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Abstract— Spin-Transfer Torque Random Access Memory (STT-RAM) have been researched as a promising 

alternative for SRAM in reconfigurable fabrics, especially in Look-Up Tables (LUTs), due to its non-volatility, 

low standby and static power, and high integration density features. In this paper, we leverage physical 

characteristics of Magnetic Tunnel Junctions (MTJs) to design a unique reference MTJ which has a calibrated 

resistance matching the STT-based LUT (STT-LUT) circuit requirements to provide optimal reading 

operation. Results obtained show 42%, and 70% Power-Delay Product (PDP) improvement over previous 

MTJ-based LUT designs. Moreover, a 4-input Adaptive STT-based LUT (A-LUT) is proposed based on the 

developed STT-LUT, which is configurable to function in seven independent modes.  An n-input A-LUT 

exhibits PDP which can be a fraction of n-input STT-LUT PDP, when performing two to (n-1)-input Boolean 

logic functions. 

Index Terms—Reconfiurable fabric, spintronics, low-power computation, magnetic tunnel junction (MTJ), 

spin-transfer torque (STT).  

I. INTRODUCTION 

MOS scaling challenges are controlling leakage currents, short-channel effects, and drain saturation growth 

while reducing the power supply voltage for digital applications. Furthermore, intrinsic leakage current, 

dynamic power consumption and process variation are the main factors limiting the MOS scaling in near 

future. Therefore, spin-based devices and technologies have attracted considerable attention in recent years 

as an alternative for CMOS based technologies. Spintronic devices are characterized by non-volatility, near-

zero standby power, high integration density, and radiation-hardness, as a technology progression from 

CMOS [1], [2].  While spintronic-based neuromorphic architectures offer analog computation strategies 

[3], in this work we look to ultra-low power methods beyond them which embrace reconfigurability enabled 

by MTJs. 

Currently, Static Random Access Memory (SRAM) is the primary component in most of the 

reconfigurable fabrics. However, SRAM’s drawbacks such as static power consumption, volatility and low 

logic density have led to extensive studies on emerging devices as an alternative memory cell. Some of the 

non-volatile memory technologies which could be integrated in reconfigurable fabrics, are STT-RAM [4], 

Phase Change Memory [5] and domain wall based racetrack memory [6]. 

Non-volatility, near-zero static and standby power, and instant on/off capability are some of the 

advantages of STT-RAM which make it one of the most promising alternative memory cells in 

reconfigurable fabrics. Spin-Transfer Torque (STT) approach is utilized in STT-RAM to provide a high 

speed and low power switching method, comparing to the previously proposed Field-Induced Magnetic 

Switching (FIMS) [7] and Thermally Assisted Switching (TAS) [8] approaches. In this paper, STT-RAM 

is used to implement the primary element of reconfigurable fabrics, Look-Up Table (LUT). Herein, we 

develop two structures for LUTs. In the first STT-RAM based LUT (STT-LUT) structure, a reference MTJ 

is designed in specific dimensions to match with circuit requirements for providing optimal sensing 

performance. In the second LUT structure, an Adaptive STT-LUT (A-LUT) is proposed which could be 

configured to implement a variety of Boolean functions. 
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The remainder of this paper is organized as follows. In Section II, review of MTJ devices and spin-

based reconfigurable fabrics are provided. Section III provides the STT-LUT circuit and performance 

analysis, in addition to A-LUT circuit designs. A-LUT simulation and analysis are summarized in Section 

IV. Finally, Section V concludes the paper by highlighting the advantages and features of the proposed 

architecture. 

II. BACKGROUND 

A. Fundamentals of Magnetic Tunnel Junction 

MTJ consists of two ferromagnetic (FM) layers which are called fixed layer and free layer, and one 

oxide barrier layer as shown in Fig. 1. FM layers could be aligned in two different configurations, 

parallel (P) and antiparallel (AP), according to which MTJ shows low resistance (RP) or high resistance 

(RAP) characteristic, respectively [9]. 

Conventional approaches for switching MTJ states, RAP and RP, were based on applying a magnetic 

field, producing of which required a current in order of mA that results in significant power consumption 

and hardware area overhead [10]. STT approach was proposed in 1996 [11], as a promising alternative for 

MTJ switching method. According to STT switching principles, the P or AP state of the MTJ is configured 

by means of the bidirectional current that passes through it, IMTJ, which could be readily produced by simple 

MOS based circuits. The states of the MTJ are switched when the IMTJ becomes higher than a critical current, 

IC, as shown in Fig. 1(a). 

The MTJ resistance in parallel and anti-parallel states is presented in the equations below [12]: 

where TMR is Tunnel Magnetoresistance, tox is the oxide thickness of MTJ, Factor is the tunneling 

conductivity, Area is the surface of MTJ, 𝜑 is the oxide layer energy barrier height, Vb is the bias voltage, 

and Vh =0.5V is the bias voltage when TMR is half of the TMR(0). Fig. 1(b) shows the relationship between 

the MTJ resistance and IMTJ. MTJ state changes from AP to P if IMTJ is greater than positive critical current, 

IC+, and it returns to AP state if IMTJ is smaller than IC-, which is the critical negative current. 

MTJ oxide barrier has a reliability over ten years which is validated by Time-Dependent Dielectric 

Breakdown (TDDB) experimental measurements [13]. Further accelerated TDDB measurements provided 

in [14] verifies an endurance greater than 1016 write cycles for MTJ devices. Nonetheless, if a percentage 

 

Fig. 1. (a) MTJ state changes from P to AP due to the positive current IMTJ > Ic+ condition, rather than a negative 

current IMTJ > |Ic-| condition, where |Ic-| > Ic+ and (b) MTJ resistance hysteresis curve. 
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of MTJs become dysfunctional due to structural stress-related failures, then reconfiguration capability of 

the reconfigurable fabrics can be invoked [15]. 

B. Spin-based Reconfigurable Fabrics 

Although reconfigurable fabrics have shown great advantages over general purpose processors, they 

still occupy a niche market share of Application Specific Integrated Circuits (ASICs) due to high standby 

energy, low logic density, and high static power which are caused by configuration storage based on SRAM. 

We wish to achieve SRAM’s fast data access that provides reconfigurability and fast computing speed, 

while using emerging devices to overcome the mentioned crucial drawbacks. 

STT-RAM could be a promising alternative for SRAM in reconfigurable fabrics. It is a nonvolatile and 

scalable memory cell with near-zero leakage power which shows advantages in read speed and energy. 

Despite potential advantages, the limitations of an STT switching approach revolve around its relatively 

low speed and high power operation. To mitigate these drawbacks, some techniques are proposed such as 

enlarging the write circuit transistors which is investigated in [16]. Moreover, STT can experience 

occasional read/write disturbances due to a common read/write path [4] which may require mitigation. 

Look-Up Table (LUT) is the basic element for reconfigurable computing circuits which contains a 1×2m 

bit memory to implement a Boolean logic function with m inputs. Due to the aforementioned drawbacks of 

SRAM, spin-based LUTs have attracted researches’ attentions in recent years. In [7] and [8], MTJ-based 

LUTs are proposed in which FIMS and TAS approaches are employed, respectively, to change MTJ logic 

states. Furthermore, a DW-based LUT is proposed in [6] that leverages the DW Motion (DWM) to 

determine the logic function implemented by LUT which consumes less reconfiguration power in 

comparison with the mentioned FIMS-LUT and TAS-LUT. However, current-mode behavior of DW-LUT 

results in a higher power consumption comparing to STT-LUT. A qualitative comparison between 

mentioned spin-based LUTs is provided in Table I which exhibits the superiority of STT-LUT and A-LUT 

in terms of reconfiguration speed, power consumption, and area overhead.  

The feasibility of the MTJ-based LUT in the light of MTJ stability and transport experimental data has 

been demonstrated by Suzuki et al. in [17] wherein a nonvolatile FPGA is fabricated using 6-input MTJ-

based LUTs in 90nm CMOS and 75nm perpendicular MTJ technologies with 5 metal layers. They have 

reported 56% and 81% reduction in effective area and total average power, respectively, compared to the 

SRAM-FPGA. 

  

Table I: Characteristics of LUT designs in related works. 

 



III. PROPOSED ADAPTIVE STT-LUT    

A. Design and Analysis of Non-Adaptive STT-LUT 

In this section, a 4-input STT-LUT [84] is introduced which consists of read and write circuits as shown 

in Fig. 2. The write circuit includes two transmission gates (TGs) which provide the desired charge current 

for STT switching, while the read circuit is comprised of a pre-charge Sense Amplifier (SA) [18], a TG-

based Multiplexer (MUX), and a reference tree. Each MTJ cell of LUT could be accessed according to the 

input signals, A, B, C, and D, through MUX which employs TGs instead of Pass Transistors (PTs). TGs 

have near optimal full-swing switching behavior which results in less delay. In addition, TG-based circuits 

are more resilient to process variation comparing to PT-based designs [19]. 

The reference tree in read circuit is designed to provide SA with required reference resistance to 

properly sense each MTJ cell state. Reference tree consists of four TGs in series configuration to 

compensate for the select tree active resistance. Reference MTJ resistance is designed in a manner such that 

its value in parallel configuration is between low resistance, RP, and high resistance, RAP, of the LUT MTJ 

cells as shown in following equation,  𝑅𝑃−𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑀𝑇𝐽 ≅
1

2
(𝑅𝐴𝑃−𝐿𝑈𝑇 𝑀𝑇𝐽 + 𝑅𝑃−𝐿𝑈𝑇 𝑀𝑇𝐽). 

According to Equation 3, resistance of MTJ can be altered by changing oxide barrier thickness, tox, or 

Area. Oxide thickness could only be changed between 0.7nm and 2.5nm to keep the low resistance value 

and also show the TMR effect. Additionally, as established in [20], fabricating MTJs with various oxide 

thicknesses requires different magnetic process which leads to a significant increase in fabrication cost. 

Thus, in this work the other effective factor, area, is examined to determine the desired value of reference 

MTJ resistance. The dimension of LUT and reference MTJ cells are shown in Fig. 3, according to which 

RP-reference MTJ, RAP-LUT MTJ and RP-LUT MTJ are equal to 1.8kΩ, 2.5kΩ, and 1.25kΩ, respectively.  
The proposed design is simulated for LUTs with different number of inputs using SPICE simulator in 

90nm library. Delay and power consumption results are summarized in Table II. As it can be seen from the 

table, power and delay of STT-LUT is larger when the MTJ state is zero, due to the inequality shown in 

Equation (4), which results in longer time required for SA to be completely discharged.  

 

Fig. 2: 4-input STT-LUT functional diagram. 
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Fig. 3: Reference MTJ cell and LUT MTJ cell dimensions. 
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 In [21] the first prototype of a two input MTJ-based LUT is simulated. It contains four MTJs to store 

data, and a separate SA and write circuit for each MTJ which lead to significant area overhead and power 

consumption. In [16] Suzuki et al. has proposed an optimized STT-MTJ based LUT. They reported a 44% 

reduction in active power, for a 4-input XOR operation, comparing to the LUT designed in [21]. They 

employed a single SA for the whole LUT circuit instead of using one for each memory cell which results 

in area and active power reduction. 

In this paper, the developed STT-LUT circuit is implemented utilizing both PTs and TGs. The 

performances of our STT-LUT implementations are compared with SRAM-LUT [22] and two above 

mentioned MTJ-based LUTs and summarized in Table III and Table IV, respectively. The STT-LUT 

provides high speed and ultra-low power circuits with improved Power-Delay Product (PDP) values shown 

in seventh row of the table. Furthermore, TG-based STT-LUT exhibits least PDP value while it leverages 

larger number of MOS transistors comparing to PT-based STT-LUT which is the optimum choice from the 

area efficiency point of view.  
  

Table II: STT-LUT power and delay analysis for various input widths. 

number of 

LUT inputs 

LUT MTJ state =”0”   

 

LUT MTJ state =”1” 

   
power 

consumption 

(µw) 

delay 

(ps) 

power 

consumption 

(µw) 

delay (ps) 

2 3.39 62 3.35 52 

3 3.87 71 3.79 60 

4 4.27 83 4.26 69 

5 4.70 96 4.66 76 

6 5.14 108 5.12 86 
 

Table III: Performance comparison between STT-LUT and SRAMLUT for 4-input NAND operation. 

Designs 

Features 

SRAM LUT [22] PT based STT-LUT TG based STT-LUT 

Area (µm)2 14.3×16.55 7.2×8.35 13.5×15.75 

Delay (ps) 85.86 94 83 

Power  

Consumption 

 (µW) 

Dynamic 1.217 4.3 4.27 

Leakage 1.030 0 0 

Total 2.247 4.3 4.27 

 

Table IV: Performance comparison for 4-input STT-LUT. 

Designs 

Features 

Zhao et 

al. [21] 

Suzuki et 

al. [16] 

PT based 

STT-LUT 
TG based 

STT-LUT 

NO. of MTJs 32 36 17 17 

NO. of MOSs 154 74 59 112 

Delay (ps) 88 81 94 83 

Active Power (µW) 13.4 7.58 4.3 4.27 

PDP (ps×µW) 1179.2 613.98 404.2 354.41 

Standby Power 0 0 0 0 

PDP 

Improvement 

[21] — 48% 65.7% 70% 

[16] — — 34% 42% 
 



B. Proposed Adaptive STT-LUT (A-LUT) 

In order to evaluate the scalability of the STT-LUT circuit, PDP values are calculated for 2-input to 6-

input STT-LUTs, considering the worst case scenario, i.e. MTJ state is zero. Figure 4 exhibits that PDP and 

number of LUT inputs are linearly proportional with a low slope which validates the STT-LUT scalability. 

This capability led to the proposition of a 4-input A-LUT, as shown in Fig. 5.  

Proposed 4-input A-LUT could be configured to operate as different LUTs in seven independent modes: 

four 2-input STT-LUTs, two 3-input STT-LUTs, and one 4-input STT-LUT. Output of each configuration 

is individually connected to SA through A mode selector which includes PTs to choose between different 

operational modes, described in Table V. For example, bitstream = 10’h104 configures A-LUT to operate 

as a 2-input STT-LUT based on the logic function stored in MTJ4 to MTJ7.  

Optimal reference tree resistance for an n-input STT-LUT, RReference Tree, is approximately equal to 

average of maximum and minimum resistances of LUT MUX, RMUX,max and RMUX,min, as shown in Equation 

(5). RMUX,max and RMUX,min are equal to active resistance of n TGs in series, n.RTG, adding to the LUT MTJ 

high resistance, RAP-LUT MTJ, and low resistance, RP-LUT MTJ, respectively. 

 

 

Fig. 4: PDP growth of STT-LUT in terms of input widths. 

 
Fig. 5: Circuit view of A-LUT schematic. 
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Re-writing (5) according to 𝑅𝑃−𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑀𝑇𝐽 describes that reference tree of an n-input STT-LUT could 

be implemented by n TGs and a reference MTJ in series configuration, which provides a resistance equal 

to 𝑅𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑇𝑟𝑒𝑒 = 𝑛. 𝑅𝑇𝐺 + 𝑅𝑃−𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑀𝑇𝐽. Thus,  different number of LUT inputs, only affects the number 

of TGs which must be utilized in reference tree, and modification to the dimensions of the reference tree 

MTJ is unnecessary, in order to keep the optimized sensing behavior of SA. Hence, Equation (5) is 

employed to design the A-LUT reference tree which includes three different branches  in parallel 

configuration that are serially connected to a single MTJ, as shown in Fig. 5. Each of the branches contains 

two, three, and four TGs which are used for 2-input, 3-input, and 4-input A-LUT configurations, 

respectively. Figure 6 shows the layout of the A-LUT which occupies a cell area of 13.5 µm × 15.75 µm in 

90nm process. A five metal layer design is depicted.  The MTJ cell has a vertical structure which could be 

readily integrated at the backend process of CMOS fabrication.   

IV. RESULTS AND ANALYSIS 

The proposed A-LUT is examined using SPICE simulation in 90nm technology. Figure 7 elaborates 

the functionality of the proposed A-LUT for a 4-input NAND operation when ABCD= “1111” and ABCD= 

 

Fig. 6: 13.5 µm×15.75 µm 4-input A-LUT layout. 

Table V: Configuration specifications and MTJ usage for 2-input through 4-input LUT organization. 

 S21 S22 S23 S24 S31 S32 S4 RS2 RS3 RS4 bitstream 
MTJ 

usage 
Description 

mode 0 1 0 0 0 0 0 0 1 0 0 10’h204 0-3 2-input STT-LUT 

mode 1 0 1 0 0 0 0 0 1 0 0 10’h104 4-7 2-input STT-LUT 

mode 2 0 0 1 0 0 0 0 1 0 0 10’h84 8-11 2-input STT-LUT 

mode 3 0 0 0 1 0 0 0 1 0 0 10’h44 12-15 2-input STT-LUT 

mode 4 0 0 0 0 1 0 0 0 1 0 10’h22 0-7 3-input STT-LUT 

mode 5 0 0 0 0 0 1 0 0 1 0 10’h12 8-15 3-input STT-LUT 

mode 6 0 0 0 0 0 0 1 0 0 1 10’h9 0-15 4-input STT-LUT 

 



“0000” inputs are applied, respectively. The former set of inputs selects MTJ15 which has a parallel 

configuration that denotes logic “0”, while the latter input selects MTJ0 with anti-parallel configuration 

representing logic “1”. Herein, mode selector’s bitstream is equal to 10’h9, which selects sixth mode, i.e. 

A-LUT functioning as 4-input STT-LUT.     

Herein, a comprehensive PDP analysis is performed to evaluate the performance of A-LUT. Therefore, 

an 8-input A-LUT and 8-input STT-LUT are examined to implement 2-input to 8-input Boolean logic 

functions. The PDP results are extracted for a worst case NAND operation utilizing 1.2V nominal voltage 

(VDD) and 1GHz circuit clock (CLK) frequency, as listed in Table VI. Generally, an n-input A-LUT PDP 

is smaller than n-input STT-LUT PDP, when performing 2-input to (n-1)-input Boolean functions. 

V. CONCLUSION 

In this paper, we first developed a novel, non-volatile, high speed, and ultra-low power 4-input STT-

LUT. A reference MTJ with different dimensions from the LUT MTJs was utilized to provide the reference 

resistance required for achieving the optimum sensing behavior of SA while maintaining the area and power 

efficiency. Proposed STT-LUT achieved over 40% PDP improvement as compared to the most 

performance-efficient designs. Our TG-based STT-LUT exhibited a linear relation between PDP and 

number of LUT inputs which verifies its scalability. Hence, we proposed a 4-input A-LUT with adaptive 

functionality which could be configured to function in seven independent modes. PDP results and analysis 

of the proposed A-LUT showed its performance superiority in addition to its functional flexibility. The 

 
Fig. 7: Transient response of A-LUT for 4-input NAND operation for ABCD= “1111” (top), and ABCD= “0000” 

(middle). 

Table VI: PDP values for STT-LUT and A-LUT designs (ps×µW). 

Boolean function 

inputs 

8-input STT-

LUT 

8-input A-

LUT  

2 819.72 269.8 

3 819.72 353.58 

4 819.72 449.35 

5 819.72 549.98 

6 819.72 673.97 

7 819.72 798.64 

8 819.72 926.1 
 



proposed adaptive LUT could be generalized to n-input A-LUT with a prominent performance 

improvement for implementing 2-input to (n-1)-input logic functions. 
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