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Shuttled back and forth at high speeds between processor and memory is inefficient.



Sze et al., Proc. of the IEEE, 105, 12 (2017) 

Traditional image processing

Image processing 
for classification

input image output image
filter (weights) 

from memory
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Non-von Neumann architecture in which memory and processing coexist in some form – a radical 
departure inspired by the way the human brain works.
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Non-magnetic non-volatile memories (NVMs)

Phase change memory

Resistive random access 

memory

Conductive bridge 

random access memory

Wong et. al., Nature Nano, 191-194, 2015
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Wong et. al., Nature Nano, 191-194, 2015
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RRAM = Resistive Random Access Memory
CBRAM = Conductive Bridge Random Access Memory
PCM = Phase Change Memory
STT-MRAM = Spin Transfer Torque-Magnetic Random Access Memory



• Analog devices
• Synaptic device

• Thresholding device

• Digitized devices using magnetic tunnel junctions
• Synaptic device

• Thresholding device

• System design with analog devices 
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Synaptic devices require:
• Non-volatility
• Multiple resistance states
• Linear input-output 

characteristics
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L

Magnetic domain wall (DW)

Reference magnetic layer (top contact)

Magnetic tunnel barrier

Bottom contact

Prof. Kaushik Roy, Jun 2016
Dutta, Siddiqui et al., IEEE Int Symp Nano, 83-88 (2017)
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Activation/thresholding 
devices require:
• Non-volatility
• Multiple resistance states
• Programmable non-linear 

input-output characteristicsVj Vj+1
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Conductive
substrate/spin Hall
heavy metal

Patterned MTJ

Domain wall

Tunnel barrier
Free layer

GND

IIN

w(x)

x

Reference layer

Dutta, Siddiqui et al., IEEE Int Symp Nano, 83-88 (2017).
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• Analog devices
• Synaptic device

• Thresholding device

• Digitized devices using magnetic tunnel junctions
• Synaptic device

• Thresholding device

• System design with analog devices 
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1 μm

Synaptic device without contacts

0.2 0.3 0.4 0.5 0.6 0.7
600

610

620

630

640

650

R
e
s
is

ta
n
c
e
 (

k
W

)
Current (mA)

 Experimental data

Magnetic tunnel junction CoFeB wire

Linear fit

Siddiqui et al., Nano Lett. , 20, 2, 1033–1040 (2020)



0.2 0.3 0.4 0.5 0.6 0.7
600

610

620

630

640

650
 Experimental data

 Linear fit

Current (mA)

R
e

s
is

ta
n

c
e

 (
k
Ω

)
Synaptic device for 

weight generation (G’s)

Vj Vj+1

…

…

…

…

Vi

Gi,j Gi,j+1

Gi+1,j Gi+1,j+1

Gi+2,j Gi+2,j+1

Gi+3,j Gi+3,j+1

𝐼𝑗 =

𝑖

𝑉𝑖𝐺𝑖,𝑗 𝐼𝑗+1 =

𝑖

𝑉𝑖𝐺𝑖,𝑗+1

Vi+1

Vi+2

Vi+3

1 μm



Sigmoid activation function
Design of mirrored and shifted 

sigmoid activation function

1 μm

Siddiqui et al., Nano Lett. , 20, 2, 1033–1040 (2020)
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1 μm

Magnetic tunnel junction
CoFeB wire

Substrate

• Prototype device
• The power required to switch the 

prototype MTJs = 150 μW – 2000 μW.
• Current pulse width = 8 nsec
• Energy consumption per weight update 

= 1 pJ – 16 pJ

Biological synapses need ~fJ energy to 
change the weight 

Laughlin et al., Nat Neurosci, 1, 36-41, 1998

• Scaled device
• MTJ width = 20 nm
• Width of CoFeB wire = 25 nm
• Current pulse width = 8 nsec
• Energy consumption per weight update 

= 18 fJ – 36 fJ

similar to resistive RAM

Siddiqui et al., Nano Lett. , 20, 2, 1033–1040 (2020)



• Analog devices
• Synaptic device

• Thresholding device

• Digitized devices using magnetic tunnel junctions
• Synaptic device

• Thresholding device

• System design with analog devices 
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Crosspoint array of a 3-terminal MTJs:
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Operation: weighted summationTransistor for switching between operationsOperation: Weight updateOperation: Read the weights after update



memory access neural network logic
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Dutta, Siddiqui et al., IEEE Int Symp Nano, 83-88 (2017).



• Power with a 2×2 array:

• Latency: 4 ns (per layer)

Courbariaux, arXiv 2016

Same as the clock period of a CMOS-only design (many cycles/layer)
Y. Chen et al, ISSCC 2016

MTJ currents up to 10 µA (5× below other analog-only design) Sengupta et al, IEEE Biomedical 2016

68.6 µW (static)

129 µW for read, else 15 nW (dynamic)

Dutta, Siddiqui et al., IEEE Int Symp Nano, 83-88 (2017).
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• Design of analog thresholding device • Linear synaptic device with magnetic tunnel junctions

• Programmable nonlinear threshold device 
with electrical readout

Siddiqui et al., Nano Lett. , 20, 2, 1033–1040 (2020)
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