 
hannel breakdown 
urrent e�e
t, whi
h allows

the investigation of the performan
e tradeo�s and also help designers to prevent from devi
e

damages. Furthermore, divided into six blo
s: inje
tor/dete
tor F1/F2, 
hannel N, ground

G, interfa
e C1/C2, this model allows the independent design of di�erent parts and eases

the design of hierar
hi
al 
ir
uits.

Ex
ept for the 
ompa
t modeling of ASL devi
e, we also derived the equations of di�erent

performan
e 
riteria from the fundamental Maxwell's equations in the spin domain [148℄. This

would provide an insight into the 
ir
uit optimization and enables to dis
uss the experimental

phenomena of the ASL devi
e.

1.4.2 ASL based 
ir
uit design method

In 
ir
uit level, a 
ir
uit design methodology is developed. With the given parameters, the


ir
uit spe
i�
ations and 
onstraints, the 
ir
uit is synthesized, implemented and laid out

with optimized performan
e. The synthesis method de�nes the majority fun
tions of the


ir
uit: the �truth table� method in [154℄, or the �AOI repla
ement� method in [158℄. With

determinate majority fun
tions, the 
ir
uit topology that yields minimum possible area is

determined by exploring all possible layout topologies. Based on the 
hosen topologies, the

MTJ sizes, the 
hannel lengths and the inje
tion 
urrents are explored to implement the


ir
uit and optimize the performan
e. Based on this methodology, 
ombinational 
ir
uits are

implemented and ben
hmarked, whi
h form a 
ir
uit library for system design and evaluation.

It is worth mentioning that for integrated 
ir
uit design, gate inter
onne
tion distribution

and inserted bu�er are 
onsidered to evaluate the performan
e more pre
iously.

1.4.3 System design & evaluation method

The design and evaluation of ASL devi
e in system level are still in its infan
y and there

is not a suitable methodology for ASL-based system design. In this thesis, we use a 
ell-

library approa
h to evaluate the ASL-based system. The system fun
tionality is realized by

repla
ing with the basi
 ASL-based 
ombinational 
ir
uits; gate inter
onne
tion distribution
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and inserted bu�er 
ount are 
al
ulated. With knowing the numbers and types of di�er-

ent basi
 
ir
uits, the system performan
e 
an be 
al
ulated and optimized with di�erent

parameters of basi
 
ir
uits. Moreover, for system optimization, we 
onsider this from the

original point of view of CMOS-based system: the pipelining and re
on�gurability. A possi-

ble pipelining method is developed for the ASL-based system, by adding registers (MTJs)

as lat
hes between ea
h stage like that in CMOS-based system. The re
on�gurability is an

inherent property of ASL devi
e. By modifying the values and the polarities of the inje
ted


urrents, the fun
tion of one ASL-based 
ir
uit 
an be 
hanged.

1.5 Organization of the Thesis

The present thesis is divided into six 
hapters as follows.

This 
hapter presented the ba
kground, motivation, obje
tives and methods, and our


ontributions.

Chapter 2 reviews the state-of-the-art of MTJs and ASL devi
es. The basi
 prin
iple,

milestones in the development and the 
ir
uits/appli
ations related to our work will be

introdu
ed.

Chapter 3 is the modeling part of our work. The physi
al and ele
tri
al models of MTJs

and ASL devi
e are presented. Moreover, the dependen
e of the performan
e 
riteria on dif-

ferent devi
e parameters are derived and simulated, whi
h helps the ASL-based optimization.

The developed 
ompa
t model is validated by 
omparing with the experiments of di�erent

materials and stru
tures.

In 
hapter 4, we presents the ASL-based 
ir
uit design. A methodology of ASL based 
ir-


uit design is developed, 
onsidering the 
urrent di�usion problems. Basi
 
ir
uits, in
luding

Inverter/Bu�er, AND/OR(NAND/NOR), Adder, Multiplexer (MUX) and Multiplier, and

some 
ombinational 
ir
uits are implemented and analysed based on this methodology. The

ben
hmarking of these 
ir
uits are also evaluated, whi
h is used for system evaluation.

Chapter 5 fo
us on the system level design and evaluation. The system performan
e is

evaluated by using the 
ell-library approa
h based on the ben
hmarked 
ir
uit library in

Chapter4. Three high-level 
omputing/system 
ir
uits: 
onvolution 
ir
uit, and i7 system,

are designed and evaluated as the examples. Moreover, we also initiate the resear
h of the

pipelining method and re-
on�gurable properties of ASL-based 
ir
uits/systems, whi
h are

essential for performan
e optimization of a system.

Chapter 6 
on
ludes the thesis and presents some perspe
tives.
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Chapter 2

State-of-the-art

2.1 MTJs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Stru
ture and working prin
iple . . . . . . . . . . . . . . . . . . . . 7

2.1.2 MTJ fundamental and development . . . . . . . . . . . . . . . . . 7

2.1.3 Memory and 
ir
uit appli
ations . . . . . . . . . . . . . . . . . . . 11

2.2 All Spin Logi
 (ASL) Devi
e . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Stru
ture and working prin
iple . . . . . . . . . . . . . . . . . . . . 14

2.2.2 ASL fundamental and development . . . . . . . . . . . . . . . . . . 15

2.2.3 ASL modeling and ben
hmarking . . . . . . . . . . . . . . . . . . . 18

2.2.4 ASL 
ir
uit and system appli
ation . . . . . . . . . . . . . . . . . . 19

2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.1 MTJs

2.1.1 Stru
ture and working prin
iple

The basi
 stru
ture of MTJ is shown in Fig. 2.1. It is 
omposed of an insulating barrier

sandwi
hed by two Ferromagneti
 (FM) layers. The insulating barrier 
an be CuO [159℄,

CoO [160℄, ZnO [161℄, NiO [162,163℄, T iO2 [164℄, MgO [21,165,166℄, Al2O3 [167,168℄, SiO2, or

manganites [169,170℄, and needs to be enough thin to guarantee the ele
tron tunneling e�e
t.

One FM layer is magneti
ally pinned, 
alled pinned layer, whereas the other one, is 
alled free

layer, whose magnetization 
an be swit
hed by a magneti
 �eld or an enough large 
urrent

based on the STT e�e
t [171, 172℄. Depending on the relative magnetization orientations of

these two FM layers, i.e. Parallel (P) or Anti-parallel (AP), one MTJ 
an have two resistan
e

states: RP or RAP where RP < RAP , whi
h is also named Tunnel MagnetoResistan
e (TMR).

The relative 
hange of these two resistan
es is the primary performan
e metri
 of an MTJ.

It is usually named TMR ratio and de�ned as:

TMR ratio =
RAP − RP

RP
=

GP −GAP

GAP
(2.1)

2.1.2 MTJ fundamental and development

In this subse
tion, we will present the fundamental e�e
ts of MTJ: TMR e�e
t and STT

e�e
t and outline some 
ru
ial progress in their enhan
ements, in
luding the s
aling e�e
t.

Moreover, two types of Multi-Level (ML) MTJs are presented, whi
h will enlighten the

resear
h on neural network.
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Figure 2.1 � Two Magneti
 Tunnel Jun
tion (MTJ) states with di�erent resistan
es based

on Tunnel MagnetoResistan
e (TMR) e�e
t: Parallel (RP , state �0�) and Antiparallel (RAP ,

state �1�); If the 
urrent �ows from the free layer to the pinned layer and is larger than the


riti
al 
urrent Ic0, the state will be swit
hed to Parallel; on the 
ontrary, the state will be

swit
hed to Anti-parallel.

2.1.2.1 TMR e�e
t

The origin of TMR arises from the di�eren
e in the ele
troni
 density of states (DOS) at the

Fermi level EF between spin-up N↑ and spin-down N↓ ele
trons. The tunnel 
ondu
tan
e is
proportional to the produ
t of DOS of the two FMs with same spin orientation, and is given

by N1↑N2↑ +N1↓N2↓.

An intuitive �gure of tunneling pro
ess explained above is shown in Fig. 2.2. As shown in

this �gure, an ele
tron tunnels to the spin subband of the same spin orientation, i.e. spin-up

to spin-up and spin-down to spin-down. A 
hange from the parallel 
on�guration (2.2(a))

to the antiparallel 
on�guration (2.2(b)) of the magnetizations of two FM layers results in

an ex
hange of the spin subband, 
ausing a 
orresponding 
hange in resistan
e/
ondu
tan
e

and thus giving rise to TMR ratio.

(a) (b)

Figure 2.2 � A s
hemati
 of tunneling pro
ess of MTJ, ele
tron spin orientation is preserved

while traveling from one FM layer to another. (a) Parallel 
on�guration; (b) Anti-parallel


on�guration.

To 
al
ulate the TMR ratio, the resistan
e/
ondu
tan
e of parallel and anti-parallel states

need to be 
al
ulated based on Eq. 2.1.

The MTJ resistan
e/
ondu
tan
e depends on the relative magneti
 orientations of two

FM layers. Supposing that the angle between these two magnetization orientations is θ, the

ondu
tan
e of MTJ is given by [173℄:

G(θ, T, V ) = GT (T, V )(1 + P1P2cosθ) +Gie(T ) (2.2)
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where GT is the tunnel 
ondu
tan
e [12, 174�176℄, whi
h depends on the bias voltage V of

the jun
tion and on its temperature T ; GAP and GP 
orrespond with θ = 180◦ and θ = 0◦.
P1 and P2 are the polarizations of the �rst and se
ond FM layer and de�ned as:

P =
N↑ −N↓
N↑ +N↓

(2.3)

The dependen
e of GT upon the temperature T is given by Stratton model [174℄:

GT (T, V ) = GT (0, V )
λT

sin(λT )
+Gie(T ) (2.4)

where the 
onstant λ is given by λ = (πtoxk/), tox is the oxide thi
kness, k the Boltzmann


onstant, h the redu
ed Plank 
onstant, me the ele
tron mass and e its 
harge, Gie(T ) is a
se
ond term of inelasti
 
ondu
tan
e to des
ribe the thermal variations in the 
ondu
tan
e

and is given by Gie(T ) = τnT
β
, τn is a material dependent 
onstant and β depends on the

number of states o

upied by the ele
trons when traversing the tunnel barrier. For a se
ond

order system, β = 4
3
.

The voltage dependen
e of the 
ondu
tan
e is given by Brinkman model [175℄ and Sim-

mons model [177℄:

GT (0, V ) = GT (0, 0)(1− 2βV + 3δV 2)

GT (0, 0) = k0k1A

√
φ

2tox
e−k1tox

√
φ

(2.5)

where GT (0, V ) is the tunnel 
ondu
tan
e at 0 K and GT (0, 0) is the tunnel 
ondu
tan
e at
0 V, 0 K. β is given by e

√
2metoxdφ/(24~φ

3/2), δ is given by e2met
2
ox/(12~φ), k0 = e2/(2πh),

k1 = 4π
√
2mee/h, φ is the height of the tunnel barrier, dφ the barrier asymmetry and A the

surfa
e of the jun
tion.

TMR e�e
t is �rst measured by Julliere in 1975 [173℄, with a maximum measured value of

14% in Fe-Ge-Co jun
tions at 4 K. The observed value, however, were rather small and 
an-

not be applied in pra
ti
e. The above equations show that the TMR depends on the DOS or

the spin polarization 
oe�
ient P . This means realisti
 ele
troni
 stru
tures and disorder at

interfa
es exert a large e�e
t on TMR. Hen
e, over the following de
ades, resear
hes on these

fa
tors �ourish to get a larger TMR. In 1995, a large TMR of 18% at room temperature was

reported for Fe/Al2O3/Fe [178℄. Then the resear
h on aluminum oxide barrier yields a steady

in
rease in TMR ratio by improving the spin polarization and fabri
ation. In 2004, a TMR of

70.4% measured at room temperature is reported in [179℄ using a CoFeB/AlOx/CoFeB jun
-

tion. In 2001, a series of theoreti
al 
al
ulations predi
ted high TMR ratios for Fe/MgO/Fe

MTJs [180℄ [181℄, where the tunnel barrier is a 
rystalline MgO layer with (001) texture.

The MgO has attra
ted new resear
h attention. So far, TMR ratio as high as 604% has

been reported in a CoFeB/MgO/CoFeB MTJ [182℄. There is no doubt that the resear
h

on improving TMR ratio will 
ontinue by exploring di�erent materials/stru
tures like the

half-metals [43, 183℄ with extremely high spin polarization.

2.1.2.2 STT e�e
t

As said above in subse
tion 2.1.1, the magnetization orientation of FM free layer 
an be

swit
hed by applying a magneti
 �eld or a 
urrent based on STT e�e
t. As shown in Fig.

2.3, when a 
urrent is passing through this devi
e, ele
trons are �rst polarized with the

magnetization orientation of FM1 and then inje
ted into FM2 through NM. The spins of the

inje
ted ele
trons intera
t with that in FM2 by ex
hange intera
tion and exert torque. If there

is enough torque, the magnetization orientation in FM2 will be reversed. The dynami
 of

the magneti
 swit
hing 
an be explained by Landau-Lifs
hitz-Gilbert (LLG) equations [184℄,

whi
h in
ludes a STT term:

9



d
−→
M

dt
=

EffectiveF ieldTorque
︷ ︸︸ ︷

−γ0
−→
M ×−−→

Heff +

GilbertDamping
︷ ︸︸ ︷

α

Ms

−→
M × d

−→
M

dt
+

STT
︷ ︸︸ ︷

TCIP/CPP

TCIP = −(µ · ∇)M +
β

Ms
× [(µ · ∇)M ]

TCPP = g(θ)
σI

Ms
M × (p×M)

(2.6)

where the �rst term is the e�e
tive �eld torque; the se
ond is Gilbert damping; and the

third is the spin-transfer torque, whi
h is di�erent depending on the geometries: Current In

Plan (CIP) or Current Perpendi
ular to plan (CPP).

FM 1 FM 2NM

Current

S1

Spin torquep M

Figure 2.3 � S
hemati
 illustration of Spin Transfer Torque (STT) e�e
t in a magneti
 nano-

pillar 
onsisting of two Ferromagneti
 (FM) layers (FM1/2) swit
hing a non-magneti
 layer

(NM).

Compared to CIP, CPP has several advantages, whi
h is the main resear
h point of

MTJ in re
ent years. First, the magneti
 anisotropy of the MTJ is dire
tly related to the

thermal stability and data retention. In-plan anisotropy mainly originates from the shape

anisotropy. Thereby an elongated 
ell surfa
e and a thin thi
kness are required to provide

enough thermal stability. With the shrinking of the MTJ size, the in-plan-anisotropy MTJ

has di�
ulty in maintaining the satisfying thermal stability. The perpendi
ular anisotropy

MTJ has no requirement for the elongated shape and thus 
an over
ome this issue. Se
ond,

the perpendi
ular MTJ is more suitable for the STT swit
hing than the in-plan MTJ. It is

explained as follows. The 
riti
al 
urrent (Ic0) for the STT swit
hing 
an be derived from

the LLG equation.

For in-plan MTJ, it is expressed as:

Ic0‖ ≃ α
γµ0e

µBP
MsVF [Hk‖ +

Ms

2
] (2.7)

where µB is the Bohr magneton, VF is the free layer volume, HK‖ is the uniaxial in-plan

anisotropy �eld. The energy barrier of thermal stability (E) of the in-plan MTJ is given by:

E‖ =
µ0MsHK‖VF

2
(2.8)

The 
omparison between Eqs. 2.7 and 2.8 indi
ates that the STT must over
ome addi-

tional �eldMs/2 whi
h makes no 
ontribution to the thermal stability. But in a perpendi
ular

MTJ, the 
riti
al 
urrent is proportional to the thermal stability, expressed as:

Ic0⊥ ≃ α
γµ0e

µBP
MsVFHk⊥ = 2α

γe

µBP
E⊥ (2.9)

Therefore perpendi
ular MTJ requires lower write 
urrent given the same thermal sta-

bility, thus lower power 
onsumption.
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The perpendi
ular MTJ was experimentally demonstrated for the �rst time in 2002, with

a TbFeCo/CoFe/Al2O3/CoFe/GdFeCo stru
ture and a TMR ratio of 55% [185℄. In the past

de
ade, mu
h e�ort has been made to get higher TMR, lower power 
onsumption and higher

density, either in new materials resear
h or dimension s
aling [13, 15, 16, 32, 33, 65, 186�190℄.

Now high TMR ratio (120%), small area and low write 
urrent (49 µA) 
an be a
hieved [22℄.

2.1.2.3 Multi-layer MTJs

To improve the storage density and s
alability of MTJs in STT-RAM, ML MTJ is pro-

posed [10, 11℄, whi
h 
an store multi-bit data per 
ell. Two types of ML MTJ stru
tures

are proposed: parallel and series, as shown in Fig.2.4. A 2-bit parallel ML MTJ is shown in

Fig. 2.4(a). It is 
omposed of one single MTJ whose free layer has two domains. These two

domains swit
h at di�erent spin-polarized 
urrents and form di�erent resistan
e levels with

the referen
e layer. For the 2-bit series ML MTJ shown in Fig. 2.4(b), it is 
omposed of two

verti
ally sta
ked single MTJs that have di�erent TMR ratios. Multiple resistan
e levels 
an

be a
hieved with di�erent magnetization 
on�gurations of the two MTJs.

(a) (b)

Reference layer

Tunnel barrier

  Soft 

domain

  Hard 

domain

Tunnel barrier

Tunnel barrier

Reference layer

Tunnel barrier

Hard domain

Reference layer

Soft domain

Figure 2.4 � Two di�erent stru
tures of 2-bit Multi-layer MTJ (ML MTJ). (a) parallel ML

MTJ; (b) series ML MTJ.

So far, the two stru
tures are designed and fabri
ated and the spin transfer swit
hing is

demonstrated [11, 191, 192℄ by using di�erent 
urrents based on the a

ess s
heme [10, 193℄.

The impa
ts of the pro
ess variations and the thermal �u
tuations on the performan
e and

reliability are also analyzed [10℄ and prove their feasibility. Now, ML MTJs are used as a

pro
essor's 
a
hes [194, 195℄ or for fast lo
al 
he
kpointing in 
omputing systems [196℄.

Another possible appli
ation domain of ML MTJs is neuromorphi
. Theoreti
ally, arbi-

trary numbers of bits, if we sta
k multiple MTJs verti
ally and 
arefully 
hose the swit
hing


urrents, 
an be stored in one ML MTJ 
ell. This prompts its possibility as synapse in a

deep neural network, 
ombined with a learning diagram with integer weights. The 
ompa
t

modeling developed in [27℄ will further fa
ilitate this possible appli
ation.

2.1.3 Memory and 
ir
uit appli
ations

Due to its non-volatility, MTJs provide a new route to the next generation memories and logi



ir
uits. So far, MTJ-based memory, i.e. MRAM, has been widely explored and produ
ed


ommer
ially. Moreover, its possible appli
ation in neuromorphi
 is also explored based on

its memristive property and two-states representation. This subse
tion will review these

appli
ations.
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2.1.3.1 Memory

The dis
overy of TMR at room temperature and higher value prompts MTJ in memory

appli
ations. One of the �rst working MRAMs, using the magneti
 �eld for writing, was

developed at IBM in 2000 [197℄. Then the development of spin transfer swit
hing represented

a huge step forward for MRAM perspe
tive. One s
hemati
 of STT-RAM is presented in Fig.

2.5 as 1T1R (one transistor and one resistor) form. The word line is 
onne
ted to the gate

of a transistor whi
h is used to sele
t the MTJ to be written or read. The writing is done

through spin transfer swit
hing by applying either a positive or a negative voltage pulse

between the sour
e line and the bit line. The reading is done by applying a weaker voltage

to the bit line to sense the resistan
e of MTJ.

Bit Line

Source Line

Bipolar 

Write Pulse /

Read Bias 

Generator

Bit Line

Source Line

Word Line

MTJ

Transistor

Bipolar 

Write Pulse /

Read Bias 

Generator

Sense Amp.

Ref.

Free layer

Pinned layer

Figure 2.5 � S
hemati
 of 1T1R memory 
ell [198℄.

Re
ently, a 64 Mb SPI/DDR4 
hip is fabri
ated by Avalan
he Te
hnology using 55 nm

CMOS te
hnology, a
hieving a read raw (Bit Error Rate (BER)) below 10−7
[64℄. Many

studies on the failure analysis [199,200℄, stability [200℄, power and delay [14,201℄ have been


arried on.

2.1.3.2 Logi
 
ir
uits

Another possibility of MTJ is the appli
ation for logi
 
ir
uits. The most mature one is

the hybrid MRAM/CMOS 
ir
uit [202℄. Su
h a 
ir
uit 
ontains both MTJs and CMOS

transistors. The logi
 fun
tions are still provided by CMOS transistors, but the MTJs provide

enhan
ed fun
tionalities su
h as instant on/o� or enhan
ed radiation hardness. The realized

hybrid 
ir
uits 
ontain the �ip-�op [203,204℄(Fig. 2.6), full-adder [20,205℄, sensing ampli�er

[66℄ and magneti
 FPGA [206, 207℄. The other approa
h for logi
 
ir
uits is using magneti


intera
tions between magneti
 nanostru
tures. Full logi
 fun
tions (AND, OR, NAND, NOR,

XOR, and XNOR) 
an be realized [28, 208, 209℄.

2.1.3.3 Neural network

Neuromorphi
 
omputing has emerged as a future 
omputing ar
hite
ture due to its possi-

bility of allowing low power 
onsumption. CMOS based neural networks have been studied.

However, the 
omplexity of neural network prompts the resear
h on nanodevi
es, 
onsidering

the s
aling limit of CMOS te
hnology. MTJ is one of the possible devi
es, whi
h 
an a
t both

synapses and neurons in a neural network.

The neuron property originates from the thresholding operation during the swit
hing of

MTJ states [210℄. Fig. 2.7 shows a 
rossbar neuromorphi
 ar
hite
ture 
onsisting of pro-

grammable resistive synapses and the MTJ neuron [29℄. The synapses generate the ex
i-

tatory/inhibitory 
harge 
urrent, inputting to the MTJ neuron and swit
hing the neuron

states.
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Figure 2.6 � S
hemati
 of Spin-MTJ based Non-Volatile Flip-Flop [203℄.

Figure 2.7 � Neuromorphi
 ar
hite
ture based on �STT-Neuron� [29℄.

A MTJ 
an be a synapse in three ways: intrinsi
 non-volatile memory property represent-

ing integral weights, sto
hasti
 [211℄ and memristive [73,98,212,213℄ properties representing


ontinuous weights. To represent integral synapti
 weights, single MTJ 
an be used to repre-

sent binary (0, 1) [80,82,214,215℄ or ternary number (-1, 0, +1) [216℄ by adjusting the MTJ

states and the input 
urrent values. The re
ent dis
overy of ML MTJ provides the possibil-

ity of representing arbitrary integral numbers even �oating numbers if the fun
tion of ea
h

MTJ is well de�ned. The single MTJ with intrinsi
 sto
hasti
 property is proposed [211℄

to implement learning-
apable synapses, giving an insight into a new way to use memory

nanodevi
es. The most popular way of using MTJ as synapse is as a memristor, with the dis-


overy of simultaneous o

urren
e of TMR and Resistive Swit
hing (RS), a displa
ement of

oxygen va
an
ies lo
ated at the interfa
e. By applying several voltage pulses, the resistan
e

of the AP or P state will be periodi
ally swit
hed between a High Resistan
e State (HRS)

and a Low Resistan
e State (LRS). The resistan
e depends on the �ux Φ, whi
h is de�ned

as Φ(t) =
∑n

i=0 viti, with vi and ti the voltage and duration of the ith pulse, respe
tively.

Many oxides 
an exhibit memristive swit
hing behavior, in
luding Magnesia (Mg) [213,217℄,

Barium Titanate (BTO) [218℄ and Tantalum Oxide (TaxOx) [219℄. Resear
hes on new ma-

terials keep going to improve the resistan
e 
hange and to improve the reliability and the

robustness.
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2.2 All Spin Logi
 (ASL) Devi
e

2.2.1 Stru
ture and working prin
iple

The fundamental of the ASL devi
e is the spin inje
tion/dete
tion. To perform ele
tri
al

spin inje
tion into spin 
hannel, two types of measurement known as �non-lo
al� [101, 102,

117, 220, 221℄ and �lo
al� [220, 222, 223℄ have been 
ommonly used, as shown in Fig. 2.8 (a)

and (b). For non-lo
al measurement, a 
urrent sour
e is applied between the ele
trodes E1

and E2, where E2 serves as the inje
tor where 
harge 
urrent inje
ted spin 
urrent through.

After spin inje
tion, the spin 
urrent in the 
hannel underneath E2 is able to di�use in both

dire
tions, towards E1 (as a spin 
urrent with a 
harge 
urrent) and E3 (spin 
urrent mostly).

The spin is then dete
ted by measuring the voltage a
ross E3 and E4, where E3 (FM) is the

spin dete
tor. This measurement is 
alled non-lo
al be
ause the voltage probe lies outside the


harge 
urrent loop; This geometry allows the voltage to dete
t the spin density at E3 arising

from the pure spin 
urrent of di�usion of spin-polarized ele
trons. The measured voltage VNL

is positive or negative depending on whether the magnetization 
on�gurations of E2 and E3

are parallel or antiparallel to ea
h other. The di�eren
e between these two voltages is the

non-lo
al spin signal, and it is often 
onverted to units of resistan
e by dividing out the

inje
tion 
urrent, Iinj , as ∆RNL = (V P
NL − V AP

NL )/Iinj.

  

Channel

(a)
 

Channel

(b)

(c)

charge current

spin polarized current Spin diffusion current

Iinj VNL

E1 E2 E3 E4

spin polarized current

E1 E2

V

charge current

Channel

Spin currentSpin and charge current

Figure 2.8 � Spin valve stru
ture. (a)non-lo
al spin valve; (b) lo
al spin valve; (
) S
hemati


of All Spin Logi
 with perpendi
ular MTJs.

The lo
al measurement dire
tly measures the standard two-terminal resistan
e a
ross

two FM ele
trodes (E1 and E2) as shown in Fig. 2.8(b). Spin-polarized ele
trons are inje
ted

from one ele
trode, transported a
ross the 
hannel, and dete
ted by the se
ond ele
trode. The

di�eren
e in the resistan
e between the parallel and antiparallel magnetization alignments

of the two ele
trodes is the lo
al magnetoresistan
e whi
h is the signal of spin transport.

ASL devi
e is a non-lo
al spin valve devi
e whi
h 
an perform logi
 fun
tions by 
ombi-

nations. There are several types of ASL devi
es: ASL with No Clo
k (ASLNC), ASL with

Clo
k (ASLC), ASL with Clo
k with Biaxial anisotropy (ASLCB) [58℄ and Graphene based

All Spin Logi
 Gate (G-ASLG) [152℄. Fig. 2.8 (
) shows a typi
al ASL devi
e. It is 
omposed

of two MTJs as the memories and inje
tor/dete
tor, and one 
hannel for spin transport. Fig.

2.9 shows the working �ow of the ASL devi
e. First, a voltage/
urrent sour
e Vsupply/Iwrite

is applied to the write the MTJs. When the writing pro
ess �nished, a 
harge 
urrent Iinj
is inje
ted into the 
hannel through the free layer of MTJ inje
tor, and polarized into spin


urrents whose magnetization orientation depends on the MTJ free layer magnetization ori-

entation and the inje
tion 
urrent polarity. The spin 
urrent in the 
hannel di�uses in both

dire
tions: MTJ dete
tor and input ele
trode. The spin 
urrent �owing into the MTJ dete
-

tor will swit
h the state of the dete
tor if enough torque is applied a

ording to STT e�e
t.

The swit
hed state 
an be read by applying a read voltage/
urrent Iread and depends on the

MTJ free layer magnetization orientation and the inje
ted 
urrent polarity.
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Vsupply Vsupply
Input 

magnet

Output

magnet
Iwrite Iwrite

MTJ states writing

Input 

magnet

Output

magnet

Iinj

Spin current injection and transport

Input 

magnet

Output

magnet

Iinj

Vsupply

Iread

Spin current detection and MTJ state switching/reading

Iswrite

Figure 2.9 � ASL working �ow. Step 1 : MTJ states writing with an applied voltage/
urrent

Iwrite; Step 2: Spin 
urrent inje
ted with a 
harge 
urrent Iinj inje
ted and polarized through

the MTJ free layer to the 
hannel; Step 3: Output MTJ state swit
hed with the inje
ted and

di�usive spin 
urrent; MTJ state read with an applied voltage/
urrent Iread

2.2.2 ASL fundamental and development

2.2.2.1 Spin inje
tion/dete
tion and transport

To des
ribe the spin inje
tion/dete
tion fundamental [148℄, we use the non-lo
al stru
ture in

Fig. 2.10. Two ferromagneti
 magnets are on top of a nonmagneti
 
ondu
tor, separated by

a distan
e of LN . Spin is inje
ted into N from F1 and a part of spin 
urrent �ows towards

F2, whi
h is indi
ated in Fig.2.10(b).

In this 
ase, we suppose that the spin 
urrent in F1, F2 and N are one-dimensional. The

boundary 
onditions in in�nities are:

µsN(±∞) = µsF1(−∞) = µsF2(∞) = 0 (2.10)

F1 F2

N

LN

0 LN x

z z

(a) (b)

Figure 2.10 � (a) Non-lo
al geometry for spin inje
tion and dete
tion. (b) Cross view of the

non-lo
al geometry.
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The 
harge and spin 
urrents are presented in spin domain and expressed as:

j = j↑ + j↓ = σ∇µ+ σs∇µs

js = j↑ − j↓ = σs∇µ+ σ∇µs

(2.11)

where j↑/↓ is the ele
tri
 
urrent 
arried by spin up/down ele
trons, µ(µs) is the quasi
hemi
al


harge(spin) potential, σ(σs) is the 
harge(spin) 
ondu
tivity and are expressed as:

σ = σ↑ + σ↓

σs = σ↑ − σ↓
(2.12)

Based on Eqs. 2.11 and 2.12, the spin 
urrents at the 
onta
t and through the spin-

polarizing 
onta
t C1 are:

jsF1(0) = jPσF1 +
1

RF1

µsF1(0)

jsC1 = jPΣ1 +
1

RC1

[µsN(0)− µsF1(0)]
(2.13)

where PσF1/Σ1 is the 
ondu
tivity spin polarization in F1/C1 and expressed as Pσ =
σ↑−σ↓

σ↑+σ↓
=

σs

σ
, RF1/C1 is the spin resistan
e of F1/C1 and expressed as

σ
4σ↑σ↓

.

The spin 
urrent at x = 0 di�uses towards two dire
tions, and expressed as:

jsN(0+) =
1

RN
[−µsN(0)coth(LN/λsN) +

µsN(LN )

sinh(LN/λsN)
]

jsN(0−) =
1

RN
µsN(0)

(2.14)

where RN is the spin resistan
e of the 
hannel, LN is the 
hannel length, µsN(0/LN) is the
spin quasi
hemi
al potential at x = LN and λsN is the spin di�usion length of the 
hannel.

The 
ontinuity of the spin 
urrent in the inje
tor gives:

jsN(0+) = jsN(0−) + jsC1 = jsN(0−) + jsF1 (2.15)

The same pro
edure for the dete
tor, the spin 
urrents at the 
onta
t and the 
hannel,

the 
ontinuity of spin 
urrents are expressed as:

jsF2(0) = − 1

RF2
µsF2(0)

jsC2 =
1

RC2
[µsF2(0)− µsN(LN)]

jsN (LN−) =
1

RN
[− µsN(0)

sinh(LN/λsN)
+ µsN(LN )coth(LN/λsN)]

jsN(LN+) = − 1

RN
µsN(LN )

(2.16)

The 
ontinuity of spin 
urrents in the dete
tor is:

jsN(LN−) = jsN (LN+) + jsC2 = jsN(LN+) + jsF2(0) (2.17)

The dete
ted voltage Vdet is expressed as:

Vdet = µN(∞)− µF2(∞)

= −(RC2PΣ2 +RF2Pσ2)
µsN(LN )

RC2 +RF2

(2.18)

where µsN(LN) 
an be extra
ted from Eqs. 2.15 and 2.17.
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The dete
ted voltage Vdet is in general positive for parallel and negative for antiparallel

magnetization orientations. Often what is dete
ted is the nonlo
al resistan
e ℜnl, whi
h is

expressed as:

ℜnl = Vdet/j (2.19)

or the 
orresponding di�eren
e in the nonlo
al resistan
e for parallel and antiparallel orien-

tations of F1 and F2:

∆ℜnl = ℜ↑↑
nl −ℜ↑↓

nl (2.20)

2.2.2.2 ASL development

Johnson and Silsbee [101℄ �rst reported that nonequilibrium spin inje
ted from a ferromagnet

di�uses into an Al �lm over the spin di�usion length of the order of 1 µm in 1985. During

the following two de
ades, resear
hers mainly devoted to �nding an e�
ient way to inje
t

and dete
t the spin signal and the fabri
ation of spin valve devi
es. Only until 2010 [46℄, the

appli
ation of spin valve in logi
, is proposed by Behtash Behin-Aein, with a devi
e named as

All Spin Logi
 Devi
e. In this proposal, the in-plan MTJs are used as the inje
tor/dete
tor.

In the previous se
tion, we have explained that the perpendi
ular MTJ 
onsumes less power.

Due to this advantage, the stru
ture with perpendi
ular MTJs is proposed in [152℄.

As we explained in the previous subse
tion, the 
harge 
urrent will be inje
ted into the


hannel and be polarized into a spin 
urrent, whi
h will swit
h the MTJ state if enough

torque is applied. Hen
e, the value of spin 
urrent into the dete
tor is the most important


riterion of an ASL devi
e, whi
h is dire
tly related to the spin inje
tion e�
ien
y and the

dete
ted non-lo
al resistan
e. Hen
e, to improve the dete
ted spin 
urrent, the spin inje
tion

e�
ien
y and the non-lo
al resistan
e should be improved.

One way to improve the spin inje
tion e�
ien
y fo
us on the materials, whi
h 
ould

on
e more be divided into two dire
tions: �nding new materials and improving the material

quality. The resear
hes on new materials 
on
erns about both FM ele
trodes and 
hannel.

The basi
 idea for FM ele
trode material resear
h is looking for a material with high spin

polarization, sin
e it is related to how many spins will be polarized into the 
hannel. The half-

metalli
 material [183℄ is an interesting topi
 sin
e its spin polarization is nearly 100%. The

materials for 
hannel, in
luding metals (Cu, Mg) [54,108,114,117,131,224�226℄, semi
ondu
-

tors(sili
on) [48, 227℄ and new materials like graphene [111, 124�127, 134, 138, 152, 228�232℄,

are also explored. Their spin di�usion lengths in�uen
e dire
tly spin dete
tion 
urrent. The-

oreti
ally, long spin di�usion length is better for spin transport and thus for spin dete
tion


urrent. The graphene, whose spin di�usion length 
ould be as long as 100 µm [233℄, is

studied a lot in re
ent years. Another resear
h on material 
on
erns how to improve the

spin di�usion length of ea
h material. The temperature and the extrinsi
 s
attering with

impurities, defe
ts and boundaries, are the two important fa
tors whi
h are related to. The

temperature dependen
e of spin relaxation pro
ess 
an be studied by means of nonlo
al spin-

valve measurements. Based on this study, the maximum spin di�usion length 
an be given

at a spe
i�
 temperature [122℄. The extrinsi
 s
attering will redu
e the spin di�usion length

of the material and in
rease the delay and energy 
onsumption. To redu
e this s
attering,

advan
ed fabri
ation methods, proper surfa
e manipulation (su
h as oxidation [108℄), the

use of smaller jun
tion area [123℄ and looking for new stru
ture (e.g. suspended graphene

devi
e [133℄) are the feasible ways.

Another way to improve the spin inje
tion e�
ien
y fo
us on over
oming the 
ondu
-

tan
e mismat
h problem between the ferromagnet and the 
hannel. Be
ause of the 
ondu
-

tan
e mismat
h, most of the spin-polarization of the 
urrent in FM relaxes at the interfa
e.

Therefore it is di�
ult to inje
t spins into the 
hannel. This problem is �rst revealed by

G.S
hmidt [234℄ in 2000. In the same year, many groups began their resear
hes on how

to eliminate this problem and found that insertion of a spin-polarized interfa
e(e.g. tunnel


onta
t) between the FM and 
hannel 
an remedy it [46, 109, 114, 139, 235�237℄. Ex
ept for

insertion of a tunnel barrier, another way reported in [103℄ uses ultra-fast opti
al ex
itation
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instead of ele
tri
al spin inje
tion. The amount of inje
ted spin is 
onstrained by the amount

of ex
ited ele
trons in the FM. With a femtose
ond laser pump pulse, a population of ex-


ited ele
trons and hole in FM is 
reated and a spin polarization of 80% is obtained in Ni-Si

interfa
e.

Ex
ept for the inje
tion e�
ien
y enhan
ement of ASL, resear
hers also made e�orts for

low power 
onsumption and high density. 3-D ASL design 
onstituting of multiple ASL layers

[238℄ sta
ked verti
ally and the s
aling down of ASL devi
e [239℄ 
an a
hieve e�e
tive power

savings and area bene�t. The design method, the 
lo
king for 3D sta
king and the s
aling

limits (e.g. dipole 
oupling between input and output) and material targets are presented

in [238℄ and [51, 239, 240℄, respe
tively.

2.2.3 ASL modeling and ben
hmarking

For performan
e assessment and 
ir
uit analysis, a 
ompa
t model of ASL, des
ribing the

magnetization dynami
s and the spin transport property, is ne
essary. Table 2.1 shows sev-

eral ASL 
ompa
t modeling. In 2011, the group of Supriyo Datta proposed the spin-
ir
uit

based 
ompa
t modeling [47, 57, 151, 241℄. This modeling 
ontains two 
omponents: a de-

s
ription of magnetization dynami
s and a 
ir
uit model for non-
ollinear spin transport

by 
ombining the well-established spin-di�usion model developed by Johnson-Slisbee [242℄

and Valet-Fert [243℄ with a 
ondu
tan
e model pioneered by Brataas et al. [244℄. The 
ir-


uit model representation is shown in Fig.2.11(a). Ea
h element (FM, Conta
t, Channel) is

represented by a π-network. Ea
h blo
k of the π-network is a 4 × 4 
ondu
tan
e matrix:

one for 
harge information and three for spin information 
orresponding to the x, y, z dire
-

tions. In 2014, Philip Bonhomme et al. [54℄ has proposed another modeling approa
h, using

basi
 ele
tri
al 
ir
uit elements su
h as resistors, 
apa
itors and 
urrent sour
es to 
reate

the 
ir
uit simulation environment, as shown in Fig. 2.11(b). These approa
hes of modeling

allow the modeling and analysis of 
ir
uits based on ASL devi
e. However, with MatLab

platform, to perform a 
omplex 
ir
uit implementation, matrixes of large s
ale need to be


arefully established, whi
h limits the appli
ation of this approa
h in MatLab platform. [152℄

proposed a Verilog-A model whi
h implements ASL devi
e as a single blo
k based on the

pre-established spin inje
tion/dete
tion equations, whi
h avoids exploring the design spa
e

for its optimization and the hierar
hi
al design. A s
alable Verilog-A model is proposed

in [153℄, yet does not integrate important 
hara
teristi
s su
h as spin di�usion delay and


hannel breakdown e�e
ts. Moreover, these modeling relies on the non-
ollinear magneto-

ele
troni
 theory [244℄. It disregards the interfa
e spin-�ip s
attering and uses �nite-element

formulation whi
h is impli
it for the de�nition of 
urrent-voltage de�nition. In our thesis, we

developed an ASL 
ompa
t model whi
h takes into a

ount the STT/TMR e�e
ts, spin inje
-

tion/dete
tion/a

umulation e�e
ts, spin di�usion delay and the 
hannel breakdown e�e
t,

based on the fundamental Maxwell's equations in spin domain, whi
h leads to an expli
it

de�nition of 
urrent and voltage relations in 
ir
uits. This 
ompa
t model is divided into

several parts, whi
h allows the independent design of inje
tor, dete
tor, 
hannel and 
onta
t

devi
es. This allows 
ross-layer optimization of ASL-based 
ir
uits and eases the design of

hierar
hi
al 
ir
uits.

The ben
hmarking method of ASL-based 
ir
uits is proposed by Dmitri E. Nikonov and

Ian A. Young in 2013 [156℄. This method is based on the number of majority gates used in one


ir
uit. The area is proportional to the number of used majority gates and the evaluation of

energy E uses the 
ommon formula E = I2Rt. In our thesis, we use this method to evaluate

the developed 
ir
uits and systems, taking a

ount of the number of inserted bu�ers 
aused

by the spin di�usion length limitation.
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Table 2.1 � ASL 
ompa
t modeling 
omparison.

Integrated e�e
t Srinivasan

[151℄

Bonhomme

[54℄

Calayir

[153℄

Su [152℄ Our model

Language/software MatLab Cir
uit sim-

ulator

Verilog-A Verilog-

A/Caden
e

Verilog-

A/Caden
e

S
alability low low high × high

Module separated


ondu
-

tan
e

matrix

separated

ele
tri
al


ir
uit

element

separated


ondu
-

tan
e blo
k

one blo
k separated


ondu
-

tan
e blo
k

STT e�e
t 
oupled

with LLG

equation

(in-plan)


oupled

with LLG

equation


oupled

with LLG

equation

(perpendi
-

ular)

integrated

the stati


and dy-

nami


swit
hing

espressions

(perpendi
-

ular)

integrated

the stati


and dy-

nami


swit
hing

expressions

(perpendi
-

ular)

TMR e�e
t × × × √ √

Channel breakdown × × × √ √

Channel di�usion time × × × × √

Spin relaxation in FM × × √ × √

Fundamental theory [244℄ [244℄ [244℄ [244℄ [148℄

2.2.4 ASL 
ir
uit and system appli
ation

ASL devi
e is a promising 
andidate for future 
omputing, due to its integration of memory

and logi
 into one devi
e. The resear
h of the appli
ation of ASL devi
e now fo
uses on the

logi
 
ir
uit implementation and neural-network. In this subse
tion, we will present these

two appli
ations in detail.

2.2.4.1 ASL logi
 
ir
uit

The ASL devi
e is �rst proposed by Behtash Behin-Aein et al. in 2010 [46℄. It is argued that

the ASL devi
e shows the �ve essential 
hara
teristi
s for logi
 appli
ations: 
on
atenability,

non-linearity, feedba
k elimination, gain and a 
omplete set of Boolean operations. Fig. 2.12

shows the Inverter/Bu�er and AND/OR logi
 implemented by ASL devi
e.

The working prin
iple of inverter/bu�er is the same with a single ASL devi
e. The inje
ted


harge 
urrent is polarized and inje
ted into the 
hannel. With the magnetization orientation,

the spin 
urrent �owing into the dete
tor MTJ will swit
h its state if enough torque is

applied. The information of magnetization orientation depends not only on the magnetization

orientation of input MTJ, but also the polarity of the inje
tion 
urrent. As shown in Fig.

2.12(a), if the inje
tion 
urrent �ows into the FM, 
alled positive in this thesis, the spin

orientation inje
ted into the 
hannel will be opposite with the magnetization orientation of

FM due to the re�e
tion. In this 
ase, the 
ir
uit will realize a �NOT� fun
tion, i.e. inverter.

On the 
ontrary, if the inje
tion 
urrent is negative, the fun
tion of this 
ir
uit is �COPY�,

i.e. the bu�er. This dependen
e of 
urrent polarity 
an be used to design the re
on�gurable


ir
uits.

Fig. 2.12 (b) shows a stru
ture of AND/OR logi
 
ir
uit based on ASL devi
e. It 
on-

tains two input terminals A and B, one fun
tion terminal F and one output terminal Output.

Unlike the 
hanging 
urrent polarity in inverter/bu�er 
ir
uit, in this 
ir
uit, the polarity

of inje
tion 
urrent for ea
h terminal is �xed to negative, whi
h inje
ted spins of the same
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Figure 2.11 � (a) Spin-
ir
uit representation of a non-lo
al ASL devi
e. (b) Ele
tri
al 
ir
uit

representation of ASL inverter.

magnetization with input MTJs. The �nal state of the output is determined by the superpo-

sition of spin 
urrents (majority prin
iple) inje
ted from the three terminals A, B and F. The

fun
tion of this 
ir
uit depends on the relative magnetization orientation of two layers of F

terminal. If it is parallel, de�ned as �0� in this thesis, the fun
tion of this 
ir
uit is �AND�,

otherwise, the realized fun
tion is �OR� in the 
ase of antiparallel state, de�ned as �1�. Given

the in�uen
e of the polarity of inje
tion 
urrent on the 
ir
uit fun
tion, this AND/OR 
ir
uit


an be 
hanged to NAND/NOR if the positive inje
tion 
urrents are applied.

Output

F = P      : Output = A  AND  B

F = AP   : Output = A  OR  B

Input Output

Input

Iinj

Iinj

COPY

NOT

F

A

B

(a) (b)

Output

Figure 2.12 � (a) All Spin Logi
 (ASL) based Inverter and Bu�er. The fun
tion depends

on the polarity of inje
ted 
urrent. (b) All Spin Logi
 based AND/OR logi
 
ir
uit; The

fun
tion depends on the state of F terminal by using three inje
ted 
urrent with the same

polarity. If the magnetization orientations of F are parallel, this 
ir
uit realizes the fun
tion

AND, otherwise, it realizes the fun
tion OR.

Theoreti
ally, by using these basi
 logi
 
ir
uits, any 
omplex 
ir
uits 
an be 
onstru
ted

based on ASL devi
e, like full-adder, multiplier, more 
omplex 
omputational blo
ks and so

on. Speaking of the 
ir
uit design method, sin
e the superposition or 
an
ellation of the spin


urrents in the 
hannel and the �nal state dependen
e of the majority spin magnetization

orientation, is similar to the majority prin
iple, the synthesis method using majority gates

in [154℄ is also suitable for ASL based 
ir
uit design. This method employs the truth table of

the designed fun
tion, and with several transformations, the truth table be
omes �redu
ed

table� whi
h 
an be dire
tly used for 
ir
uit synthesis based on majority gates. However, this

�truth table� method limits the design of 
ir
uits with 
omplex truth tables. This limitation


an be resolved by the repla
ement method in [158, 245℄. The fun
tion is �rst implemented

by AND/OR/Inverter logi
 gates, whi
h are then repla
ed by their 
orresponding majority

gates. The majority gate representation is optimized and �nally, the designed 
ir
uit for this

fun
tion 
an be obtained and implemented by ASL devi
e. However, the synthesis of 
ir
uits

is the �rst step for a real 
ir
uit realization. More e�orts need to be made 
onsidering the
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ir
uit layout, su
h as the 
urrent di�usion, the area optimization, the s
aling limit, et
. In

this thesis, we will take these problems into 
onsideration when designing a 
ir
uit and list

the 
orresponding parameters for ea
h designed 
ir
uit.

2.2.4.2 Neuromorphi
 appli
ation

In the previous 
hapter, we have stated the possible appli
ation of spintroni
s in the neural

network. ASL devi
e, as one of the most promising spintroni
 devi
es, 
an be also used

to implement the neuromorphi
 ar
hite
tures for the purpose of low power 
onsumption.

Mrigank Sharad et al. has proposed two stru
tures of neural network based on ASL devi
e

[68, 210, 246℄: bipolar and unipolar, as shown in Fig. 2.13 (a) and (b).

(a) (b)

I+ I-

m1(input) m4(output) m2(input)

m3(assist)

m5(detector)

∆I

m1(input) m4(output)

m5(detector)

m2(assist)

Figure 2.13 � (a) Devi
e stru
ture for bipolar spin neuron based ASL; (b) devi
e stru
ture

for unipolar spin neuron based ASL.

The bipolar stru
ture showns in Fig.2.13(a) 
onsists of �ve magnet terminals: inputs m1

and m2, preset m3, output m4 and read m5. Both the magnetization orientations of m1 and

m2 lie along their easy axis, yet are opposite, whi
h makes this stru
ture bipolar. The initial

magnetization orientation of m4 is either the same with m1 or with m2. The magnet m3

has its easy axis orthogonal to that of m1 and m2 and is used to implement 
urrent-mode

Bennett-
lo
king for low power 
onsumption. A 
urrent will be inje
ted through m3 to m4,

presetting m4 along its hard axis. The 
urrent of m3 is overlapped with the 
urrent inje
ted

through m1 and m2. When the 
urrent of m3 is removed, m4 will swit
h ba
k to its easy

axis and its magnetization orientation depends on the superposition of the spin 
urrent from

m1 and m2. The �nal state 
an be read by m5. In this stru
ture, m4 works as a re
eption-

neuron and evaluate the step fun
tion with its threshold. m1 and m2 realize the ex
itary and

inhibitory synapse fun
tions, or the 
ontrary, respe
tively.

Fig. 2.13(b) shows the unipolar stru
ture. It 
onsists of four terminals: input m1, preset

m2, output m3 and read m4. The fun
tions of m2, m3 and m5 are the same with that of

bipolar stru
ture. In this stru
ture, only one terminal m1 for input makes this stru
ture

unipolar. It re
eives the di�eren
e of the 
urrents from ex
itatory and inhibitory synapses.

The di�eren
e of 
urrents is 
arried out by outside 
ir
uits, su
h as CMOS 
ir
uits.

Considering that the MTJ used in ASL 
an only represent binary state, whi
h limits

the fun
tion of synapse, many e�orts are made to �nd a spintroni
 devi
e whi
h 
an have

analogue state that 
an also repla
e MTJs and Domain Wall Magnet(DWM) is found to be

suitable for analogue synapse fun
tion (Fig. 2.14) [55, 72, 75, 79℄. The synapti
 weight, i.e.

the spin polarization of the DWM, is proportional to the o�set of the DW lo
ation from the


enter. Supposing the left part of the DWM is up-spin and the right is down-spin, for the

extreme left lo
ation of DW, the 
urrent inje
ted into the 
hannel will be maximally up-spin

polarized and vi
e versa. The net polarization is redu
ed to zero for the 
entral lo
ation of

the DW, as the equal amount of up and down spin ele
trons are inje
ted into the 
hannel in

this 
ase.

The aforementioned ASL based neural stru
tures have some limitations. One limitation

is on the fan-in/out 
aused by the spin di�usion length of the 
hannel. The number of

input synapses is limited whereas a real neural network often needs thousands of synapses.

Moreover, limited spin di�usion length introdu
es the mismat
h between the strengths of
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Figure 2.14 � Neural network based on DomainWall Magnet (DWM) and MTJ. Spin 
urrents

through DWM synapses gathered underneath the MTJ neuron via the 
hannel.

di�erent DWM synapses, depending on their lo
ation with respe
t to the neuron magnet,

like the magnets S1 and S2 in Fig. 2.14. The mismat
h 
an be mitigated by adjusting the

value of 
urrent inje
ted into ea
h magnet. Considering these limitations, one solution is

�nding a new material with longer spin di�usion length or inserting the bu�ers to improve

the fan-in/out. Another solution is 
ombining ASL devi
e with the memristive synapses to

establish the neural network.

2.3 Summary

In this 
hapter, we reviewed the state-of-the-art of MTJs and All Spin Logi
 (ASL) devi
e.

For MTJs, we mainly investigated the fundamental of MTJ: TMR e�e
t, in whi
h part we

dedu
ed the 
ondu
tan
e equation of MTJ for 
urrent 
al
ulations; STT e�e
t, where the

LLG equation is the basis of delay 
al
ulation and MTJ s
aling. Its appli
ations as memory,


ir
uit, and neural synapse are also introdu
ed. For ASL devi
e, its working prin
iple and

fundamental are investigated for the performan
e analysis. The development of ASL, mainly

the inje
tion e�
ien
y enhan
ement is presented. We devoted a large number of pages for

ASL modeling and 
ir
uit design, elaborating the need for an improved modeling and design

method, whi
h are the fo
uses of our thesis.
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Prefa
e

As ASL te
hnology is gaining in maturity, 
ompa
t models are needed to �ll the gap between

appli
ation requirements at 
ir
uit/system level and devi
e fabri
ation at the devi
e level.

A

urate simulations of spin inje
tion/dete
tion e�e
ts are needed to evaluate the 
ir
uit

performan
e. Furthermore, the models should be generi
 to allow exploring the performan
e

tradeo�s and be s
alable to investigate the hierar
hi
al 
ir
uit design. However, to our knowl-

edge, there is no su
h model in the literature. Indeed, models have been implemented in Mat-

Lab to exe
ute transformed 
ondu
tan
e matrix [47, 57, 151, 241℄. These approa
hes are not

s
alable and 
annot be used for 
omplex 
ir
uits design. Verilog-A model in [152℄ implements

ASL devi
e as a single blo
k, whi
h avoids exploring the design spa
e for its optimization

and the hierar
hi
al design. A s
alable Verilog-A model is proposed in [153℄, yet does not

integrate important 
hara
teristi
s su
h as spin di�usion delay, 
hannel breakdown e�e
ts

and the STT e�e
t.

In this 
hapter, an ele
tri
al model of the ASL devi
e is developed with Verilog-A lan-

guage on platform Caden
e, based on the Maxwell's equations in spin domain. It integrates

i) e�e
ts with MTJ: the tunneling resistan
e, the stati
 and dynami
 property of STT e�e
t,

ii) spin inje
tion/dete
tion/a

umulation e�e
ts. The 
hannel breakdown 
urrent and the

s
aling e�e
ts are also investigated in this model. Divided into six independent blo
ks: In-

je
tor/Dete
tor, the 
hannel N, the ground G and two types of 
onta
ts C1/C2, this model
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allows the design of hierar
hi
al 
ir
uits. Validated by 
omparing with the experimental re-

sults, this model is used to implement and evaluate the ASL-based 
ir
uit. Moreover, spin

inje
tion/dete
tion expressions are derived from the fundamental Maxwell's equations in the

spin domain, enabling to dis
uss the phenomena of ASL experiments and provide a basis for


ir
uit optimization.

3.1 Physi
al Model of ASL Devi
e

In this se
tion, the physi
al models of an ASL devi
e, in
luding the MTJ model and spin in-

je
tion/dete
tion model, are presented. The MTJ model integrates the tunnel resistan
e, the

swit
hing threshold 
urrent, and the swit
hing time 
al
ulations. The spin inje
tion/dete
tion

model is developed based on the spin-
ir
uit 
on
ept, spe
ifying the 
urrent-voltage relation

of ea
h part of the ASL devi
e. The breakdown 
urrent of the 
hannel(metal or semi
ondu
-

tor) and the di�usion time in the 
hannel are also investigated. Considering the s
aling down

of the ASL devi
e for the performan
e improvement, we also analyzed the s
aling e�e
ts of

the ASL devi
e. Moreover, the equations of 
ertain performan
e 
riteria of the ASL devi
e:

the inje
tion/dete
tion e�
ien
y, dete
tion voltage and non-lo
al resistan
e, are dedu
ed,

whi
h enables the analysis of spin inje
tion/dete
tion experiments.
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Figure 3.1 � Asymmetri
 ASL devi
e with perpendi
ular MTJ and its 
ompa
t model. (a)

ASL devi
e with the asymmetri
 stru
ture: LN , W and LF as the 
hannel length, MTJ

width and MTJ length. Two MTJs are used as the memories and their free layers form the

inje
tor/dete
tor with the 
hannel; A tunnel barrier is only pla
ed between the inje
tion

free layer and the 
hannel, whi
h forms an asymmetri
 stru
ture; An insulator is pla
ed

underneath the MTJ, to prevent the 
urrent �owing into the another 
hannel; A ground lead

is pla
ed near the inje
tor, to guarantee the non-re
ipro
ity of the 
ir
uit. (b) MTJ swit
hing

with di�erent 
urrent polarities. (
) Spin-
ir
uit model of the basi
 ASL devi
e. Ea
h blo
k

is a π-network, and 
orresponds with the 
omponent in (a).

Fig. 3.1 (a) illustrates the ASL devi
e we 
onsider. It is mainly 
omposed of i) two per-

pendi
ular MTJs to inje
t/dete
t spin 
urrents and store spin information and ii) a 
hannel

for spin 
urrent transmission. The MTJ is 
omposed of one oxide barrier sandwi
hed between

two ferromagneti
 layers (FMs). Depending on the relative magnetization orientations of two

FM layers, the MTJ has two resistan
e levels (RP and RAP ) that are represented by states

�0� and �1�. The state of MTJs is written by applying a voltage/
urrent sour
e (Vwrite/Iwrite)

above a 
riti
al 
urrent Ic0. Then, a 
harge 
urrent Iinj is inje
ted through the MTJ free

layer and polarized into the 
hannel. With spin-�ipping and di�usion through the 
hannel,

the spin 
urrent arriving at the dete
tor will swit
h the MTJ state if it is larger than the


riti
al 
urrent Ic0. The resulting state Sout depends on the inje
ted 
urrent Iinj polarity and
the input MTJ state Sin. A negative (resp. positive) value for Iinj � inje
ted from MTJ free

layer to the 
hannel (
hannel to free layer), will lead to Sout = Sin (resp. Sout = not(Sin)).
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3.1.1 MTJ models

As illustrated in Fig. 2.8 of Chapter 2, ASL devi
e 
ontains two MTJs as the memories and

their free layers form the inje
tor/dete
tor with the 
hannel. The MTJ model integrates the

tunneling resistan
e model for the 
urrent 
al
ulation, and the STT model for 
riti
al 
urrent

and delay 
al
ulations. The temperature evolution is also analyzed in this model.

3.1.1.1 Tunneling resistan
e model

As explained in Chapter 2, an MTJ has two di�erent resistan
es/
ondu
tan
es, depending

on the relative magnetization orientations of its two magneti
 layers: low resistan
e for the

parallel magnetizations and high resistan
e for the anti-parallel magnetizations. Based on the

two di�erent resistan
es, an MTJ 
an represent the binary numbers: �0� for parallel and �1�

for anti-parallel. Its 
ondu
tan
e depends on the applied bias voltage and the temperature, as

shown in Eqs. 2.2, 2.4 and 2.5. In our model, the simpli�ed resistan
e model of a perpendi
ular

CoFeB/MgO MTJ in [247℄ is used, as shown in Eq. 3.1:

RP =
tox

F × ϕ̄1/2 ×Area
× exp(1.025× tox × ϕ̄1/2)

RAP = RP × (1 + TMR)
(3.1)

where RP (RAP ) is the resistan
e of the MTJ in the parallel(anti-parallel) state, TMR is

the tunnel magnetoresistan
e ratio, ϕ̄ = 0.4 is the potential barrier height of 
rystalline

MgO [31℄, tox is the thi
kness of the oxide barrier and Area is the MTJ area. F is a fa
tor


al
ulated from the resistan
e-area produ
t (RA) value of MTJ. In this model RA is de�ned

as 10, whi
h gives F = 332.2.

3.1.1.2 TMR ratio model

Like the 
ondu
tan
e, the TMR ratio depends not only on the bias voltage but also on the

temperature. It is given in [248℄:

TMR(V, T ) = TMR(T ) · (1 + V 2

V 2
h

)−1

TMR(T ) = (TMR0 + 1)/(1 + 2QβAP ln(
kBT

Ec

))− 1

(3.2)

where V is the applied bias voltage on MTJ, Vh is the bias voltage where TMRreal = 0.5×
TMR(0), TMR0 is the value at zero temperature, Ec is the magnon energy 
uto� energy, Q
des
ribes the probability of a magnon involved in the tunneling pro
ess, βAP = SkBT/Em, S
is the spin parameter, Em is related to the Curie temperature of the ferromagneti
 ele
trodes

and is given by Em = 3kBTC/S + 1.

3.1.1.3 Stati
 swit
hing model

In a STT swit
hing, only a 
urrent/voltage greater than the threshold 
urrent/voltage 
an

swit
h the state of MTJ. The threshold 
urrent is 
al
ulated as:

• In the high bias regime and for uniaxial anisotropy only, the threshold 
urrent Ic0 is

given as:

Ic0 = α
γe

µBg
(µ0MS)HKV = 2α

γe

µBg
E (3.3)

where E is the barrier energy, α is the magneti
 damping 
onstant, γ is the gyromag-

neti
 ratio, e is the elementary 
harge, µB is the Bohr magneton, V is the free layer
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volume, HK is the anisotropy �eld, µ0 is the permeability in free spa
e, MS is the

saturation magnetization and g is the spin polarization e�
ien
y fa
tor and give by:

g = gsv ± gtunnel

gsv = [−4 + (P−1/2 + P (1/2))3
3 + cosθ

4
]−1

gtunnel =
P

2(1 + P 2cosθ)

(3.4)

where gsv and gtunnel are the spin polarization e�
ien
y values in a spin valve and

tunnel jun
tion nanopillar, respe
tively; P is the spin polarization per
entage of the

tunnel 
urrent and θ is the angle between the magnetization of the free and referen
e

layers.

• In the low bias regime and non-uniaxial (triaxial and 
ubi
) anisotropy system, the

threshold 
urrent should be 
al
ulated with the LLG equation (Eq. 2.6 in Chapter

2.1.2.2).

3.1.1.4 Dynami
 swit
hing model

The swit
hing delays of the two di�erent regimes (Sun model (I > Ic0) and Néel-Brown

model (I < Ic0)) 
an be 
al
ulated as follows:

τ = τ0exp(
E

kBT
(1− I

Ic0
)) (I < Ic0)

1

〈τ〉 = [
2

C + ln(π
2∆
4
)
]

µBPref

em(1 + PrefPfree)
(I − Ic0) (I > Ic0)

(3.5)

where C ≈ 0.577 is the Euler's 
onstant, ∆ = E
kBT

is the thermal fa
tor, Pref and Pfree are

the tunneling spin polarizations of the referen
e(�xed) and free layers and m is the magneti


moment of the free layer.

The same with the threshold 
urrent, in a triaxial or 
ubi
 anisotropy system, this model

is not suitable and the swit
hing time should be 
al
ulated with the fundamental LLG

equation(Eq. 2.6 in Chapter 2.1.2.2).

3.1.1.5 Temperature evolution model

In a MTJ, a large 
urrent density is ne
essary for the magnetization swit
hing, whi
h will

heat up the MTJ due to the Joule heating. The temperature will in�uen
e the TMR, the


riti
al 
urrent Ic0 and the swit
hing delay τ of a MTJ. Hen
e, it is ne
essary to investigate

the temperature evolution in a MTJ. It is given as [26℄:

V × j

2λ/thickb
= (T − TR) + τth ×

dT

dt

τth =
Cv × thicks
2λ/thickb

(3.6)

where V is the voltage a
ross MTJ, λ is thermal 
ondu
tivity of the thermal barrier, Cv is

heat 
apa
ity per unit volume, j is 
urrent density, TR is room temperature, thickb is the
thi
kness of thermal barrier, thicks is the total thi
kness of MTJ and τth is the 
hara
teristi

heating/
ooling time.

Based on this temperature evolution model, one 
an get the value of the temperature

and thus the values of the temperature-dependent parameters.
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3.1.2 Spin inje
tion/dete
tion Model

We developed the spin inje
tion/dete
tion model based on the spin-
ir
uit 
on
ept and the

fundamental Maxwell's equations in the spin domain. The voltage-
urrent relation of ea
h

part in ASL devi
e: Ferromagnet FM1/FM2, Interfa
e C1/C2, Channel N and Ground lead

G, is investigated. The breakdown 
urrent model and the di�usion time model of the 
hannel

are also developed. Moreover, in this subse
tion, we also dedu
e the equations of performan
e


riteria for our spin inje
tion/dete
tion model, like the spin inje
tion/dete
tion e�
ien
y,

the dete
ted voltage and the non-lo
al resistan
e, from the Maxwell's equations in the spin

domain, whi
h 
an be used to analyze the phenomena and optimize the devi
e performan
e

in spin inje
tion/dete
tion experiments.

3.1.2.1 Spin 
ir
uit model

In an ASL devi
e, the non-re
ipro
ity required for logi
 implementation is enabled by putting

the ground lead 
loser to the input FM. Hen
e, the ground lead model is required to guarantee

the non-re
ipro
ity. Moreover, two interfa
e models are in
luded in this model to analyze the


ondu
tan
e mismat
h problem and the asymmetri
 stru
ture of the ASL devi
e: i) a simple

FM-N 
onta
t with no material between the ferromagnet and the 
hannel and ii) a more


omplex 
onta
t involving a tunnel barrier (TB) to improve the spin inje
tion e�
ien
y.

Therefore, our spin inje
tion/dete
tion model is divided into six 
ells: two ferromagneti


layers FM1/FM2, one 
hannel N, one ground G and two interfa
e C1/C2. Ea
h 
ell is repre-

sented by a π-network, 
ontaining a series 
ondu
tan
e matrix and two shunt 
ondu
tan
e

matri
es, as shown in Fig. 3.1 (
).

Modi�ed Maxwell's equations for ASL model Our ASL 
ompa
t model relies on


urrent-voltage equations dedu
ed from Maxwell's equations in the spin domain. The set of

equations de�ned in [148℄ 
orresponds to the generalized form of Kir
hho�'s Potential and

Flow laws (KPL and KFL). They are de�ned by:

j = σ∇µ+ σs∇µs (3.7)

js = σs∇µ+ σ∇µs (3.8)

where j (resp. js) is the 
harge (resp. spin) 
urrent density, σ (resp. σs) is the 
harge (resp.

spin) 
ondu
tivity and µ (resp. µs) is the 
harge (resp. spin) quasi-
hemi
al potential.

From these basi
 
urrent rules, we thus de�ne a set of 
harge and spin 
urrents devi
e-

spe
i�
 rules. In our model, ρ(ρs) is the 
harge(spin) resistivity, L is the length, λs is the

spin di�usion length and t is the thi
kness.
We assume 4 types of devi
es: inje
tor/dete
tor, 
onta
t, 
hannel and ground, and de�ne

their 
harge/spin 
urrents as follows:

• Inje
tor and dete
tor:

IF (0) =
πWLF i

4ρF itF i
∆µ+

πPF iWLF i

4ρF iλsF i
µsF i(0) (3.9)

IsF (0) =
πPF iWLF i

4ρF itF i
∆µ+

P 2
F iπWLF i

4ρF iλsF i
µsF i(0) (3.10)

where W is the MTJ width, PF i is the ferromagnet spin 
ondu
tivity polarization, tF
is the free layer thi
kness and LF i is the MTJ free layer length.

• Conta
ts:

ICi =
πWLF i

8RACi

∆µ + PCi
· πWLF i

8RACi

∆µs (3.11)

IsCi = PCi
· πWLF i

8RACi

∆µ+
πWLF i

8RACi

∆µs (3.12)
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where PCi is the spin resistan
e polarization of the 
onta
t and RACi is the resistan
e

area produ
t of the 
onta
t. We assume two types of 
onta
ts: i) a simple FM-N 
onta
t

with no material between the ferromagnet and the 
hannel and ii) a more 
omplex


onta
t involving a Tunnel Barrier (TB) to improve the spin inje
tion e�
ien
y.

• Channel:

IN =
WtN
ρNLN

∆µ (3.13)

IsN(0/LN) =
WtN
ρNλsN

[
µsN(LN)− µsN(0)

sinh(LN/λsN)

∓ (cosh(LN/λsN)− 1)µsN(LN)

sinh(LN/λsN)
]

(3.14)

where LN is the 
hannel length.

• Ground:

IG =
LF itG
2ρGLG

∆µ (3.15)

IsG =
LF itG
2ρGλsG

µsG(0) (3.16)

Channel di�usion delay and breakdown 
urrent

• Channel di�usion delay

The average transit time of 
arriers through the inter
onne
t proposed in [249℄ is

de�ned as:

tDIFF =
L2
N

2D
+

LN

vf
(3.17)

where L2
N/2D is the di�usive time 
onstant and LN/vf is the ballisti
 time 
onstant.

D is the ele
tron di�usion 
oe�
ient, and vf is the Fermi velo
ity of ele
trons.

• Channel breakdown 
urrent

A 
hannel is 
hara
terized by a breakdown 
urrent density JBR. It 
orresponds to

an upper limit a 
urrent density should not ex
eed to avoid 
hannel destru
tion or

malfun
tion. As detailed in [59, 250�253℄, the physi
al phenomenon indu
ed by the

breakdown 
urrent depends on the 
hannel material:

� For a metal material, a large 
urrent density leads to a high ele
tromigration,

whi
h results in the breakdown of the 
hannel. By 
onsidering the 
opper material,

the Ble
h model [252, 253℄ allows de�ning the maximum 
urrent density JBR,Cu

by:

JBR,Cu × LN =
Ω∆σ

Z∗eρCu
(3.18)

where Ω, ∆σ, Z∗
are the atomi
 volume, normal stress di�eren
e between stripe

ends and the e�e
tive valen
e of Cu, respe
tively; ρCu is the resistivity and e is

the ele
tron 
harge.

� For semi
ondu
tor materials, 
hannel breakdown o

urs when Joule heating e�e
t

leads to a temperature larger than the fusion point. For su
h a material, the
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maximum 
urrent density is de�ned by [250, 251℄:

JBR =[
g(TBD − T0)

ρN tNW

×
cosh( LN

2LH
) + gLHRT sinh(

LN

2LH
)

cosh( LN

2LH
) + gLHRT sinh(

LN

2LH
)− 1

]1/2

g−1 ={ πkox
ln[6(tsubox/W + 1)]

+
kox
tsubox

W}−1

+
RCox

W
+

1

2kSi
(

LN

W + 2tsubox
)1/2

RT ≈LHm/[kmtm(W + 2LHm)]

LHm =[km/(koxtmtsubox)]
1/2

(3.19)

Where TBD and T0 are the breakdown and room temperatures respe
tively; g is

the 
onta
t thermal resistan
e per length unit, LH =
√

kgWtN/g is the thermal

healing length, kg is the thermal 
ondu
tivity of 
hannel material, kox and tsubox
are the thermal 
ondu
tivity and thi
kness of the substrate, respe
tively; RCox is

the 
onta
t thermal resistan
e between 
hannel and substrate, KSi is the thermal


ondu
tivity of the highly doped Si substrate, RT is the 
onta
t thermal 
ondu
-

tan
e, LHm is the thermal healing length of heat spreading into the 
onta
t, km
and tm are the thermal 
ondu
tivity and thi
kness of the metal ele
trodes.

3.1.2.2 Performan
e equations

To analyze and to optimize the performan
e dependen
e of the parameters in an ASL devi
e,

we dedu
ed the equations of the performan
e 
riteria of an ASL devi
e based on the funda-

mental Maxwell's equations. The ASL used in this dedu
tion is shown in Fig. 3.1 (a), with

an insulator inserted underneath the MTJs, to prevent the 
urrent from �owing into another


hannel. These equations 
an be also used to 
al
ulate the parameters with the known per-

forman
e in su
h an ASL spin inje
tion/dete
tion experiment and dis
uss the experimental

phenomena.

Dete
ted voltage and non-lo
al resistan
e In an ASL devi
e, the voltage 
aused by

spin a

umulation and spin transport is measured. This is related to the amount of polarized

spins that has been transported to the dete
tor. It is de�ned as:

Vdet = µN(∞)− µF2(∞) (3.20)

By applying the 
urrent 
ontinuity 
onditions, Vdet is 
al
ulated as:

Vdet =− Idet(ℜc2 + ℜF2)− Idet
Rc2RF2

Rc2 +RF2

(PC2 − PF2)
2

− PC2Rc2 + PF2RF2

Rc2 +RF2

1µsN(LN )

ℜC2 =
RAC2

WLF

ℜF2 =ρF2
tFM

WLF2

(3.21)

where Iinj/Idet are the 
harge 
urrents in the inje
tor/dete
tor; ℜC2/F2 are the real resistan
es

of C2/ F2; RC2/F2 are the spin resistan
es of C2/F2; PΣ2 is the 
ondu
tan
e polarization

1

µsN (d) =
A

B

29



of C2 and PσF2 is the 
ondu
tivity polarization of F2; µSN(d) is the spin quasi
hemi
al

potential at the end of 
hannel.

The non-lo
al resistan
e RNL is:

RNL =
Vdet

Iinj
(3.22)

and the non-lo
al resistan
e di�eren
e ∆RNL is:

∆RNL =
VdetAP

− VdetP

Iinj
≈ 2RNL (3.23)

Inje
tion e�
ien
y The spin inje
tion e�
ien
y Pinj allows estimating the 
urrents in-

je
ted into the 
hannel. The spin 
urrent out of the inje
ted MTJ and the inje
tion e�
ien
y

are expressed as:

Isinj = Iinj
PC1Rc1 + PF1RF1 +

2µsN(0)/Iinj
Rc1 +RF1

(3.24)

Pinj =
Isinj
Iinj

(3.25)

where RC1/F1 are the spin resistan
es of C1/F1; PΣ1 is the 
ondu
tan
e polarization of C1;
PσF1 is the 
ondu
tivity polarization of F1 and µSN(0) is the spin quasi-
hemi
al potential

of the head of 
hannel.

Dete
tion e�
ien
y The ASL e�
ien
y Peff gives the spin 
urrent that is transported to

the dete
tor to swit
h the MTJ state. The spin 
urrent out of the 
hannel and the dete
tion

e�
ien
y are expressed as:

Isdet = Idet
Pc2Rc2 + PF2RF2

Rc2 +RF2
−

1µsN(LN)

Rc2 +RF2
(3.26)

Peff = Isdet/Iinj (3.27)

RCi =
RACi

(1− P 2
C)WLF i

RF i = ρF i
λsF i

(1− P 2
F )WLF i

(3.28)

The above equations vary depending on di�erent 
ases:

A =− IinjRN
PC1Rc1 + PF1RF1

Rc1 +RF1

+ IdetR
2

Nsinh(LN/λsN )
PC2Rc2 + PF2RF2

(Rc2 +RF2)(Rc1 +RF1)

+ IdetRNeLN/λsN
PC2Rc2 + PF2RF2

Rc2 +RF2

B =eLN/λsN coth(LN/λsN ) +
RNcosh(LN/λsN )

Rc1 +RF1

+
eLN/λsNRN

Rc2 +RF2

+
R2

Nsinh(LN/λsN )

(Rc1 +RF1)(Rc2 +RF2)
− 1

sinh(LN/λsN )

RN =ρN
λsN

WtN

2

µsN (0) =sinh(LN/λsN )(
RN

Rc2 +RF2

+ coth(LN/λsN ))µsN (LN )

− Idetsinh(LN/λsN )RN
PC2Rc2 + PF2RF2

RF2 +RC2
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• If there is 
harge 
urrent Idet in the 
hannel or not, namely Idet 6= 0 or Idet = 0

• The 
onta
t is transparent (Rci ≪ RN) or a tunnel barrier (Rci ≫ RF i).

• The 
onta
t is spin polarized (PCi 6= 0) or unpolarized (RC = ℜC).

The above equations allow estimating the ASL devi
e performan
es given material pa-

rameters and devi
e dimensions. This allows adapting the model to experimental results and,

through extrapolations, to predi
t ASL devi
e performan
es for more advan
ed te
hnologies.

For a 
ir
uit with multi-inputs/outputs, the 
losed expressions 
annot be used and we use

the 
ompa
t model to implement the 
ir
uit and simulate the performan
e.

3.1.3 S
aling e�e
ts

To improve the energy and the delay performan
e of the ASL devi
e, one way is s
aling

down the devi
e dimensions. However, when s
aled down, the results of the experiments of

the ASL devi
es with small dimensions 
annot be analyzed based on the existing models

presented in the previous subse
tion. Therefore, it is ne
essary to explore the phenomena


aused by the s
aling down and to modify the models.

3.1.3.1 Thermal stability

The thermal stability fa
tor ∆ =
µ0MsHKeff

V

2kBT
=

KeffV

kBT
determines the duration of non-

volatility of MTJ. In general, it has to stay above 69 to guarantee ten year's retention time.

From the equation, we 
an see that the MTJ dimension has an in�uen
e on the thermal

stability fa
tor. Hen
e, we have to study the relation between the MTJ dimension and

the thermal stability fa
tor in the pro
ess of s
aling down, to guarantee the non-volatility

property of an MTJ.

As observed in several experiments [254, 255℄, the thermal stability fa
tor ∆ remains


onstant down to MTJ diameter W of 30 nm, and starts to de
rease when W be
omes

smaller. The reasons behind this phenomenon are the size dependen
e of e�e
tive magneti


�elds and the di�erent reversal regimes. By using a 
ir
ular MTJ, we analyzed the thermal

stability fa
tor ∆ dependen
e of MTJ diameter W .

First, we analyze the size dependen
e of e�e
tive magneti
 �elds. The e�e
tive perpen-

di
ular magneti
 anisotropy energy density Keff is 
al
ulated as follows:

Keff =
Ki

tF
− µ0Ms2

2
(NZ −NX) (3.29)

where Ki is the interfa
ial anisotropy; tF is the thi
kness of the free layer; NZ and NX are

demagnetization fa
tors along out-of-plan and in-plan dire
tions, respe
tively. In the 
ase

where the shape of P-MTJ is 
ir
ular, NX is expressed as NX = (1−NZ)/2 and NZ is given

as:

NZ =
1

tF
(tF +

W

2
−

√

t2F +
W 2

4
) (3.30)

We 
an dedu
e from this equation that, as the diameter W shrinks, NZ (NX) de
reases

(in
reases) [256℄ and Keff in
reases with de
reasing W owing to the de
rease (in
rease) of

NZ (NX).

The phenomena of remaining 
onstant above 30 nm and de
reasing when W be
omes

smaller for ∆, are observed in in [255℄, suggesting that two di�erent regimes are applied

in these two domains [254℄, whi
h is divided by the nu
leation size Wn [254℄. Wn is of the

order of the domain wall width δW = π(AS/Keff)
1/2

[190℄ and AS is the ex
hange sti�ness


onstant.
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• When W > Wn, the nu
leation type magnetization reversal takes pla
e, in whi
h 
ase

∆ is determined by the nu
leation size instead of the jun
tion diameter and is expressed

by ∆ ≈ π3AstF/4kBT .

• WhenW < Wn, the single-domain magnetization reversal takes pla
e and ∆ is given by

the e�e
tive anisotropy times the volume of the re
ording layer∆ = Keffπ(W/2)2tF/kBT .

3.1.3.2 Criti
al 
urrent/damping fa
tor

Speaking of the 
riti
al 
urrent Ic0, it shows a monotoni
 de
rease with the de
rease of W .

To further explore how Ic0 varies with W , we investigate the Ic0 models in the two regimes.

• Previous study shows that Ic0 in the nu
leation reversal regime, i.e. W > Wn, is

proportional to the area of the devi
e, whi
h 
orresponds to Eq. 3.3.

• For the devi
e with W < Wn, Ic0 
an be expressed as Ic0 = 4α e
~P

KeffV , where α is

the magneti
 damping 
onstant, e is the elementary 
harge, ~ is the Dira
 
onstant, P
is the spin polarization, and V is the re
ording layer volume (= π(W/2)2tF ).

Based on the models of ∆ and Ico in single-domain magnetization reversal regime, i.e.

(W < Wn), the ratio of these two parameters

∆
Ic0

= ~P
4kBTαe

should be 
onstant. However,

experimental results show that it 
ontinues to in
rease with the de
reasing of W . Therefore,

it is suggested that the e�e
tive damping 
onstant α de
reases as W de
reases below Wn.

3.1.3.3 Inter
onne
tion

In an ASL devi
e, the spin di�usion delay in the 
hannel and the spin dete
tion e�
ien
y

are determined by the 
hannel spin di�usion length λsN and the 
hannel length LN . When

the ASL devi
e is s
aled down, the size e�e
t, i.e. surfa
e and grain boundary s
attering, will

a�e
t several important parameters of ASL inter
onne
t in
luding the resistivity, di�usion


oe�
ient and spin di�usion length.

In most 
entrosymmetri
 materials (metals and Group IV semi
ondu
tors), the domi-

nant spin relaxation me
hanism is the Elliott-Yafet (EY) me
hanism. As the inter
onne
tion

dimensions s
ale down, the surfa
e to volume ratio of the wire will in
rease. The ele
trons

intera
t more often with wire surfa
es and get ba
ks
attered more frequently. In addition,

be
ause the average grain size in wires is equal to either the wire width or the wire thi
k-

ness, whi
hever is smaller. As 
ross-se
tional dimensions are s
aled down, the grains be
ome

smaller and ele
trons will pass through a larger number of grains, whi
h again in
reases the

s
attering rate. The in
rease in s
attering rate lowers the spin relaxation time and di�usion


oe�
ient [50℄. The models for spin relaxation time τs and spin di�usion length λsN are

presented as [257℄:

τnets =
τdp τ

ph
p

τdp a
ph + τ php ad

λnet
sN =

√

Dnetτnets

Dnet = (
2EFermi

3m∗v2f
)λnet

m vf

(3.31)

where ad and aph are spin-�ipping probabilities 
orresponding to defe
ts and phonons, respe
-
tively; τp is the momentum-relaxation time; Dnet

is the net di�usion 
oe�
ient of ele
trons,

m∗
is their e�e
tive mass, EFermi is the metal Fermi level, vf is the Fermi velo
ity of ele
trons,

λnet
m is the net ele
tron Mean Free Path (MFP) in the material.
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3.1.3.4 Dipolar intera
tion

As a smaller inter
onne
tion length will lead to a smaller spin transport delay and a larger

spin dete
tion 
urrent, s
aling down the inter
onne
tion length will enhan
e the performan
e

of the ASL devi
e. However, when the inter
onne
tion length is s
aled down to a 
ertain value,

the dipolar 
oupling between magnets will a�e
t the performan
e of the 
ir
uits. As presented

in [240℄, when dipolar 
oupling between magnets is in
luded, the swit
hing delay be
omes

bigger and the input magnetization dynami
s is also modi�ed. This is be
ause the presen
e

of dipolar �elds a
ts like an additional anisotropy to the magnet, making STT to be
ome

relatively weaker. To mitigate the dipolar e�e
t, one way is adding material anisotropy to

the magnets. Another way is in
reasing the 
urrent to make the output mainly dominated

by STT. However, this will in
rease the energy 
onsumption. Rather than inje
ting larger


urrents, using a magnet with a smaller saturation magnetization (Ms), or making the magnet

size smaller, is usually employed to enhan
e the STT without 
onsuming additional energy.

In a 
ir
uit design, sin
e it is di�
ult to get the exa
t value of the inje
tion 
urrent

or applied anisotropy �eld, or the saturation magnetization, we 
an think of this problem

of dipolar intera
tion from another way: whi
h is to guarantee enough spa
e between ea
h

magnet to eliminate the dipolar 
oupling. The mi
ro-magneti
 simulation software, OOMMF

[51,258℄, whi
h takes the magneti
 material parameters and 
on�gurations as an input, 
an

numeri
ally 
ompute the resultant magnetization dynami
s by solving the LLG equations.

By observing the magnetization dynami
s, we 
an determine the distan
e where there is no

dipolar intera
tion.

3.2 Ele
tri
al Model of ASL Devi
e

This se
tion fo
uses on the ASL modeling by using the Verilog-A language in Caden
e, based

on the developed physi
al model in the previous se
tion. By using the Inverter/Bu�er 
ir
uit

as an example, we presented how to implement 
ir
uits with the developed model.

3.2.1 Model language

We use Verilog-A HDL language to program our ele
tri
al model of ASL devi
e. The behavior

of ea
h model 
an be des
ribed mathemati
ally in terms of the 
urrent/voltage and external

parameters applied to the model. The inter
onne
tions between di�erent modules are de�ned

based on the Kir
hho�'s laws, whi
h meets the aforementioned spin-
ir
uit 
on
ept. Hen
e

it provides a good programming �exibility, whi
h makes it easy to implement the ASL-based


ir
uits. Moreover, the user-friendly interfa
e makes it easy to modify the parameters and

to update the model.

3.2.2 Model parameters

The model parameters and variables are presented in the following Table. 3.1, with the


hannel material of graphene.

3.2.3 Model hierar
hy

The hierar
hy of the developed ele
tri
al model is illustrated by Fig. 3.2. The main physi
al

equations are mathemati
ally des
ribed with Verilog-A language. Parameters and 
onstants

are feed into this model. An MTJ state writing voltage and an inje
tion 
urrent are feed

into the MTJ model and the inje
tor model, respe
tively. With the writing voltage, the MTJ

state 
an be determined, then the state information is transported to the dete
tor with the

spin 
urrent polarized by the inje
tion 
urrent. The output state of MTJ is then swit
hed

if the spin dete
tion 
urrent is above the threshold 
urrent, with the delay. The inje
ted
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Table 3.1 � ASL devi
e parameters.

Symbol Parameter (unit) Des
ription Default value Range

Global

W (nm) Devi
e width 40 [25,50℄

T0 (K) Temperature 300 �

4

Inje
tor

Injector
IinjSin

T2 outc outs

T1 TMR(0)

3

TMR ratio with 0 Vbias 120% [60,600℄%

α3 Ferromagneti
 damping fa
tor 0.027 [0.007,0.027℄

Hk
3

(A/m) Ferromagneti
 anisotropy �eld 270 × 103 [22℄ X

5

Ms
3

(A/m) Ferromagneti
 saturation magnetization 1.1 × 106 [22℄ X

ρF (Ω · m) Ferromagneti
 resistivity 2.6 × 10−6
�

λsF (nm) Ferromagneti
 spin di�usion length 0.2 �

Dete
tor

Detector

inc ins

T1

SoutState

T2

PF Ferromagneti
 spin polarization 0.5 [0,0.99℄

State MTJ state representation �0� (P) �1� (AP) �

LF (nm) MTJ length 40 [25,50℄

tox
3

(nm) MTJ Oxide barrier height 0.85 [0.8,1.5℄

tF (nm) MTJ free layer height 1.3 �

RAF
3

(Ωµm2
) MTJ resistan
e area produ
t 5 [5,15℄

Conta
t C

inc

ins outs

outc
TypeC Conta
t type sele
tion

1 (with TB)

1, 0

0 (without TB)

PC Conta
t spin resistan
e polarization 0.5 [0,0.99℄

RAC (Ωµm2
)

Conta
t resistan
e area produ
t

100 (with TB)

X

8.79×10−4
(without TB)

Ground

G

inc ins

LG (µm) Ground length 1 >= λsN

tm
1

(nm) Metal ele
trode thi
kness 5 [250℄ X

km
1(Wm−1K−1) Metal ele
trode thermal 
ondu
tivity 22 [250℄ X

kSi
1(Wm−1K−1) Thermal 
ondu
tivity of the highly doped Si substrate 100 [250℄ �

tsubox
1

(nm) Substrate thi
kness 90 (SiO2) [250℄ X

kox
1(Wm−1K−1) Substrate thermal 
ondu
tivity 1.4 (SiO2) [250℄ �

RCox
1(m2KW−1) G/N-substrate interfa
e thermal 
onta
t resistan
e 1 × 10−8

[250℄ X

TBD
1

(K) G/N material breakdown temperature 875 [250℄ X

kg
1(Wm−1K−1) G/N material thermal 
ondu
tivity 100 (graphene) [250℄ X

Channel N

inc

ins outs

outc

vf
2

(m/s) G/N material fermi velo
ity of ele
trons 0.8M (graphene) X

D

2

(m2/s) G/N material ele
tron di�usion 
oe�
ient 0.02 (graphene) X

tG/N
6

(nm) G/N material thi
kness �1� (graphene)

6

X

ρG/N (Ω6

) G/N material resistivity 2.86 × 103 (graphene)

6

X

λG/N (µm) G/N material spin di�usion length 1 X

TypeG/N G/N material sele
tion 1 (semi), 0 (metal) 1, 0

Ω∆σ
Z⋆e

(ΩA) Metal G/N breakdown 
urrent density 
al
ulation fa
tor 5.1 × 10−4
(
opper) [59℄ X

LN (nm) Channel length 90 < 0.8λsN
1

Parameters used to 
al
ulate the breakdown 
urrent density for semi
ondu
tor material.

2

Parameters used to 
al
ulate the spin di�usion time.

3

Parameters used to 
al
ulate MTJ spin transfer torque and TMR e�e
ts.

4

Parameters are �xed in this model.

5

Parameters depend on the material.

6

The unit of the graphene resistivity is [Ω] and the graphene resistan
e is 
al
ulated as R = ρN ×
LN
W

instead of R = ρN ×
LN

W×tN
. We thus arbitrary set

the graphene thi
kness to �1�. The resistivity unit of other materials is [Ωm]; the material thi
kness is thus set to the a
tual one.

spin 
urrent and the dete
ted 
urrent 
an be also output from this model, to 
al
ulate the

spin inje
tion/dete
tion e�
ien
y. Moreover, the dete
ted voltage 
an be 
al
ulated by the

di�eren
e of the voltages at the end of the ferromagnet FM2 and at the end of the 
hannel

(Eq. 3.20), whi
h is used to dedu
e the non-lo
al resistan
e RNL of the devi
e.

3.2.4 Model implementation

The 
ompa
t model has been implemented in Caden
e using Verilog-A. Table 3.1 represents

the 5 symbols 
orresponding to the following ASL devi
es and their parameters: Injector
and Detector, 
onta
ts CTB and CFM−N (Tunnel barrier and FM-N interfa
e), ground lead

G and 
hannel N . Ea
h blo
k des
ribes the 
urrent-voltage relations of the devi
e, based on

the equations previously des
ribed. Injector and Detector also take into a

ount the spin

torque swit
hing e�e
t and N integrates the spin di�usion and 
hannel breakdown e�e
ts.

The following details the 5 blo
ks:

• �Injector� integrates a resistan
e tunneling model, an STT model, and a spin inje
tion

model. The state of an MTJ depends on the voltage sour
e Vwrite 
onne
ted to terminals

�T1� and �T2�. The MTJ state is output on terminal Sin, taking into a

ount the

swit
hing delay. The output is represented as a voltage signal: �V=0V� and �V=1V�


orrespond to parallel and anti-parallel state respe
tively. On
e the MTJ state has been


on�gured, an inje
tion 
urrent Iinj is inje
ted into the 
hannel from the MTJ free layer

through the terminal �Iinj�. Based on the integrated spin inje
tion e�e
t (Eqs. 3.9 and

3.10.), a 
harge 
urrent and a spin 
urrent will be output through terminals �outc� and
�outs�.

• �C� 
orresponds to the 
onta
t model, whi
h 
an be implemented with or without
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Eq. 3.1

Eq. 3.2

q. 3.

Vwrite

Iwrite

Eq. 3.5

Delay

& Sin

Eqs. 3.9 & 3.10&

Eqs. 3.11 & 

3.12

Eqs. 3.13 & 

3.14

. 3.1

Eqs. 3.15 & 

3.16

. 3.1

Eqs. 3.11 & 

3.12

Eqs. 3.9 & 3.10

3 1

Isdet

Eqs. 3.5q

Yes

Delay

& Sout

q

I

Eqs. 3.3 &3.4

Yes

ite

e

10

444

s

Iinj

RP/RAP

Is/Ic

Is/Ic

Is/Ic Is/Ic

Is/Ic

Iwrite > Ic0

Eqs. 3.3 &3.4
Isdet > Ic0

Constant: e, µB, kB, ħ, µ0  Input signal: Vwrite, Iinj

Parameters: α, Hk, Ms, TMR, JBR, RA, λsF,

shape, W, tF, tox, PF, PC, LN, λsN  

FM

C1 C2

Channel

Ground

Output: Sin, Sout

               Isinj, Isdet

               Vdet, RNL 

Figure 3.2 � Hierar
hy of the developed ASL devi
e model.

tunnel barrier TB (CTB/CFM−N). The two input terminals �inc� and �ins� represent
the input 
harge and spin 
urrents. Terminals �outc� and �outs� represent the output

harge and spin 
urrents.

• �G� and �N� 
orrespond to the ground and 
hannel model respe
tively. Part of the


harge and spin 
urrents outputted by the 
onta
t �ows into the ground while the

remaining part �ows into the 
hannel, where it will propagate until rea
hing a dete
tor.

The breakdown 
urrent model and the spin di�usion delay model are integrated into

these models.

• �Detector� 
orresponds to blo
k able to swit
h an MTJ state a

ording to the 
urrent

�owing through a 
onta
t, whi
h integrates the spin 
ir
uit model and the STT model.

With the spin 
urrent through the terminal ins above the threshold 
urrent Ic0, the
�State� terminal is swit
hed to 0V (parallel) or 1V (anti-parallel) depending on the

inje
tion 
urrent polarity and the input MTJ state. The state 
an be read by applying

a voltage sour
e �Vread� to terminals �T1� and �T2� and is output to �Sout� terminal

in the form of the voltage signal, depending on the MTJ resistan
e.

Fig. 3.3 shows the symbols of the developed ASL model in Caden
e platform.

3.3 Results

In this se
tion, we validate the integrated spin inje
tion/dete
tion e�e
ts by 
omparing with

three experimental results of di�erent 
hannel materials. Performan
e analysis with di�erent

parameters and the s
aling e�e
ts are exploited, giving a basis for performan
e improvement.
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Sout
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Figure 3.3 � Di�erent model blo
ks of an inverter/bu�er based on ASL devi
e.

The simple ASL devi
e in Fig. 3.3 is implemented and simulated based on the developed

model and results veri�es its fun
tional behaviour as inverter/bu�er.

3.3.1 Model validation

In order to evaluate the a

ura
y of the 
ompa
t model, we 
ompare the simulation re-

sults with the experimental results of di�erent 
hannel materials: metal (Mg and Cu) and

graphene.
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Figure 3.4 � (a) Simulation and 
hara
terization results ∆RNL 
omparison for 
hannels

implemented with Mg [115℄ and Cu materials [105℄. (b) Spin resistan
e di�eren
e ∆RNL


omparison of the trilayer-graphene/MgO/Py jun
tion between 
ompa
t model and experi-

mental result.

In order to setup the simulation environment, we �rst tune the 
ompa
t model in order

to mat
h with 
hara
terization results. For this purpose, we simulate the spin resistan
e

∆RNL between the parallel and anti-parallel 
on�gurations at room temperature, whi
h is

approximately twi
e the spin resistan
e RNL(Eqs. 3.22 and 3.23).

• Metal

The experimental data have been reported in the literature for Py/Mg (ferromag-

net/
hannel) [115℄ and Py/Cu [105℄ materials. By adjusting the spin polarization to

0.58 (resp. 0.37) and the 
hannel spin di�usion length to 205 nm (resp. 320 nm) for

Py/Mg (Cu) material, the simulation results are well aligned with 
hara
terization

results, as illustrated in Fig. 3.4 (a).

• Graphene
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In the 
ase of a graphene 
hannel [124℄, the spin polarization PC here is 0.038 and the

spin di�usion length λsN of the graphene 
hannel is 1.5 µm. Fig. 3.4(b) shows that our

model is well �tted with the experimental data extra
ted from [124℄.

In 
on
lusion, by 
omparing with di�erent experiments of di�erent 
hannels, our 
ompa
t

model is validated and 
an be used in a general 
ase with adjustable parameters. This would

provide a preliminary estimation of the performan
e of the logi
 
ir
uits.

3.3.2 ASL devi
e performan
e analysis

ASL is used to implement logi
 
ir
uits. The performan
e dependen
e of di�erent parameters

needs to be evaluated to optimize the 
ir
uit design. In this subse
tion, we determine 
ertain

performan
e 
riteria and analyze their dependen
e on di�erent parameters in a 
ir
uit design.

performan
e-parameter dependen
e analysis

An ASL devi
e integrates the STT, TMR e�e
ts of MTJ model whi
h are related to the

swit
hing and the spin inje
tion/dete
tion e�e
ts related to the spin 
urrent dete
tion. Hen
e,

for an ASL-based 
ir
uit, the speed and energy 
onsumption are two important performan
e


riteria, whi
h we will evaluate and analyze in this subse
tion.

 

RAC WPinj/eff

Energy t

Ic0Iinj Isdet α

Δ

LN, PC, λSN JBR

Figure 3.5 � Performan
e dependen
e of the parameters of ASL devi
e.

Depending on the physi
al equations in se
tion 3.1, we determine several devi
e parame-

ters and intermediate parameters whi
h in�uen
e the devi
e speed and energy 
onsumption:

• The global devi
e width W, related to the s
aling e�e
t and is the most important

parameter in an ASL devi
e.

• STT model parameters: damping fa
tor α and the thermal fa
tor ∆, whi
h are related

to the swit
hing 
riti
al 
urrent Ic0, hen
e the swit
hing delay t.

• Spin inje
tion/dete
tion model parameters: the 
hannel length LN , 
hannel di�usion

length λsN , 
onta
t polarization PC and 
onta
t resistan
e area produ
t RAC . Inte-

grated into the spin inje
tion/dete
tion model, these parameters in�uen
e the spin

inje
tion/dete
tion e�
ien
y Pinj/eff . With a given inje
tion 
urrent Iinj, the dete
-

tion 
urrent devoted to spin transfer torque e�e
t Isdet depends on the Pinj/eff and

determines the swit
hing delay t with the 
riti
al 
urrent Ic0. Moreover, based on the

energy equation E = I2injRt, the produ
t of Iinj, the devi
e resistan
e R and the 
urrent

pulse gives the values of energy 
onsumption.
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Fig. 3.5 illustrates the interrelations between the performan
e and intermediate 
riteria

(Pinj/eff , Isdet, Ic0, Delay t and Energy) and ASL parameters (W , α, ∆, RAC ,PC , LN ,

λsN and Iinj). Besides these performan
e 
riteria, our model also integrated the 
hannel

breakdown 
urrent density JBR, related to the 
hannel width W and 
hannel length LN .

With an determined JBR and given devi
e parameters, a maximum inje
tion 
urrent Iinj
exists to prevent the 
hannel damage. In the following, we will analyze the performan
e

dependen
e on di�erent groups of parameters and the 
hannel breakdown 
urrent density

JBR based on this s
hema.

3.3.2.1 Channel breakdown 
urrent density JBR

Fig. 3.6 reports the estimated breakdown 
urrent a

ording to the length and the width of

the 
hannel. Here we use the graphene as an example and 
al
ulate the break down 
urrent

density based on Eq. 3.19. The parameters for the 
al
ulation are shown in Table. 3.1. It

is worth mentioning that the parameters k and Rcox 
hange with the devi
e width. In the


al
ulation, we use the experimental values from [250℄.

The area lo
ated under a line 
orresponds to 
urrent density values leading to a 
hannel

working properly. The area lo
ated above a line 
orresponds to 
urrent density values ex
eed-

ing the breakdown 
urrent, whi
h is likely to damage the 
hannel due to Joule self-heating or

ele
tromigration damages e�e
ts (for semi-
ondu
tor and metal materials respe
tively). The

larger the 
hannel area, the smaller JBR. This is due to the lateral 3D heat spreading into the

substrate, the 
onta
ts and along the graphene 
hannel. The heat transfer depends on the

thermal 
ondu
tan
e and hen
e on its length and width: a small 
hannel length/width leads

to high thermal 
ondu
tan
e, whi
h 
ontributes to maintaining the heat spreading along the

graphene and into the 
onta
ts [251℄.
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Figure 3.6 � Channel breakdown 
urrent density JBR a

ording to 
hannel length LN and


hannel width W .

3.3.2.2 S
aling e�e
t and STT e�e
t of MTJ model

As presented in the previous se
tions, the devi
e width is an important parameter in�uen
ing

not only the STT e�e
t but also the spin inje
tion/dete
tion e�e
t. In the following, we

analyse its in�uen
es on the performan
e t and Energy and the inter-parameters α, Ic0, ∆
and the Keff .

Fig. 3.7 (a) shows the delay dependen
e of the devi
e width W . In this simulation, only

the value of devi
e width W 
hanges, and we suppose the other parameters whi
h vary with

W , like α, do not 
hange, the same as shown in Table. 3.1. The delay and 
riti
al 
urrent

Ic0 are 
al
ulated by using the LLG equation, 
onsidering the demagnetization e�e
t. The


hannel length is set to 190 nm, 
onsidering that the maximum value of W in our simulation

is 50 nm and the minimum distan
e of the two MTJs to avoid the dipolar intera
tion is 10
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Figure 3.7 � Performan
e dependen
e of 
hannel width W and inter-dependen
e of STT

parameters. (a) Delay dependen
e of the width, with the other parameters 
onstant; Inset

shows the thermal fa
tor ∆ and the 
riti
al 
urrent Ic0 dependen
e of the devi
e width; (b)
Criti
al 
urrent and delay dependen
e of the devi
e width, with the thermal fa
tor ∆ �xed at

80, by 
hanging the thi
kness of the free layer tF ; Inset shows the 
orresponding thi
kness of
the free layer and the Keff with di�erent widths; (
) Criti
al 
urrent and delay dependen
e

of the devi
e width, with the thermal fa
tor ∆ �xed at 40, by 
hanging the thi
kness of the

free layer tF ; Inset shows the 
orresponding thi
kness of the free layer and the Keff with

di�erent widths; (d) Delay dependen
e of the damping fa
tor α.

nm. The inje
tion 
urrent is set to 0.5 mA, based on the breakdown 
urrent 
al
ulation, to

avoid the 
hannel breakdown. From the �gure, we 
an see that the delay in
reases with W ,

sin
e the two most important fa
tors in delay 
al
ulation (Eq. 3.5): the 
riti
al 
urrent Ic0
and the thermal fa
tor ∆ in
reases with W , as shown in the inset.

In fa
t, the thermal fa
tor determines the lifetime of the data stored in MTJ and in�uen
e

the 
riti
al 
urrent Ic0 and the swit
hing time t. In a 
ir
uit design, ∆ is generally �xed to

guarantee the retention time. Fig. 3.7(b) and (
) shows the delay and 
riti
al 
urrent Ic0
dependen
e of the devi
e width in two 
ases: ∆ = 80 and ∆ = 40. In these two 
ases, we

�x the value of thermal fa
tor ∆ by 
hanging the thi
kness of the free layer of MTJ tF . The
Keff and tF variations with the width W in two 
ases are shown in the insets, respe
tively.

By 
omparing these two �gures, we 
an 
on
lude that with a smaller ∆, the MTJ is easy to

be swit
hed with a smaller 
riti
al 
urrent Ic0, whi
h leads to a smaller delay t.

Fig. 3.7 (d) shows the delay dependen
e of the damping fa
tor α. In this simulation, we

suppose the devi
e width W and the inje
tion 
urrent Iinj are �xed. A

ording to Eq. 3.3,

the 
riti
al 
urrent Ic0 in
reases with α, whi
h will lead to the in
rease of swit
hing time, as

illustrated in the �gure.

In 
on
lusion, to improve the ASL devi
e performan
e, a smaller devi
e width W with a

smaller thermal fa
tor ∆ and a smaller damping fa
tor α, whi
h are related to the 
riti
al
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urrent Ic0 and the STT e�e
t, are needed in the 
ir
uit design.

3.3.2.3 Spin inje
tion/dete
tion e�e
t

In a spin inje
tion/dete
tion model, with an inje
tion 
urrent Iinj, a spin 
urrent with the

MTJ magnetization orientation information is generated and transported into the dete
tor

to swit
h the output MTJ state. The value of the dete
tion 
urrent Isdet is related to the spin

inje
tion/dete
tion e�
ien
y Pinj/eff , and will in�uen
e the swit
hing time t a

ording to Eq.
3.5. In this subse
tion, we will analyze the performan
e dependen
e on several parameters

integrated into the spin inje
tion/dete
tion model: the tunnel barrier parameters (RAC and

PC), the ground parameters (RG) and the 
hannel parameters (LN and λsN). Moreover, sin
e

our 
ompa
t model also integrates the 
hannel breakdown 
urrent JBR, in this subse
tion,

we will present how the JBR is used in our model to prevent the 
hannel damage.

Tunnel barrier In an ASL devi
e, the resistan
e mismat
h between the ferromagnet and

the 
hannel will impede the spin 
urrent inje
ted into the 
hannel, whi
h will de
rease the

spin inje
tion e�
ien
y. To mitigate this problem, a tunnel barrier is added between the

ferromagnet and the 
hannel. However, a tunnel barrier added in the dete
tor will impede

the spin 
urrents to �ow into the ferromagneti
 dete
tor. Fig. 3.8 (a) shows the dependen
e

of the spin inje
tion e�
ien
y on the tunnel resistan
e area produ
t in a symmetri
 stru
ture.

At �rst, Peff in
reases with the RAC , be
ause the mismat
h problem is restrained. On
e

the RAC passes a 
ertain value, the inhibiting e�e
t in the dete
tor is advantageous and

Peff de
reases with RAC . In our devi
e, the value of the optimized RA, based on the spin

inje
tion e�
ien
y Peff optimization, is about 10 Ωµm2
, with the default values of the devi
e

parameter shown in Table. 3.1.
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Figure 3.8 � (a) Spin inje
tion e�
ien
y Peff VS. Resistan
e area produ
t of the tunnel

barrier RAC in a symmetri
 stru
ture, with tunnel barriers added in both of the inje
tor

and dete
tor. (b) Spin inje
tion e�
ien
y Peff versus resistan
e area produ
t of the tunnel

barrier RAC of the inje
tor in an asymmetri
 stru
ture, with the tunnel barrier added only

in the inje
tor. (
) Delay and energy dependen
e of the tunnel resistan
e area produ
t RAC ;

a RAC exists for the minimum energy, in this 
ase, RAC equals to 4e−11 Ωm2
. (d)Spin

inje
tion e�
ien
y in
reases with the ground resistan
e while resistan
es of the other parts

are 
onstant.

However, a
tually, it 
ould be di�
ult to fabri
ate the proper tunnel barrier with the

optimized value. A

ording to the di�erent e�e
ts of the tunnel barrier in the inje
tor and
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dete
tor, an asymmetri
 stru
ture 
an be designed, where the tunnel barrier is added only

in the inje
tor. Fig. 3.8 (b) shows the dependen
e of Peff on the RAC of the inje
tor in an

asymmetri
 stru
ture. It is shown that the Peff in
reases with the RAC until it rea
hes its

maximum value.

From these two simulations, we 
an 
on
lude an asymmetri
 stru
ture with a tunnel

barrier inserted in the inje
tor leads to a large spin dete
tion e�
ien
y. However, a large

tunnel barrier will in
rease the energy 
onsumption. Hen
e, in a 
ir
uit, a tradeo� between

spin dete
tion e�
ien
y and energy 
onsumption should be simulated for the performan
e

optimization.

Fig. 3.8 (
) shows the delay and energy dependen
e of the resistan
e area produ
t of the

tunnel barrier RAC . In this �gure, with the values of the parameters shown in Table. 3.1,

the delay de
reases with the RAC , be
ause of the enhan
ement of spin inje
tion e�
ien
y

and thus the spin dete
tion 
urrent. The energy 
onsumption �rst de
reases with RAC and

then in
reases with RAC . Be
ause �rst, the inje
tion e�
ien
y enhan
ement is dominant


ompared with the in
rease of resistan
e. When RAC ex
eeds 4e−12
in this 
ase, the in
rease

of resistan
e predominates in energy 
onsumption 
ompared with the in
rease of the inje
tion

e�
ien
y, whi
h leads to the in
rease of the energy 
onsumption.

The tunnel barrier 
ondu
tan
e polarization PC determines how many 
harge 
urrents

will be polarized into spin 
urrents. It is obvious that the bigger PC is, the more spin will be

polarized into, thus a better spin inje
tion/dete
tion e�
ien
y Pinj/eff and a better perfor-

man
e. Fig. 3.10 in the following illustrates this tenden
y.

Ground In our ASL devi
e, a ground lead is pla
ed near to the inje
tor to enhan
e the

non-re
ipro
ity of the ASL devi
e. Sin
e the 
ompa
t model developed is based on the spin


ir
uit 
on
ept, the value of the ground resistan
e will in�uen
e the ba
k�ow spin 
urrent

and the spin 
urrent in the 
hannel. Fig. 3.8 (d) shows the dependen
e of the spin dete
tion

e�
ien
y Peff on the value of the ground resistan
e in a single ASL devi
e. As we 
an derive

from the spin 
ir
uit model, with a larger ground resistan
e, the spin dete
tion e�
ien
y will

in
rease and the ba
k�ow amount will re
ede.

1

2

3

4

5

6

7

8

9

10
x 10

−4

D
el

ay
(n

s)

Is
in

j(
A

)LN(μm)

td
if

f 
(p

s)

W=40 nm
0

0.2
0.4
0.6
0.8
1
1.2
1.4

0.2 0.4 0.6 0.8 1

Iinj (mA)

0.1

1

10

0.5 1 1.5 2

LN=100 nm

LN=200 nm

LN=300 nm

LN=400 nm

LN=500 nm

LN=100 nm

LN=200 nm

LN=300 nm

L
N=400 nm

L
N=500 nm

Breakdown
Current

Figure 3.9 � Delay and 
hannel spin 
urrent Isinj a

ording to the inje
tion 
urrent Iinj
and 
hannel lengths LN . For ea
h 
hannel length, the breakdown 
urrent is labeled on Isinj

urves. The following de�nes i) the maximum inje
tion 
urrent, ii) the 
orresponding spin

inje
tion 
urrent and iii) the delay a

ording to the 
hannel length: (1.9 mA, 803 µA, 0.292
ns) for 100 nm, (1.587 mA, 581 µA, 0.4164 ns) for 200 nm, (1.565 mA, 509 µA, 0.5039 ns)

for 300 nm, (1.63 mA, 478 µA, 0.5586 ns) for 400 nm, (1.72 mA, 463 µA, 0.6108 ns) for 500

nm. Inset gives the spin di�usion delay tdiff a

ording to LN .

41



Channel In the previous analysis, we have analyzed the 
hannel breakdown 
urrent inte-

grated into the 
ompa
t model with the variations of the 
hannel length and 
hannel width.

Based on the 
hannel breakdown 
urrent density, ASL devi
e has a maximum inje
tion 
ur-

rent limit to prevent the 
hannel damage, and thus the smallest delay. Fig. 3.9 shows the

relationship between the inje
tion 
urrent and the delay with di�erent 
hannel lengths, 
on-

sidering the 
hannel breakdown density. For ea
h 
hannel length LN , with di�erent inje
tion


urrents, the spin inje
tion 
urrent into the 
hannel Isinj and the swit
hing delay t 
an be


al
ulated based on the 
ompa
t model. Breakdown 
urrents are 
al
ulated for ea
h 
hannel

length and are 
ompared with Isinj to determine if the 
hannel is damaged or not. In the

�gure, the plain line 
orresponds to inje
tion 
urrent value respe
ting the breakdown 
ur-

rent 
onstraints while dashed line represents 
ases for whi
h 
hannel is likely to be damaged.

For instan
e, for LN = 100 nm, the breakdown 
urrent is estimated to be 803 µA, whi
h

orresponds to a maximum value of 1.9 mA for Iinj.

The inset represents the spin di�usion delay tdiff a

ording to LN and for W = 40 nm.

Results show that tdiff approximates 1 ps range, whi
h 
an be negle
ted 
onsidering to the

MTJ swit
hing delay (100 ps to few ns forW = 40 nm). It is worth noti
ing that the di�usion

delay is expe
ted to play a signi�
ant role in the total delay as MTJ fabri
ation te
hnology

will gain in maturity.
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Figure 3.10 � (a) Delay dependen
e of the spin di�usion length of the 
hannel λsN with

di�erent spin polarizations of the tunnel resistan
e PC ; Inset shows the dependen
e of the

spin dete
tion e�
ien
y on λsN , with di�erent values of PC ; (b) Delay dependen
e of the


hannel length LN , with di�erent spin polarizations of the tunnel barrier PC ; Inset shows

the the dependen
e of the spin dete
tion e�
ien
y on LN , with di�erent values of PC .

Fig. 3.10 (a) and (b) show the delay dependen
e of the 
hannel di�usion length λsN and


hannel length LN . We 
an see that the delay de
reases with the spin di�usion length and

in
reases with the 
hannel length. Be
ause the spin 
urrent will attenuate in the 
hannel

with a fa
tor of exp(−LN/λsN). A longer spin di�usion length and a shorter 
hannel length

will redu
e the spin attenuation in the 
hannel, whi
h in another way in
reases the spin

dete
tion e�
ien
y Peff , as shown in the insets of these two �gures.

In 
on
lusion, for the spin inje
tion model in the 
ir
uit design, a shorter 
hannel length

LN , longer 
hannel spin di�usion length λsN , larger tunnel 
ondu
tan
e polarization PC , 
an

lead to an improved performan
e. While for the tunnel barrier resistan
e area produ
t RAC ,

a 
ompromised value needs to be simulated for an optimized performan
e.

3.3.3 Inverter/Bu�er simulation

The developed model is validated by 
omparing with two experimental results in Subse
tion

3.3.1. By using this model, we 
an implement arbitrary logi
/analog 
ir
uits. Fig. 3.11 shows

42



Sout

Isdet

Isinj

Iinj

Sin

Vwrite

868.23 μA

912.76 μA

1.9 mA

Δt=0.65 ns COPY NOT

Figure 3.11 � Simulation of ASL based Inverter/bu�er. Vwrite, Sin, Iinj and Sout are the

writing voltage, input state, inje
tion 
urrent and output state, in Fig. 3.3. Isinj and Isdet
are the inje
ted and dete
ted spin 
urrent, 
orresponding to outs of Injector and ins of

Detector in Fig. 3.3.

the simulation results of the simplest Inverter/Bu�er 
ir
uit. The values of the parameters

used in this simulation are presented in Table. 3.1. By applying a voltage sour
e Vwrite through

MTJ, the MTJ state Sin 
an be obtained, whi
h is the input state of the Inverter/Bu�er.

To transport the information of the MTJ state, a 
harge 
urrent Iinj of 1.9 mA is applied

through the MTJ free layer and 
hannel jun
tion, polarizing a spin 
urrent Isinj of 912 µA
into the 
hannel. The spin a

umulation Isdet of 868 µA with MTJ magnetization information

through the 
hannel will arrive in the dete
tor MTJ and swit
h the MTJ state if enough

torque is applied to the MTJ. The swit
hed state depends on the inje
tor MTJ magnetization

and the inje
tion 
urrent Iinj polarity. As shown in the �gure, we suppose that a negative


harge 
urrent will realize the Bu�er fun
tion and a positive 
harge 
urrent will realize the

Inverter fun
tion. This property 
an be used to design the re
on�gurable/programmable


ir
uits. The delay, in this 
ase, is 0.65 ns, 
onsidering the read time of MTJ state and the

inje
tion 
urrent pulse.

3.4 Summary

In this 
hapter, we have presented the physi
al model of the ASL devi
e: i) MTJ model inte-

grating the TMR e�e
t and STT e�e
t, ii) spin inje
tion/dete
tion model relying on extended

Maxwell's equations in the spin domain and integrating the spin inje
tion/dete
tion/a

umulation

e�e
ts, the spin di�usion e�e
t and the 
hannel breakdown 
urrent e�e
t. Moreover, the

temperature evaluation in MTJ model and the s
aling e�e
t on thermal stability, 
riti
al


urrent, swit
hing time and the inter
onne
tion, are investigated. With an inje
tion 
urrent,

the swit
hing time, 
hannel di�usion delay, and the dete
tion 
urrent 
an be 
al
ulated. Af-

ter validating the model by 
omparing with experimental results, we have investigated the

performan
e dependen
e of devi
e 
hara
teristi
s su
h as width, 
hannel length. Further-

more, the model has been programmed with Verilog-A on Caden
e and divided into several
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independent blo
ks, whi
h allows the independent design of 
omplex 
ir
uits and eases the

design of hierar
hi
al 
ir
uits whi
h we will design in the next 
hapter. In addition, the ex-

pressions for spin inje
tion/dete
tion are explored, whi
h enable to dis
uss the 
ontroversy

of the ASL experiments and provide a basis for 
ir
uit optimizations.
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All Spin Logi
 (ASL) devi
e is a promising te
hnology due to its potential for low power

and high-density 
omputation. Thanks to its spin nature, it has the potential to repla
e


onventional 
harge-based te
hnology su
h as CMOS. However, new 
ir
uits and ar
hite
-

tures are needed. This is a 
hallenging task due to the numerous physi
al parameters to


onsider and the la
k of tools. In this 
hapter, we propose a methodology allowing to design

ASL-based 
ir
uit spe
ifying the 
ir
uit parameters in layout level with the given materials

and the 
onstraints. By using this methodology, a library of ASL logi
 
ir
uits has been de-

�ned and 
ir
uits energy, area and delay are estimated based on the developed ASL 
ompa
t

model in Chapter 3.

4.1 Ba
kground and Related Work

In an ASL devi
e, the operation of the spin 
urrent follows the majority prin
iple and the

ASL-based 
ir
uit design is based on the majority-synthesis method. In this se
tion, we

present the ASL-based 
ir
uit synthesis method: �truth table� method [154℄ for simple 
ir-


uits, and �AND/OR/Inverter (AOI) repla
ement� method [158,259℄ for integrated 
ir
uits.

We also introdu
e the ben
hmarking methodology [156℄ and the designed 
ir
uits are evalu-

ated for high-level 
ir
uit/system evaluation.

4.1.1 Majority prin
iple

As presented in 2.2.1, the information of the magnetization orientation is transmitted in

the form of spin 
urrent. When speaking of the operation of multiple spin 
urrents in a
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hannel, the spin 
urrents operate the addition or subtra
tion depending on their polarization

orientations (upspin or downspin). One spin dire
tion will dominate the state swit
hing of

the dete
tor MTJ, whi
h is the same with the majority prin
iple. Hen
e, the ASL-based


ir
uit design follows the majority prin
iple.

Fig. 4.1 shows a 5-inputs majority gate, with �ve inputs: In1, In2, In3, In4, In5
and one output: Out. Ea
h terminal state is initially written by a voltage sour
e Vwrite.

An inje
tion 
urrent Iinj is applied to the input terminal to transmit the magnetization

orientation information. After the summation or subtra
tion of ea
h other, the 
umulative

spin 
urrent in the 
hannel swit
hes the output MTJ state if it is larger than the threshold


urrent. The other-bit inputs majority gates are implemented in the same way with adding

or redu
ing the number of input terminals. Fig. 4.1 presents its symbol with the terminals


onne
ted to the voltage and 
urrent sour
es: Iinj+(P) for positive 
urrent, Iinj-(N) for

negative 
urrent and �0� means no 
urrent is inje
ted. In the following 
ir
uit design, we use

the symbols of the majority gates to illustrate the 
ir
uits implementation for simpli
ity.

Out

Maj5
Out

Iinj

Vwrite

Iinj+ (P)

Iinj- (N)

V
w

ri
te

I1

V
w

ri
te

I2

V
w

ri
te

I3

V
w

ri
te

I4

V
w

ri
te

I5
In1

In2

In3

In4

In5

0

In4

In5

In1

In2
In3

Iinj

Iinj

Iinj

Iinj

Iinj

Vwrite

Figure 4.1 � 5-inputs majority gate with inputs In1, In2, In3, In4, In5, output Out and
its symbol presentation.

4.1.2 Cir
uit synthesis method

ASL-based 
ir
uit design follows the majority prin
iple. The 
ir
uits need to be synthesized

with majority fun
tions and implemented with majority gates. In this subse
tion, we use

the example of an XOR3 
ir
uit to present two synthesis methods: the �truth table� method

based on the truth table of the 
ir
uit fun
tion, and �AOI repla
ement� method repla
ing

the 
ir
uit Boolean fun
tion with the 
ombinations of the basi
 
ir
uits majority fun
tions.

4.1.2.1 "Truth table" method

The �truth table� method is used for the synthesis of simple 
ir
uits and synthesizes the


ir
uit from its transformed truth table. Followings present the pro
edure of this method:

1. Making F into an Logi
ally Passive Self Dual (lpsd) [154℄ by adding su�
ient 
omple-

ments and 
onstants so that for any two rows, ri and rj , there exists a 
olumn, xk su
h

that rik = F (ri) and rjk = F (rj).

2. Obtain the unitized table (All Fs = 1) for F by 
omplementing every row where F is 0

and removing the F-
olumn.

3. Eliminate any 
olumn whose removal does not violate the basi
 property that every

pair of rows have a 1 in 
ommon.

4. If ri < rj (i� rj has 1's everywhere that ri does), remove row rj.
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5. Realization with any bit-input majority gates.

• Sele
t any 
olumn, xk, let z be the number of zeros in this 
olumn; let the rows

where xk = 0 be r1, r2, . . . , rZ ; and let the number of units in these rows be

u1, u2, . . . , uZ .

• Build a (2u1 − 1) - input majority gate. AS inputs use the u2 variables whose


olumns have units in r1 plus xk on the remaining u1 − 1 inputs. Call the output

of this gate m1.

• Build a (2u2 − 1) - input majority gate. As inputs use the u2 variables whose


olumns have units in r2 plus m1 on the remaining u2− 1 inputs. Call the output

of this gate m2.

• Continue in this manner until a �
hain� of Z gates 
orresponding to r1, r2, . . . , rZ
has been built. This 
hain of gates will realize the given fun
tion.

There may be some �interplay� between steps 3 and 4 in that the elimination of a 
olumn

may permit more rows to be eliminated and vi
e-versa. Therefore, these two steps should be

repeated su

essively until neither results in further elimination.

Table 4.1 � The truth table of

XOR3 fun
tion.

Input Output

A B Cin Cout Sum

0 0 0 0 0

0 0 1 0 1

0 1 0 0 1

0 1 1 1 0

1 0 0 0 1

1 0 1 1 0

1 1 0 1 0

1 1 1 1 1

Table 4.2 � Transformed lpsd truth

table of the full-adder.

Input Output

A B Cin Cout Cout Sum

0 0 0 1 0 0

0 0 1 1 0 1

0 1 0 1 0 1

0 1 1 0 1 0

1 0 0 1 0 1

1 0 1 0 1 0

1 1 0 0 1 0

1 1 1 0 1 1

The full-adder (XOR3) 
ir
uit fun
tion is synthesized with the previous pro
edure, with

two outputs Cout and Sum.

1. Consider the truth table of the full-adder shown in Table. 4.1, �rst step is to verify if

this fun
tion is an lpsd or not. Based on the theorem, Cout is an lpsd, while Sum is

not and is violated by some pairs of rows, e.g. (2,3/4/5/6), (3,4/5/7), (4,6/7), (5,6/7)

and (6,7). To make Sum an lpsd, we add the inversion of Cout and the truth table

be
omes Table. 4.2.

2. Se
ond step repla
es ea
h row where the output is to be 0 by its 
omplement. By

removing the same rows in these two tables, the �nal unitized tables for Cout and Sum
are shown in Table .4.3 and 4.4 respe
tively.

3. Considering step 3 and step 4, for Cout, no 
olumn and row 
an be removed and Table.

4.3 is the �nal unitized table; for Sum, the only unit in the 
olumn Cout is in the 1st

row and this 
ase is 
overed by A/B/Cin, thus the 
olumn Cout 
an be removed, as

shown in Table. 4.5.

4. Based on Tables. 4.3 and 4.5, we synthesize their majority fun
tions.
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Table 4.3 � Unitized

truth table for Cout.

A B Cin Cout

1 1 1 1

1 1 0 1

1 0 1 1

0 1 1 1

Table 4.4 � Unitized truth table for

Sum.

A B Cin Cout Cout Sum

1 1 1 0 1 1

0 0 1 1 0 1

0 1 0 1 0 1

1 0 0 1 0 1

Table 4.5 � Redu
ed Unitized

truth table for Sum.

A B Cin Cout Sum

1 1 1 0 1

0 0 1 1 1

0 1 0 1 1

1 0 0 1 1

For Cout, we sele
t the 
olumn Cin and the number of zeros in this 
olumn is 1 and

the number of units is 2. Hen
e, Cout 
an be synthesized with one 3(2 × 2 − 1)-input
majority gate: Cout = MAJ(A,B,Cin).

For Sum, we sele
t the 
olumn Cout and the number of zeros in this 
olumn is 1 and

the number of units is 3. Hen
e, Sum 
an be synthesized with one 5(3× 2− 1)-input
majority gate: Sum = MAJ(A,B,Cin, Cout, Cout).

4.1.2.2 "AOI repla
ement" method

For a fun
tion with a 
omplex truth table, the �truth table� method is not suitable. In

this 
ase, the fun
tion F is synthesized with the �AOI repla
ement� method, by repla
ing the

AND/OR/Inverter fun
tions with the 
orresponding 3-inputs majority fun
tions. The major-

ity representation of F 
an be optimized based on the novel Boolean algebra of majority and

inverter operations. The novel Boolean algebra [158℄ is de�ned over the set (B, M, ′, 0, 1),
where M is the majority operator of the three variables and

′
is the 
omplementation opera-

tor. The following set of �ve primitive transformation rules, referred to as Ω, is an axiomati


system for (B, M, ′, 0, 1). All the variables 
onsidered hereafter belong to B.

Ω







Commutativity - Ω.C
M(x, y, z) = M(y, x, z) = M(z, y, x)
Majority - Ω.M
{

if(x = y) : M(x, y, z) = x = y
if(x = y′) : M(x, y, z) = z

Asso
iativity - Ω.A
M(x, u,M(y, u, z)) = M(z, u,M(y, u, x))
Distributivity - Ω.D
M(x, y,M(u, v, z)) = M(M(x, y, u),M(x, y, v), z)
Inverter Propagation - Ω.I
M ′(x, y, z) = M(x′, y′, z′)

(4.1)

Several other 
omplex rules, formally 
alled theorems, in (B, M, ′, 0, 1) are derived by

Ω [158℄. The following lists three parti
ular rules (Psi) for logi
 optimization. The symbol

zx/y represents a repla
ement operation, say repla
e x with y in all its appearan
e in z.

Ψ







Relevan
e - Ψ.R
M(x, y, z) = M(x, y, zx/y′)
Complementary Asso
iativity - Ψ.C
M(x, u,M(y, u′, z)) = M(x, u,M(y, x, z))
Substitution - Ψ.S
M(x, y, z) = M(v,M(v′,Mv/u(x, y, z), u),M(v′,Mv/u′(x, y, z), u′))

(4.2)

Based on this novel Boolean algebra, the majority representation of a fun
tion F 
an be

transformed, with better �gures of merit in terms of area, delay, and power.

Fig. 4.2 shows the depth optimization of the XOR3 fun
tion with two the theorems Ψ.S
and Ω.M [158℄. The majority-based XOR3 fun
tion is f = MAJ(x,MAJ(x′, y, z),MAJ(x′, y′, z′)).
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Figure 4.2 � XOR2/3 synthesized based on repla
ement method.

4.1.3 Ben
hmarking

In this subse
tion, we present the ben
hmarking method of ASL-based 
ir
uits in terms of

area, power, and 
omputational throughput [156℄. The CMOS auxiliary 
ir
uits for voltage

and inje
tion 
urrent sour
es are not 
onsidered.

4.1.3.1 Area

Based on [156℄, the semi
ondu
tor pro
ess generations are labeled by 
hara
teristi
 lithog-

raphy size 
alled the DRAM's half-pit
h F . The pit
h of metal-1 in the 
onta
ted transistor

is supposed to be pm = 8λ = 4F where λ is the maximum mask misalignment. Sin
e the

ASL-based 
ir
uit is based on majority prin
iple, we approximate the length of the majority

gate by:

lmaj = 2pm (4.3)

and the area of a majority gate is:

amaj = l2maj (4.4)

The area of one 
ir
uit is determined by the number of majority gates required:

a = NmajamajMbit (4.5)

where Mbit is the bit area overhead.

4.1.3.2 Energy 
onsumption

The energy for ASL-based 
ir
uits is 
al
ulated as:

E = I2injRt (4.6)

where Iinj and t are the inje
tion 
urrent amplitude and pulse width, R is the real 
ir
uit

resistan
e.

4.1.3.3 Computational throughput

The 
omputational throughput is a measure of useful work performed by a 
ir
uit and is

de�ned as a number of integer operations per se
ond per unit area. We estimate it as:

Tthroughput =
1

at
(4.7)

where a and t are the area and delay of the 
ir
uit, respe
tively.
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4.2 Cir
uit Design Method

In this se
tion, we present the ASL-based 
ir
uit design methodology, from the synthesis

of the 
ir
uit with majority fun
tions, to the spe
i�
ations of 
ir
uit parameters with the

implementation based on the ASL 
ompa
t model for the 
ir
uit layout.

Fig. 4.3 illustrates the 
ir
uit design methodology with 4 su

essive steps:

Materials parametersDesign goals:

Power, speed,

area, throughput, etc

Boolean Function

Design parameters

specifications
channel length LN

MTJ dimensions W/LF

injection currents Iinj

Function verified ?

SPICE simulations

Performance calculation

Yes

λsN, Pf/tunnel, RA,

Themal factor, α, etc

Store the parameters and injection current values for each circuits

Implementation with ASL devices

Layout

Truthe Table method Replacement method

Step 1:

Parameters,

function & goal

specifications

Basic logic circuit Integrated circuit
Step 2:

Majority

circuit synthesis
# Logic

gates N

Step 3:

Parameter

exploration

Buffer

number/energy

calculation

Goal satisfied ?

Step 4:

Implementation

No

Yes

No

Figure 4.3 � Cir
uit design methodology based on ASL devi
e.

Step 1: Spe
i�
ation of i) the boolean fun
tions and requirements of the 
ir
uit, and ii)

ASL devi
e parameters.

The 
ir
uit requirement spe
i�
ations allow de�ning performan
e obje
tives su
h as

power 
onsumption, speed, and area. The ASL devi
e parameters are te
hnology-dependent

and are thus determined by the 
onsidered materials.

Step 2: Cir
uit fun
tion synthesis.

The ASL based 
ir
uits are designed based on majority prin
iple. Hen
e, the 
ir
uit to

be implemented is spe
i�ed as majority fun
tions by using the majority synthesis method

presented in the previous se
tion. Basi
 logi
 
ir
uits are synthesized with the �truth ta-

ble� method, whereas large s
ale integrated 
ir
uits are synthesized with the �repla
ement�

method by using the basi
 
ir
uit library. Moreover, sin
e the spin 
urrent attenuates in

the 
hannel, bu�ers need to be inserted in the 
hannel to guarantee the fun
tionality of the
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ir
uit. The number of bu�er inserted is related to the logi
 gate number and in this step we

need to 
ount this number for the bu�er 
al
ulation.

Step 3: Sear
h for inje
tion 
urrents and devi
e parameters satisfying the system 
on-

straints.

We explore the te
hnologi
al parameters and the 
orresponding inje
tion 
urrent in order

to meet the system 
onstraints. If the 
onstraints are met and the 
ir
uits are optimized, the

parameters are exported to Step 4 for system implementation. In this step, we explore the


hannel lengths and the MTJ width and length, the other parameters are spe
i�ed in Step

1 with the materials.

MTJ width/length: the MTJ width and length are �rst spe
i�ed based on the fab-

ri
ation te
hnology. In this paper, we assume that the minimum length of both width and

length is 5 nm, whi
h allows investigating the s
aling of the devi
e.

Channel length: we explore the multi-
hannel problem in this step.

Theoreti
ally, the smaller the 
hannel length LN , the better the 
ir
uit performan
es.

However, if LN is too small, a dipolar-
oupling e�e
ts o

urs [51℄, whi
h redu
es the spin


urrent inje
tion and in
reases the MTJ swit
hing time. Hen
e, a minimal value for LN needs

to be assumed in order to ensure there is no dipolar 
oupling. Following the 
on
lusions from

the OOMMF [51℄ [258℄, we assume the minimum value LN is 10 + W nm. Furthermore,


ir
uits su
h as XOR (see Fig. 4.12 (a)) involve 
hannel fork and join jun
tions, whi
h

lead to a multi-
hannel design problem. To solve this problem, the length of ea
h 
hannel

must be de�ned. Sin
e the 
hannel lengths in�uen
e the spin 
urrent division and di�usion

in the 
ir
uit, they have a dire
t impa
t on performan
es. As de�ned in Se
tion 3.1.2.2,

the 
ir
uit 
an be optimized by in
reasing the non-lo
al resistan
e RNL(∆RNL) and the

inje
tion/dete
tion e�
ien
y Pinj/eff .

Inje
tion 
urrent: For a given MTJ width and length and for a given multi-
hannel

lengths, inje
tion 
urrents have to be de�ned in order to ensure 
ir
uit fun
tionality and to

evaluate performan
es. The inje
tion 
urrents are de�ned by taking into a

ount the input

weights in the 
ir
uit majority fun
tions, the in�uen
e of the 
urrent division and di�usion

and the 
hannel breakdown 
urrent. For instan
e, for majority fun
tions (4.10) of XOR2/3,
we set the same inje
tion 
urrent for the three input terminals sin
e weights for In1, In2,
and In3 are the same. However, for some terminals, the inje
tion 
urrents do not follow the

weight ratios between ea
h terminal due to the 
urrent division and ba
k�ow 
urrent 
aused

by spin di�usion. For instan
e, the inje
tion 
urrent for M1 to rea
h Out is not twi
e the

IinjIn1/In2/In3, be
ause of the 
urrent division in fork P2. Moreover, the total inje
ted spin


urrents into the 
hannel should remain below the 
hannel breakdown 
urrent to prevent


hannel damage. Hen
e, simulations are 
arried out to determine the inje
tion 
urrents.

For inje
tion 
urrent spe
i�
ation, we do not take into a

ount the 
urrent ratio margins


aused by the nature of majority prin
iple. In a majority-based 
ir
uit, the state of output

depends on the predominant spin magnetization orientation. The 
urrents ratio may vary

within a 
ertain range as long as the predominant spin magnetization orientation in ea
h 
ase

does not 
hange. Taking the (see Fig. 4.12 (a)) as an example, state �1� on M1 is rea
hed

by spe
ifying In1, In2, In3 to �011�. Ideally, the inje
tion 
urrent should be the same for

the three inputs. However, if we set, for instan
e, IinjIn1 = 0.8 × IinjIn2 = 0.8 × IinjIn3, the
state of M1 remains �1� as long as dete
ted 
urrent Isdet ex
eeds the 
riti
al 
urrent Ic0.
Hen
e, the inje
tion 
urrent ratios have margins, depending on the dimensional parameters,

the inje
tion 
urrent Iinj and the 
riti
al 
urrent Ic0.
Bu�er 
ount: The bu�er 
ount depends on the bu�er 
hannel length. A longer 
hannel

length redu
es the bu�er 
ount, but a higher 
harge 
urrent is needed for the di�usion loss

in the 
hannel. Hen
e, a 
ompromised 
hannel length needs to be found for an optimized

performan
e. We will dis
uss this optimization in the next 
hapter.

Step 4: Implement the 
ir
uit/system.
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A

ording to the te
hnologi
al parameters and variables 
al
ulated in Step 3, the opti-

mized system is implemented.

4.3 Logi
 Cir
uits Simulations and Evaluations

In this se
tion, based on the developed methodology, we implemented the basi
 logi
 
ir
uits

and the 
ombinational logi
 
ir
uits(Fig.4.4). Their ar
hite
tures are presented, spe
ifying

the dimensional parameters. Their fun
tional behaviors are simulated and veri�ed based on

the ASL 
ompa
t model. Moreover, the performan
e is evaluated for high-level 
ir
uits and

system evaluation.

Combinational Logic circuit

Arithmetic

Logical Functions

Adders

Subtractors

Multipliers

Comparators

ALU

Basic Logic circuit

Inverter/Buffer

AND/NAND

OR/NOR

XOR/XNOR

Data 

Transmission

Multiplexers

Demultiplexers

Encoders

Decoders

Figure 4.4 � Basi
 logi
 
ir
uits and 
ombinational logi
 
ir
uits.

4.3.1 Basi
 logi
 
ir
uit

The three main basi
 logi
 
ir
uits: Inverter/Bu�er, AND/NAND/OR/NOR, XOR/XNOR2/3

are implemented and analyzed in this subse
tion, whi
h 
an be 
ombined for an integrated


ir
uit design.

4.3.1.1 Inverter/Bu�er

• Ar
hite
ture:

The inverter/bu�er is realized with an simple ASL devi
e, with one input terminal and

one output terminal, as shown in Fig. 4.5(a).

As shown in Table. 4.6, the inverter or bu�er fun
tion is realized by using the inje
tion


urrents with di�erent polarities. The positive inje
tion 
urrent, �owing from the MTJ

free layer to the 
hannel, will inje
t the spin with opposite magnetization orientation

with that of the MTJ free layer, realizing the inversion; on the 
ontrary, the negative

inje
tion 
urrent will realize the bu�er fun
tion. Fig. 4.5 (
) shows the fun
tional symbol

of the inverter/bu�er stru
ture with In as the input, Out as the output and Iinj as the

ontrol signal.

52



In Out

Inverter

Buffer

In Out

Iinj

Buffer

Inverter

In Out

Lchannel

(a) (b)

(c)

In Out

Iinj

Iinj

Figure 4.5 � (a) Inverter/Bu�er ar
hite
ture, In as the input and Out as the output. Positive

urrent: �owing from the MTJ free layer to the 
hannel, indu
es an opposite spin magnetiza-

tion orientation, realizing the inversion; on the 
ontrary, negative 
urrent realizes the bu�er

fun
tion. (b) Verti
al view of the ar
hite
ture with the 
hannel length. (
) Fun
tional symbol

of the inverter/bu�er, In as the input and Out as the output, Iinj as the 
ontrol signal.

Table 4.6 � Re
on�gurable Fun
tions Based on

inverter/bu�er ar
hite
ture.

Fun
tion Iinj
Bu�er N

Inverter P

Table 4.7 � ASL 
hannel distribution and inje
-

tion 
urrent parameters.

Parameters Values

LN 100 nm

Iinj 1.9 mA

• Parameters:

The parameters need to be set for this ar
hite
ture are the 
hannel length and the

inje
tion 
urrent. As shown in Table. 4.7, the 
hannel length needs to be set to guar-

antee that there is no dipolar 
oupling between the input and output magnets. In our


ase, we set the 
hannel length to 100 nm. The set of the inje
tion 
urrent needs to

follow the prin
iple of no 
hannel breakdown. With the parameters in Table. 3.1 and

the 
hannel length of 100 nm, the maximum inje
tion 
urrent is simulated as 1.9 mA.

• Timing: The input In state is written by applying a voltage/
urrent sour
e a
ross MTJs

with a �written delay� of Twrite. Then an inje
tion 
urrent Iinj is inje
ted through the

MTJ free layer to the 
hannel, produ
ing a spin 
urrent di�using towards the dete
tor

MTJ, with a �propagation delay� of Tdiff . The spin 
urrent into the dete
tor will swit
h

the MTJ state if it is larger than the threshold 
urrent, with a �swit
hing delay� of

Tswitch. A reading voltage/
urrent is applied to read the �nal swit
hed state with a

�read delay� of Tread. The 
riti
al delay of this inverter/bu�er 
ir
uit is Twrite+Tdiff +
Tswitch + Tread.

• Simulation:

Figs. 4.6 and 4.7 show the simulation results of the inverter/bu�er by using the ASL


ompa
t model, with di�erent inje
tion 
urrents values: Iinj = 1.9 mA and Iinj =
697 µA. These two simulations veri�ed the fun
tions of this ar
hite
ture and give the


orresponding delays.

4.3.1.2 AND/OR(NAND/NOR)

AND/OR/NAND/NOR 2

• Ar
hite
ture:

The AND/OR/NAND/NOR2 fun
tions 
an be implemented with the same majority

fun
tion(Eq. 4.8): 3-input majority fun
tion, and with the same ar
hite
ture: 3-input
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797.6 µA

∆t=0.3 ns

Vread

Sout

Sin

Vwrite

Iinj

Isinj

Idet

.2

Inverter Buffer

Figure 4.6 � Simulation of ASL based in-

verter/bu�er with maximum inje
tion 
urrent

Iinj = 1.9 mA.

292.6 µA
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∆t=0.87 ns

Vread

Sout

Sin

Vwrite

Iinj

Isinj

Idet

500

-500

400

-400

300

-300

InverterBuffer

Figure 4.7 � Simulation of ASL based in-

verter/bu�er with inje
tion 
urrent Iinj =
697 µA.
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Figure 4.8 � (a) 2-bit AND/OR/NAND/NOR ar
hite
ture, In1 and In2 as the inputs, F
as the 
ontrol terminal and Out as the output. Di�erent inje
tion 
urrent polarities and F
states lead to di�erent fun
tions. (b) Verti
al view of the ar
hite
ture with the 
hannel length

L1 and L2. (
) Fun
tional symbol of the 2-bit AND/OR/NAND/NOR. (d) Spin inje
tion

e�
ien
y Peff vs. Channel distribution of this ar
hite
ture.

majority gate MAJ3, as shown in Fig. 4.8 (a). In1 and In2 are the input terminals, F
the 
ontrol terminal and Out the output terminal. The realized fun
tions are modi�ed

with di�erent 
ontrol terminal states and di�erent inje
tion 
urrent polarities, listed

in Table. 4.8.

Function = Maj(In1, In2, F ) (4.8)

• Parameter:

As shown in Fig. 4.8 (b), the 
hannel distribution needs to be simulated and determined:

two 
hannel lengths L1 and L2. The total 
hannel length is set to be 100 nm. We

simulated the spin dete
tion e�
ien
y Peff (Eq. 3.27 in Chapter 3.1.2.2) dependen
e

of the 
hannel length ratio (

L1
L1+L2

). Fig. 4.8 (d) shows that a larger ratio leads to a

larger spin dete
tion e�
ien
y Peff . Hen
e, in our following simulations, we set L1 to

70 nm and L2 to 30 nm, 
onsidering the dipolar intera
tion between di�erent magnets.

The inje
tion 
urrent is set to 697 µA through simulations, whi
h leads to the 
hannel

breakdown 
urrent.(Table. 4.9).
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Table 4.8 � Re
on�gurable Fun
tions Based

on AND/OR/NAND/OR2 ar
hite
ture.

Fun
tion F Iinj
AND2 1 N

OR2 0 N

NAND2 1 P

NOR2 0 P

Table 4.9 � ASL 
hannel distribution and

inje
tion 
urrent parameters.

Parameters Values

L1 70 nm

L2 30 nm

Iinj 697 µ A

• Timing:

Sin
e the 3-input majority gate is a one-step fun
tion, the timing is the same with that

of the inverter/bu�er, where the MTJ states of three inputs are written with the same


urrent.

• Simulation:

The simulation result is shown in Fig. 4.9, whi
h veri�es the proposed fun
tions of

this ar
hite
ture: AND/OR/NAND/NOR2. With an inje
tion 
urrent of 697 µA, the
average delay of this ar
hite
ture is 0.87 ns.

Vread

Sout

Idet

Iinj

In1

In2

F

VwriteIn1

VwriteIn2

VwriteF

697µA

799.9µA
266.6 µA

AND2 OR2 NAND2 NOR2

∆t=0.9 ns

Figure 4.9 � Fun
tion simulation of 2-bit AND/OR/NAND/NOR.

The ba
k�ow problem 
an be observed by 
omparing the spin dete
tion 
urrents Idet
in Figs. 4.9 and 4.7. With the same inje
tion 
urrent Iinj = 697 µA, in the 
ase of

inverter/bu�er with only one input, the dete
tion spin 
urrent Idet is ∼ 292.6 µA.
However, in the AND/OR/NAND/NOR2 
ir
uit with three inputs, the average dete
-

tion 
urrent Idet is∼ 266 µA. This means the spin 
urrent �ows not only into the output

magnet, but also into other magnets, whi
h demonstrated the ba
k�ow phenomenon.

AND/OR/NAND/NOR 3

• Ar
hite
ture

Similarly with the AND/OR/NAND/NOR2 ar
hite
ture, the AND/OR/NAND/NOR3

fun
tions 
an be implemented with the 5-input majority fun
tion(Eq. 4.9), and with

the MAJ5 ar
hite
ture as shown in Fig. 4.10 (a). In1, In2 and In3 are the input ter-

minals, F1 and F2 the 
ontrol terminals and Out the output terminal. The realized
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Figure 4.10 � (a) 3-bit AND/OR/NAND/NOR ar
hite
ture, In1, In2 and In3 as the in-

puts, F1 and F2 as the 
ontrol terminal and Out as the output. Di�erent inje
tion 
urrent

polarities and F s states lead to di�erent fun
tions. (b) Verti
al view of the ar
hite
ture with

the 
hannel length L1 and L2. (
) Fun
tional symbol of the 3-bit AND/OR/NAND/NOR.

(d) Spin inje
tion e�
ien
y Peff vs. Channel distribution of this ar
hite
ture.

fun
tions are 
on�gured with di�erent 
ontrol terminal states and di�erent inje
tion


urrent polarities, listed in Table. 4.10.

Function = Maj(In1, In2, In3, F1, F2) (4.9)

• Parameter

As shown in Fig. 4.10 (b), the 
hannel distribution needs to be simulated and deter-

mined: two 
hannel lengths L1 and L2. The total 
hannel length is set to be 100 nm.

We simulated the spin dete
tion e�
ien
y Peff dependen
e of the 
hannel length ratio

(

L1
L1+L2

). Fig. 4.10 (d) shows that a larger ratio leads to a larger spin dete
tion e�
ien
y

Peff . Hen
e, in our following simulations, we set L1 to 70 nm and L2 to 30 nm, 
on-

sidering the dipolar intera
tion between di�erent magnets. The inje
tion 
urrent is set

to 455 µA through simulations, whi
h leads to the 
hannel breakdown 
urrent.(Table.

4.11).

Table 4.10 � Re
on�gurable Fun
tions Based on 5-input

majority gate ar
hite
ture.

Fun
tion In3 F1 F2 Iinj
AND3 X 0 0 N

OR3 X 1 1 N

NAND3 X 0 0 P

NOR3 X 1 1 P

AND2 0

0 1

N

1 0

OR2 1

0 1

N

1 0

NAND2 0

0 1

P

1 0

NOR2 1

0 1

P

1 0

Table 4.11 � ASL 
hannel distribution and

inje
tion 
urrent parameters.

Parameters Values

L1 70 nm

L2 30 nm

Iinj 455 µA

• Timing:

As a one-step majority fun
tion, its timing is the same with that of the inverter/bu�er/MAJ3,

where the MTJ states of �ve inputs are written with the same 
urrent.
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• Simulation

The simulation result is shown in Fig. 4.11, whi
h veri�es the proposed fun
tions of

this ar
hite
ture: AND/OR/NAND/NOR3. The fun
tions of AND/OR/NAND/OR2

have not been simulated, sin
e the 2-bit fun
tions are realized with di�erent In3 states
and di�erent inje
tion 
urrent polarities, and the inje
tion 
urrents into F1 and F2
are 
an
eled, and this result has already been presented in Fig. 4.9. With an inje
tion


urrent of 455 µA, the average delay of this ar
hite
ture is 1.25 ns.

Vread

Sout

Idet

Iinj

F2

F1

In3

In2

In1

VwriteIn1

VwriteIn2

VwriteIn3

VwriteF1

VwriteF2

NAND3 NOR3AND3 OR3

159.8 µA
479.6 µA

455 µA∆t=1.5 ns

Figure 4.11 � Fun
tion simulation of 3-bit AND/OR/NAND/NOR.

4.3.1.3 XOR/XNOR2/3

• Ar
hite
ture

As we presented in Se
tion 4.1.2, the XOR3 fun
tion 
an be synthesized with two

di�erent methods: �truth table� and �repla
ement� methods. Their majority fun
tions

are des
ribed as in 4.10 and 4.11, with In1/In2/In3 as three inputs and Out as the
output:

M1 = In1 · In2 + In3(In1⊕ In2) = Maj(In1, In2, In3)

Out = (In1⊕ In2)⊕ In3 = Maj(In1, In2, In3,M1,M1)
(4.10)

M1 = Maj(In1, In2, In3)

M2 = Maj(In1, In2, In3)

Out = Maj(M1,M2, In1)

(4.11)

The two ar
hite
tures XORTT and XORrep are illustrated in Fig. 4.12 (a) and (b).

As presented in the subse
tion of Inverter/bu�er, the XNOR3 fun
tion 
an be 
on�g-

ured with the same ar
hite
ture of XOR3, ex
ept that the inje
tion 
urrent is opposite.

The XOR/XNOR2 fun
tions 
an be 
on�gured with an input (e.g. In3) with the value

of 0.

• Parameter

Fig. 4.12 (a) also shows the 
hannel distribution of the XORTT , where the default val-

ues are listed in Table. 4.13. The inje
tion 
urrent of the three inputs is set to 700 µA,
whi
h leads to the maximum 
hannel 
urrent. Considering the ba
k�ow problem and
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Figure 4.12 � (a)�truth table� method based XOR/XNOR2/3 
ir
uit XORTT : In1/2/3 as

three inputs, M1 as the intermediate terminal, Out as the �nal output. (b) �repla
ement�

method based XOR/XNOR2/3 
ir
uit XORrep; Iinj1 = −Iinj2. This ar
hite
ture 
an also

realize the fun
tion of full-adder and full-subtra
tor, with the other two intermediate outputs:

M1' as the inversion of the output 
arry of the full-adder, M2 as the output borrow of the full-

subtra
tor. (
) Fun
tional symbol of the XOR/XNOR2/3 
ir
uit: In1/2/3 as three inputs,

Out as �nal output for XOR/XNOR2/3, M1 as the output 
arry for full-adder, M2 as the

output borrow for full-subtra
tor that is only output with the ar
hite
ture in (b).

the 
urrent division problems 
aused by the spin di�usion property, the inje
tion 
ur-

rent of M1 to generate Out is simulated and is set to 637 µA to guarantee the weight

of M1 is twi
e that of In1/In2/In3 for Out. For the XORrep, the 
hannel lengths

and the inje
tion 
urrents are the same with that in the 3-input majority gate. The

fun
tional symbol is shown in Fig. 4.12 (
), with the a
hievable fun
tions of these two

ar
hite
tures. Table. 4.12 lists the 
on�gured fun
tions of the XORTT 
ir
uit.

Table 4.12 � Re
on�gurable fun
tions based on

XORTT stru
ture in Fig. 4.12 (a).

Fun
tion M1 Fun
tion Out In3 Iinj

In1In2 In1⊕ In2 0 N

In1In2 In1⊙ In2 0 P

In1 + In2 In1⊙ In2 1 N

In1 + In2 In1⊕ In2 1 P

Maj(In1, In2, In3) XOR3 # N

Maj(In1, In2, In3) XNOR3 # P

Table 4.13 � XORTT stru
ture 
hannel

distribution and inje
tion 
urrent param-

eters.

Parameters Values

L1 50 nm

L2 25 nm

L3 25 nm

Iinj1 700 µA

Iinj2 637 µA

• Timing

� XORTT : Based on its majority fun
tions (4.10), the 
ir
uit is realized within two

steps. In �rst step, the states of three inputs In1, In2 and In3 are written and

inje
ted to get the intermediate output M1; se
ond step inje
ts 
urrents into In1,
In2, In3 and M1 to get Out. Final reading is pro
essed into both M1 and Out
after the whole 
al
ulation.
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� XORrep: This ar
hite
ture 
ontains two 3-input majority gates in stage 1 and one

3-input majority gate in stage 2. The states of the initial inputs are written �rstly,

in
luding the In1 of stage 2. Currents are then inje
ted into the inputs of stage

1 to get M1 and M2. With the next 
urrent inje
tion into M1, M2 and In1 of

the stage 2, Out 
an be swit
hed. The voltage sour
e is applied to Out to get the

state and M1/2 
an be also read for full − adder/subtractor fun
tions.

• Simulation

Fig. 4.13 shows the simulation results of the XORTT 
ir
uit, whi
h veri�ed our design

and the fun
tional behavior of our design. The area and the average delay are, 
ompared

with the 3-input majority gate based XOR/XNOR, this 
ir
uit has a larger delay (7.75

ns vs. 1.77 ns), a smaller area ( 0.08 vs. 0.12 µm2
) and 
onsumes more energy ( 0.81

vs. 0.244 nJ).

133.7 µA

-700 µA

400.9 µA

Vwrite

Out

M1

IdetOut

IdetM1

Iinj

In3

In2

In1

VwriteIn3

VwriteIn2

VwriteIn1

Figure 4.13 � Fun
tion simulation of XORTT 
ir
uit.

4.3.2 Arithmeti
 logi
al fun
tions

An arithmeti
 logi
 
ir
uit is a 
ombinational digital ele
troni
 
ir
uit that performs arith-

meti
 and bitwise operations on integer binary numbers. In this subse
tion, we present the

design of �ve 
ir
uits: adder, subtra
tor, 
omparator, multiplier and an Arithmeti
 Logi
al

Unit (ALU).

4.3.2.1 Adder

full-adder A binary full adder performs the arithmeti
 sum of three input bits. It 
onsists

of three inputs, of whi
h two are input variables represents the two signi�
ant bits to be

added, labeled as A and B, whereas the third input terminal is the 
arry from the previous

lower signi�
ant position and labeled as Cin. The two outputs are a sum and a 
arry output

whi
h are labeled as Sum and Cout respe
tively. The Boolean expressions for a full-adder are

expressed as follows:
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Cout = A · B + Cin(A⊕ B) = Maj(A,B,Cin)

Sum = (A⊕ B)⊕ Cin
(4.12)

We 
an see that the Cout and Sum 
an be 
on�gured with a 3-input majority gate and

an XOR3 gate, whi
h 
an be realized with the stru
tures in Fig. 4.12 based on the majority

fun
tions 4.10 and 4.11. The inje
tion 
urrents and the 
hannel length parameters are the

same with these two stru
tures.
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Figure 4.14 � 4-bit adder implementations. (a) series implementation; (b) parallel implemen-

tation; (
) 4-bit adder fun
tional symbol.

Multi-bit adder As we dis
ussed that a single full-adder performs the addition of two one-

bit numbers and an input 
arry, to perform the addition of binary numbers with more than

one bit, a multi-bit adder is needed. We use a 4-bit adder to present the ASL-based multi-bit

adder design and it is possible to 
onstru
t 16-bit and 32-bit adders by 
as
ading numbers of

4-bit adders. Fig. 4.14 below shows a serial and a parallel 4-bit adder implementations and

the fun
tional symbol of the 4-bit adder. The two binary numbers to be added are supposed

to be A = A3A2A1A0 and B = B3B2B1B0.

Series Adder Fig. 4.14 (a) shows the serial adder implementation. Four full-adders are


as
aded together to produ
e the result, whi
h is known as a Ripple Carry Adder. In the


ase of serial adders (ripple 
arry type adder), the 
arry output of ea
h full adder stage is


onne
ted to the 
arry input of the next higher-order stage. Signals must be propagated at

a given enough time to produ
e the 
orre
t or desired output. The delay of the 4-bit serial

adder is Twrite + 4 × TCout + TSum + Tread, where Twrite/read is the delay of writing/reading

MTJ state; TCout/Sum is the delay needed to swit
h the state of one 
arry/sum. The MTJs

used is four times as that in full-adder (4× 5 = 20).
Fig.4.15 illustrates the simulation results of the 4-bit serial adder with the inje
tion


urrents: Iinj1 = 700 µA, whi
h leads to maximum spin 
urrent in the 
hannel, and Iinj2 =
0.91Iinj1 = 637 µA, whi
h leads to weights of Cout=2×weight of A/B/Cin. The average delay

and the 
orresponding energy are simulated as 10.5 ns and 1.876 nJ.
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For a serial adder, there will be a 
onsiderable time delay in the addition pro
ess, sin
e

it is not possible to produ
e the sum and 
arry outputs of any state until the input 
arry

o

urs. The following are the methods to improve the speed of a series adder:

1. We 
an redu
e the delay by 
hanging the property of the used MTJ/
hannel, e.g. the

dimensions, Hk, Ms, Iinj, et
. But there will be an intrinsi
 limitation or breakdown

limitation for the ASL devi
e.

2. Another way is to in
rease the 
ir
uit 
omplexity in order to redu
e the delay. There are

several methods available, one 
ommonly used method in CMOS te
hnology employs

the prin
iple of look ahead-
arry addition by eliminating inter stage 
arry logi
.
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Figure 4.15 � Fun
tion simulation of 4-bit series adder.

Carry-Lookahead/Parallel Adder A 
arry-lookahead adder is a fast parallel adder,

making use of logi
 gates so as to look at the lower order bits of the augend and addend to

see whether a higher order 
arry is to be generated or not. Our parallel adder is designed

based on the same prin
iple by repla
ing the input 
arry with the augend, addend and the

initial input 
arry. We found that in a majority gate, the input 
arry Ci−1 for stage i 
an be

repla
ed with its primary inputs A0/.../i−1, B0/.../i−1 and the weights of the original inputs of

this stage Ai, Bi are dupli
ated. Eq. 4.13 shows an example of C1.

C1 = Maj(A1, B1, C0) = Maj(A1, B1, A1, B1, A0, B0, Cin) (4.13)

A1 and B1 are dupli
ated to 
ompute C1, whi
h leads to a higher number of inputs

than that used to 
ompute C0. More generally, the 
omputation of Ci will require 2
i Ai/Bi,

2i−1 Ai−1/Bi−1 and so on, the same for Si. The implementation of parallel 
al
ulation is

shown in Fig. 4.14(b), with 3/5/7/9-inputs majority gates. With this implementation, the

4-bit adder 
an a
hieve a smaller delay of Twrite + TCout + TSum + Tread, at the 
ost of area

(5 + 7 + 9 + 11 = 32 MTJs) and energy (Iinj exponential-growth).
In 
on
lusion, a multi-bit adder 
an be implemented by series and parallel 
al
ulations.

Compared with the serial adder, the parallel adder possibly has a smaller delay at the 
ost
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of energy and area. Moreover, the number of inputs of the majority gate in
reases with the

number of inputs of the adder. Considering the ba
k�ow 
urrent, it will be more and more

di�
ult to guarantee the a

ura
y of the 
ir
uit.

4.3.2.2 Subtra
tor

Subtra
tion is a mathemati
al operation in whi
h one integer number is dedu
ted from an-

other to obtain the equivalent quantity. The number from whi
h other number is to be

dedu
ted is 
alled as minuend and the number subtra
ted from the minuend is 
alled sub-

trahend.

full-subtra
tor The full-subtra
tor performs a subtra
tion between the two binary bits

by 
onsidering borrow of the lower signi�
ant stage. It has three input terminals in whi
h

two terminals 
orresponds to the two bits to be subtra
ted, and a borrow bit 
orresponds

to the borrow operation. There are two outputs, one 
orresponds to the di�eren
e D output

and other borrow output Bout.

The majority fun
tion of the di�erent D and Bout 
an be 
on�gured with the XORrep


ir
uit shown in Fig. 4.12 (b): In1 and In2 as inputs, In3 as the input borrow, M2 as

output borrow and Out as output di�eren
e. The half-subtra
tor fun
tion 
an be realized

with In3 = 0.
The parameters and the simulation result are the same with that of the XORrep 
ir
uit,

with a delay of 1.77 ns and an energy 
onsumption of 0.24 nJ.
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B
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(b)
B1B2B3 A1A2A3

Figure 4.16 � 4-bit subtra
tor implementation. (a) Ar
hite
ture of a series 4-bit subtra
tor

with 4 full-subtra
tors. The output borrow of the previous stage is the input borrow of

the next stage. (b) Fun
tional symbol of the series 4-bit subtra
tor: A3A2A1A0 are the

minuend and B3B2B1B0 are the subtrahend; Bin is the input borrow; D3D2D1D0 is the

output di�eren
e; Bout3 is the output borrow.

4-bit subtra
tor As with the binary adder, we 
an also have n number of full-subtra
tor


as
aded together to subtra
t two parallel n-bit numbers from ea
h other. Fig. 4.16 (a) shows

the ar
hite
ture of a series 4-bit subtra
tor formed by 
onne
ting four full-subtra
tors. In

this subtra
tor, 4 bit minuend A3A2A1A0 is subtra
ted by 4 bit subtrahend B3B2B1B0 and

gives the di�eren
e output D3D2D1D0. The borrow output of ea
h subtra
tor is 
onne
ted

as the borrow input to the next pre
eding subtra
tor. Fig. 4.17 shows the results of a 4-bit

subtra
tor, verifying the fun
tional behavior of the designed 4-bit subtra
tor.

It is also possible to design a 4-bit parallel subtra
tor with the method of repla
ement for

multi-bit parallel adders. Same as the multi-bit adder, 
ompared with the serial adder, the

parallel subtra
tor is expe
ted to have a smaller delay sin
e there is no borrow propagation.
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Figure 4.17 � Fun
tion simulation of 4-bit Subtra
tor with full-subtra
tor.

4.3.2.3 Comparators

Data 
omparison is needed in digital systems while performing arithmeti
 or logi
al opera-

tions. This 
omparison determines whether one number is greater than, equal, or less than

the other numbers. A digital 
omparator is widely used in the 
ombinational system and is

spe
ially designed to 
ompare the relative magnitudes of binary numbers.

(a)

A
H

B

(b)

1-bit comparator

A

B
L

H

E

Iinj1

Iinj1

Iinj2

0

Iinj2

Iinj1=-Iinj2

L

Iinj1

0

A

B

A

B

0

Iinj2

Iinj2

A

Iinj2

E

MAJ3

MAJ3

MAJ3

MAJ3

Figure 4.18 � 1-bit 
omparator implementation. (a). Ar
hite
ture of 1-bit 
omparator: A/B
as inputs, L(A < B), E(A = B) and H(A > B) as three outputs, Iinj1/2 as two di�erent

inje
tion 
urrent sour
es, where Iinj1 = −Iinj2; (b). Fun
tional symbol of 1-bit 
omparator.

1-bit magnitude 
omparator A 1-bit 
omparator 
ompares tow bits, i.e. two numbers

ea
h of single bit. It 
onsists of two inputs for allowing two single bit numbers and three

outputs to generate less than, equal or greater than 
omparison outputs. The majority fun
-

tion of the 1-bit 
omparator, with A and B as the inputs and L(A < B), E(A = B) and
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H(A > B) as the three outputs, is expressed in 4.14, where we 
hoose the AND-based XNOR

to realize the fun
tion E due to its lower energy and delay.

L = ĀB = Maj(Ā, B, 0)

Emaj = XNOR(A,B) = Maj(A,Maj(A,B, 0),Maj(A,B, 1))

H = AB̄ = Maj(A, B̄, 1)

(4.14)

The 1-bit 
omparator 
an be implemented with one XOR/XNOR 
ir
uit and one 3-input

majority gates. Fig. 4.18 (a) and (b) shows the fun
tional diagram of a single bit AND-based

magnitude 
omparator and the fun
tional symbol of the 1-bit 
omparator, with two inje
tion


urrent sour
es Iinj1/2, where Iinj1 = −Iinj2.
Fig. 4.19 shows the simulation results of the 1-bit 
omparator. Be
ause the gates used

for the 1-bit 
omparator are the 3-input majority gate and the XNOR gate that is 
omposed

of 3-input majority gates, the amplitude of the inje
tion 
urrents Iinj1/2 is set to 700 µA,
whi
h are the values of inje
tion 
urrent of the 3-input majority gate.

Vread

H

L

E

Iinj1

Iinj2

F

VwriteF

B

VwriteB

A

VwriteA

Figure 4.19 � Fun
tion simulation of 1-bit 
omparator. Vwrite/read is the writing/reading

sour
e of MTJs; Iinj1/2 is the 
orresponding inje
tion 
urrent; A/B are the input states;

L/E/H are the output states; F is the 
ontrol state of the 3-input majority gate, whi
h is

0 in this 
ase to realize the AND fun
tion.

2-bit 
omparator A 2-bit 
omparator 
ompares two binary numbers, ea
h of two bits and

produ
es their relation su
h as one number is equal to or greater than or less than the other.

We suppose that the �rst number A is designated as A = A1A0 and the se
ond number is

designated as B = B1B0. The 
omparator produ
es three outputs as H (H = 1 if A > B),

E (E = 1, if A = B) and L (L = 1 if A < B).

The boolean fun
tion and the 
orresponding majority fun
tion based on "repla
ement"

method for ea
h output 
an be expressed as:

L = Ā1B1 + Ā0B1B0 + Ā1Ā0B0

= Maj(Maj(Ā1, B1, 0),Maj(Ā0, A1, B0, 0, 0),Maj(Ā1, Ā0, B0, 0, 0), 1, 1)

E = (A0 ⊙B0)(A1 ⊙ B1)

= Maj(XNOR(A0, B0), XNOR(A1, B1), 0)

H = A0B̄1B̄0 + A1B̄1 + A1A0B̄0

= Maj(Maj(A0, B̄1, B̄0, 0, 0),Maj(A1, B̄1, 0),Maj(A1, A0, B̄0, 0, 0), 1, 1)

(4.15)
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Figure 4.20 � 2-bit 
omparator implementation. (a). Majority gates implementation of 2-bit


omparator by using 3-input majority gates, 5-input majority gates, and XOR/XNOR gates;

b. Fun
tional symbol of 2-bit 
omparator, with inputs A1A0 and B1B0, outputs L/E/H
and �ve inje
tion 
urrent sour
es: Iinj1−4.

Or, the majority fun
tions of the 2-bit 
omparator based on "truth table" method are

expressed as:

LM1 = Maj(A0, B0, 0, Ā1, B1, B1, B1)

LM2 = Maj(0, Ā1, Ā0, LM1, LM1)

L = Maj(B0, Ā1, Ā0, LM2, LM2)

(4.16)

EM1 = Maj(B̄1, Ā0, B̄0, 1, A1, A1, A1)

EM2 = Maj(A0, B0, B̄1, Ā1, 1, EM1, EM1, EM1, EM1)

EM3 = Maj(A0, B0, B1, 0, Ā1, EM2, EM2, EM2, EM2)

EM4 = Mj(A0, Ā1, B̄0, B1, 0, EM3, EM3, EM3, EM3)

EM5 = Maj(A0, Ā1, B̄0, B̄1, 0, EM4, EM4, EM4, EM4)

EM6 = Maj(Ā0, Ā1, B0, B1, 0, EM5, EM5, EM5, EM5)

EM7 = Maj(Ā0, Ā1, B̄0, B1, 0, EM6, EM6, EM6, EM6)

E = Maj(Ā0, Ā1, B0, B̄1, 0, EM7, EM7, EM7, EM7)

(4.17)

GM1 = Maj(A0, B̄0, B̄1, A1, A1)

GM2 = Maj(A0, B0, B̄1, 0, GM1, GM1, GM1)

GM3 = Maj(A0, B̄0, B̄1, 0, GM2, GM2, GM2)

GM4 = Maj(B̄0, B̄1, 0, GM3, GM3)

(4.18)

By 
omparing the two methods, we �nd that the �rst expression uses fewer MTJs and


an a
hieve smaller delays. Hen
e, we use the �rst majority expression to implement the 2-bit


omparator. Fig. 4.20 (a) shows the implementation of the three outputs: L/H/E, with four

di�erent inje
tion 
urrent sour
es Iinj1−4.
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Fig. 4.21 shows the simulation results of the implemented 2-bit 
omparator. The values

of di�erent inje
tion 
urrents are set a

ording to the original 3/5-input majority gates.

Simulation results veri�ed the fun
tional behaviors of the 2-bit 
omparator.

Vread

Iinj1

Iinj2

H

E

L

Z

VwriteZ

U

VwriteU

B0

VwriteB0

B1

VwriteB1

A0

VwriteA0

A1

VwriteA1

0.5

-0.5

Iinj3

Iinj4

Figure 4.21 � Fun
tion simulation of 2-bit 
omparator. Vwrite/read are the writing/reading

voltage sour
e of MTJs; Iinji is the i inje
tion 
urrent value; Input states are expressed as

A1/A0/B1/B0 and output states are expressed as L/E/H .

4-bit magnitude 
omparator 4-bit 
omparator 
an be used to 
ompare two four-bit

words. The two 4-bit numbers are A = A3A2A1A0 and B3B2B1B0 where A3 and B3 are the

most signi�
ant bits. The three outputs are L(L = 1, if A < B), H(H = 1, if A > B) and
E(E = 1, if A = B). The boolean fun
tions 
an be written as:

L = Ā3B3 + (A3 ⊙ B3)Ā2B2 + (A3 ⊙ B3)(A2 ⊙B2)Ā1B1

+ (A3 ⊙B3)(A2 ⊙ B2)(A1 ⊙ B1)Ā0B0

E = (A3 ⊙B3)(A2 ⊙B2)(A1 ⊙ B1)(A0 ⊙ B0)

H = A3B̄3 + (A3 ⊙ B3)A2B̄2 + (A3 ⊙ B3)(A2 ⊙B2)A1B̄1

+ (A3 ⊙B3)(A2 ⊙ B2)(A1 ⊙ B1)A0B̄0

(4.19)

From the above output boolean expressions, the logi
 
ir
uits for this 4-bit 
omparator


an be implemented by using the XOR/XNOR 
ir
uit to realize the XNOR(⊙) fun
tion and

3-input majority 
ir
uits to realize the AND/OR fun
tions. The inversion fun
tion 
an be

realized by using a positive inje
tion 
urrent.

Fig. 4.22 shows the simulation results of the 4-bit 
omparator, whi
h veri�ed the fun
-

tional behavior of the implemented 
ir
uit.

When 
omparing larger binary numbers, the 
omparator 
an be implemented by 
as
ad-

ing several small binary numbers. For example, the 8-bit 
omparator 
an be implemented

by using two 4-bit 
omparators. The 
omparative me
hanism is: the 
omparator starts by


omparing the highest-order bit �rst. If equality exists, then it 
ompares the next lower bit

and so on until it rea
hes the lowest-order bit. If equality still exists then the two numbers

are de�ned as being equal. If inequality is found, either A < B or A > B, the relationship

66



0

1

0

1
0

1
0

1
0

1
0

1
0

1
0

1
0

1
0

1
0

1
0

1

U

Z

A3

A2

A0

A1

B3

B2

B1

B0

E

L

H

Figure 4.22 � Fun
tion simulation of 4-bit 
omparator. A = A3A2A1A0 and B3B2B1B0 are

the input states; L/E/H are the output states; Z = 1 is the 
ontrol state value for OR

fun
tion in a 3-input majority gate and U = 0 is the 
ontrol state value for AND fun
tion

in a 3-input majority gate.

between the two numbers if determined and the 
omparison between any additional lower

order bits stops.

Digital magnitude 
omparators are widely used:

• in the address de
oding 
ir
uitry in 
omputers and mi
ropro
essor based devi
es to

sele
t a spe
i�
 input/output devi
e for the storage data.

• in 
ontrol appli
ations in whi
h the binary numbers representing physi
al variables su
h

as temperature, position, et
., are 
ompared with a referen
e value. Then the outputs

from the 
omparator are used to drive the a
tuators so as to make the physi
al variables


losest to the set or referen
e value.

• pro
ess 
ontrollers

4.3.2.4 Multipliers

A binary multiplier is a 
ombinational logi
 
ir
uit used in digital systems to perform the

multipli
ation of two binary numbers. These are most 
ommonly used in various appli
a-

tions espe
ially in the �eld of digital signal pro
essing to perform the various algorithms.

Commer
ial appli
ations like 
omputers, mobiles, high-speed 
al
ulators and some general

purpose pro
essors require binary multipliers.

• Ar
hite
ture:

Fig. 4.23 (a) shows an implementation of a 4-bit array multiplier, with three 4-bit

adders and sixteen AND gates. A = A3A2A1A0 and B = B3B2B1B0 are the multipli-


ator and multipli
and respe
tively. The fun
tional symbol is shown in Fig. 4.23 (b).

A 
lassi
al array stru
ture is used: the �rst stage is the multipli
ation of Ai and B0/1;

results are transmitted to the se
ond stage, where additions o

ur, et
. The multiplier
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Figure 4.23 � (a) Implementation of the 4-bit array multiplier, with three 4-bit adders and

sixteen AND gates: A = A3A2A1A0 and B = B3B2B1B0 as the multipli
ator and multipli-


and, M7M6M5M4M3M2M1M0 as the output, Cin as the input 
arry. (b) Fun
tional symbol

of the 4-bit array multiplier.

is implemented using 16 AND gates (ea
h AND gate 
orresponds to a 3-inputs ma-

jority gate 
on�gured for AND fun
tion) and three 4-bit adders, for whi
h serial and

parallel implementations are possible. The multiplier is thus a hierar
hi
al 
ir
uit for

whi
h multiple design options are possible.

• Timing:

In the �rst step, all the inputs A and B are written simultaneously with a delay of

Twrite. Then the 8 AND gates for AiB0/B1 are implemented with the delay of TAND.

Step 3 
ontains a 4-bit adder and 4 parallel AND gates. As shown in Table 4.21, with

the same inje
tion 
urrent, the delay of AND gate is smaller than that of the 4-bit

adder. Hen
e we 
onsider the delay of the 4-bit adder: Tadder, as the delay of step 3.

Similar for the last two steps, the delay is Tadder. After 
al
ulating all the outputs, the

results are read with a delay of Tread. In 
on
lusion, the delay of the 4-bit multiplier is

Twrite + TAND + 3Tadder + Tread.

Fig. 4.24 shows the simulation results of the 4-bit array multiplier, whi
h veri�ed the fun
-

tional behaviors of the designed 4-bit array multiplier.

4.3.2.5 ALU

An ALU is a 
ombinational digital ele
troni
 
ir
uit that performs arithmeti
 and bitwise

operations on integer binary numbers. Their fun
tionality and 
omplexity depend on the

system requirements and the data size to handle. Most ALUs perform the operations su
h

as: addition, subtra
tion, two's 
omplement, in
rement, de
rement, AND, OR, XOR, ones'


omplement and bit shift operations. In this subse
tion, we 
onsider a one-bit and 4-bit ALUs

allowing to exe
ute the following fun
tions: addition, subtra
tion, multiplexing, in
rement,

de
rement, AND/OR/NAND/NOR, XOR/XNOR.

1-bit ALU The implementation of the 1-bit ALU relies on two methods: 
ir
uit assembly

and majority gate synthesis te
hnique. Both ALUs rely on 5-inputs majority gates, 
onsid-
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Figure 4.24 � 4-bit multiplier simulation results with 4-bit serial adder.

ering the ASL devi
e breakdown 
urrent and the ba
k�ow issues.

• Logi
 
ir
uit based ALU

ALULCA is designed by assembly ASL-based full-adder and multiplexer and is illus-

trated in Fig. 4.25 (a). It is implemented using two 5-inputs gates (M1 and M2) and a

3-inputs gate (M3 for whi
h # indi
ates that no 
urrent is inje
ted into two terminals).

The state of ea
h input and 
ontrol terminal is written by a voltage sour
e �Vwrite� and

then inje
ted into the 
hannel by a positive or negative inje
tion 
urrent �Iinj+� or

�Iinj−�. The �Ai
� and �Bi

� mean the states of these terminals are written by the same

write voltage sour
es, i.e. �VwriteA� and �VwriteB�, respe
tively, whereas the inje
tion


urrent polarity is spe
i�ed to ea
h terminal. �2M1� means the inje
tion 
urrent for

terminal �M1� is dupli
ated;

Fig. 4.25 (b) illustrates the symbol of ALULCA and Table 4.14 summarizes the 
on�g-

uration s
hemes for ea
h terminal. In this table, possible values for the inje
ted spin


urrent �Iinj� are �0� (i.e. no spin 
urrent), �P� (positive) or �N� (negative). The state

of ea
h MTJ 
an be �0/1� (i.e. parallel/anti-parallel) or �X� (i.e. don't 
are). For ex-

ample, to perform full-subtra
tion operation, the following 
on�guration is needed: no


urrent inje
ted for H/U/Z, positive 
urrents for A1/M1 and negative 
urrents for

A2/A3/B1/B2/C. The half-subtra
tion is performed by spe
ifying C = 0 with the

other states invariable. The half-adder is 
on�gured in the same way. For multiplex-

ing operation, the 
on�guration is very di�erent and is des
ribed as following: U = 0,
Z = 1, H = B1

, no inje
tion 
urrent for A1/B2
, positive 
urrent for A2

and negative


urrent for A3/B1/C/H/U/Z. Hen
e, from this two examples, it is 
lear that 
on�g-

uring ALULCA is a tedious task sin
e terminal 
urrent polarity and state need to be


ontrolled independently from ea
h other.

• Majority gate synthesis method based ALU

ALUMG is designed using a majority gates synthesis method. Assuming that basi


logi
 
ir
uits 
an be implemented by 
ombining full-adder and multiplexer 
ir
uits,
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Figure 4.25 � Proposed ASL devi
es based ALUs: (a) ALULCA requires three 5-inputs ma-

jority gates and 11 
ontrol signals for 
urrents/voltages (S1-S11); The �Ai
� and �Bi

� in the

�gure mean the states of these terminals are written by the same write voltage sour
es, i.e.

�VwriteA� and �VwriteB�, respe
tively, whereas the inje
tion 
urrent polarity is spe
i�ed to ea
h

terminal. �2M1� means the inje
tion 
urrent for terminal �M1� is doubled; and (
) ALUMG

is implemented using 14 5-inputs majority gates and one 
ontrol signal of the 
urrent (S1);

The terminals with the same symbol are 
onne
ted to a same writing voltage sour
e, e.g.

all �A� to �VwriteA�. Green and violet lines for the terminals 
onne
t to the 
orresponding

inje
tion 
urrents; (b) and (d) are the 
orresponding fun
tional symbol of two ALUs. Symbol

# indi
ates that no 
urrent is inje
ted in the terminal.

ALU fun
tion is formalized as:

Function = H × (adder) +H × (Multiplexer) (4.20)

The resulting 
ir
uit requires 14 majority gates and is illustrated in Fig. 4.25 (
). Input

signals are �A�, �B�, �C� and there are three 
ontrol signals (�U�, �Z� and �H�) and

two outputs (`F0� and �F1�). The terminals with the same symbol are 
onne
ted to a

same writing voltage sour
e, e.g. all �A� to �VwriteA�. All the terminals have the same

inje
tion 
urrent polarity, whi
h 
ontributes to simplifying the ALU 
on�guration by

signi�
antly redu
ing the number of 
ontrol signals. Fig. 4.25 (d) presents the symbol

for ALUMG and Table 4.15 summarizes the possible 
on�gurations. As an example,


on�guring the subtra
tor fun
tion is realized as follow: UZH = 101 and negative

inje
tion 
urrent used for all the terminals. Full-adder fun
tion (se
ond row in the table)

is 
on�gured as follow: UZH = 010 or UZH = 101 (both 
ombinations are possible),

negative inje
tion 
urrent are used for all the majority gates and results are outputted
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on F1 (
arry) and F0 (sum). Following the approa
h des
ribed in [58℄, XOR3 fun
tion


orresponds to sum and thus 
an be obtained on terminal F0. Fun
tion XNOR3 is


on�gured with the same 
on�guration for UZH but using a positive inje
tion 
urrent.

• Simulation

We �rst model ALUMG using the 
ompa
t model and the following parameters: we

assume a 40nm for MTJ diameter/width and Iinj is set to 420 µA with a 2.5 ns
pulse duration. This allows de�ning a maximum 
urrent in the 
hannel equals to the

breakdown 
urrent and leads to 1.24 ns and 2.8 ns 
hannel propagation delays. SPICE

simulations for both ALULCA and ALUMG have been 
arried out and allow validating

the models. We show the simulation results for ALUMG exe
uting full-adder, half-

adder, AND/OR3 and multiplexer (Fig. 4.26). In addition to representing input and

output terminals, we also show the intermediate outputs mi for the ith majority gate.

The simulations allow validating the 
orre
t behavior of models, validate the models

and help to extra
t delays and energy �gures used in the following 
omparison.

X

U

Z

A

B

C

m1

m2
F1

m4

m5

m6

m7

m8

m9

m10

m12

m11

m13

F0

Full-adder

Half-adder
MultiplexerAND3OR3

Figure 4.26 � ALUMG simulation results for full-adder, half adder, AND3/OR3 and multi-

plexer fun
tions.

• Comparison

ALULCA and ALUMG require 3 and 14 gates respe
tively, whi
h leads to 0.21 µm2
and

0.98 µm2
footprint for their implementation (Table 4.16). Due to a smaller number of

devi
es, ALULCA is also a more energy e�
ient and a faster solution. However, it is

important to noti
e that delay and energy results do not take into a

ount the energy

dissipated in the 
ontrol 
ir
uits. Indeed, 
on�guring ALULCA is tedious sin
e both

terminal state and inje
tion 
urrent polarity need to be spe
i�ed in a non-
orrelated

way. This drasti
ally in
reases the number of 
ontrol signals required for ALULCA

(Tables 4.14 and 4.15). ALUMG thus requires a simpli�ed 
ontrol 
ir
uit, whi
h 
ould

lead to signi�
ant design 
omplexity redu
tion when integrating an ALU in a 
omplete


omputing system. This evaluation is part of future works.

Moreover, while these results are given for 40 nm MTJ only, it is also possible to

investigate ALU performan
es/area for other te
hnologi
al parameters. This allows i)

to explore the s
alability opportunity o�ered by ASL devi
es and ii) to optimize ALUs

a

ording to the area and energy 
onsumption �gures.
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In this subse
tion, we have proposed two 1-bit ALU 
ir
uits implemented using ASL

devi
es. ALULCA is an assembly result of previously proposed 
ir
uits while ALUMG is syn-

thesized using majority gate design method. Results give a signi�
ant advantage to ALULCA

sin
e it is the most e�
ient implementation regarding energy, area and laten
y metri
s. How-

ever, 
on�guring ALULCA is a tedious task sin
e it requires a signi�
ant number of 
ontrol

signals. Its integration into a 
omplete 
omputing system may thus lead to a high design


omplexity, whi
h is not a disadvantage shared by to the more easily 
on�gurable ALUMG.

This will be further investigated in our future works.
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Table 4.14 � Integrated fun
tions 
on�gurations of ALULCA.

Fun
tion

A1 A2 A3 B1 B2 C H Z U M1

Fout

State Iinj State Iinj State Iinj State Iinj State Iinj State Iinj State Iinj State Iinj State Iinj Iinj

Full-adder

0/1 0 0/1

N

0/1

N

0/1

N

0/1

N

0/1

N

X 0 X 0 X 0

P F1F0

/XOR3(XNOR3) (P) (P) (P) (P) (P) (N) /F0(F0)

Subtra
tor 0/1 P 0/1 N 0/1 N 0/1 N 0/1 N 0/1 N X 0 X 0 X 0 P F2F0

Multiplexer 0/1 0 0/1 P 0/1 N 0/1 N 0/1 0 0/1 N B1 N 1 N 0 N N F0

in
rement 0/1 0 0/1 N 0/1 N 1 N 1 N 0 N X 0 X 0 X 0 P F1F0

de
rement 0/1 P 0/1 N 0/1 N 1 N 1 N 0 N X 0 X 0 X 0 P F2F0

AND2(OR2)

0/1 0 0/1

N

0/1 0 0/1

N

0/1 0 0(1)

N

X 0 X 0 X 0 0 F1

/NAND2(NOR2) /P /P /P

AND3(OR3)

0/1 0 0/1

N

0/1 0 0/1

N

0/1 0 0/1

N

Z

N

0(1)

N

X 0 0 F1

/NAND3(NOR3) /P /P /P /P /P

7
3



Table 4.15 � Integrated fun
tions 
on�gurations of ALUMG.

Fun
tion A B C U Z H Iinj Output

Full-adder

0/1 0/1 0/1

0 1 0 N F1F0

/XOR3(XNOR3) 1 0 1 (P) /F0(F0)

Subtra
tor

1 0/1 0/1

0 1 0

P F1F0

without borrow 1 0 1

Subtra
tor 0/1 0/1 0/1 1 0 1 N F1F0

Multipliexer 0/1 0/1 0/1 0 1 1 N F0

In
rement

0 1

0/1

0 X 0

N F1F0

1 0 0 1 0

0 1 1 0 1

1 0 1 X 1

De
rement

0 1

0/1

0 0 0

N

F1F0

0 0 0 1 0

1 0 1 0 0

P

1 1 1 0 0

AND2(OR2)

0(1)

0/1 0/1

0 X 0

N F1

0(1) 1 X 1

/NAND2(NOR2) 1(0) 0(1) 0(1) X /P F0

AND3(OR3)

0/1 0/1 0/1 0(1) 0(1) 1(0)

N

F0

/NAND3(NOR3) /P

Table 4.16 � ALULCA and ALUMG performan
e 
omparison.

ALULCA ALUMG

Gate number 3 14

Area (µm2
) 0.21 0.98

Delay (ns)

F0 2.48 14.88

F1 1.24 3.72

F2 1.24 #

Energy (nJ)

F0 0.27 1.566

F1 0.135 0.351

F2 0.081 #
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4.3.3 Data transmission

4.3.3.1 Multiplexer (MUX)

The multiplexer is a digital swit
h, also 
alled as date sele
tor. It is a 
ombinational 
ir
uit

with more than one input line, one output line and more than one sele
t line. It allows the

binary information from several input lines or sour
es and depending on the set of sele
t

lines, parti
ular input line, is routed onto a single output line.

L2

L1
L3

L4

(a)

Iinj1(c)

S0

In1

In2

Iinj2

AND/OR2

NAND/NOR2

Multiplexer

S0’

In2

Z

L1

L2

In1:2 S0

In1:2

Z

S0’

In2

M1:2

S0

U

In2

Q

M1:2

U

In2

Q

L3

L4

(b)

Iinj1

Iinj1

Iinj2

Iinj1

Iinj3

Iinj3

Iinj3

Iinj3

Q

U Z

Iinj3

Figure 4.27 � (a). 2-to-1 multiplexer ar
hite
ture: In1/2 as two inputs, S0 as sele
t signal,

Z = 1 and U = 0 are the 
ontrol signals, Q as the output, M1 as the intermediate state; the

�2� after the In1 and M1 means the weights of terminals are twi
e the others. (b). Verti
al

view of the 2-to-1 multiplexer, with 
hannel distributions: L1 − L4. (
). fun
tional symbol

of 2-to-1 multiplexer, with three di�erent inje
tion 
urrent sour
es, where Iinj1 = −Iinj2.

2-to-1 Multiplexer A 2-to-1 multiplexer 
onsists of two inputs In1 and In2, one sele
t

input S0 and one output Q. Depends on the sele
t signal, the output is 
onne
ted to either of

the inputs. Sin
e there are two input signals, only one sele
t is needed to do these operations.

The boolean and the 
orresponding majority fun
tions based on the "repla
ement" method

are expressed as:

Q = S̄0In1 + S0In2

= Maj(Maj(S̄0, In1, 0),Maj(S0, In2, 0), 1)
(4.21)

The multiplexer based on the "truth table" method 
an be expressed as with Z = 1 and

U = 0:
M1 = Maj(S0, Z, In1, In1, In2)

Q = Maj(S0,M1,M1, In2, U)
(4.22)

Fig. 4.27 (a) shows the ar
hite
ture of the multiplexer based on the �truth table� synthesis

method. Fig. 4.27(b) is the verti
al view of the multiplexer ar
hite
ture with the 
hannel

distributions. The fun
tional symbol of the multiplexer is shown in Fig. 4.27(
).

With di�erent 
ontrol terminal states U and Z, this 
ir
uit 
an be 
on�gured as AND/OR/
NAND/NOR and MUX fun
tions, as shown in Table 4.17. For example, if U and Z are both


on�gured as �0�, and the inje
tion 
urrent is negative, the 
ir
uit will output the fun
tion

AND(In1, In2).
Fig. 4.28 shows the simulation results of the 2-to-1 multiplexer with "truth table" method,

with the MTJ writing/reading signal Vwrite/read, the inje
tion 
urrent signals Iinj1−3, the sele
t

signal S0, the inputs signals In1/2, the 
ontrol signals U/Z and the output signal Q. The
inje
tion 
urrent is simulated and set to 455 µA to guarantee the 
hannel fun
tion, the same

inje
tion in the 5-inputs majority gate. Simulation results verify the fun
tional behaviors of

the designed 2-to-1 multiplexer.
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Table 4.17 � Re
on�gurable Fun
tions Based on MUX Stru
ture synthesized with �truth

table� method.

Fun
tion Q U Z Iinj

In1In2 0 0 N

In1In2 0 0 P

S0In1 + S0′In2 0 1 N

S0In1 + S0′In2 0 1 P

S0′In1 + S0In2 1 0 N

S0′In1 + S0In2 1 0 P

In1 + In2 1 1 N

In1 + In2 1 1 P

Vread

Iinj3

Iinj1

Iinj2

Q

M1

In2

In1

S0

VwriteIn2

VwriteIn1

U

Z

VwriteS0

VwriteU

VwriteZ

Figure 4.28 � Fun
tion simulation of 2-to-1 multiplexer: Vwrite/read as MTJ writing/reading

signal, Iinj1−3 as the inje
tion 
urrent signals, S0 as the sele
t signal, In1/2 as the inputs

signals, U/Z as the 
ontrol signals and Q as the output signal.
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4-to-1 Multiplexer A 4-to-1 multiplexer 
onsists of four data input lines as A/B/C/D,

two sele
t lines as S1 and S2 and a single output line Q. The sele
t lines S1 and S2 sele
t

one of the four input lines to 
onne
t the output line. The parti
ular input 
ombination on

sele
t lines sele
ts one of input (A through D) to the output.

We suppose the boolean fun
tion of this 4-to-1 multiplexer is expressed as:

Q = S̄1S̄2A+ S1S̄2B + S̄1S2C + S1S2D (4.23)

By using the 3/5-input majority gates, the implementation of the 4-to-1 multiplexer is

illustrated in Fig. 4.29 (a) and (b) presents the fun
tional symbol with three inje
tion 
urrent

signals Iinj1/2/3.

0

S1’S2’A

0

1

S1S2’B

S1’S2C

S1S2D

(a)

S1

S2

S1

S2

S1

S2

S1

S2

A

B

C

D

OR2

OR2

OR2
Q

Iinj1 Iinj2

Iinj3

(b)

4-to-1

multiplexer

A

B

C

D

Q

Iinj1 Iinj2 Iinj3

S1 S2

00

Iinj1 Iinj2

00

00

Iinj1 Iinj2

Iinj1

Iinj3

Iinj3

1

1

Iinj1=-Iinj2

Figure 4.29 � a. Implementation of 4-to-1 multiplexer with 3/5-input majority gates: S1/2 as
two sele
t signals, A/B/C/D as four input signals, Q as output, Iinj1/2/3 as inje
tion 
urrent

sour
es, where Iinj1 = Iinj2. b. fun
tional symbol of 4-to-1 multiplexer.

By setting the inje
tion 
urrents values Iinj1 = −455 µA, Iinj2 = 455 µA and Iinj3 =
−700 µA, whi
h lead to the maximum spin 
urrent in the 
hannel, the fun
tional behaviors

of the multiplexer are shown in Fig. 4.30.

In general, an n-to-1 multiplexer needs n input signals and ⌈logn2 ⌉ sele
t signals.
In all types of digital system appli
ations, multiplexers �nd its immense usage. Sin
e they

allow multiple inputs to be 
onne
ted independently to a single output, they are found in a

variety of appli
ations in
luding data routing, logi
 fun
tion generations, 
ontrol sequen
es,

parallel-to-serial 
onverters, et
.

• Data routing: Multiplexers are extensively used in data routing appli
ations to route

the data to one parti
ular destination from one of the several sour
es.

• Logi
 fun
tion generator: In pla
e of logi
 gates, a logi
al expression 
an be generated

by using a multiplexer. It is possible to 
onne
t the multiplexer su
h that it dupli
ates

the logi
 of any truth table. In su
h 
ases it 
an generate the Boolean algebrai
 fun
tion

of a set of input variables. This abruptly redu
es the number of logi
 gates or integrated


ir
uits to perform the logi
 fun
tion sin
e the multiplexer is a single integrated 
ir
uit.

In this kind of appli
ations, multiplexers are viewed as logi
 fun
tion generators.
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VwriteS2
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VwriteB

A

VwriteA

Z

VwriteZ

U

VwriteU

Q

Figure 4.30 � Simulation of 4-bit multiplexer. U = 0(Z = 1) is the 
ontrol signal state of the
3/5-input majority gate to realize the AND(OR) fun
tion.

• Parallel to serial 
onversion: A multiplexer 
ir
uit 
an be used to 
onvert the parallel

data to serial data, so as to redu
e parallel buses to serial signals. This type of 
onver-

sion is needed in tele
ommuni
ation, test and measurement, military/aerospa
e, data


ommuni
ations appli
ations.

• Other appli
ations of multiplexers in
lude 
ontrol sequen
es, pulse train generators,

en
oders, register to register data transfer, waveform generators, et
.

4.3.3.2 Demultiplexer

A demultiplexer is a 
ombinational logi
 
ir
uit that re
eives the information on a single

input and transmits the same information over one of 2n possible output lines. Sin
e the

demultiplexers are used to sele
t or enable the one signal out of many, these are extensively

used in mi
ropro
essor or 
omputer 
ontrol systems su
h as :

• Sele
ting di�erent IO devi
es for data transfer

• Choosing di�erent banks of memory

• Enabling di�erent rows of memory 
hips, depending on the adders

• Enabling di�erent fun
tional units

• Syn
hronising data transmission systems

1-to-2 demultiplexer A 1-to-2 demultiplexer 
onsists of one input line In, two output

lines Y 0/1 and one sele
t line S. The signal on the sele
t line helps to swit
h the input to

one of the two outputs. We suppose that the boolean fun
tion of the 1-to-2 demultiplexer is

expressed as:
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Y 0 = S̄In = Maj(S̄, In, 0)

Y 1 = SIn = Maj(S, In, 0)
(4.24)

Based on the above boolean equations, this demultiplexer is implemented by using two

AND gates, whi
h is a
tually a 3-input majority gate with the 
ontrol signal F = 0. The
ar
hite
ture is shown in Fig. 4.31 (a) and (b) shows its fun
tional symbol with two inje
tion


urrent signals: Iinj1 and Iinj2, where Iinj1 = −Iinj2.

Y1

Iinj1

0

Y0

AND2

AND2

S

In

S

In

1-to-2

demultiplexer
In

S

Y1

Y0

(a) (b)

Iinj1=-Iinj2

Iinj1 Iinj2

Iinj1 Iinj2

0

Figure 4.31 � 1-to-2 bit demultiplexer. (a) Implemented ar
hite
ture of the 1-to-2 demul-

tiplexer with two 3-inputs majority gate (AND fun
tion with 
ontrol terminal F=0); two

inje
tion 
urrent signals Iinj1 = −Iinj2. (b) Fun
tional symbol of the 1-to-2 demultiplexer.
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1
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1

0

1

Vread

Iinj1

Iinj2

Y1

Y0

S

VwriteS

In

VwriteIn

U

VwriteU

Figure 4.32 � Fun
tion simulation of 1-to-2 bit demultiplexer: Vwrite/read as the writ-

ing/reading voltage sour
es to write/read the MTJ states, In as the input state, S as the

sele
t signal state, Y 0/Y 1 as the output states, U = 0 as the 
ontrol signal state to realize

the AND fun
tion in a 3-inputs majority gate.

Fig. 4.32 shows the simulation results of the demultiplexer, with Iinj1 = −700 µA and

Iinj2 = 700 µA, whi
h is the maximum 
urrents to guarantee the 
hannel fun
tion. The

simulation results verify the fun
tional behaviors of the designed 1-to-2 demultiplexer.

1-to-4 demultiplexer A 1-to-4 demultiplexer has a single input (In), two sele
tion lines

(S1 and S0) and four outputs (Y 0 to Y 3). The input data goes to any one of the four outputs
at a given time for a parti
ular 
ombination of sele
t lines. This demultiplexer is also 
alled
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a 2-to-4 demultiplexer whi
h means that two sele
t lines and 4 output lines. The boolean

fun
tions of the designed 1-to-4 demultiplexer are expressed as:

Y 0 = S̄1S̄0In = Maj(S̄1, S̄0, In, 0, 0)

Y 1 = S̄1S0In = Maj(S̄1, S0, In, 0, 0)

Y 2 = S1S̄0In = Maj(S1, S̄0, In, 0, 0)

Y 3 = S1S0In = Maj(S1, S0, In, 0, 0)

(4.25)

Based on the above equations, this multiplexer is implemented in Fig. 4.33(a), with four

AND3 gates (5-inputs majority gate with the 
ontrol state F = 0). Fig. 4.33 (b) illustrates

the fun
tional symbol of the 1-to-4 demultiplexer, with two inje
tion 
urrent signals Iinj1 =
−Iinj2.

Y0
AND3

S0

S1

1-to-4

demultiplexer

Iinj1 Iinj2
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Y0
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(a) (b)
Iinj1 = - Iinj2

Y2

Y3

S1

0 0
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Y1
AND3

S0

S1

In

Y2
AND3

S0

S1

Iinj1 Iinj2

In

Y3
AND3

S0

S1

Iinj1

In

Iinj1 Iinj2

Iinj1 Iinj2

0 0

0 0 0 0

Figure 4.33 � 1-to-4 bit demultiplexer. (a) Implementation of the 1-to-4 demultiplexer, with

four AND gates (5-input majority gate with 
ontrol state F = 0): In as input, S0/1 as sele
t
signal, Y 1/2/3/4 as output signals, Iinj1/2 as inje
tion 
urrent signals with Iinj1 = −Iinj2. (b)
Fun
tional symbol of the 1-to-4 demultiplexer, with Iinj1/2 as two inje
tion 
urrent signals.

Fig. 4.34 shows the simulation results of the 1-to-4 bit demultiplexer, whi
h veri�es its

fun
tional behaviors. The amplitude of the two inje
tion 
urrents is 455 µA, whi
h leads to

the maximum spin 
urrent in the 
hannel.
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Figure 4.34 � Fun
tion simulation of 1-to-4 bit demultiplexer. Vwrite/read are the writ-

ing/reading signal of MTJ states; In is the input signal; S0/1 are the sele
t signals; Y 0/1/2/3
are the output signals; U = 0 is the 
ontrol signal of the 5-input majority gate whi
h realizes

the AND fun
tion.
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1-to-8 demultiplexer A 1-to-8 demultiplexer 
onsists of one single input In, three sele
t
inputs S2, S1 and S0 and eight outputs from Y 0 to Y 7. It is also 
alled 3-to-8 demultiplexer

due to three sele
t input lines. It distributes one input line to one of 8 output lines depending

on the 
ombination of sele
t inputs.

The boolean fun
tion of the designed 1-to-8 demultiplexer is expressed as:

Y 0 = S̄2S̄1S̄0In

Y 1 = S̄2S̄1S0In

Y 2 = S̄2S1S̄0In

Y 3 = S̄2S1S0In

Y 4 = S2S̄1S̄0In

Y 5 = S2S̄1S0In

Y 6 = S2S1S̄0In

Y 7 = S2S1S0In

(4.26)

From the above equations, the demultiplexer 
an be implemented by using AND gates.

Considering the ba
k�ow problem, we use one AND2 and one AND3 gate to realize the

AND4 fun
tion. Hen
e, eight 3-input and eight 5-input majority gates are used for the

implementation. The inje
tion 
urrents for these two gates are set to 700 µA and 455 µA as

in 3-input and 5-input majority gates.

Fig. 4.35 shows the simulation results of this implementation, whi
h veri�es the fun
tional

behaviours of this demultiplexer.
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Figure 4.35 � Fun
tion simulation of 1-to-8 bit demultiplexer. Vwrite is the writing signal of

MTJ states; In is the input signal; S0/1/2 are the sele
t signals; Y 0 − 7 are the output

signals; U = 0 is the 
ontrol signal of the 3/5-input majority gates whi
h realizes the AND

fun
tion.

When the appli
ation requires a large demultiplexer with more number of output pins,

we 
annot implement it by a single integrated 
ir
uit, then two or more demultiplexers need

to be 
as
aded to ful�ll the requirement. In general, a 1-to-n demultiplexer needs ⌈logn2 ⌉
sele
t lines. Then we 
an 
as
ade m 1-to-k demultiplexer to realize the 1-to-n demultiplexer,

where ⌈logk2⌉×m = ⌈logn2 ⌉. For example, to realize 1-to-32 bit demultiplexer, we 
an 
as
ade

two 1-to-16 bit demultiplexer or three 1-to-8 bit demultiplexer.
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4.3.3.3 En
oders

Unlike a multiplexer that sele
ts one individual data input line and then sends that data

to a single output line or swit
h, a digital en
oder more 
ommonly 
alled a binary en
oder

takes all its data inputs one at a time and then 
onverts them into a single en
oded output.

Generally, digital en
oders produ
e outputs of 2-bit, 3-bit or 4-bit 
odes depending upon the

number of data input lines. An �n-bit� binary en
oder has 2n input lines and n-bit output

lines with 
ommon types that in
lude 4-to-2, 8-to-3 and 16-to-4 line 
on�gurations.

En
oders are very 
ommon ele
troni
 
ir
uits used in all digital systems. In the 
ase of

po
ket 
al
ulators, there are used to translate the de
imal values to the binary in order to

perform the binary fun
tions su
h as addition, subtra
tion, multipli
ation, et
. They are also

used to generate the digital signals in response to the movement whi
h is 
lassi�ed into shaft

en
oders and linear en
oders.

4-to-2 bit binary en
oder A binary en
oder has 2n input lines and n output lines, hen
e

it en
odes the information from 2n inputs into an n-bit 
ode. From all the input lines, only

one of the input lines is a
tivated at a time, and depending on the input line, it produ
es the

n-bit output 
ode. We use a 4-to-2 bit binary en
oder as an example to present the binary

en
oder.

Fig. 4.36 shows the blo
k diagram of a 4 input binary en
oder, with four inputW0/1/2/3,
two outputs Y 1/2. Table 4.18 shows the truth table of this 4 input binary en
oder. It is

observed from the table that the output Y0 is 1 when either input W1 or W3 is 1; the

output Y1 is 1 when either input W2 or W3 is 1. Hen
e, the 4-input binary en
oder 
an be

implemented with two OR2 gates.

4-input binary encoder

W3

W2

W1

W0

Y0

Y1

Figure 4.36 � Blo
k diagram of 4 input binary en
oder: W0/1/2/3 are four inputs, Y 0/1 are
two outputs.

Table 4.18 � Truth table of 4 input binary en
oder.

W3 W2 W1 W0 Y1 Y0

0 0 0 1 0 0

0 0 1 0 0 1

0 1 0 0 1 0

1 0 0 0 1 1

One of the main disadvantages of the standard binary en
oders is that they 
an generate

the wrong output 
ode when there is more than one input present at logi
 level �1�. For

example, if we make inputs W1 and W2 at logi
 �1� both at the same time, the resulting

output is neither at �01� or at �10� but will be at �11� whi
h is an output binary number

that is di�erent to the a
tual input present. Also, an output 
ode of all logi
 �0�s 
an be

generated when all of its inputs are at �0� or when input W0 is equal to �1�.

One simple way to over
ome this problem is to �Prioritise� the level of ea
h input pin

and if there was more than one input at logi
 level �1� the a
tual output 
ode would only


orrespond to the input with the highest designated priority. Then this type of digital en
oder

is known 
ommonly as a Priority En
oder or P-en
oder for short.
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4 input priority en
oder The Priority en
oder solves the problems mentioned above

by allo
ating a priority level to ea
h input. The priority en
oders output 
orresponds to the


urrently a
tive input whi
h has the highest priority. So when an input with a higher priority

is present, all other inputs with a lower priority will be ignored.

We use the example of a 4 input priority en
oder, with 4 inputs D0−3 and three outputs

Y 0/1 and V , to present the priority en
oder. The third output V is a valid bit indi
ator and

is set to �1� when one or more inputs are a
tive or equal to �1�, or is set to �0� when all the

inputs are �0� whi
h indi
ates that there is no valid input.

Table. 4.19 is the truth table of the 4 input priority en
oder. In the truth table, D3 has

the highest priority and D0 has the lowest priority. When D3 is a
tive or �1�, then regardless

of other inputs, the output is �11�. The priority from high to low is D3, D2, D1, D0.

Table 4.19 � Truth table of 4 input priority en
oder.

D0 D1 D2 D3 Y1 Y0 V

0 0 0 0 X X 0

1 0 0 0 0 0 1

X 1 0 0 0 1 1

X X 1 0 1 0 1

X X X 1 1 1 1

From the above truth table, the boolean fun
tions of this 4 input priority en
oder 
an be

expressed as:

V = D3 +D2 +D1 +D0

Y 1 = D3 +D2

Y 0 = D3 + D̄2D1

(4.27)

Based on the boolean fun
tions, the 4 input priority en
oder 
an be implemented with

AND/OR gates, whi
h is illustrated in Fig. 4.37 (a). Fig. 4.37 (b) shows the fun
tional

symbol of the en
oder with three inje
tion 
urrents Iinj1/2/3/4/5.
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1

OR2

D2

D3
Y1

0

AND2

D1

Iinj1 Iinj2

D2

Iinj4

1

OR2

D3
Y2

OR3

1 1

Iinj3

D1

D2

D0 Iinj5

1

OR2

D3

V
D1

D2

D0

D3

Y1

Y2

V

4-input 

priority

encoder

1 2 3

(b)(a)

4 5Iinj

Figure 4.37 � 4-inputs priority en
oder. (a) Implementation of the en
oder: D0− 3 as input

signals, Y 0 − 2 as output signals, AND/OR fun
tions realized with the 
ontrol terminal

F = 0/1, Iinj1/2/3/4/5 as �ve di�erent inje
tion 
urrent signals where Iinj1 = −Iinj2. (b)
Fun
tional symbol of the 4-input priority en
oder.

With Iinj1 = Iinj4 = −700 µA, Iinj2 = 700 µA and Iinj3 = Iinj5 = 455 µA, the simulation

results are illustrated in Fig. 4.38, whi
h verify the fun
tional behaviors of the designed

priority en
oder.

4.3.3.4 De
oders

The binary de
oder is another 
ombinational logi
 
ir
uit 
onstru
ted from individual logi


gates and is the exa
t opposite to that of an �En
oder�. The name �De
oder� means to

translate or de
ode 
oded information from one format into another, so a digital de
oder
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Figure 4.38 � Fun
tion simulation of 4 priority en
oder. Vwrite/read are the writing/reading

signals of MTJ state; D0− 3 are the input signals; Y 0/1 and V are the output signals; U/Z
are the 
ontrol states to realize the AND/OR fun
tions in a majority gate. Iinj1−5 are the

di�erent inje
tion 
urrents.

transforms a set of digital input signals into an equivalent de
imal 
ode at its output. Gen-

erally, a binary de
oder has n inputs and 2n outputs. The most 
ommonly used pra
ti
al

binary de
oders are 2-to-4 de
oder and 3-to-8 de
oder. The followings present these two

de
oders respe
tively.

2-to-4 binary de
oder The 2-to-4 de
oder de
odes 2 binary inputs labelled A and B into

one of 4 outputs Q0−3. Only one output is a
tive at any time while the other outputs are

maintained at logi
 �0� and the output whi
h is held a
tive or high is determined the two

binary inputs A and B. The relationship between the inputs and the outputs are expressed

with the following boolean equations:

Q0 = ĀB̄ = Maj(Ā, B̄, 0)

Q1 = ĀB = Maj(Ā, B, 0)

Q2 = AB̄ = Maj(A, B̄, 0)

Q3 = AB = Maj(A,B, 0)

(4.28)

These boolean equations 
an be implemented by using four AND gates, whi
h is illus-

trated in Fig. 4.39 (a). Fig. 4.39 (b) shows the fun
tional symbol of the 2-to-4 bit de
oder.

With the amplitude of Iinj1/2 of 700 µA, the simulation results of the designed de
oder

are shown in Fig. 4.40, whi
h verify the fun
tional behaviors of the de
oder.

3-to-8 binary de
oder In a 3-to-8 de
oder, three inputs are de
oded into eight outputs. It

has three inputs A,B and C, and eight output from Y0 through Y7. Based on the 
ombinations

of the three inputs, only one of the eight outputs is sele
ted.
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Figure 4.39 � 2-to-4 bit de
oder. (a) Implementation of 2-to-4 bit de
oder with four AND

gates (realized with the 
ontrol state F = 0 in a 3-input majority gate): A and B as inputs,

Q0−3 as outputs, the inversions are realized with an positive inje
tion 
urrent Iinj2, Iinj1 =
−Iinj2. (b) Fun
tional symbol of the 2-to-4 bit de
oder.
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Figure 4.40 � Fun
tion simulation of 2-to-4 bit de
oder. Vwrite/read are the writing/reading

voltage signal of MTJ states; A and B are the input states; Q0−3 are the output states; Iinj1/2
are the inje
tion 
urrents; U = 0 is the 
ontrol state of the 3-input majority gate to realize

the AND fun
tion.

The boolean fun
tions of this 3-to-8 de
oder are expressed as:

Y0 = ĀB̄C̄

Y1 = ĀB̄C

Y2 = ĀBC̄

Y3 = ĀBC

Y4 = AB̄C̄

Y5 = AB̄C

Y6 = ABC̄

Y7 = ABC

(4.29)

Based on the above boolean equations, this de
oder 
an be implemented with eight AND

gates, as shown in Fig. 4.41 (a). Fig. 4.41 (b) illustrates the fun
tional symbol of the 3-to-8

de
oder, with two di�erent inje
tion 
urrents Iinj1/2, where Iinj1 = −Iinj2.
With the amplitude of the two inje
tion 
urrent Iinj1/2 = 455 µA, the simulation results

are shown in Fig. 4.42, whi
h verify the fun
tional behaviors of the designed 3-to-8 binary
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Figure 4.41 � 3-to-8 bit de
oder. (a) Implementation of a 3-to-8 binary de
oder with eight

AND gates (realized by setting the 
ontrol state F = 0 of a 5-input majority gate). A/B/C
as three inputs, Y0−7 as eight outputs, Iinj1/2 are two inje
tion 
urrents where Iinj1 = −Iinj2.
(b) Fun
tional symbol of the designed 3-to-8 binary de
oder.

de
oder.

It is possible to 
ombine or 
as
ade two or more de
oders to produ
e a de
oder with

larger number of input bits. For example, two 3-to-8 de
oders 
an be 
as
aded into a 4-to-16

de
oder.

4.3.4 Arbitrary 
ir
uit

This subse
tion uses the Binary Coded De
imal (BCD) to 7-segment display de
oder to

present the arbitrary 
ir
uit design with multi-inputs and multi-output. It 
ombines a BCD

de
oder and a 7-segment de
oder, whi
h we will present in the followings.

4.3.4.1 BCD

BCD is used to get the de
imal digit 
orresponding to a spe
i�
 input 
ombination. A BCD

number needs 4 binary digits to represent the 0 to 9 de
imal digits, thus it 
onsists of 4

input lines, 10 output lines 
orresponding to 0 to 9 de
imal digits. Table. 4.20 shows the

truth table of the BCD and the general binary-to-de
imal de
oder.

4.3.4.2 7-segment de
oder

A BCD to 7-segment display de
oder has 4 BCD inputs A−D and 7 outputs a− g, one for
ea
h segment, as shown in Fig. 4.43. For example, in order to display the number 3, segments

a, b, c, d and g would need to be illuminated. If we want to display a di�erent number or letter

then a di�erent set of segments would need to be illuminated. The 
orresponding boolean

equations are expressed as follows:

a = A+ C +BD + B̄D̄

b = B̄ + C̄D̄ + CD

c = B + C̄ +D

d = B̄D̄ + CD̄ +BC̄D + B̄C + A

e = B̄D̄ + CD̄

f = A+ C̄D̄ +BC̄ +BD̄

g = A+BC̄ + B̄C + CD̄

(4.30)

86



0

-1

0

0

1

0
-1

1

0

1

0
-1

1

0

1

0
-1

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

-1

VwriteU

U

Vread

VwriteA

A

VwriteB

B

VwriteC

C

Y0

Y1

Y2

Y3

Y4

Y5

Y6

Y7

Iinj1

Iinj2

Figure 4.42 � Fun
tion simulation of 3-to-8 bit de
oder. Vwrite/read are the writing/reading

signals of MTJ states; A/B/C are the three input states; Y0−7 are the eight output states;

Iinj1/2 are the two inje
tion 
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ontrol state whi
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Figure 4.43 � 7-segment display elements for all numbers. Ea
h number 
orresponds to a set

of illuminated segments.

From the above equations, we 
an see that the BCD to 7-segment display de
oder 
an be

implemented with AND/OR gates, whi
h is illustrated in Fig. 4.44 (a). Fig. 4.44 (b) shows

the fun
tional symbol of this designed display de
oder.

With the amplitudes of inje
tion 
urrents Iinj1 = Iinj2 = 700 µA and Iinj3 = Iinj4 =
455 µA, the simulation results of the designed display de
oder are shown in Fig. 4.45, whi
h

verify the fun
tional behaviors of this design.

4.4 Cir
uit Ben
hmarking

From the above simulations of di�erent 
ir
uits, we analyze their performan
e in
luding

the delay, energy, Energy Delay Produ
t (EDP), throughput. Table. 4.21 shows the perfor-

man
e evaluations with delay-optimized and energy-optimized approa
hes. Compared with

the performan
e of CMOS-based 
ir
uits listed in Table. 4.22, ASL-based 
ir
uits have the

advantages in terms of area and leakage power, yet have a larger delay and energy due to the

MTJ swit
hing. Hen
e, ASL performan
e enhan
ement fo
us on the delay and energy opti-

mizaition, whi
h are related to the STT swit
hing and the spin inje
tion/dete
tion e�
ien
y,

based on the performan
e analysis in Chapter 3.
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Table 4.20 � Truth table of BCD de
oder.

De
imal

Binary Pattern

BCD

8 4 2 1

0 0 0 0 0 0

1 0 0 0 1 1

2 0 0 1 0 2

3 0 0 1 1 3

4 0 1 0 0 4

5 0 1 0 1 5

6 0 1 1 0 6

7 0 1 1 1 7

8 1 0 0 0 8

9 1 0 0 1 9

10 1 0 1 0 Invalid

11 1 0 1 1 Invalid

12 1 1 0 0 Invalid

13 1 1 0 1 Invalid

14 1 1 1 0 Invalid

15 1 1 1 1 Invalid

4.5 Summary

In this 
hapter, we developed a 
ir
uit design methodology for ASL-based 
ir
uit design.

Based on the synthesized majority fun
tions, the parameters of the designed 
ir
uits are

determined to meet the design requirements. Based on the developed ASL 
ompa
t model in

Chapter 3, the 
ir
uit 
an be simulated and the performan
e 
an be ben
hmarked. With this

design methodology, we designed and implemented the basi
 logi
 
ir
uits and 
ombinational


ir
uits: arithmeti
 logi
 
ir
uit, data transmissions and 
ode 
onverters. Their fun
tional

behaviors are simulated and validated, and their performan
es are ben
hmarked to form

a basi
 
ir
uit library, whi
h is useful for 
omplex 
ir
uits/system evaluation. Moreover,


ompared with CMOS te
hnology, ASL-based 
ir
uits have a larger delay and energy whi
h

is mainly due to the MTJ swit
hing. The performan
e 
an be improved with devi
e s
aling,

material study, based on the performan
e analysis in Chapter 3.
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oder.
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Table 4.21 � Basi
 
ir
uits ben
hmarking.

Fun
tion

Area

Delay-optimized Energy-optimized

Iinj Delay Energy EDP Throughput Iinj Delay Energy EDP Throughput

(µm2

) (µA) (ns) (nJ) (aJ · s) (

1

µm2
·ns ) (µA) (ns) (nJ) (aJ · s) (

1

µm2
·ns )

Inverter

0.04 1.9×103 0.29 0.065 0.019 86.21 410 2.285 0.024 0.0549 10.94

Bu�er

AND2

0.04 700 0.886 0.0807 0.0715 28.22 450 1.82 0.069 0.126 13.73

OR2

NAND2

NOR2

AND3

0.08 455 1.659 0.0644 0.107 7.534 455 1.659 0.0644 0.107 7.534

OR3

NAND3

NOR3

XOR2

TT 0.08 700/637 7.754 0.81 6.286 1.612 700/637 7.754 0.81 6.286 1.612

XNOR2

XOR3

rep 0.12 700 1.772 0.244 0.433 4.703 450 3.641 0.207 0.755 2.289

XNOR3

Adder

1-bit 0.16 700/730 1.77 0.274 0.485 4.703 450/457 3.641 0.231 0.842 2.289

4-bit 0.64 N/A 7.088 1.095 7.76 0.294 N/A 14.56 0.925 13.47 0.143

Substra
tor

1-bit 0.12 700 1.772 0.244 0.433 4.703 450 3.64 0.207 0.755 2.289

4-bit 0.48 N/A 7.088 0.977 6.92 0.294 N/A 14.56 0.83 12.08 0.143

Compatator

1-bit 0.16 700/475 1.772 0.319 0.506 3.527 450 3.64 0.277 1.007 1.717

2-bit 0.92 600/455 3.318 1.038 3.443 0.328 600/455 3.318 1.038 3.443 0.328

4-bit 1.24 700/450 6.202 1.713 10.62 0.13 450 12.74 1.53 19.49 0.0633

Multiplier 4-bit 2.56 700 22.15 4.483 99.3 0.0176 450 45.52 3.88 176.62 0.0086

ALU

MG 0.2 450/455 3.318 0.21 0.695 1.507 450/455 3.318 0.21 0.695 1.507

LG 1.04 N/A 19.14 0.923 17.66 0.05 N/A 20.07 0.911 18.29 0.0479

Multiplexer

2-to-1 0.16 455 3.318 0.129 0.427 1.883 455 3.318 0.129 0.427 1.883

4-to-1 0.44 700/455 3.43 0.5 1.715 0.662 450/455 5.3 0.465 2.465 0.43

Demultiplexer

1-to-2 0.08 700 0.886 0.161 0.143 14.11 450 1.82 0.138 0.252 6.866

1-to-4 0.32 455 1.659 0.258 0.427 1.88 55 1.659 0.258 0.427 1.88

1-to-8 0.96 700 1.77 0.242 0.429 0.588 450/455 3.48 0.134 0.465 0.299

4 input

0.28 N/A 2.545 0.36 0.915 1.403 N/A 3.48 0.336 1.17 1.026

priority en
oder

De
oder

2-to-4 0.16 700 0.886 0.323 0.286 7.054 450 1.821 0.277 0.503 3.433

3-to-8 0.64 455 1.659 0.515 0.855 0.942 455 1.659 0.515 0.855 0.942

7-segment de
oder 1.36 N/A 4.204 2.137 8.986 0.175 N/A 5.462 1.907 10.42 0.135

9
0



Table 4.22 � Performan
e of CMOS-based logi
 
ir
uits at 25C, 1V type pro
ess with 40 nm

CMOS [260℄.

Fun
tion

Area Average leakage power Propagation delay Energy

(µm2
) (mW) (ns) (µW/MHz)

Inverter 0.7056 3.596e-7 0.0346 7.158e-4

AND2 1.76 3.73e-6 0.064 5.74e-3

NAND2 2.4696 3.524e-6 0.03 4e-3

OR2 1.764 2.77e-6 5.659e-3 0.0754

NOR2 3.1752 3.345e-6 0.0433 6.084e-4

XOR2 6.3504 1.533e-5 0.11 2.1e-2

MUX 3.88 6.417e-6 0.08 6.8e-3

OR3 3.8808 5.579e-6 1.16e-2 0.1067
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In the previous 
hapter, we have analyzed the ASL-based 
ir
uits at 
ir
uit level with

the developed 
ir
uit design method: the dimension, the di�erent parameters, and the per-

forman
e optimization. However, this 
ir
uit design methodology 
annot be used to evaluate

the performan
e of large systems. In system level, other methods are ne
essary, taking into

a

ount the inter
onne
tion issues, whi
h plays an important role. One 
onvolution, and

Intel i7 system 
ir
uits are developed and evaluated as the examples. The pipelining of the

ASL-based 
ir
uits are analyzed, by using the 
onvolution 
ir
uit. Moreover, we analyzed the

re
on�gurability of the ASL-based 
ir
uit, indu
ed by the inje
tion 
urrent value/polarity

and the 
ontrol terminal states of the 
ir
uit, with the design of 2-input LookUp Table (LUT).

5.1 System Design Issues

In this se
tion, we have analyzed system design issues: the re
on�gurability, the pipelining

to improve the throughput, and the inter
onne
tion issues 
al
ulating the bu�er 
ount and

the input/output 
ounts.

5.1.1 Re
on�gurability

In Chapter 4, we have designed several basi
 
ir
uits and 
ombinational 
ir
uits. Sin
e the

ASL-based 
ir
uit follows the majority prin
iple, we found that the ASL-based 
ir
uit is

re
on�gurable with:

1. di�erent 
ontrol terminal states

2. inje
tion 
urrent polarities: positive or negative

3. terminal weights 
aused by the inje
tion 
urrent amplitudes, the 
hannel length, and

the terminal dimensions
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In this manus
ript, we only 
onsider the �rst two variations to 
on�gure the ASL-based


ir
uits. With di�erent inje
tion 
urrent polarities and 
ontrol terminal states, the di�erent


on�gurations of di�erent ASL-based 
ir
uits are presented in Chapter 4.3.1: inverter/bu�er,

AND/OR/NAND/NOR, XOR/XNOR2/3, MUX.

Chapter 4.3.2.5 presents two stru
tures of the 1-bit ALU. In this subse
tion, we present

another 1-bit ALU design whi
h exploits further the re
on�gurability of ASL-based 
ir
uit

and shows a better performan
e in terms of area and energy 
onsumption.

The ALU 
ir
uit is a
tually the XOR/XNOR2/3 
ir
uit (Fig. 4.12 (b) in Chapter 4.3.1)

plus one inverter (to 
on�gure the output 
arry for full-adder). Fig. 5.1 shows the 
ir
uit

implementation with three 3-input majority gates and one inverter gate: A, B and C as three

inputs, M1, M2 and Out as three outputs.

Iinj1

Iinj3

C

A’

B

A’

B’
C’

A

Iinj2

Iinj2

MAJ3

Out

Iinj1=-Iinj2

MAJ3

MAJ3

M2

M1
Inverter

Figure 5.1 � ALU 
ir
uit implementation.

Table 5.1 shows the 
on�gured fun
tions with this 
ir
uit.

Table 5.1 � Integrated fun
tions 
on�gurations of ALU.

Fun
tion

Input

Output

A B C Iinj1 Iinj2 Iinj3

XOR3 0/1 0/1 0/1 N P N Out

XNOR3 0/1 0/1 0/1 N P P Out

XOR2 0/1 0/1 0 N P N Out

XNOR2 0/1 0/1 0 N P P Out

Full-adder 0/1 0/1 0/1 N P N M1(
arry) Out(sum)

Subtra
tor 0/1 0/1 0/1 N P N M2(borrow) Out(di�)

In
rement 0/1 1 0 N P N Out

De
rement 0/1 1 0 N P N Out

AB

0/1 0/1 0 N/A P N/A M1

0/1 0/1 0 N N N/A M2

ĀB̄
0/1 0/1 1 N/A N N/A M1

0/1 0/1 1 P P N/A M2

A+B

0/1 0/1 1 N/A P N/A M1

0/1 0/1 1 N N N/A M2

AB
0/1 0/1 0 N/A N N/A M1

0/1 0/1 0 P P N/A M2

ĀB 0/1 0/1 0 N P N/A M2

Ā+B 0/1 0/1 1 N P N/A M2

A+ B̄ 0/1 0/1 0 P N N/A M2

AB̄ 0/1 0/1 1 P N N/A M2
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5.1.2 ASL-based pipelining

Pipelining is one way to improve the overall performan
e of a system. The pipeline de-

sign te
hnique de
omposes a sequential pro
ess into several subpro
esses, 
alled stages or

segments. A stage performs a parti
ular fun
tion and produ
es an intermediate result. It


onsists of an input lat
h, also 
alled a register or bu�er, followed by a pro
essing 
ir
uit. A


lo
k signal is 
onne
ted to ea
h input lat
h. At ea
h 
lo
k pulse, every stage transfers its in-

termediate result to the input lat
h of the next stage. In this way, the �nal result is produ
ed

after the input data have passed through the entire pipeline, 
ompleting one stage per 
lo
k

pulse. The period of the 
lo
k pulse should be large enough to provide su�
ient time for a

signal to traverse through the slowest stage. Hen
e, the pipelining allows the simultaneous

exe
ution of several stages, exploiting the parallelism at the instru
tion level by overlapping

the exe
ution pro
ess of instru
tions. This subse
tion gives the design of sequential 
ir
uits:

lat
h and �ip-�op, and explains the pipeline diagram of ASL-based 
ir
uits.

Di�erent from CMOS-based 
ir
uits, ea
h terminal of the ASL-based 
ir
uits is 
onne
ted

to a 
lo
k signal through the inje
tion 
urrent and no 
onstant supply 
urrent is needed(see

Fig. 5.2 (a)). As illustrated in the timing diagram in Fig. 5.2 (a) and (b), theXORrep 
ir
uit is

implemented using two 
lo
ks (CLK1 and CLK2 for stage 1 and stage 2 respe
tively). There

are two inje
tion 
urrent phases within ea
h 
lo
k 
y
le (positive and negative) that are


onne
ted to the MTJ terminal in order to implement inverter and bu�er fun
tions. During

CLK1, inje
tion 
urrent Iinj1 with two phases are inje
ted into the 6 inputs of the two AND

gates. The inje
ted spin 
urrents propagate to M1 and M2 where it will be dete
ted during

CLK2. For this purpose, 
urrent Iinj2 is inje
ted into the In1, M1, and M2 of stage 2, thus

transmitting the spin 
urrent to the Out MTJ. The 
lo
k signals and the inje
tion 
urrent

phases are provided by CMOS auxiliary 
ir
uits that we do not dis
uss in this manus
ript.

CLK 1 CLK 2

0

1

Iinj1

Iinj2

positive

negative

negative

(a)

L1

L2
M2

Out

P

L1

In1

In2

In3

Iinj1

Iinj1

Iinj1

P

L1

In1

In2

In3

M1

L2

In1
L2

stage1 stage 2

Iinj1

Iinj1

Iinj1

Iinj2

Iinj2

Iinj2

(b)

CLK 1

CLK 2

C1 C2 C3 C4 C5 C6 C7

Stage 1

Stage 2

(c)

time

stage
clock cycle

S1_1

S2_1

S1_2

S2_2

S1_3 S1_4

S2_3

Figure 5.2 � ASL-based 
ir
uit 
lo
king. (a) 3-input majority gate-based XOR/XNOR2/3


ir
uit with 
lo
ked inje
tion signals; (b) Clo
ked signals: CLK1 and CLK2 are 
onne
ted to

stage 1 and stage 2 respe
tively. The inje
tion 
urrent for ea
h stage 
an have two phases:

positive and negative amplitudes to 
on�gure the inverter and bu�er fun
tion respe
tively.

(
) A
tivity diagram of 2-stage sequential XOR/XNOR2/3 
ir
uit without pipelining.

Following this approa
h, the simplest �pipelining� of this 
ir
uit is dividing it into two

stages as shown in Fig. 5.2: stage 1 with two MAJ3 gates and stage 2 with one MAJ3

gate. The 
orresponding a
tivity diagram is shown in Fig. 5.2 (
). However, the 
ir
uit is

rather sequential than pipelined. Indeed, if the majority gates of stage 1 are written and


al
ulated in 
lo
k 
y
le C2, partial results will be transported to the majority gate of stage
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2 immediately. This will 
ause errors sin
e the majority gate in stage 2 has not �nished

the 
al
ulation. Hen
e, the XOR/XNOR2/3 gate exhibits a laten
y of 2 
lo
k 
y
les, where

one 
lo
k 
y
le is the maximum laten
y of the two stages. However, the throughput is still

0.5/ClockCycle. This �pipelining� implementation thus does not improve the performan
es

to non-pipelined implementation.

Pipelining is a
hieved by introdu
ing MTJs between ea
h stage in order to implemented

lat
hes, as illustrated in Fig. 5.3 (a). The data are transmitted from the stage 1 to the lat
hes

when an inje
tion 
urrent is applied to the outputs of the majority gates in stage 1. Similarly,

the data stored in the lat
hes are transmitted to the next majority gate in stage 2 when an

inje
tion 
urrent is applied. Hen
e, the inje
tion 
urrents applied onto MTJ lat
hes a
t as

triggered 
lo
k. This prevents from the variation of the inputs of the majority gate in stage 2

during the 
omputation of stage 1. The pipelining diagram of the developed pipelined 
ir
uit

is presented in Fig. 5.3 (b). The duration of the 
lo
k 
y
le isMax(TMAJ3S1, TMAJ3S2)+Tlatch,

where Tlatch is the delay to write MTJ lat
h state and TMAJ3S1/S2 are the laten
ies of the

majority gate in stage 1 and stage 2. The laten
y of this pipelined 
ir
uit is 2 clock cycle,
and the throughput is 1/ClockCycle, whi
h is improved at the 
ost of area and energy.

In2

M1
In3

In1

In2

M2
In3

In1

L2

In1

Out

Stage 1 Stage 2

Iinj1

Iinj1

Iinj1

Iinj1

Iinj1

Iinj1

Iinj2

Iinj2

Iinj2

(a)

Iinj1

Iinj1

Latches

C1 C2 C3 C4 C5 C6 C7(b)
stage

clock cycle

time

Stage 2

Stage 1 S1_1

S2_1

S1_2 S1_3 S1_4 S1_5 S1_6 S1_7

S2_2 S2_3 S2_4 S2_5 S2_6

L1

L2

Figure 5.3 � Pipelined XOR/XNOR2/3 
ir
uit. (a) 2-stage pipelined 
ir
uit by adding MTJs

as lat
hes between stages. (b) A
tivity diagram of the pipelined 
ir
uit.

5.1.3 Inter
onne
tion issues

Chapter 4 presents a 
ir
uit design methodology and a 
ell-library for the system design and

evaluation. However, this methodology 
annot be used for system design due to the la
k

of inter
onne
tions and large s
ale. In this subse
tion, we present the bu�er 
ount and the

devi
e 
ount 
al
ulations for the system design based on 
ell-library approa
h.

5.1.3.1 Bu�er 
ount

As the spin 
urrent attenuates qui
kly in the 
hannel with e−l/λsf
, some bu�ers should be

added in a large s
ale 
ir
uit to guarantee the spin 
urrent transfer through long distan
e.

The total number of bu�ers needed in a random logi
 blo
k, given in [236℄, is expressed as

follows:
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m =

∫ l=2
√
N

l=1

[l · Lp/Lcrit]i(l) dx

Lcrit = λsN log(
1 +

√
1− r2

r
)

(5.1)

where LP is the gate pit
h; Lcrit is the 
riti
al length beyond whi
h bu�ers must be inserted

along the di�usion inter
onne
t, depending on the 
hannel spin di�usion length λsN and

r(the ratio of the 
riti
al spin 
urrent needed at the re
eiver for swit
hing Ic0 and the input

spin 
urrent Isinj at the driver); i(l) is the inter
onne
tion distribution density whi
h is

de�ned as [261℄:

Region I : 1 ≤ l ≤
√
N

i(l) =
αinterk

2
Γ(

l3

3
− 2

√
Nl2 + 2Nl)l2p−1

Region II :
√
N ≤ l ≤ 2

√
N

i(l) =
αinterk

6
Γ(2

√
N − l)3l2p−4

(5.2)

αinter =
f.o.

f.o. + 1
(5.3)

Γ =
2N(1−Np−1)

(−Np 1+2p−22p−1

p(2p−1)(p−1)(2p−3)
− 1

6p
+ 2

√
N

2p−1
− N

p−1
)

(5.4)

where l is the inter
onne
t length in units of gate pit
hes, N is the number of logi
 gates, p
is Rent's exponent, αinter is the fra
tion of the on-
hip terminals that are sink terminals and

is related to average fan-out, f.o., Γ is a normalized fa
tor.

As shown in 5.1 - 5.4, the bu�er 
ount depends on the bu�er 
hannel length. A longer


hannel length 
an redu
e the bu�er 
ount, but a higher 
harge 
urrent is needed for the

spin di�usion loss in the 
hannel. Hen
e, a 
ompromised 
hannel length needs to be found

for the system performan
e optimization.

5.1.3.2 Devi
e 
ount

The system design uses the 
ell-library approa
h: 
omplex integrated 
ir
uit is repla
ed by

the 
orresponding basi
 logi
 
ir
uits presented in Chapter 4. Table 5.2 shows the devi
e


ount of basi
 logi
 
ir
uits with CMOS te
hnology and 
as
aded ASL devi
e [52℄ (only the

intermediate and �xed magnets 
ount). Based on this table, the 
ir
uits of a system are

repla
ed with the ASL-based 
ir
uits and the devi
e 
ount equals to the summation of the

total repla
ed 
ir
uit 
ounts and the primary input devi
e 
ount.

We estimate the primary input devi
e 
ount by using Rent's rule [261℄, 
orrelating the

number of input/output terminals T , to the number of gates N :

T = kNP
(5.5)

where k is the average number of terminals per gate and P is the 
onne
tivity of the gates.

These two numbers are empiri
al 
onstants.

The ASL implementation is based on the majority fun
tion instead of AOI graphs for

CMOS te
hnology, and further optimization of the 
ir
uits in terms of the size and depth is

possible, e.g., based on the delay-oriented optimization [158, 259℄, the number of the devi
e


an be redu
ed by 18%, on average. The system design and evaluation use this 
ell-library

and the logi
 optimization approa
hes.
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Table 5.2 � DEVICE COUNT COMPARISON BETWEEN CMOS and ASL

Fun
tion CMOS ASL Fun
tion CMOS ASL

Inverter 2 1 2-input MUX 16 4

Bu�er 4 1 4-input MUX 24 18

2-input AND 6 2 1-to-2 DEMUX 14 4

2-input OR 6 2 1-to-4 DEMUX 28 12

2-input NAND 4 2 1-to-8 DEMUX 52 40

2-input NOR 4 2 Full-adder 28 3

2-input XOR 6 3 4-bit adder 112 12

2-input XNOR 8 3 Full-subtra
tor 34 2

3-input AND 8 3 1-bit 
omparator 22 4

3-input OR 8 3 2-bit 
omparator 30 30

3-input NAND 6 3 4-bit 
omparator 98 40

3-input NOR 6 3 4-input en
oder 30 11

3-input XOR 20 2 2-to-4 de
oder 28 8

3-input XNOR 22 2 3-to-8 de
oder 52 24

5.2 Computing Cir
uits/Systems Evaluation

5.2.1 Convolution 
ir
uit

5.2.1.1 Design

Convolution is an important 
al
ulation in signal pro
essing and analysis. By using 
onvo-

lution, we 
an 
onstru
t the output of system for any arbitrary input signal, if we know the

impulse response of system. 2D 
onvolution 
onvolves both horizontal and verti
al dire
tions

in 2 dimensional spatial domain. The output of linear and time invariant system y[m,n] 
an
be written by 
onvolution of input signal x[m,n] and impulse response h[m,n]:

y[m,n] = x[m,n] ∗ h[m,n]

=
∞∑

j=−∞

∞∑

i=−∞
x[i, j] · h[m− i, n− j]

(5.6)

From Equation 5.6, the 
onvolution fun
tion is formed with additions and multipli
ations.

Hen
e, we implemented the 
onvolution 
ir
uit with adders and multipliers, as shown in Fig.

5.4 (a). The 
onvolution is divided into 9 steps by using this 
ir
uit. In ea
h step, the input

signal x[m,n] are transferred to the 
onvolution 
ir
uit in a

ordan
e with the raster s
an

order, whereas the impulse response h[m,n] are initially written to the multipliers. The

multipliers realize the 16× 16 bit multipli
ation, outputting nine 32-bit values at the same

time. These values are transferred to the adder tree, whi
h generates the 32-bit values. The

latter is input into the output registers. After nine steps, nine outputs y[m,n] of the system
are obtained.

Adder tree To e�
iently add the partial output from the multipliers, the adder tree shown

in Fig.5.5 is used in the 
onvolution 
ir
uit. It is implemented using eight 32-bit ripple-
arry

adders.

Multiplier Fig. 5.6 illustrates the 16-bit multiplier implementation using 16 × 16 AND

gates and 15 16-bit adders.

To improve the throughput, the 
onvolution 
ir
uit is pipelined into 2 stages: �rst stage

with multipliers and MTJ lat
hes and se
ond stage with the adder tree and the registers.
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Figure 5.4 � 2D 16-bit 3×3 
onvolution implementation. (a) General 
onvolution 
ir
uit; (b)

2-stage pipelined 
onvolution 
ir
uit; (
) A
tivity diagram of a 2-stage pipelined 
onvolution


ir
uit.

Fig. 5.4(b) and (
) respe
tively illustrate the 2-stage pipelining of the 
onvolution 
ir
uit

and its a
tivity diagram. The 
lo
k 
y
le in this 
ase is Max(adder,mutlipliers) + Twrite,

where Twrite is the delay of MTJ lat
hes (writing MTJ states) and Tadder/Tmultiplier are the

laten
ies of adder tree and multiplier operations. The laten
y of this pipelined 
onvolution


ir
uit is 2 
lo
k 
y
les, and the throughput is 1/ClockCycle, whi
h is improved at the 
ost

of tje area.

5.2.1.2 Performan
e

Non-pipelined 
ir
uit The 16/32-bit serial adder is implemented using 16/32 full-adders

and ea
h full-adder is implemented using a XORrep stru
ture and an inverter. Hen
e, as

detailed in Table. 5.3, the area, energy 
onsumption and delay of 16/32-bit adder are

32 bit adder 32 bit adder 32 bit adder 32 bit adder

32 bit adder 32 bit adder

32 bit adder

32 bit adder

Results from 16-bit multipliers

Figure 5.5 � 32-bit adder tree.
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Figure 5.6 � 16-bit array multiplier implemented with AND gates and 16-bit adders.

2.6/5.1µm2
, 4.4/8.8 nJ and 15.3/29.5 ns. The 16-bit multiplier is implemented using 15 16-

bit adders and 256 AND gates. Its area, delay and energy 
onsumption are 73µm2, 231 ns
and 86.2 nJ respe
tively. The area of the 2D 
onvolution 
ir
uit is 1048 µm2

with an area

overhead of 1.5, taking into a

ount the required multipliers and adders. The delay and

energy 
onsumption are 349 ns and 846 nJ , respe
tively.

Pipelined 
ir
uit The 
lo
k speed of the 2-stage pipelined 
onvolution 
ir
uit (Fig. 5.4

(b)) depends on the slower stage (231 ns for multiplier 
omparing with 118 ns for adder). By

onsidering the laten
y of MTJ lat
hes (bu�er), the total laten
y of 
ir
uit is thus 462.6 ns.
However, sin
e the laten
y of the multiplier approximately twi
e the one of the adder, it is

possible to introdu
e lat
hes in order to in
rease the 
lo
k speed (e.g. a 16-bit multiplier 
an

be pipelined into 2 stages). Moreover, �ner-grain 
an be also investigated based on the basi



ir
uit performan
e in Table 4.21 in Chapter 4. As illustrated in Table 5.3, great improvement

of the throughput 
an be a
hieved.

5.2.2 Intel i7 System

5.2.2.1 Design

To explore the inter
onne
tion distribution in a system, we evaluated an Intel i7 Haswell

system, whose system spe
i�
ations are listed in TABLE 5.4.

It is 
omposed of 2.6× 109 transistors out of whi
h about 0.42× 109 are used for 
a
hes

while the remaining 2.18 × 109 are used for logi
 
ir
uits. The methodology we propose in

Chapter 4.2 is applied as follow:

Step 1 : Inputs parameters are those listed in Table 3.1 in Chapter 3.2.2. and we target a

25 MHz operating frequen
y. Assuming 20 logi
 gates in a single pipeline stage, the swit
hing

time of an ASL devi
e is estimated as 1/(25MHz/20) = 2ns. In order to ensure that most of

the ASL devi
es are used for logi
 fun
tions, we limit the bu�er 
ount for the inter
onne
tion

to half of the total devi
e 
ount. Based on these two 
onstraints, the power 
onsumption

of the system (whi
h is 
al
ulated as switching energy of a single device × frequency ×
device count) is optimized.

Step 2 : Sin
e the system synthesis relies on the 
ir
uit library, we repla
e CMOS-based
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Table 5.3 � Convolution Cir
uit Implementation Results.

Area delay energy Throughput

(µm2
) (ns) (nJ) (×107 s−1

)

NP

1

2.6 15.3 4.4 6.5

2-levels 3.2 17.1 5.4 11.7

16-bit 4-levels 4.5 20 7.5 20

adder 8-levels 7 25.9 11.7 30.9

16-levels 12.2 37.6 20 42.5

NP 5.1 29.5 8.8 3.4

2-levels 5.8 31.3 9.8 6.4

32-bit 4-levels 7 34.2 11.9 11.7

adder 8-levels 9.6 40.1 16 20

16-levels 14.7 51.8 24.4 30.9

32-levels 25.6 75.3 41 42.5

NP 73 231 86.2 0.43

2-levels 73.3 1246.2 87.2 0.81

16-bit 4-levels 73.9 246.8 89.3 1.6

multiplier 8-levels 75.2 247.9 93.5 3.2

16-levels 78.1 250.2 102.8 6.4


onvolution NP 1048 349 846 0.29


ir
uit 2-levels 1053.8 462.6 864.7 0.43

3-levels 1059.5 355.2 883.4 0.84

1

NP means non-pipelined

Table 5.4 � Intel i7 Haswell Ar
hite
ture Chara
teristi
s.

Parameter Value

Channel length 22 nm

Die size 177 mm2

Transistor 
ount 2.6 ×109

Power 84 W �3.4 GHz

# of 
ores 4

Ca
he

L1 64 KB per 
ore

L2 256 KB per 
ore

L3 8 MB

fun
tions with majority gates. We 
onsider only NAND gates for system implementation

sin
e it 
an be used to implement any Boolean fun
tions. Sin
e the devi
e 
ount for ASL-

based NAND gate is half of its CMOS 
ounterpart (Table 5.2 in subse
tion 5.1.3.2), we

estimate that 1.09×109 (i.e. 2.18×109/2) ASL devi
es are needed to implement the system.

The number of primary input is estimated as 3746, based on Rent's rule with k = 2.09
and p = 0.36, as suggested in [261℄ for the Intel mi
ropro
essor family. With delay-oriented

optimization due to majority fun
tion [158℄, the number of the devi
e 
an be redu
ed to

894 × 106(i.e. 477 × 106 NAND gates). It is worth mentioning that we do not 
onsider the


ontrol 
ir
uits and 
lo
king 
ir
uits in this evaluation.

Step 3 : The aim of this step is to optimize the system performan
es. Sin
e only NAND

gates and bu�ers are used, the purpose of the optimization is to optimize these 
ir
uits.

The performan
es evaluation of the NAND gate follows the method des
ribed in 4.3.1.2.

The bu�er 
ount and its inje
tion 
urrent are analysed for power optimization using the

Algorithm 1.

Step 4 : The optimized system (i.e. in
luding NAND 
ount, bu�er 
ount, and their inje
-

tion 
urrents) is implemented and evaluated.

5.2.2.2 Performan
e

A

ording to the system design des
ribed in Se
tion 5.2.2.1, we assume an Intel system


omposed only of bu�er and NAND gates. The system optimization is thus 
arried out by
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Algorithm 1 Power optimization of inserted bu�er.

Require:

initial parameters: devi
e parameters, e.g. λsN , Thermal fa
tor E, PF/C , α, W inter
onne
tion parame-

ters, e.g. N , p. 
onstraints: delay ∆t, the ratio of bu�er 
ount and logi
 gate 
ount η
Ensure:

optimized bu�er 
ount cbufferop, power Pop, inje
tion 
urrent Iinjop, 
hannel length LNbufferop

1: set the initial virtual values for power Pop = 100000 and inje
tion 
urrent Iinjop = 1
2: 
al
ulate the inter
onne
tion distribution

3: set the minimum and maximum 
hannel length LNmin and LNmax, the iteration LNiter

4: set the possible 
hannel lengths LNbuffer ∈ [LNmin : LNiter : LNmax] and 
al
ulate the iteration step

Niter ;

5: for i = 1; i < Niter ;i++ do

6: �nd the inje
tion 
urrent Iinj whi
h leads to the 
onstraint delay ∆t.
7: 
al
ulate the bu�er 
ount cbuffer
8: if cbuffer < η ×N(bu�er 
ount 
onstraint) then

9: 
al
ulate the power pi
10: if pi < Pop then

11: update the optimized parameters: cbufferop, Pop, Iinjop, LNbufferop

12: end if

13: end if

14: end for

improving bu�er and NAND gates implementation. This is a
hieved by exploring i) the FM

swit
hing 
urrent threshold (whi
h depends on the devi
e width W , the thermal fa
tor ∆
and the damping fa
tor α) and ii) the spin dete
tion e�
ien
y (the spin di�usion length λsN

and the spin polarization PF and PC).

Table 5.5 � ASL Versus CMOS Power Comparison.

Parameter CMOS ASL

Te
hnology node 22 nm 40 nm 5 nm 5 nm 5 nm 5 nm

NAND 
ount

2.18 × 109
0.447 × 109 0.447 × 109 0.447 × 109 0.447 × 109 0.447 × 109

(bu�er 
ount) (8.9 × 106) (2.45 × 106) (2.18 × 106) (1.62 × 106) (1.56 × 106)

Iinj
-

500 µA/ 182 µA/ 51 µA/ 13 µA/ 1.7 µA/

(NAND/bu�er) 596 µA 181 µA 61.6µA 2.4 µA 1.83 µA

Channel

λsN - 1 µm 10µm 10µm 10µm 10µm

LN
-

50 nm/ 15 nm/ 15 nm/ 15 nm/ 15 nm/

(NAND/bu�er) 50 nm 15 nm 15 nm 15 nm 15 nm

Magnet

PF/C - 0.5 0.5 0.5 0.8 0.8

∆ - 69 69 69 69 40

α - 0.027 0.027 0.007 0.007 0.007

Power (�25 MHz)

4.6 W

4.4 × 105 W/ 5.8 × 104 W/ 4.6 × 103 W/ 15 W/ 2.57 W/

(NAND/bu�er) 6877 W 517.7 W 36.4 W 0.154 W 0.065 W

Results from Subse
tion 4.3.1.2 show that the NAND gate with three 
hannels without

jun
tion is the best design option. Moreover, a shorter 
hannel length leads to a lower spin

attenuation, i.e. a lower inje
tion 
urrent is needed. Considering the dipolar 
oupling, we set

the 
hannel length to 50(resp. 15) nm for W = 40(5) nm te
hnology node. Table 5.5 gives

the results assuming a 2 ns delay laten
y 
onstraint.

As previously explained, the bu�er 
ount depends on the 
hannel length. While a longer


hannel length redu
es the bu�er 
ount, a higher 
harge 
urrent is needed to prevent the spin

di�usion loss in the 
hannel. Hen
e, an optimized bu�er 
hannel length and the 
orresponding

inje
tion 
urrent need to be optimized based on 2 ns delay and the bu�er 
ount 
onstraints.

Table 5.5 shows the optimized 
hannel length and bu�er 
ount for the set of parameters we

assume.

Results show that an ASL-based system implemented using existing fabri
ation and ma-

terial te
hnologies 
onsumes mu
h more power than the CMOS-based system. However, we


an expe
t that with future improvement in the fabri
ation pro
ess and material dis
overies,

the ASL-based system will dominate the CMOS-based system.
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5.3 Summary

In this 
hapter, we present the system design pro
edure, taking into a

ount the gate in-

ter
onne
tion distribution and the bu�er 
ount, by using the 
ell-library approa
h with the

example of a 
onvolution 
ir
uit and an Intel i7 system 
ir
uit. The performan
es of these


ir
uit/systems are evaluated. Results point out that future improvements in ASL 
ir
uits'

fabri
ation pro
ess and material te
hnologies lead to opportunities to outperform CMOS

implementation.

The pipelining s
heme of the ASL-based 
ir
uit is dis
ussed with the example of the 
on-

volution 
ir
uit. The performan
es of di�erent-level pipelinings are evaluated. Finer-grain

pipelining is possible for further performan
e improvement. The re
on�gurability of ASL-

based 
ir
uit related to the inje
tion 
urrent polarities/values and the 
ontrol terminal states

is dis
ussed with an ALU 
ir
uit. Further system ar
hite
tures integrated the re
on�gura-

bility of ASL-devi
e 
an be explored for new 
omputing.
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Chapter 6

Con
lusions and Perspe
tives

The global obje
tive of this work was to develop an ASL-based 
ir
uit/system design method-

ology, to evaluate their performan
e and to 
ompare their performan
e with the standard

ben
hmarks. This 
hapter summarizes the overall 
ontributions and the results of this work,

and dis
uss the future opportunity to pursue this work.

6.1 Con
lusions

6.1.1 Global 
on
lusions

This thesis is intended to build an integrated s
hema to design and evaluate the ASL-based


ir
uit/system, from devi
e modeling/layout to system evaluation. ASL resear
h is still in its

infan
y and most of the experiments fo
us on the prove of spin inje
tion/dete
tion phenom-

ena and the enhan
ement of the inje
tion e�
ien
y, not the 
ir
uit/system design(Chapter

1). The possibility of low power in system appli
ation prompts the build of an entire s
hema

of ASL devi
e from devi
e level to system level. Hen
e, in this thesis, our main 
ontributions

rely on an ASL 
ompa
t model and a 
ir
uit/system methodology. We �rst investigate the

basi
 stru
ture and prin
iple of ASL devi
e (Chapter 2): MTJ and spin inje
tion/dete
tion

model. By exploring the physi
al models of ASL devi
e, we developed a 
ompa
t model, pro-

grammed with Verilog-A on Caden
e, that allows the hierar
hi
al 
ir
uit design. Validated

by 
omparing with 
ertain ASL experimental results, this 
ompa
t model 
ould be used to

design and evaluate arbitrary 
ir
uits, theoreti
ally(Chapter 3). Hen
e, we use this 
ompa
t

model to design the general 
ombinational 
ir
uits based on a developed 
ir
uit/system de-

sign methodology(Chapter 4). Cir
uits are implemented and evaluated based on the 
ompa
t

model. A 
ir
uit library is developed for system design and evaluation (Chapter 5). The re-


on�gurability and the pipelining of ASL-based 
ir
uits are analyzed and di�erent systems

are evaluated. Results point out that future improvements in ASL 
ir
uits' fabri
ation pro-


ess and material te
hnologies lead to opportunities to outperform CMOS implementation.

6.1.2 Devi
e level

To allow the 
ir
uit implementation and evaluation, we developed a 
ompa
t model of ASL

devi
e based on the physi
al models and the experimental results. This 
ompa
t model inte-

grates the TMR e�e
t to des
ribe the MTJ resistan
e, the STT e�e
t to de�ne the swit
hing

threshold 
urrent and the swit
hing time, the spin inje
tion/a

umulation/dete
tion e�e
ts.

Moreover, we also 
onsider the spin di�usion e�e
t in the 
hannel with the di�usion delay

and 
hannel breakdown 
urrent 
al
ulations. The s
aling e�e
ts are 
onsidered in 
ir
uit

evaluation.

The 
ompa
t model is divided into several blo
ks and programmed with Verilog-A on

Caden
e, whi
h allows 
ross-layer optimization of ASL-based 
ir
uits and eases the design of
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hierar
hi
al, 
omplex 
ir
uits. By 
omparing with experimental results, this 
ompa
t model

is validated and single devi
e simulation validates the fun
tional behavior of the ASL devi
e.

Moreover, we also developed the spin inje
tion/a

umulation expressions (dete
ted volt-

age, non-lo
al resistan
e, inje
tion/dete
tion e�
ien
y) for the used ASL devi
e(with insula-

tor underneath the MTJ and asymmetri
 FM-N interfa
es) in this manus
ript, whi
h enables

to dis
uss the ALS experimental phenomena.

6.1.3 Cir
uit level

In 
ir
uit level, we developed a design methodology, taking into a

ount the 
hannel dis-

tributions, the gate inter
onne
tion and the inje
tion 
urrent variation 
aused by the spin

di�usion. With 
ir
uit fun
tional de�nition, two synthesis methods are used for di�erent


ir
uit volumes: �truth table� method for small 
ir
uits and �repla
ement� method for inte-

grated 
ir
uits. With given material parameters and 
ir
uit spe
i�
ations/
onstraints, other

variables: magnet dimensions, 
hannel lengths, and inje
tion 
urrents, are spe
i�ed and opti-

mized, followed by the 
ir
uit implementation and veri�
ation based on the 
ompa
t model.

Based on this methodology, we have implemented the 
ombinational 
ir
uits: basi
 logi



ir
uits, arithmeti
 logi
al fun
tions, data transmission fun
tions and 
ode 
onverters. Through

SPICE simulations, the fun
tional behaviors of these 
ir
uits are validated; their perfor-

man
es are evaluated and a performan
e library is established for system design and evalu-

ation.

6.1.4 System level

System design uses the 
ell-library approa
h, based on the performan
e library we developed

in 
ir
uit level. Inter
onne
tion issues in
luding bu�er 
ount and inter
onne
tion distribu-

tions are 
onsidered in system design. A 
onvolution and an Intel i7 system 
ir
uits are

developed based on the �repla
ement� method, with the logi
 fun
tions repla
ed by ASL-

based 
ir
uits and 
ir
uits optimized based on the majority Boolean algebra. Cir
uits perfor-

man
es are evaluated with the ben
hmarked 
ir
uits in 
ir
uit level. Results point out that

future improvements in ASL 
ir
uits' fabri
ation pro
ess and material te
hnologies lead to

opportunities to outperform CMOS implementation.

Moreover, we also dis
uss the re
on�gurability of ASL-based 
ir
uit 
aused by the inje
-

tion 
urrent polarities/values, 
ontrol terminals states and the terminal weights issued from

the majority prin
iple. The re
on�gurability of di�erent 
ir
uits are explored: the 
on�gu-

rations and the 
orresponding fun
tions are listed. Two ALU 
ir
uits are designed exploring

the re
on�gurability.

Considering the performan
e improvement, we explore the pipelining s
heme of the ASL-

based 
ir
uit. Ea
h magnet in an ASL-based 
ir
uit uses a separated 
lo
ked signal and the


ir
uit is pipelined with MTJs as lat
hes inserted between di�erent stages. Di�erent-level

pipelinings of the 
onvolution 
ir
uit are dis
ussed based on the basi
 
ir
uit ben
hmark.

6.2 Perspe
tives

The main works of this manus
ript are the development of an ASL 
ompa
t model and a


ir
uit/system design methodology. As an emerging te
hnology, ASL devi
e is in its infan
y.

Although we have explored the ASL devi
e from devi
e level to system level, there are some

points whi
h 
an further improve the ASL appli
ations.

6.2.1 Modeling

Our 
ompa
t modeling integrates the ne
essary e�e
ts: STT, TMR, spin inje
tion/dete
tion

e�e
ts, the 
hannel breakdown 
urrent and the spin di�usion delay. However, the parameter
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variations 
aused by the thermal e�e
t are not 
onsidered, whi
h need spe
i�
 models to

de�ne the trends of variations a

ording to the experimental results. Moreover, the width of

the used MTJ model is in the range of 25nm and 40 nm. Smaller MTJ dimensions are ne
es-

sary to improve the devi
e performan
e. Hen
e, an MTJ physi
al and 
ompa
t model of sub-

nanometer dimensions needs to be developed. For the 
hannel in the spin inje
tion/dete
tion,

we do not 
onsider the edging e�e
t whi
h will in�uen
e the spin di�usion. Hen
e, a more so-

phisti
ated model 
ould be developed by taking into a

ount of the above-mentioned e�e
ts,

to pre
isely evaluate the devi
e and 
ir
uit performan
e.

6.2.2 Cir
uit Layout

In 
ir
uit level, we have developed a 
ir
uit design methodology and designed some 
ombina-

tional 
ir
uits. With implementations and simulations, the performan
es of these 
ir
uits are

evaluated with the dimensions (
hannel lengths, MTJ width, and length) de�ned. However,

to pre
isely evaluate the 
ir
uit, the real layout should be done and a layout method taking

into a

ount the pla
ement, the timing, et
, should be developed. Moreover, in performan
e

evaluation, we do not 
onsider the CMOS auxiliary 
ir
uits, e.g. for power supply, whi
h 
an

be 
onsidered in the future evaluation.

The synthesis methods used for 
ir
uit design are the �truth table� method for small


ir
uits and �repla
ement� method for 
omplex/integrated 
ir
uits. However, the �repla
e-

ment� method is still based on the CMOS design. A new synthesis method for 
omplex


ir
uits should be developed 
onsidering the majority prin
iple and the spe
ial properties

(e.g. re
on�gurability) of ASL devi
e.

6.2.3 System evaluation and appli
ation

In system level, we used the 
onvolution 
ir
uits, and the Intel i7 system as the examples

to present the system evaluation method and the pipelining of ASL-based 
ir
uits/systems.

However, the system design is based on the �repla
ement� method that is not perfe
tly

suitable for the ASL-based system, as we mentioned in the previous subse
tion. Moreover,

the 
al
ulation of the inter
onne
tion distribution follows the empiri
al equations of CMOS

te
hnology. The proper inter
onne
tion distribution equations should be found for the ASL-

based system.

We have dis
ussed the pipelining of ASL-based 
ir
uits, and �ner-grain pipelining 
ould be

dis
ussed in the future. The re
on�gurable property of ASL-based 
ir
uits 
ould be exploited

to design more 
omplex 
ir
uits.

In a system evaluation, both memories and logi
s should be taken into a

ount and we

should 
onsider the spe
ial property that the ASL-based devi
e 
an realize both non-volatile

memory and logi
 fun
tions, whi
h over
omes the bottlene
k between the logi
 and memory


ommuni
ations and prompts the exploration of new 
omputing ar
hite
tures.

Besides the logi
-in-memory and analog 
omputing, another investigation of ASL devi
e

is its possibility to build neuromorphi
 
omputing. The properties of spin 
urrent superposi-

tion and threshold for state swit
hing shows the possibility for neuromorphi
 ar
hite
tures.

As synapse, multi-level MTJs 
an be used to store the integrated weights. Asso
iated with

the re
on�gurability of ASL devi
e, ASL devi
e 
an be used to e�
iently implement a neu-

romorphi
 ar
hite
ture.
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Appendix A ASL Performan
e Equations

Derivation

The ASL logi
 devi
e is presented in Fig. 1, with an asymmetri
 stru
ture. A tunnel barrier

C1 is pla
ed between the ferromagnet FM1 and the 
hannel N to redu
e the mismat
h

problem and the re
ipro
ity of ASL devi
e, while single interfa
e C2 is formed between the

ferromagnet FM2 and the 
hannel N . The isolator layer beneath the FM prevent the 
urrent

�owing into another dire
tion. A ground lead G is pla
ed to enhan
e the non-re
ipro
ity of

ASL devi
e.

F1 F2

N

LN
0 LN x

z z

(a) (b)

Figure 1 � Asymmetri
 ASL stru
ture. (a) Non-lo
al geometry for spin inje
tion and dete
-

tion. (b) Cross view of the non-lo
al geometry.

We suppose that the quantities labeled N vary along x, while those of FM1 and FM2

along z, as indi
ated in Fig. 1. The whole 
urrent is inje
ted into the 
hannel through the

tunnel barrier (right side) and there is no 
urrent inje
ted into another side of the FM1.

The boundary 
onditions for the spin quasi
hemi
al potential µs at in�nities are:

µsF1(−∞) = µsF2(∞) = µG(∞) = 0 (1)

Let us 
onsider the inje
tor, the dete
tor separately.

Spin inje
tor: FM1/N jun
tion

The distribution of the the spin 
urrent is shown in Fig. 1 (b). In FM1, by using the Eq.

2.11, the spin 
urrent at the 
onta
t (z = 0) and through the 
onta
t C1 are:

jsF1(0) = jPF1 +
1

RF1
µsF1(0)

jsC1 = jPC1 +
1

RC1
[µsN(0)− µsF1(0)]

(2)

where PF1/C1 is the 
ondu
tivity spin polarization in F1/C1 and expressed as PF =
σ↑−σ↓

σ↑+σ↓
=

σs

σ
, RF1/C1 is the spin resistan
e of F1/C1 and expressed as

σ
4σ↑σ↓

.

The spin 
urrent at the debut of the 
hannel (x = 0) and the ground lead are:

jsN(0) =
1

RN

[−µsN(0)coth(LN/λsN) +
µsN(LN )

sinh(LN/λsN)
]

jG(0) =
1

RG

µsN(0)

(3)
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where RN/RG is the spin resistan
e of the 
hannel/ground lead and RN (RG) = λsG/σN(G),

LN is the 
hannel length, µsN(0/LN) is the spin quasi
hemi
al potential at x = LN and λsN

is the spin di�usion length of the 
hannel.

The 
ontinuity of the spin 
urrent at the 
onta
t requires that:

jsN(0+) = jsN(0−) + jsC1 = jsN(0−) + jsF1 (4)

Using the above algebrai
 system, supposing the ground and the 
hannel have the same

material, we �nd that:

µsN(0)[
RN

RC1 +RF1
+

exp(LN/λsN)

sinh(LN/λsN)
]− µsN(LN )

1

sinh(LN/λsN)
= −jRN

PC1RC1 + PF1RF1

RC1 +RF1

(5)

Spin dete
tor: FM2/N jun
tion

Similar to the inje
tor, we obtain for the spin 
urrents in the ferromagnet FM2, the
interfa
e C2 and the 
hannel N :

jsF2(0) = PF2jchannel −
1

RF2
µsF2(0)

jsC2(0) = jchannelPC2 +
1

RC2
(µsF2(0)− µsN(LN))

jsN(LN ) =
1

RN

[− µsN(0)

sinh(LN/λsN)
+ µsN(LN )coth(LN/λsN)]

(6)

where jchannel is the 
harge 
urrent �owing into the 
hannel.

By applying the 
ontinuity 
ondition of the spin 
urrents in the dete
tor, jsF2(0) =
jsC2(0) = jsN(LN), we get another relationship between the quasi
hemi
al potential at x = 0
and x = LN :

1

RNsinh(LN/λsN)
µsN(0)+

PF2RF2 + PC2RC2

RF2 +RC2

jchannel = (
coth(LN/λsN)

RN

+
1

RF2 +RC2

)µsN(LN)

(7)

From Eqs. 5 and 7, we 
an 
al
ulate the quasi
hemai
al potentials at x = 0 and x = LN :

µsN(LN) =
A

B

µsN(0) =sinh(LN/λsN)(
RN

Rc2 +RF2

+ coth(LN/λsN))µsN(LN)

− jchannelsinh(LN/λsN)RN
PC2Rc2 + PF2RF2

RF2 +RC2

A =− jRN
PC1Rc1 + PF1RF1

Rc1 +RF1

+ jchannelR
2
Nsinh(LN/λsN)

PC2Rc2 + PF2RF2

(Rc2 +RF2)(Rc1 +RF1)

+ jchannelRNe
LN/λsN

PC2Rc2 + PF2RF2

Rc2 +RF2

B =eLN/λsN coth(LN/λsN) +
RNcosh(LN/λsN)

Rc1 +RF1
+

eLN/λsNRN

Rc2 +RF2

+
R2

Nsinh(LN/λsN)

(Rc1 +RF1)(Rc2 +RF2)
− 1

sinh(LN/λsN)
(8)

The value of the dete
ted voltage relates to how mu
h spin is polarized and transported

to the dete
tor. It is de�ned as:

Vdet = µN(∞)− µF2(∞) (9)
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Based on the spin-
harge 
oupling equation ∆µ = jℜ − Pσ∆µs dedu
ed from Eq. 3.7,

Vdet is:

Vdet =− jchannel(ℜc2 + ℜF2)− j2
Rc2RF2

Rc2 +RF2
(PC2 − PF2)

2

− PC2Rc2 + PF2RF2

Rc2 +RF2
µsN(LN )

(10)

The non-lo
al resistan
e RNL is:

RNL =
Vdet

j
(11)

and the non-lo
al resistan
e di�eren
e ∆RNL is:

∆RNL =
VdetAP

− VdetP

j
≈ 2RNL (12)

The spin inje
tion e�
ien
y Pinj determines how many 
urrents will be inje
ted into the


hannel. Based on Eq. 2, the inje
ted spin 
urrent and spin inje
tion e�
ien
y are given as:

Isinj = j
PC1Rc1 + PF1RF1 + µsN(0)/j

Rc1 +RF1

Pinj =
Isinj
j

(13)

The ASL e�
ien
y Peff determines how many spin 
urrents will be transported to the

dete
tor to swit
h the MTJ state. The spin dete
tion 
urrent and spin dete
tion e�
ien
y

are given as:

Idet = jchannel
PC2Rc2 + PF2RF2

Rc2 +RF2
−

1µsN(LN)

Rc2 +RF2

Peff = Idet/j

(14)

The above equations 
an be simpli�ed, depending on di�erent 
ases:

• If there is 
harge 
urrent jchannel in the 
hannel or not, namely jchannel 6= 0 or jchannel =
0

• The 
onta
t is transparent (Rci ≪ RN) or a tunnel barrier (Rci ≫ RF i).

• The 
onta
t is spin polarized (PCi 6= 0) or unpolarized (RC = ℜC).
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Appendix B Sour
e Code of ASL

Compa
t Model

Input ferromagneti
 model

module model_ferromagnet_res(in
,ins,out
,outs);

inout in
,ins,out
,outs;

ele
tri
al in
,ins;

ele
tri
al out
,outs;

//parameters related to the magneti
 layer

parameter real rho=2.6e-6; //resistivity of CoFeB (magnet layer material)

parameter real thi
k=1.3e-9; //magnet thi
kness

parameter real P=0.5; //magnet 
ondu
tivity polarization

parameter real lamda=2e-10; //spin diffusion length of magneti
 layer

parameter real w=40e-9; //magnet width

parameter real l=40e-9; //magnet length

real area; //
ross area (to 
al
ulate the magneti
 layer resistan
e)

real R_real; //ele
tri
al resistan
e of FM

real R_eff; //effe
tive(spin) resistan
e of FM

analog

begin

area=w*l;

R_real=rho*thi
k/area;

R_eff=rho*lamda/area/P;

I(in
,out
)<+1/R_real*V(in
,out
)+1/R_eff*V(ins,outs);

I(ins,outs)<+P/R_real*V(in
,out
)+1/(P*R_eff)*V(ins,outs);

end

endmodule

Output ferromagneti
 model

//unit in SI
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//not 
onsidering the sto
hasti
 effe
t

`in
lude "
onstants.vams"

`in
lude "dis
iplines.vams"

`define sqrt(x) pow( (x), 0.5)

//Constant definition in SI

//elementary 
harge

`define q 1.6e-19

//Bohr Magneton Constant in SI

`define ub 9.27e-24

//Boltzman Constant

`define kB 1.38e-23

//ELe
tron Mass

`define m 9.10e-31

//Euler's 
onstant

`define C 0.577

//va
umm permeability [H/m℄

`define u0 1.2566e-6

module Model_MTJ_FM_OUT(in
,ins,out
,outs,state,T1,T2,Sout);

inout in
,ins,out
,outs;

inout T1,T2;

output Sout,state;

ele
tri
al in
,ins;

ele
tri
al out
,outs;

voltage state;

voltage Sout;

ele
tri
al T1,T2;

//----------------------Parameter Definition--------------------------------

//parameter related to the magneti
 layer

parameter real rho=2.6e-6; //resistivity of magneti
 free layer

parameter real thi
k=1.3e-9; //magnet thi
kness

parameter real P=0.5; //magnet 
ondu
tivity polarization

parameter real lamda=2e-10; //spin diffusion length of magneti
 layer

parameter real w=40e-9; //magnet width

parameter real l=40e-9; //magnet length
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//parameter related to the dynami
 property

parameter real alpha=0.027; //Gilbert damping 
oeffi
ient

parameter real gamma=1.76e11; //Gyromagneti
 
onstant [rad/s/T℄

parameter real Hk=2.7e5; //Out of plane magneti
 anisotropy

parameter Ms=1.194e6; //Saturation field in the free layer

parameter real PhiBas=0.4; //the energy barrier height for MgO in ele
tron-volt

parameter real RA=5; //Resistan
e area produ
t in ohmum2

//Voltage bias when the TMR(real) is 1/2TMR(0) in Volt,

//experimental value with MgO barrier

parameter real Vh=0.5;

parameter TMR=0.7; //TMR(0) with Zero Volt Bias Voltage

//other parameters

parameter real Pwidth=10e-3; //Current pulse width in se
ond

parameter real T=300; //room temperature in Kelvin

//----------------------Parameter Definition--------------------------------

//----------------------Current 
al
ulation intermediate variable-----------

real area; //
ross se
tion of MTJ free layer to 
al
ulate the resistan
e

real R_real; //ele
tri
al resistan
e of FM

real R_eff; //effe
tive(spin) resistan
e of FM

//----------------------Dynami
 
al
ulation intermediate variable-----------

real istate; //output state of the MTJ

real duration; //average swit
hing time

real Isdet; //dete
tion 
urrent

real Teta; //fa
tor to 
al
ulate the duration

real PAP; //to present the state; 0 parallel,1 antiparallel

real PolaP,PolaAP;

real I
P,I
AP,IC;

real Em,EE;

real FA; //Fa
tor for 
al
ulating the resistan
e based on RA

real Vb; //V(T1,T2)

real R0; //Resistan
e of MTJ when bias voltage = 0 V

real Rp,Rap; //Resistan
e of P and AP states

real TMR_real; //TMR to 
al
ulate the P and AP state

real Id;

//representing the MTJ output state, output state after the read 
urrent

real tstate,isout;

analog

begin

//----------------Dete
tive 
urrent 
al
ulation------------------------------
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area=`M_PI*(w/2)*(w/2);

R_real=rho*thi
k/area;

//R_eff=rho*lamda/area/(1-P*P);

R_eff=rho*lamda/area/P;

I(in
,out
)<+1/R_real*V(in
,out
)+1/R_eff*V(ins,outs);

I(ins,outs)<+P/R_real*V(in
,out
)+1/(P*R_eff)*V(ins,outs);

//----------------State and duration 
al
ulation------------------------------

FA=3322.53/RA; //initialization of resistan
e fa
tor a

ording to RA produ
t

//papaer "Dynami
 
ompa
t model of thermally

//assisted swit
hing magneti
 tunnel jun
tions"

//resistan
e, model of ZhangYue

R0=(thi
k*1e10/(FA*`sqrt(PhiBas)*area*1e12))*exp(1.025*thi
k*1e10*`sqrt(PhiBas));

Em=`u0*Ms*thi
k*area*Hk/2;

EE=Em/`kB/T;

//-----------------------------
hange state depending on the dete
tive 
urrent----------

Isdet=I(ins,outs);

if (Isdet>0) //anti-parallel

begin

PAP=1;

Teta=`M_PI;

//Polarization state anti-parallel

PolaAP=(1/(-4+(`sqrt(P)+1/`sqrt(P))*(`sqrt(P)+1/`sqrt(P))

*(`sqrt(P)+1/`sqrt(P))*((3+
os(Teta))/4)))-(P/(2*(1+P*P*
os(Teta))));

I
AP=alpha*gamma*`q*`u0*Ms*thi
k*area*Hk/(`ub*PolaAP); //
riti
al 
urrent

$strobe("I
AP=%f%%",I
AP);

if(abs(Isdet)>=abs(I
AP))

begin

duration=(`C+ln(`M_PI*`M_PI*EE/4))*`q*Ms*area*thi
k*(1+P*P)

/(2*`ub*P*(abs(Isdet)-abs(I
AP)));

istate=1.0;

end

end

if (Isdet<0) //parallel

begin
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PAP=0;

Teta=1;

//Polarization state anti-parallel

PolaP=(1/(-4+(`sqrt(P)+1/`sqrt(P))*(`sqrt(P)+1/`sqrt(P))

*(`sqrt(P)+1/`sqrt(P))*((3+
os(Teta))/4)))+(P/(2*(1+P*P*
os(Teta))));

I
P=alpha*gamma*`q*`u0*Ms*thi
k*area*Hk/(`ub*PolaP); //
riti
al 
urrent

if(abs(Isdet)>=abs(I
P))

begin

duration=(`C+ln(`M_PI*`M_PI*EE/4))*`q*Ms*area*thi
k*(1+P*P)

/(2*`ub*P*(abs(Isdet)-abs(I
P)));

istate=0.0;

end

end

V(state)<+transition(istate,duration,1e-12);

V(Sout)<+isout;

I(T1,T2)<+Id;

end

endmodule

Tunnel barrier model

`in
lude "
onstants.vams"

`in
lude "dis
iplines.vams"

module model_tunnel_barrier_res(in
,ins,out
,outs);

inout in
,ins,out
,outs;

ele
tri
al in
,ins,out
,outs;

parameter real Pt=0.5; //spin 
ondu
tan
e polarisation, different with PFM

parameter real w=40e-9; //tunnel width

parameter real l=40e-9; //tunnel length

//tunnel barrier

parameter real RA=1e-10; //tunnel resistan
e area produ
t

real area;
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real R_real;

analog

begin

area=w*l;

R_real=RA/area; //tunnel barrier resistan
e 
al
ulation

I(in
,out
)<+1/R_real*V(in
,out
)+1/R_real*Pt*V(ins,outs);

I(ins,outs)<+1/R_real*Pt*V(in
,out
)+1/R_real*V(ins,outs);

end

endmodule

Interfa
e model

`in
lude "
onstants.vams"

`in
lude "dis
iplines.vams"

/*----------Elementary Charge---------------*/

`define e 1.6e-19

module model_Interfa
e(in
,ins,out
,outs);

inout in
,ins,out
,outs;

ele
tri
al in
,ins,out
,outs;

parameter real Pt=0.5; //spin 
ondu
tan
e polarisation

parameter real w=40e-9; //tunnel width

parameter real l=40e-9; //tunnel length

//simple interfa
e

parameter real h=6.626e-34;

parameter real kf=1.36e10;

real area;

real R_real;

//number of 
ondu
ting modes at the interfa
e,

//for interfa
e resistan
e 
al
ulation

real modes;

analog

begin

area=w*l;

modes=kf*kf/2/`M_PI;

R_real=h/(`e*`e*modes*area); //FM/NM interfa
e resistan
e
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I(in
,out
)<+1/R_real*V(in
,out
)+1/R_real*Pt*V(ins,outs);

I(ins,outs)<+1/R_real*Pt*V(in
,out
)+1/R_real*V(ins,outs);

end

endmodule

Channel model

Channel shunt model

`in
lude "
onstants.vams"

`in
lude "dis
iplines.vams"

module model_
hannel_res_gs(in,out);

inout in,out;

ele
tri
al in,out;

parameter real lamda=1e-6; //spin diffusion length

parameter real w=40e-9; //
hannel width

parameter l=100e-9; //
hannel length

//
hose one 
ase depending on the 
hannel material: metal or semi
ondu
tor

//for graphene, 
onsidering the breakdown 
urrent

parameter real rho=1/(0.35e-3); //
hannel resistivity: ohm

parameter real Jbr=20e3; //breakdown 
urrent density

parameter real thi
k=1; //

//-----------------------------------------------------------

real area;

real R_real; //eke
tri
al resistan
e

real R_eff; //effe
tive spin resistan
e

//real Imax; //tolerable maximum 
urrent

analog

begin

area=thi
k*w; //for general 
ase

R_real=rho*l/area;

R_eff=rho*lamda/area;

Imax=Jbr*w;

I(in,out)<+ V(in,out)/R_eff/sinh(l/lamda)*(
osh(l/lamda)-1);

//how to add/verify the breakdown 
urrent

if (I(in,out)>Imax)

$strobe("Warining:
hannel breakdown");
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end

endmodule

Channel series model

`in
lude "
onstants.vams"

`in
lude "dis
iplines.vams"

module model_
hannel_res(in
,ins,out
,outs);

inout in
,ins,out
,outs;

ele
tri
al in
,ins;

ele
tri
al out
,outs;

parameter real lamda=1e-6; //spin diffusion length

parameter real w=40e-9; //
hannel width

parameter l=100e-9; //
hannel length

//
hose one 
ase depending on the 
hannel material

//for graphene, 
onsidering the breakdown 
urrent

parameter real rho=1/(0.35e-3); //
hannel resistivity

parameter real Jbr=20e3; //breakdown 
urrent density

parameter real thi
k=1; //for graphene

//-----------------------------------------------------------

real area;

real R_real; //eke
tri
al resistan
e

real R_eff; //effe
tive spin resistan
e

//real Imax; //tolerable maximum 
urrent

analog

begin

area=thi
k*w; //for general 
ase

R_real=rho*l/area;

R_eff=rho*lamda/area;

Imax=Jbr*w;

I(in
,out
)<+ V(in
,out
)/R_real;

I(ins,outs)<+ V(ins,outs)/R_eff/sinh(l/lamda);

//how to add/verify the breakdown 
urrent

if (I(ins,outs)>Imax)

$strobe("Warining:
hannel breakdown");

end
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endmodule

Ground model

`in
lude "
onstants.vams"

`in
lude "dis
iplines.vams"

module model_ground(in
,ins,out
,outs);

inout in
,ins,out
,outs;

ele
tri
al in
,ins;

ele
tri
al out
,outs;

parameter real rho=1/(0.35e-3); //
hannel resistivity of graphene

parameter real l=1e-6; //ground length

parameter real w=40e-9; //ground width

parameter real t=40e-9; //ground thi
kness

parameter real lamda=1e-6; //ground material spin diffusion length

real area;

real R_real;

real R_eff;

analog

begin

//area=thi
k*w;

area=w*t;

R_real=rho*l/area; //general 
ase

R_eff=rho*lamda/area; //general 
ase

//R_real=rho*l/w;

//R_eff=rho*lamda/w; //graphene

I(in
,out
)<+ V(in
,out
)/R_real;

I(ins,outs)<+ V(ins,outs)/R_eff;

//I(ins,outs)<+ V(ins,outs)/R_eff/Pg;

end

endmodule
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Synthèse en Fran
ais

Chapitre 1 Introdu
tion générale

La te
hnologie CMOS a 
onsidérablement 
ontribué au développement de l'industrie des semi-
ondu
teurs

au 
ours des dernières dé
ennies. Toutefois, au fur et à mesure que la mise à l'é
helle des transistors se

poursuivra au 21eme
siè
le, la te
hnologie CMOS fera fa
e à des dé�s importants qui ralentiront la 
roissan
e

de l'industrie des semi-
ondu
teurs, selon le ITRS [2℄, qui regroupe les leaders dans le domaine de la re
her
he

et de l'industrie des semi-
ondu
teurs. Pour résoudre 
e problème, les 
her
heurs portent leur attention sur

le �Beyond-CMOS� 
omme des dispositifs spintroniques qui explorent la propriété de spin des éle
trons. L'un

des dispositifs les plus importants est la jon
tion tunnel magnétique MTJ, qui peut sto
ker des données

binaires basées sur la magnétorésistan
e à e�et tunnel (TMR) [6, 31, 63℄. La MTJ peut être utilisée 
omme

une mémoire non volatile ou 
ombinée ave
 le CMOS pour 
onstituer des 
ir
uits hybrides. Cependant, il

est di�
ile de limiter la 
onsommation d'énergie 
ausée par la 
onversion fréquente entre spin et 
harge.

En outre, du point de vue de la méthode de 
on
eption, les 
ir
uits hybrides suivent toujours la même

méthodologie de 
on
eption que les 
ir
uits CMOS. Par 
onséquent, pour mieux pro�ter de l'avantage des

dispositifs spintroniques, 
ertains dispositifs All-Spin Logi
 (ASL) sont proposés, qui utilisent le 
ourant

de pur spin pour transporter des informations, réduisant ainsi la 
onsommation d'énergie provoquée par

la 
ommutation 
harge-spin. Il est avan
é que les dispositifs ASL pourraient potentiellement 
onstituer des

interrupteurs parti
ulièrement peu énergivores puisque un nano-aimant stable ave
 une barrière d'a
tivation

de 40 kBT pourrait être 
ommuté ave
 moins de 1 aJ [57℄. Dans 
e 
ontexte, 
ette thèse se 
on
entre sur

l'étude des dispositifs ASL.

Initialement proposé dans [46℄, la re
her
he sur les dispositifs ASL en est en
ore à ses balbutiements. La

plupart des travaux mettent l'a

ent sur la démonstration et l'amélioration des phénomènes d'inje
tion/déte
tion

de spin, alors que peu d'entre eux explorent les appli
ations possibles sur les 
ir
uits et les systèmes. En tant

qu'élément émergent et à la di�éren
e du CMOS, la te
hnologie ASL doit être explorée au niveau système

en envisageant de nouveaux paradigmes de 
on
eption. Cette situation nous invite à l'étudier ASL sur trois

niveaux : dispositif, 
ir
uit et système.

Au niveau du dispositif, un modèle éle
trique est né
essaire pour explorer leur possibilités dans les 
ir-


uits et les systèmes, de façon à 
ombler l'é
art entre les exigen
es d'appli
ation au niveau du système et

la fabri
ation du 
ir
uit au niveau du dispositif. Ce modèle doit être pré
is pour estimer et évaluer la per-

forman
e du dispositif, évolutif pour étudier la 
on
eption de 
ir
uits 
omplexes/hiérar
hiques et génériques


onformément aux te
hniques de 
on
eption standardisées basées sur le CMOS. Selon 
es exigen
es, nous

développons un modèle éle
trique, dé
rit en Verilog-A sous Caden
e. Divisé en six blo
s, 
e modèle permet

une 
on
eption indépendante et fa
ilite la 
on
eption de 
ir
uits hiérar
hiques. Ce modèle intègre l'e�et de

la 
ouple de transfert de spin (STT), l'e�et TMR, les e�ets d'inje
tion/di�usion/a

umulation de spin et

l'e�et de rupture des 
anaux (breakdown), 
e qui permet d'explorer les 
ompromis de performan
e et d'aider

le 
on
epteur à éviter les destru
tions matérielles. Validé par 
omparaison aux résultats expérimentaux, 
e

modèle est utilisé pour mettre en ÷uvre et évaluer les 
ir
uits/systèmes.

Au niveau 
ir
uit, l'opérateur majoritaire sur lequel le dispositif ASL repose induit une méthode de


on
eption entièrement di�érente du CMOS. Par 
onséquent, il est né
essaire de développer une méthodologie

de 
on
eption de 
ir
uit, en prenant en 
ompte le plus possible la disposition du 
ir
uit. Dans notre thèse, nous

avons développé une telle méthodologie, 
apable de synthétiser des 
ir
uits ave
 des fon
tions majoritaires,

d'explorer les paramètres de dimension : taille du dispositif, inter
onne
tions et 
ourants d'inje
tion en

fon
tion des 
ontraintes de 
on
eption et d'optimiser les performan
es ave
 des matériaux donnés.

Au niveau système, l'obje
tif prin
ipal est d'évaluer le potentiel d'un dispositif ASL dans des appli
ations


omplexes et d'explorer son exploitation dans le 
adre d' un nouveau paradigme de 
al
ul en fon
tion de ses

propriétés uniques. Notre thèse utilise une appro
he 
ellule-bibliothèque pour modéliser et évaluer le système

ASL, en tenant 
ompte des problèmes d'inter
onne
tion. Une version pipeline du système ASL est dis
utée

pour améliorer les performan
es. En outre, la re
on�gurabilité du dispositif ASL basée sur les polarités et

valeurs du 
ourant d'inje
tion et les états des entrées de 
ontr�le est explorée, 
e qui peut être exploité dans

des futures appli
ations numériques.
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Chapitre 2 État de l'art

La �gure 2(a) montre un dispositif ASL 
omposé de deux MTJs 
omme mémoires et un 
anal pour transporter

les informations en 
ombinant MTJ et modèle d'inje
tion de spin non-lo
al [102℄. L'état de l'art du dispositif

MTJ et des dispositifs ASL est présenté dans 
e 
hapitre : prin
ipe, développement et appli
ations des MTJ

et des dispositifs ASL.
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Figure 2 � (a) S
héma de dispositif ASL ave
 MTJ perpendi
ulaire, basé sur le modèle d'inje
tion de spin non-

lo
al. (b) Deux états de MTJ ave
 di�érentes résistan
es basées sur la magnétorésistan
e à e�et tunnel(TMR)

: Parallèle (RP , état �0�) et Antiparallèle (RAP , état �1�); Si le 
ourant passe de la 
ou
he libre à la 
ou
he

�xe et est supérieur au 
ourant 
ritique Ic0, l'état bas
ulera en 
on�guration Parallèle; dans la situation

inverse, l'état sera 
hangé en anti-parallèle. (
) Modèle de 
ir
uit de spin du dispositif ASL. Chaque blo
 est

un réseau en π, et 
orrespond aux 
omposants présentés dans (a).

Une MTJ (voir Fig. 2 (b)) est 
omposée d'une 
ou
he isolante prise en sandwi
h par deux 
ou
hes ferro-

magnétiques (FM), où l'une est magnétiquement �gée, appelée 
ou
he �xe et l'autre est appelée 
ou
he libre

dont l'aimantation peut être 
ommutée par un 
hamp magnétique ou un 
ourant supérieur au 
ourant 
ri-

tique Ic0 basé sur l'e�et de transfert de spin (STT)(LLG équation [184℄). Selon les orientations d'aimantation

relatives de 
es deux 
ou
hes FM, 
'est-à-dire P ou AP, une MTJ peut avoir deux états de résistan
e : RP

ou RAP (RP < RAP ), également appelé le rapport de TMR.

En raison de sa non-volatilité, les MTJs fournissent une nouvelle voie vers les mémoires et les 
ir
uits

logiques de pro
haines générations. Jusqu'à présent, la mémoire basée sur la MTJ, à savoir la MRAM,

a été largement explorée et produite 
ommer
ialement. En outre, 
ombinée au CMOS, la MTJ peut être

utilisée dans un 
ir
uit hybride et fournit des fon
tionnalités améliorées telles que l'a
tivation/désa
tivation

instantanée ou l'immunité aux rayonnements améliorée.

Le modèle d'inje
tion de spin non lo
al est 
omposé de deux 
ou
hes ferromagnétiques (
ou
hes libres

MTJ en ASL) et d'un 
anal. Ave
 un 
ourant d'inje
tion appliqué à la 
ou
he ferromagnétique d'entrée,

le 
ourant de spin est polarisé dans le 
anal portant l'orientation de l'aimantation de la 
ou
he libre. Ce


ourant de spin se di�use vers la 
ou
he ferromagnétique de sortie pour 
ommuter son aimantation par

l'e�et de STT [262℄. [148℄ présente le prin
ipe du modèle d'inje
tion de spin non lo
al, en pré
isant les

relations entre les 
ourants et les tensions en tenant 
ompte des e�ets d'inje
tion/a

umulation/di�usion.

Nous pouvons l'utiliser pour 
al
uler les 
ourants de spin polarisés, la tension, les résistan
es, et
.

Comme nous l'avons présenté, le 
ourant de spin s'é
oulant par la sortie bas
ule l'orientation de l'aimantation

de la 
ou
he ferromagnétique, polarisée par le 
ourant inje
té. Par 
onséquent, l'e�
a
ité de l'inje
tion est

l'un des 
ritères les plus importants qui in�uen
ent la performan
e du dispositif. Pour améliorer l'e�
a
ité de

l'inje
tion, une appro
he 
onsiste à se 
on
entrer sur les re
her
hes de nouveaux matériaux et l'amélioration

des qualités matérielles (Par ex. la longueur de di�usion de spin λsN , la polarization P ). Une autre méthode


onsiste à se 
on
entrer sur l'étude des stru
tures ASL : l'insertion d'une barrière tunnel entre la 
ou
he

ferromagnétique et le 
anal pour résoudre le problème de désadaptation de la résistan
e. Dans 
ette thèse,


ompte tenu de la généralité et de la �exibilité de la stru
ture pour améliorer l'e�
a
ité de l'inje
tion de

spin, nous retenons le dispositif ASL présentée à la �gure 2 pour sa modélisation 
ompa
te générique.

Pour l'évaluation de la performan
e et l'analyse de 
ir
uits, un modèle 
ompa
t d'ASL, dé
rivant la

dynamique de l'aimantation et la propriété de transport de spin, est né
essaire. En 2011, le groupe de

Supriyo Datta a proposé la modélisation 
ompa
te à base de spin-
ir
uit [47,57,151,241℄. Cette modélisation


ontient deux 
omposantes : une des
ription de la dynamique de l'aimantation et un modèle de 
ir
uit pour

le transport de spin non 
olinéaire en 
ombinant le modèle de di�usion de spin bien établi développé par

Johnson-Slisbee [242℄ et Valet-Fert [243℄ ave
 un modèle de 
ondu
tivité lan
é par Brataas et al. [244℄. En

2014, Philip Bonhomme et al. [54℄ a proposé une autre appro
he de modélisation, fondée sur des éléments

de 
ir
uit éle
trique de base tels que des résistan
es, des 
ondensateurs et des sour
es de 
ourant pour


réer l'environnement de simulation de 
ir
uit. Ces appro
hes de modélisation permettent la modélisation et
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l'analyse de 
ir
uits basés sur un dispositif ASL. Cependant, 
ette appro
he né
essite le re
ours à une plate-

forme de 
al
ul numérique (par ex. MatLab). Or, pour e�e
tuer une implémentation de 
ir
uits 
omplexes, des

matri
es de grande envergure doivent être soigneusement établies, 
e qui limite l'usage de 
ette appro
he.

[152℄ a proposé un modèle Verilog-A qui implémente le dispositif ASL 
omme un seul blo
 basé sur les

équations d'inje
tion/déte
tion de spin pré-établies, 
e qui évite d'explorer l'espa
e de 
on
eption pour son

optimisation et le design hiérar
hique. Un modèle Verilog-A évolutif est proposé dans [153℄, mais n'intègre

pas de 
ara
téristiques importantes telles que le délai de di�usion de spin et les e�ets de rupture de 
anal.

Dans notre thèse, nous avons développé un modèle 
ompa
t ASL qui prend en 
ompte les e�ets STT/TMR,

les e�ets d'inje
tion/déte
tion/a

umulation de spin, le délai de di�usion de spin et l'e�et de rupture de


anal, en fon
tion des équations fondamentales de Maxwell dans le domaine de spin. Ce modèle 
ompa
t est

divisé en plusieurs parties, 
e qui permet la 
on
eption indépendante d'un inje
teur, d'un déte
teur, d'un


anal et d'un dispositif de 
onta
t. Cela permet une optimisation des 
ir
uits ASL et fa
ilite la 
on
eption

des 
ir
uits hiérar
hiques.

Au niveau 
ir
uit, il a été avan
é que les dispositifs ASL présentent les 
inq 
ara
téristiques essentielles

pour les appli
ations logiques : 
as
adabilité, non-linéarité, dire
tionnalité, gain et un ensemble 
omplet

d'opérations booléennes [46℄. Les 
ir
uits logiques de base : inverseur/tampon, ET/OU/NAND/NOR, sont

présentés dans [58℄. Étant donné que la 
on
eption des 
ir
uits ASL est basée sur le prin
ipe de la majorité,

des méthodes de synthèse plus génériques basées sur la majorité sont explorées pour la 
on
eption de 
ir
uits

ASL. Cependant, la synthèse des 
ir
uits n'est que la première étape pour une réalisation réelle du 
ir
uit.

Des e�orts supplémentaires doivent être faits 
ompte tenu des dimensions du 
ir
uit, 
omme la di�usion des


ourants, l'optimisation de la surfa
e, la limite de mise à l'é
helle, et
. Dans 
ette thèse, nous prenons 
es

problèmes en 
onsidération lors de la 
on
eption d'un 
ir
uit et énumérons les paramètres 
orrespondants

pour 
haque 
ir
uit 
onçu et développons une méthodologie de 
on
eption. Sur la base de 
ette méthodologie,

les 
ir
uits 
ombinatoires sont 
onçus et mis en ÷uvre ave
 le modèle 
ompa
t développé. Ces 
ir
uits forment

une bibliothèque et sont évalués en fon
tion de la méthode d'analyse 
omparative proposée dans [156℄.

Chapitre 3 Modélisation 
ompa
te de ASL

Un modèle 
ompa
t est né
essaire pour 
ombler l'é
art entre la fabri
ation des dispositifs et les exigen
es des

appli
ations au niveau système. En parti
ulier, des simulations pré
ises d'e�ets d'inje
tion/déte
tion de spin

sont né
essaires pour estimer le temps de 
ommutation et le délai de di�usion de spin à partir des propriétés

des matériaux. En outre, les modèles devraient être génériques pour permettre d'explorer les paramètres

du dispositif liés à la fabri
ation tels que les longueurs de 
anaux et les tailles MTJ. Une telle exploration

devrait permettre d'étudier non seulement les 
ompromis des performan
es, mais devrait également aider les


on
epteurs à éviter les dommages matériels. En�n, une appro
he évolutive est obligatoire pour étudier la


on
eption de 
ir
uits hiérar
hiques 
omplexes. Il 
onvient de noter que, pour être adoptée par la 
ommunauté

des 
on
epteurs, l'appro
he devrait être 
onforme aux te
hniques de 
on
eption standardisées basées sur le

CMOS et devrait être implémentée dans un environnement 
ommer
ial existant. Par 
onséquent, il est

né
essaire de disposer de modèles pré
is, génériques, évolutifs et fa
iles à utiliser, 
'est-à-dire des modèles


omplets et 
ompa
ts.

Ce 
hapitre présente les modèles physiques d'un dispositif ASL : le modèle de transfert de spin (STT),

le modèle TMR, le modèle d'inje
tion/di�usion/a

umulation de spin, le modèle de densité de 
ourant de

rupture de 
anal et les e�ets de mise à l'é
helle. Sur la base de 
es modèles physiques, un modèle 
ompa
t est

développé et programmé en utilisant le langage Verilog-A sur la plate-forme Caden
e. Divisé en six parties

: Injector, Detector, Conta
t C (barrière tunnel ou simple FM-N transparent), 
anal N et le 
ir
uit vers la

masse G, il permet la 
on
eption et l'optimisation indépendantes des 
ir
uits basé sur le dispositif ASL et

fa
ilite la 
on
eption de 
ir
uits hiérar
hiques.
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Figure 3 � Di�érents modèles de blo
s d'un inverseur/tampon basé sur un dispositif ASL.
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La �gure 3 montre le dispositif ASL simple ave
 les six blo
s indépendants du modèle développé. La

suite détaille 
es blo
s :

• �Injector� intègre un modèle TMR, un modèle STT et un modèle d'inje
tion de spin. L'état d'un

MTJ dépend de la sour
e de tension Vwrite 
onne
tée aux terminaux �T 1� et �T 2�. L'état MTJ est

émis sur le terminal Sin, en tenant 
ompte du délai de 
ommutation. La sortie est représentée 
omme

un signal de tension : �V = 0V� et �V=1V� 
orrespondant respe
tivement à l'état parallèle et anti-

parallèle. Une fois que l'état de la MTJ a été 
on�guré, un 
ourant d'inje
tion Iinj est inje
té dans le

anal à partir de la 
ou
he libre MTJ via le terminal �Iinj �. Cela entraîne un 
ourant de 
harge �outc�
et un 
ourant de spin �outs�.

• �C� 
orrespond au modèle de 
onta
t, qui peut être implémenté ave
 ou sans barrière tunnel(TB).

Les deux bornes d'entrée �inc� et �ins� représentent le 
ourant de 
harge et de spin d'entrée. Les

terminaux �outc � et �outs� représentent le 
ourant de 
harge et de spin de sortie.

• �G� et �N � 
orrespondent au modèle de masse et de 
anal respe
tivement. Une partie des 
ourants de


harge et de spin délivrés par le 
onta
t s'é
oule vers la masse tandis que la partie restante s'é
oule

dans le 
anal, où elle se propage jusqu'à atteindre un déte
teur.

• �Detector� 
orrespond au blo
 permettant de bas
uler un état MTJ en fon
tion du 
ourant traversant

un 
onta
t. Au-dessus d'un 
ourant de seuil, le terminal �State� est 
ommuté sur 0V (parallèle) ou

1V (anti parallèle) en fon
tion de la polarité du 
ourant d'inje
tion et de l'entrée d'état MTJ. L'état

peut être lu en appliquant une sour
e de tension �Vread� aux terminaux �T 1� et �T 2� et est envoyé à
�Sout� terminal.

Le modèle 
ompa
t est validé en le 
omparant à trois résultats expérimentaux ave
 trois matériaux de


anal di�érents : Py [115℄, Mg [105℄ et graphene [124℄. La performan
e du dispositif ASL est d'abord analysée

ave
 les expressions d'inje
tion/déte
tion de spin développées pour le dispositif ASL 
onsidéré. De plus, 
es

expressions peuvent également être utilisées pour dis
uter des phénomènes observés expérimentalement sur

les dispositifs ASL. La dépendan
e des 
ritères de performan
e sur les paramètres du dispositif est répertoriée

et illustrée à la �gure 4.

 

RAC WPinj/eff

Energy t

Ic0Iinj Isdet α

Δ

LN, PC, λSN JBR

Figure 4 � Dépendan
e entre performan
es et paramètres du dispositif ASL.

Des simulations basées sur le modèle 
ompa
t sont e�e
tuées pour l'analyse de performan
e, réparties

en trois ensembles :

• La largeur globale du dispositif W , liée à l'e�et de mise à l'é
helle, est l'un des paramètres les plus

importants d'un dispositif ASL.

• Paramètres du modèle STT : fa
teur d'amortissement α et le fa
teur thermique ∆, qui sont liés au


ourant 
ritique de 
ommutation Ic0, don
 au délai de 
ommutation t.

• Paramètres du modèle d'inje
tion/déte
tion de spin : la longueur du 
anal LN , la longueur de dif-

fusion de spin du 
anal λsN , la polarisation des 
onta
ts PC et le produit résistan
e × surfa
e

RAC . Intégré dans le modèle d'inje
tion/déte
tion de spin, 
es paramètres in�uen
ent l'e�
a
ité

d'inje
tion/déte
tion de spin Pinj/eff . Ave
 un 
ourant d'inje
tion donné Iinj , le 
ourant de déte
tion

onsa
ré à l'e�et de transfert de spin Isdet dépend de Pinj/eff et détermine le délai de 
ommutation

t ave
 le 
ourant 
ritique Ic0. De plus, en fon
tion de l'équation d'énergie E = I2injRt, le produit

de Iinj , la résistan
e du dispositif R et la durée de l'impulsion donnent les valeurs de 
onsommation

d'énergie.

Outre 
es 
ritères de performan
e, notre modèle a également intégré la densité de 
ourant de rupture des


anaux JBR, liée à la largeur du 
anal W et la longueur du 
anal LN . Ave
 une densité de 
ourant JBR
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déterminée et des paramètres de dispositif donnés, il existe un 
ourant d'inje
tion maximum Iinj pour éviter
les dommages au 
anal.

Les résultats montrent qu'une largeur de dispositif plus petite W ave
 un fa
teur thermique plus petit

∆, un fa
teur d'amortissement plus petit α 
onduit à un 
ourant 
ritique plus petit Ic0 et don
 un délai

de 
ommutation plus petit; Une longueur de 
anal plus 
ourte LN , une longueur de di�usion de spin de


anal plus longue λsN , une polarisation de 
ondu
tan
e de tunnel plus grande PC peut entraîner une plus

grande e�
a
ité d'inje
tion/déte
tion et don
 une performan
e améliorée (
onsommation d'énergie). Ainsi,

pour optimiser les performan
es dans une stru
ture ASL asymétrique, un 
ompromis doit être simulé pour

la valeur du produit résistan
e × surfa
e de la barrière tunnel RAC .

En 
on
lusion, le modèle 
ompa
t développé dans 
e 
hapitre permet la 
on
eption des 
ir
uits hiérar-


hiques et l'analyse de performan
e fournit une base pour les optimisations de 
ir
uits.

Chapitre 4 Con
eption et simulation des 
ir
uits à base de

ASL

Ave
 le modèle 
ompa
t ASL développé au 
hapitre 3, nous explorons le dispositif ASL au niveau 
ir
uit

pour permettre une exploration plus poussée du dispositif ASL au niveau système. À la di�éren
e de la

te
hnologie CMOS fondée sur les 
harges, des nouveaux 
ir
uits et des ar
hite
tures sont né
essaires pour

prendre en 
ompte des phénomènes physiques basés sur les spins. C'est une tâ
he di�
ile en raison des

nombreux paramètres physiques à 
onsidérer et du manque d'outils. Dans 
e manus
rit, nous proposons une

méthodologie permettant de 
on
evoir des 
ir
uits ASL en fon
tion des propriétés physiques des matériaux

utilisés, en tenant 
ompte du problème lié aux multiples 
anaux, à l'inter
onne
tion entre les portes et de

l'inje
tion requise pour 
ompenser la di�usion du spin. La �gure 5 montre la méthodologie développée ave


4 étapes su

essives.
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Step 3:

Parameter

exploration

Buffer

number/energy

calculation

Goal satisfied ?
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Figure 5 � Méthode de 
on
eption des 
ir
uits basés sur le dispositif ASL.
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L'étape 1 spé
i�e les 
ara
téristiques du 
ir
uit et du système et les 
ontraintes, ainsi que les paramètres

du matériau.

Étant donné l'exploitation faites du dispositif ASL qui suit le prin
ipe de la majorité, l'étape 2 synthétise

le 
ir
uit ave
 des fon
tions majoritaires basées sur deux méthodes de synthèse di�érentes : i) La méthode

�table de vérité� synthétise un 
ir
uit simple à partir de sa table de vérité; ii) La méthode de �rempla
ement�

synthétise un 
ir
uit 
omplexe en remplaçant sa fon
tion booléenne par des fon
tions logiques fondamentales

basées sur la majorité.

L'étape 3 explore les paramètres du 
ir
uit (tailles MTJ, la longueur du 
anal) et les 
ourants d'inje
tion

a�n de respe
ter les 
ontraintes du système. La fon
tion du 
ir
uit est validée et la performan
e est optimisée

en fon
tion du modèle 
ompa
t ASL. Les paramètres sont exportés vers l'étape 4 pour la mise en ÷uvre.
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Figure 6 � Mise en ÷uvre de 
ir
uits fondamentaux ave
 Li représentant la longueur de 
anal. (a) Fon
tions

inverseur/tampon 
on�gurées ave
 les polarités du 
ourant d'inje
tion; (b) Fon
tions ET/OU/NAND/NOR

réalisées par une porte majoritaire à 3 entrées, ave
 les polarités du 
ourant d'inje
tion et les états de l'entrée

de 
ommande F; Nous ne 
onsidérons pas l'in�uen
e du virage de In1/F à P; (
) XORTT ar
hite
ture de


ir
uits XOR2/3 basée sur la méthode �table de vérité�, qui peut être utilisée dans le 
al
ul de l'additionneur


omplet, où M1 
omme sortie de retenue de somme. (d) Une autre ar
hite
ture XORrep de 
ir
uit XOR2/3

basée sur une méthode de �rempla
ement�, 
omposée de trois portes majoritaires à 3 entrées. Cette ar
hi-

te
ture peut servir aux 
al
uls de l'additionneur 
omplet et du soustra
teur 
omplet, où M1 représente la

sortie retenue et F la sortie somme ou di�éren
e.

Sur la base de 
ette méthodologie, nous avons implémenté les 
ir
uits logiques fondamentaux (Fig. 6)

et les 
ir
uits 
ombinatoires. Leurs ar
hite
tures sont présentées, en pré
isant les paramètres dimensionnels.

Leurs 
omportements fon
tionnels sont simulés et véri�és en fon
tion du modèle 
ompa
t ASL. En outre,

leurs performan
es y 
ompris le retard, l'énergie, le produit énergie × délais (EDP) et le débit ave
 des

appro
hes optimisées en délais et optimisées en énergie (Tableau 1), sont évaluées pour les évaluations des


ir
uits de haut niveau et du système. Les 
omparaisons ave
 les 
ir
uits CMOS 45 nm [260℄ sont également

analysées.

En 
on
lusion, 
e 
hapitre présente une méthodologie de 
on
eption de 
ir
uit ASL où les 
ir
uits logiques

de base et les 
ir
uits 
ombinatoires sont 
onçus, implémentés et validés sur la base du modèle 
ompa
t ASL

développé, formant une bibliothèque. Leurs performan
es sont 
omparées entre eux et à la te
hnologie CMOS.

Les 
ir
uits ASL ont un délai et une 
onsommation énergétique plus importants, prin
ipalement en raison

de la 
ommutation de la MTJ. La performan
e peut être améliorée ave
 la mise à l'é
helle des dispositifs,

l'étude des matériaux, en fon
tion de l'analyse de performan
e du 
hapitre 3.

Le dispositif ASL possède une propriété unique : la re
on�gurabilité, que nous pouvons utiliser pour une

nouvelle 
on
eption de 
ir
uit et d'ar
hite
ture. La re
on�gurabilité des 
ir
uits ASL dépend de i) des états

des di�érentes entrées de 
ontr�le, ii) les polarités du 
ourant d'inje
tion (positive ou négative) et iii) les

poids des entrées induites par les amplitudes du 
ourant d'inje
tion, la longueur du 
anal et les dimensions

du terminal. Le tableau 2 montre les fon
tions 
on�gurées ave
 une porte majoritaire à 3 entrées. Selon la

polarité du 
ourant d'inje
tion et l'état de l'entrée de 
ommande F, 
e 
ir
uit peut réaliser les fon
tions

ET/NAND/OU/NOR2.

Chapitre 5 Modélisation et évaluation niveau système

A partir de la méthode de 
on
eption, les 
ir
uits logiques et 
ombinatoires fondamentaux sont 
onçus,

mis en ÷uvre et évalués, 
e qui permet de 
on
evoir et d'évaluer des systèmes. Au niveau système, jusqu'à
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Table 1 � Évaluation des 
ir
uits de base du dipositif ASL.

Fon
tion

Surfa
e

Délai-optimisé Énergie-optimisé

Iinj Délai Énergie EDP Débit Iinj Délai Énergie EDP Débit

(µm2
) (µA) (ns) (nJ) (aJ · s) (

1
µm2·ns

) (µA) (ns) (nJ) (aJ · s) (

1
µm2·ns

)

Inverseur

0.04 1.9×103 0.29 0.065 0.019 86.21 410 2.285 0.024 0.0549 10.94

Tampon

ET2

0.04 700 0.886 0.0807 0.0715 28.22 450 1.82 0.069 0.126 13.73

OU2

NAND2

NOR2

ET3

0.08 455 1.659 0.0644 0.107 7.534 455 1.659 0.0644 0.107 7.534

OU3

NAND3

NOR3

XOR2

TT 0.08 700/637 7.754 0.81 6.286 1.612 700/637 7.754 0.81 6.286 1.612

XNOR2

XOR3

rep 0.12 700 1.772 0.244 0.433 4.703 450 3.641 0.207 0.755 2.289

XNOR3

Additionneur

1-bit 0.16 700/730 1.77 0.274 0.485 4.703 450/457 3.641 0.231 0.842 2.289

4-bit 0.64 N/A 7.088 1.095 7.76 0.294 N/A 14.56 0.925 13.47 0.143

Soustra
teur

1-bit 0.12 700 1.772 0.244 0.433 4.703 450 3.64 0.207 0.755 2.289

4-bit 0.48 N/A 7.088 0.977 6.92 0.294 N/A 14.56 0.83 12.08 0.143

Compatateur

1-bit 0.16 700/475 1.772 0.319 0.506 3.527 450 3.64 0.277 1.007 1.717

2-bit 0.92 600/455 3.318 1.038 3.443 0.328 600/455 3.318 1.038 3.443 0.328

4-bit 1.24 700/450 6.202 1.713 10.62 0.13 450 12.74 1.53 19.49 0.0633

Multipli
ateur 4-bit 2.56 700 22.15 4.483 99.3 0.0176 450 45.52 3.88 176.62 0.0086

ALU

MG 0.2 450/455 3.318 0.21 0.695 1.507 450/455 3.318 0.21 0.695 1.507

LG 1.04 N/A 19.14 0.923 17.66 0.05 N/A 20.07 0.911 18.29 0.0479

Multiplexeur

2-to-1 0.16 455 3.318 0.129 0.427 1.883 455 3.318 0.129 0.427 1.883

4-to-1 0.44 700/455 3.43 0.5 1.715 0.662 450/455 5.3 0.465 2.465 0.43

Demultiplexeur

1-to-2 0.08 700 0.886 0.161 0.143 14.11 450 1.82 0.138 0.252 6.866

1-to-4 0.32 455 1.659 0.258 0.427 1.88 55 1.659 0.258 0.427 1.88

1-to-8 0.96 700 1.77 0.242 0.429 0.588 450/455 3.48 0.134 0.465 0.299

Codeur de priorité

0.28 N/A 2.545 0.36 0.915 1.403 N/A 3.48 0.336 1.17 1.026

à 4 entrées

Dé
odeur

2-to-4 0.16 700 0.886 0.323 0.286 7.054 450 1.821 0.277 0.503 3.433

3-to-8 0.64 455 1.659 0.515 0.855 0.942 455 1.659 0.515 0.855 0.942

A�
heur 7 segments 1.36 N/A 4.204 2.137 8.986 0.175 N/A 5.462 1.907 10.42 0.135

maintenant, en raison du 
ara
tère spé
i�que des dispositifs ASL, il n'existe pas de méthode de 
on
eption

et d'évaluation e�
a
e. Dans 
e manus
rit, nous utilisons la méthode du �rempla
ement�, en remplaçant les

fon
tions booléennes originales par des fon
tions basées sur la fon
tion majoritaire. Le tableau 3 
ompare,

pour plusieurs 
ir
uits basés sur les te
hnologies CMOS et ASL, le nombre de dispositifs requis. A partir

de 
e tableau, on estime les types des 
ir
uits et leurs nombres et évalue les performan
es du système en

évaluant 
haque 
ir
uit séparément.

L'évaluation du système prend également en 
ompte les inter
onne
tions entre les portes. Comme le


ourant de spin s'atténue rapidement dans le 
anal en e−LN/λsN
, des tampons doivent être insérés pour

garantir le transfert du 
ir
uit de spin à longue distan
e. Les tampons né
essaires dans un modèle statistique

de blo
 logique sont donnés dans [236℄ ave
 les distributions d'inter
onne
tion dans [261℄. Le nombre de

tampons insérés dépend de la longueur du 
anal de tampon. Une longueur de 
anal plus longue peut réduire

le nombre de tampons, mais un 
ourant de 
harge plus élevé est né
essaire pour 
ompenser les pertes de

di�usion de spin dans le 
anal. Par 
onséquent, un 
ompromis pour la longueur de 
anal doit être trouvée pour

l'optimisation des performan
es du système. Ave
 le nombre de 
ir
uits di�érents 
al
ulés, les performan
es

du système peuvent être évaluées en fon
tion de l'évaluation des éléments isolés. Dans 
ette thèse, nous

évaluons la performan
e de trois 
ir
uits 
omplexes : un 
ir
uit DCT, un 
ir
uit de 
onvolution, et un

Table 2 � Fon
tions re
on�gurables basées sur une porte majoritaire à 3 entrées.

Fon
tion F Iinj
ET2 1 N

OU2 0 N

NAND2 1 P

NOR2 0 P
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Table 3 � Comparaison des nombres de dispositifs entre CMOS et ASL.

Fon
tion CMOS ASL Fon
tion CMOS ASL

Inverteur 2 1 2-entrée MUX 16 4

Tampon 4 1 4-entrée MUX 24 18

2-entrée ET 6 2 1-à-2 DEMUX 14 4

2-entrée OU 6 2 1-à-4 DEMUX 28 12

2-entrée NAND 4 2 1-à-8 DEMUX 52 40

2-entrée NOR 4 2 Additionneur 
omplet 28 3

2-entrée XOR 6 3 4-bit additionneur 112 12

2-entrée XNOR 8 3 Soustra
teur 
omplet 34 2

3-entrée ET 8 3 1-bit 
omparateur 22 4

3-entrée OU 8 3 2-bit 
omparateur 30 30

3-entrée NAND 6 3 4-bit 
omparateur 98 40

3-entrée NOR 6 3 4-entrée 
odeur 30 11

3-entrée XOR 20 2 2-à-4 dé
odeur 28 8

3-entrée XNOR 22 2 3-à-8 dé
odeur 52 24

mi
ropro
esseur Intel i7.

Le tableau 4 montre les résultats de l'évaluation du mi
ropro
esseur Intel i7 
omposé uniquement de

tampons et de portes NAND. L'optimisation du système s'e�e
tue ainsi en améliorant la mise en ÷uvre des

tampons et des portes NAND2. Elle est obtenu grâ
e à l'optimisation présentée au 
hapitre 3 en explorant

i) le seuil de 
ourant de 
ommutation FM (qui dépend de la largeur W du dispositif, du fa
teur thermique

∆ et du fa
teur d'amortissement α) et ii ), de l'e�
a
ité de déte
tion de spin (la longueur de di�usion de

spin du 
anal λsN et la polarisation de spin PF et PC).

Les résultats du 
hapitre 3 montrent que la porte NAND ave
 trois 
anaux sans jon
tion est la meilleure

option de 
on
eption. De plus, une longueur de 
anal plus 
ourte 
onduit à une diminution de l'atténuation

de spin, 
'est-à-dire un moindre 
ourant d'inje
tion né
essaire. Compte tenu du 
ouplage dipolaire, nous

dé�nissons la longueur du 
anal à 50 (resp. 15) nm pour le n÷ud te
hnologique W=40(5)nm.

Comme expliqué pré
édemment, le nombre de tampons insérés dépend de la longueur du 
anal. Une

longueur de 
anal optimisée 
onjointement ave
 le 
ourant d'inje
tion 
orrespondant doivent être déterminés

en fon
tion des 
ontraintes de délai (2 ns) et des 
ontraintes sur le nombre de tampons (le nombre de tampons

doit être moins que la moitié du nombre de dispositifs totalement utilisés).

Les résultats montrent qu'un système ASL implanté à l'aide de te
hnologies de fabri
ation et de matéri-

aux existants 
onsomme beau
oup plus d'énergie que le système équivalent basé sur la te
hnologie CMOS.

Cependant, nous pouvons nous attendre à 
e qu'ave
 l'amélioration future du pro
essus de fabri
ation et les

dé
ouvertes sur les matériaux, les systèmes ASL viennent à dominer le CMOS.

Table 4 � Comparaison de puissan
e entre CMOS et ASL du système Intel i7.

Paramètre CMOS ASL

Dimension 22 nm 40 nm 5 nm 5 nm 5 nm 5 nm

# NAND

2.18 × 109
0.447× 109 0.447 × 109 0.447 × 109 0.447 × 109 0.447 × 109

(# tampon) (8.9 × 106) (2.45× 106) (2.18 × 106) (1.62× 106) (1.56 × 106)

Iinj
-

500 µA/ 182 µA/ 51 µA/ 13 µA/ 1.7 µA/

(NAND/tampon) 596 µA 181 µA 61.6µA 2.4 µA 1.83 µA

λsN - 1 µm 10µm 10µm 10µm 10µm

LN
-

50 nm/ 15 nm/ 15 nm/ 15 nm/ 15 nm/

(NAND/tampon) 50 nm 15 nm 15 nm 15 nm 15 nm

PF/C - 0.5 0.5 0.5 0.8 0.8

∆ - 69 69 69 69 40

α - 0.027 0.027 0.007 0.007 0.007

Puissan
e (�25 MHz)

4.6 W

4.4× 105 W/ 5.8× 104 W/ 4.6× 103 W/ 15 W/ 2.57 W/

(NAND/tampon) 6877 W 517.7 W 36.4 W 0.154 W 0.065 W

Pour améliorer le débit des 
ir
uits ASL, leur fon
tionnement dans un mode pipeline est dis
uté. À la

di�éren
e des 
ir
uits CMOS, 
haque entrée des 
ir
uits ASL est 
onne
tée à un signal d'horloge à travers

le 
ourant d'inje
tion et au
un 
ourant d'alimentation 
onstant n'est né
essaire. Comme illustré dans le


hronogramme de la �gure 7 (a) et (b), le 
ir
uit XORrep est implémenté en utilisant deux horloges (CLK1

et CLK2 pour les étapes 1 et 2 respe
tivement). Il existe deux phases de 
ourant d'inje
tion dans 
haque 
y
le

d'horloge (positive et négative) qui sont 
onne
tées à l'entrée de la MTJ a�n d'implémenter les fon
tions

de l'inversion et de tampon. Durant l'a
tivité du signal CLK1, le 
ourant d'inje
tion Iinj1 (à deux phases)

est inje
té dans les 6 entrées des deux portes ET. Les 
ourants de spin inje
tés se propagent à M1 et M2
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où il sera déte
té pendant CLK2. À 
ette �n, le Iinj2 a
tuel est inje
té dans les entrées In1, M1, et M2 de

la phase 2, transmettant ainsi le 
ourant de spin à la sortie Out MTJ. Les signaux d'horloge et les phases

de 
ourant d'inje
tion sont fournis par des 
ir
uits auxiliaires CMOS que nous ne dis
utons pas dans 
e

manus
rit.

Un pipeline est réalisé en introduisant des MTJ entre 
haque étape jouant le r�le de bas
ules, 
omme

l'illustre la �gure 7 (
). Les données sont transmises des entrées aux bas
ules lorsqu'un 
ourant d'inje
tion

est appliqué. De même, les données sto
kées dans les bas
ules sont transmises à M1/M2 lorsqu'un 
ourant

d'inje
tion est appliqué. Par 
onséquent, les 
ourants d'inje
tion appliqués sur les bas
ules MTJ agissent


omme le dé
len
hement d'une horloge. Cela verrouille les entrées de l'étape 2 pendant le 
al
ul de l'étape

1. Le diagramme de pipeline du 
ir
uit est illustré à la �gure 7 (d). La durée du 
y
le de l'horloge est

Max(TMAJ3stage2 , TMAJ3stage1 )+Twrite, où Twrite est le délai d'é
riture des bas
ules et TMAJ3stage1/TMAJstage2

sont les laten
es de la porte majoritaire à 3 entrées à l'étape 1 et à étape 2. La laten
e de 
e 
ir
uit pipeliné

est de 2 
y
les d'horloge et le débit est de 1/ClockCycle. Par 
onséquent, 
ette implémentation permet

d'améliorer le débit au détriment de la surfa
e.
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P
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Figure 7 � Le 
hronogramme et pipelinage des 
ir
uits ASL. (a) 
ir
uit XOR/XNOR2/3 à 3 entrées ave


signaux d'inje
tion d'horloge; (b) Signaux d'horloge : CLK1 et CLK2 sont 
onne
tés à l'étape 1 et à la

phase 2 respe
tivement. Le 
ourant d'inje
tion pour 
haque étage peut 
omporter deux phases : amplitudes

positives et négatives pour 
on�gurer respe
tivement l'inverseur et la fon
tion tampon. (
) 
ir
uit pipeline

à 2 étages en ajoutant des MTJ 
omme bas
ules entre les étages. (d) Diagramme d'a
tivité du 
ir
uit à

pipeline.

Con
lusions et perspe
tives

Cette thèse vise à proposer un 
adre uni�é pour 
on
evoir et évaluer les 
ir
uits et systèmes ASL, de la mod-

élisation/layout de dispositif à l'évaluation du système. La re
her
he sur les 
ir
uits ASL en est en
ore à ses

balbutiements et la plupart des expérien
es se 
on
entrent sur la preuve des phénomènes d'inje
tion/déte
tion

de spin et de l'amélioration de l'e�
a
ité d'inje
tion, et non sur la 
on
eption du 
ir
uit/système (
hapitre

1). La possibilité d'obtenir une faible 
onsommation dans une appli
ation système implique la 
onstru
tion

d'un 
adre global pour les dispositifs ASL, du niveau dispositif au niveau système. Par 
onséquent, dans


ette thèse, nos prin
ipales 
ontributions reposent sur la proposition d'un modèle 
ompa
te ASL et d'une

méthodologie de 
on
eption de 
ir
uits/systèmes. Nous étudions d'abord la stru
ture et le prin
ipe de base

du dispositif ASL (
hapitre 2) : MTJ et son modèle d'inje
tion/déte
tion de spin. En explorant les modèles

physiques d'ASL, nous avons développé un modèle 
ompa
t, programmé en langage Verilog-A sous Caden
e,

qui permet la 
on
eption de 
ir
uits hiérar
hiques. Validé par 
omparaison ave
 des résultats expérimentaux

des dispositifs ASL, 
e modèle 
ompa
t peut être utilisé pour 
on
evoir et évaluer théoriquement des 
ir
uits
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arbitraires, (
hapitre 3). Par 
onséquent, nous utilisons 
e modèle 
ompa
t pour 
on
evoir les 
ir
uits 
om-

binatoires usuels sur la base d'une méthode de 
on
eption de 
ir
uits/systèmes développée au (
hapitre 4).

Les 
ir
uits sont mis en ÷uvre et évalués sur la base du modèle 
ompa
t. Une bibliothèque de 
ir
uits est

développée pour la 
on
eption et l'évaluation des systèmes (
hapitre 5). La re
on�gurabilité et les 
ir
uits

ASL pipelinés sont analysés et di�érents systèmes sont évalués. Les résultats soulignent que les améliora-

tions futures du pro
essus de fabri
ation et des te
hnologies matérielles des 
ir
uits ASL rendent possible de

surpasser la mise en ÷uvre de la te
hnologie CMOS.

Même si nous avons exploré le dispositif ASL du niveau du dispositif au niveau du système, 
ertains

points peuvent en
ore améliorer les appli
ations ASL.

Notre modélisation 
ompa
te intègre les e�ets né
essaires pour le 
al
ul. Cependant, les variations de

paramètres 
ausées par les e�ets thermiques ne sont pas prises en 
onsidération, 
e qui né
essite des modèles

spé
i�ques pour dé�nir les tendan
es des variations sur la base des résultats expérimentaux. De plus, la

largeur du modèle MTJ utilisé est 
omprise entre 25 nm et 40 nm. Des dimensions de MTJ plus petites

sont né
essaires pour améliorer les performan
es du dispositif. Par 
onséquent, un modèle de MTJ physique

et 
ompa
t de dimensions sub-nanométriques doit être développé. Pour le 
anal dans l'inje
tion/déte
tion

de spin, nous ne 
onsidérons pas l'e�et de bord qui in�uen
era la di�usion de spin. Par 
onséquent, un

modèle plus sophistiqué pourrait être développé en tenant 
ompte des e�ets susmentionnés, pour évaluer

ave
 pré
ision les performan
es des dispositifs et des 
ir
uits.

Pour évaluer pré
isément le 
ir
uit, le dessin (layout) devrait être e�e
tué et une méthode de dessin

des masques prenant en 
ompte le pla
ement, l'ordonna
ement, et
, devrait être développée. En outre, dans

l'évaluation de la performan
e, nous ne 
onsidérons pas les 
ir
uits auxiliaires CMOS, pour l'alimentation

éle
trique, qui devra être 
onsidérée dans une future évaluation.

Au niveau du 
ir
uit, la méthode de synthèse utilisée dans 
e manus
rit reste toujours inspirée de la

te
hnologie CMOS. Une nouvelle méthode de synthèse pour les 
ir
uits 
omplexes devrait être développée,

en prenant en 
ompte le prin
ipe de la majorité et des propriétés spé
iales des dispositifs ASL.

Au niveau du système, nous avons dis
uté des 
ir
uits ASL pipelinés. Un pipeline de grain plus �n

pourrait être dis
uté à l'avenir. La propriété re
on�gurable des 
ir
uits ASL pourrait être exploitée pour


on
evoir des 
ir
uits plus 
omplexes.

Une autre étude sur le dispositif ASL : il est possible de 
onstruire les 
ir
uits logique en mémoire (MTJ


omme mémoire non volatile), analogique et neuromorphique. Les propriétés de la superposition du 
ourant

de spin et du seuil pour la 
ommutation d'état montrent la possibilité d'ar
hite
tures neuromorphiques. En

tant que synapse, les MTJ multi-niveaux peuvent être utilisés pour sto
ker les poids intégrés. Asso
ié à la

re
on�gurabilité du dispositif ASL, le dispositif ASL peut être utilisé pour implémenter e�
a
ement une

ar
hite
ture neuromorphique.
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Abstra
t : The CMOS te
hnology has tremendously a�e
ted the development of the semi-
ondu
tor in-

dustry. However, as the te
hnology node is s
aled down, the CMOS te
hnology fa
es signi�
ant 
hallenges set

by the leakage power and the short 
hannel e�e
ts. To 
ope with this problem, resear
hers pay their attention

to the spintroni
s in re
ent years, 
onsidering its possibilities to allow smaller size fabri
ation and lower power

operations. The magneti
 tunnel jun
tion (MTJ) is one of the most important spintroni
 devi
es whi
h 
an

store binary data based on Tunnel MagnetoResistan
e (TMR) e�e
t. Ex
ept for the non-volatile memory, MTJ


an be also used to 
ombine with or repla
e the CMOS 
ir
uits to implement a hybrid 
ir
uit, for the potential

to a
hieve low power 
onsumption and high speed performan
e. However, the problem of frequent spin-
harge


onversion in a hybrid 
ir
uit may 
ause large power 
onsumption, whi
h diminishes the advantage of the

hybrid 
ir
uits. Therefore, the ASL 
on
ept whi
h uses a pure spin 
urrent to transport the information is

proposed for fewer 
harge-spin 
onversions, thus for less power 
onsumption. The design of ASL devi
e-based


ir
uits leads to numerous 
hallenges related to the heterogeneity they introdu
e and the large design spa
e to

explore. Hen
e, this thesis fo
us on �lling the gap between appli
ation requirements at the system level and

the devi
e fabri
ation at the devi
e level.

In devi
e level, we developed a 
ompa
t model integrating the STT, the TMR, the spin inje
tion/a

umulation

e�e
ts, the 
hannel breakdown 
urrent and the spin di�usion delay. Validated by 
omparing with experimen-

tal results, this model allows exploring fabri
ation-related devi
e parameters su
h as 
hannel lengths and

MTJ sizes and help designers to prevent from devi
e damages. Moreover, programmed with Verilog-A on

Caden
e and divided into several blo
ks: inje
tor, dete
tor, 
hannel and 
onta
t devi
es, this model allows

the independent design and 
ross-layer optimization of ASL-based 
ir
uits, that eases the design of hierar
hi-


al, 
omplex 
ir
uits. Furthermore, the spin inje
tion/a

umulation expressions for the used ASL devi
e are

derived, enabling to dis
uss the experimental phenomena of the ASL devi
e.

In 
ir
uit level, we developed a 
ir
uit/system design methodology, taking into a

ount the 
hannel dis-

tribution, the gate inter
onne
tion and the di�erent inje
tion 
urrent ratios 
aused by the spin di�usion.

With 
ir
uit/system spe
i�
ations and 
onstraints, the boolean fun
tions of a 
ir
uit are synthesized based

on the developed synthesis method and fabri
ation-level parameters: 
hannel lengths, MTJ sizes are spe
i�ed.

Based on this developed methodology, basi
 
ombinational 
ir
uits that form a 
ir
uit library are designed

and evaluated by using the developed 
ompa
t model.

In system level, a 
onvolution 
ir
uit and an Intel i7 system are evaluated exploring the inter
onne
tion is-

sues: inter
onne
tion distribution between gates and inserted bu�er 
ount. With theoreti
al parameters, results

show that ASL-based 
ir
uit/system 
an outperform CMOS-based 
ir
uit/system. Moreover, the pipelining

s
hema of the ASL-based 
ir
uit is dis
ussed with MTJ as lat
hes inserted between stages. The re
on�gura-

bility 
aused by the inje
tion 
urrent polarities/values and the 
ontrol terminal states of ASL-based 
ir
uits

are also dis
ussed with the re
on�gurable exploration of basi
 logi
 
ir
uits.
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Résumé : La te
hnologie CMOS a 
onsidérablement 
ontribué au développement de l'industrie des semi-


ondu
teurs. Cependant, au fur et à mesure que le n÷ud te
hnologique est réduit, la te
hnologie CMOS fait

fa
e à des dé�s importants liés à la dissipation dûe aux 
ourants de fuite et aux e�ets du 
anal 
ourt. Pour

résoudre 
e problème, les 
her
heurs se sont intéressés à la spintronique 
es dernièeres années, 
ompte tenu de la

possibilité de fabriquer des dispositifs de taille réduite et d'opérations de faible puissan
e. La jon
tion tunnel

magnétique (MTJ) est l'un des dispositifs spintroniques les plus importants qui peut sto
ker des données

binaires grâ
e à la Magnétorésistan
e à e�e
t tunnel (TMR). En dehors des appli
ations de mémoire non

volatile, la MTJ peut également être utilisée pour 
ombiner ou rempla
er les 
ir
uits CMOS pour implémenter

un 
ir
uit hybride, de façon à 
ombiner une faible 
onsommation d'énergie et des performan
es à grande vitesse.

Cependant, le problème de la 
onversion fréquente de 
harge en spin dans un 
ir
uit hybride peut entraîner

une importante 
onsommation d'énergie, 
e qui obère l'intérêt pour des 
ir
uits hybrides. Par 
onséquent,

le 
on
ept ASL qui repose sur un pur 
ourant de spin 
omme support de l'informaition est proposé pour

limiter les 
onversions entre 
harge et spin, don
 pour réduire la 
onsommation d'énergie. La 
on
eption de


ir
uits à base de périphériques ASL entraîne de nombreux dé�s liés à l'hétérogénéité qu'ils introduisent et à

l'espa
e de 
on
eption étendu à explorer. Par 
onséquent, 
ette thèse se 
on
entre sur l'é
art entre les exigen
es

d'appli
ation au niveau du système et la fabri
ation des nanodispositifs.

Au niveau du dispositif, nous avons développé un modèle 
ompa
t intégrant le STT, la TMR, les e�ets

d'inje
tion/a

umulation de spin, le 
ourant de breakdown des 
anaux et le délai de di�usion de spin. Validé

par 
omparaison ave
 les résultats expérimentaux, 
e modèle permet d'explorer les paramètres du dispositif

liés à la fabri
ation, tels que les longueurs de 
anaux et les tailles de MTJ, et aide les 
on
epteurs à éviter

leur destru
tion. De plus, 
e modèle, dé
rit ave
 Verilog-A sur Caden
e et divisé en plusieurs blo
s: inje
teur,

déte
teur, 
anal et 
onta
t, permet une 
on
eption indépendante et une optimisation des 
ir
uits ASL qui

fa
ilitent la 
on
eption de 
ir
uits hiérar
hiques et 
omplexes. En outre, les expressions permettant le 
al
ul

de l'inje
tion/a

umulation de spin pour le dispositif ASL utilisé sont dérivées. Elles permettent de dis
uter

des phénomènes expérimentaux observés sur les dispositifs ASL.

Au niveau 
ir
uit, nous avons développé une méthodologie de 
on
eption de 
ir
uit/système, en tenant 
ompte

de la distribution des 
anaux, de l'inter
onnexion des portes et des di�érents rapports de 
ourant d'inje
tion

provoqués par la di�usion de spin. Ave
 les spé
i�
ations et les 
ontraintes du 
ir
uit/système, les fon
tions

booléennes du 
ir
uit sont synthétisées en fon
tion de la méthode de synthèse développée et des paramètres

de niveau de fabri
ation: longueur des 
anaux, et tailles MTJ sont spé
i�ées. Basé sur 
ette méthodologie

développée, les 
ir
uits 
ombinatoires de base qui forment une bibliothèque de 
ir
uits sont 
on
us et évalués

en utilisant le modèle 
ompa
t développé.

Au niveau du système, un 
ir
uit de 
onvolution et un système Intel i7 sont évalués en explorant les problèmes

d'inter
onnexion: la répartition de l'inter
onnexion entre les portes et le nombre de tampons inséré. Ave
 des

paramètres théoriques, les résultats montrent que le 
ir
uit/système ASL peut surpasser le 
ir
uit/système

basé sur CMOS. De plus, le s
héma de pipeline du 
ir
uit basé sur ASL est dis
uté ave
 MTJ 
omme tampons

insérés entre les étapes. La re
on�gurabilité provoquée par les polarités/valeurs du 
ourant d'inje
tion et les

états des terminaux de 
ontrol des 
ir
uits ASL sont également dis
utés ave
 l'exploration re
on�gurable des


ir
uits logiques de base.
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Résumé : La te
hnologie CMOS a 
onsidérable-

ment 
ontribué au développement de l'industrie des

semi-
ondu
teurs. Cependant, au fur et à mesure

que le n÷ud te
hnologique est réduit, la te
hnolo-

gie CMOS fait fa
e à des dé�s importants liés à

la dissipation dûe aux 
ourants de fuite et aux ef-

fets du 
anal 
ourt. Pour résoudre 
e problème,

les 
her
heurs se sont intéressés à la spintronique


es dernièeres années, 
ompte tenu de la possi-

bilité de fabriquer des dispositifs de taille réduite

et d'opérations de faible puissan
e. La jon
tion

tunnel magnétique (MTJ) est l'un des dispositifs

spintroniques les plus importants qui peut sto
ker

des données binaires grâ
e à la Magnétorésistan
e

à e�e
t tunnel (TMR). En dehors des appli
a-

tions de mémoire non volatile, la MTJ peut égale-

ment être utilisée pour 
ombiner ou rempla
er les


ir
uits CMOS pour implémenter un 
ir
uit hy-

bride, de façon à 
ombiner une faible 
onsom-

mation d'énergie et des performan
es à grande

vitesse. Cependant, le problème de la 
onversion

fréquente de 
harge en spin dans un 
ir
uit hy-

bride peut entraîner une importante 
onsommation

d'énergie, 
e qui obère l'intérêt pour des 
ir
uits

hybrides. Par 
onséquent, le 
on
ept ASL qui re-

pose sur un pur 
ourant de spin 
omme support

de l'informaition est proposé pour limiter les 
on-

versions entre 
harge et spin, don
 pour réduire la


onsommation d'énergie. La 
on
eption de 
ir
uits

à base de périphériques ASL entraîne de nombreux

dé�s liés à l'hétérogénéité qu'ils introduisent et à

l'espa
e de 
on
eption étendu à explorer. Par 
on-

séquent, 
ette thèse se 
on
entre sur l'é
art entre

les exigen
es d'appli
ation au niveau du système et

la fabri
ation des nanodispositifs.

Au niveau du dispositif, nous avons développé un

modèle 
ompa
t intégrant le STT, la TMR, les ef-

fets d'inje
tion/a

umulation de spin, le 
ourant

de breakdown des 
anaux et le délai de di�usion

de spin. Validé par 
omparaison ave
 les résultats

expérimentaux, 
e modèle permet d'explorer les

paramètres du dispositif liés à la fabri
ation, tels

que les longueurs de 
anaux et les tailles de MTJ,

et aide les 
on
epteurs à éviter leur destru
tion. De

plus, 
e modèle, dé
rit ave
 Verilog-A sur Caden
e

et divisé en plusieurs blo
s: inje
teur, déte
teur,


anal et 
onta
t, permet une 
on
eption indépen-

dante et une optimisation des 
ir
uits ASL qui fa-


ilitent la 
on
eption de 
ir
uits hiérar
hiques et


omplexes. En outre, les expressions permettant le


al
ul de l'inje
tion/a

umulation de spin pour le

dispositif ASL utilisé sont dérivées. Elles perme-

ttent de dis
uter des phénomènes expérimentaux

observés sur les dispositifs ASL.

Au niveau 
ir
uit, nous avons développé une

méthodologie de 
on
eption de 
ir
uit/système,

en tenant 
ompte de la distribution des 
anaux,

de l'inter
onnexion des portes et des di�érents

rapports de 
ourant d'inje
tion provoqués par

la di�usion de spin. Ave
 les spé
i�
ations et

les 
ontraintes du 
ir
uit/système, les fon
tions

booléennes du 
ir
uit sont synthétisées en fon
-

tion de la méthode de synthèse développée et des

paramètres de niveau de fabri
ation: longueur des


anaux, et tailles MTJ sont spé
i�ées. Basé sur


ette méthodologie développée, les 
ir
uits 
ombi-

natoires de base qui forment une bibliothèque de


ir
uits sont 
on
us et évalués en utilisant le mod-

èle 
ompa
t développé.

Au niveau du système, un 
ir
uit de 
onvolution

et un système Intel i7 sont évalués en explorant

les problèmes d'inter
onnexion: la répartition de

l'inter
onnexion entre les portes et le nombre de

tampons inséré. Ave
 des paramètres théoriques,

les résultats montrent que le 
ir
uit/système ASL

peut surpasser le 
ir
uit/système basé sur CMOS.

De plus, le s
héma de pipeline du 
ir
uit basé sur

ASL est dis
uté ave
 MTJ 
omme tampons insérés

entre les étapes. La re
on�gurabilité provoquée par

les polarités/valeurs du 
ourant d'inje
tion et les

états des terminaux de 
ontrol des 
ir
uits ASL

sont également dis
utés ave
 l'exploration re
on-

�gurable des 
ir
uits logiques de base.
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Abstra
t : The CMOS te
hnology has tremen-

dously a�e
ted the development of the semi-


ondu
tor industry. However, as the te
hnology

node is s
aled down, the CMOS te
hnology fa
es

signi�
ant 
hallenges set by the leakage power and

the short 
hannel e�e
ts. To 
ope with this prob-

lem, resear
hers pay their attention to the spin-

troni
s in re
ent years, 
onsidering its possibilities

to allow smaller size fabri
ation and lower power

operations. The magneti
 tunnel jun
tion (MTJ) is

one of the most important spintroni
 devi
es whi
h


an store binary data based on Tunnel MagnetoRe-

sistan
e (TMR) e�e
t. Ex
ept for the non-volatile

memory, MTJ 
an be also used to 
ombine with or

repla
e the CMOS 
ir
uits to implement a hybrid


ir
uit, for the potential to a
hieve low power 
on-

sumption and high speed performan
e. However,

the problem of frequent spin-
harge 
onversion in

a hybrid 
ir
uit may 
ause large power 
onsump-

tion, whi
h diminishes the advantage of the hybrid


ir
uits. Therefore, the ASL 
on
ept whi
h uses a

pure spin 
urrent to transport the information is

proposed for fewer 
harge-spin 
onversions, thus for

less power 
onsumption. The design of ASL devi
e-

based 
ir
uits leads to numerous 
hallenges related

to the heterogeneity they introdu
e and the large

design spa
e to explore. Hen
e, this thesis fo
us on

�lling the gap between appli
ation requirements at

the system level and the devi
e fabri
ation at the

devi
e level.

In devi
e level, we developed a 
ompa
t model

integrating the STT, the TMR, the spin inje
-

tion/a

umulation e�e
ts, the 
hannel breakdown


urrent and the spin di�usion delay. Validated by


omparing with experimental results, this model

allows exploring fabri
ation-related devi
e parame-

ters su
h as 
hannel lengths and MTJ sizes and help

designers to prevent from devi
e damages. More-

over, programmed with Verilog-A on Caden
e and

divided into several blo
ks: inje
tor, dete
tor, 
han-

nel and 
onta
t devi
es, this model allows the in-

dependent design and 
ross-layer optimization of

ASL-based 
ir
uits, that eases the design of hierar-


hi
al, 
omplex 
ir
uits. Furthermore, the spin in-

je
tion/a

umulation expressions for the used ASL

devi
e are derived, enabling to dis
uss the experi-

mental phenomena of the ASL devi
e.

In 
ir
uit level, we developed a 
ir
uit/system de-

sign methodology, taking into a

ount the 
han-

nel distribution, the gate inter
onne
tion and the

di�erent inje
tion 
urrent ratios 
aused by the

spin di�usion. With 
ir
uit/system spe
i�
ations

and 
onstraints, the boolean fun
tions of a 
ir
uit

are synthesized based on the developed synthesis

method and fabri
ation-level parameters: 
hannel

lengths, MTJ sizes are spe
i�ed. Based on this de-

veloped methodology, basi
 
ombinational 
ir
uits

that form a 
ir
uit library are designed and evalu-

ated by using the developed 
ompa
t model.

In system level, a 
onvolution 
ir
uit and an In-

tel i7 system are evaluated exploring the inter-


onne
tion issues: inter
onne
tion distribution be-

tween gates and inserted bu�er 
ount. With the-

oreti
al parameters, results show that ASL-based


ir
uit/system 
an outperform CMOS-based 
ir-


uit/system. Moreover, the pipelining s
hema of

the ASL-based 
ir
uit is dis
ussed with MTJ as

lat
hes inserted between stages. The re
on�gurabil-

ity 
aused by the inje
tion 
urrent polarities/values

and the 
ontrol terminal states of ASL-based 
ir-


uits are also dis
ussed with the re
on�gurable ex-

ploration of basi
 logi
 
ir
uits.
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