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Abstract 

A nonvolatile lookup table (LUT) circuit with a shift-

register function (SR) and a distributed memory (DM) 

function is proposed using a magnetic tunnel junction 

(MTJ) oriented circuit design. By incrementing the ad-

dress of the configuration memory in the LUT circuit, the 

state of the MTJ device is serially read and written, which 

results in the SR function with minimum write access. 

Moreover, since the decoder for the LUT function can be 

used for both SR and DM functions, the hardware over-

head is quite small. In fact, the transistor counts of the 

proposed LUT circuit is reduced by 60% compared to 

that of the conventional SRAM-based implementation 

with the same degree of power consumption for the SR 

function. 

 

1. Introduction 

Although a field-programmable gate array (FPGA) is cur-

rently used in a wide range of applications, standby power 

consumption is a critical issue for battery-powered or energy-

harvesting applications [1]. A nonvolatile FPGA [2-4] is a 

promising solution for the standby-power problem. Espe-

cially, the use of a magnetic tunnel junction (MTJ) device is 

a viable candidate owing to its 3D-stacking capability, CMOS 

compatibility, and virtually unlimited endurance.  

Meanwhile, there are two design issues for an MTJ-based 

lookup table (LUT) circuit which is the fundamental compo-

nent of the FPGA. One is large area overhead of the sense 

amplifier (SA) due to small difference in MTJ resistance. To 

reduce the overhead, we have proposed a logic-in-memory 

(LIM) structure. By utilizing the LIM structure, the LUT cir-

cuit is implemented 62% fewer transistors compared to the 

conventional circuit [5]. Another important issue is large 

power consumption for performing the shift-register (SR) 

function which is arisen from CMOS-oriented circuitry. In 

this paper, a nonvolatile LUT circuit using an MTJ-oriented 

design for minimizing write-access in the SR function. 

 

2. Proposed Nonvolatile LUT Circuit 

  Figure 1 (a) shows an SRAM-based K-input LUT circuit 

which has a distributed memory (DM) function and the SR 

function. These functions are embedded to enhance the oper-

ation efficiency of the FPGA [6]. A truth table for the K-input 

logic function or input of the DM are stored in the 2K config-

uration memory cells (M[0], M[1], …., M[2K-1]) by using a 

decoder. Additional path for the SR function is added to the 

configuration memory cell. The external shift-register input 

(DM) propagates by applying a clock signal (PHI), and the 

shift-register output (OUT) serially appears via an NMOS 

tree. Therefore, any arbitrary length of shift register can be 

implemented by changing the external logic input X.  

In this paper, a three-terminal MTJ (3T-MTJ) device, such 

as a spin-orbit torque device [7], is used for the LUT circuit 

design. Note that, the proposed circuitry is also applicable to 

a two-terminal MTJ device. Figure 2 shows a symbol of the 

3T-MTJ device. A binary data is written as the resistance 

value (RL or RH) by applying a bi-directional write current IWR 

between T2 and T3. The data is read by applying a read cur-

rent IRD between T1 and T3. 

Figure 3 shows the schematic of the proposed K-input LUT 

circuit that is implemented based on a single-ended circuitry 

[7]. The SA and the write driver (WD) are shared among 3T-

MTJ devices. The read access and write access are individu-

ally controlled by the two transistors in the configuration 

memory cell. By utilizing 3T-MTJ devices, the read and write 

properties are individually optimized, which makes it possi-

ble to enhance the circuit performance [7]. The decoder is 

used for both the read operation and the write operation. The 

proposed LUT circuit has three modes, the LUT mode, the 

DM mode, and the SR mode. During the LUT mode, SHIFT 

is set low and the configuration data (DIN) is written to the 

MTJ device in accordance with the address input (ADRS) 

when WE=1, and the logic operation is performed by a 6-bit 

logic input (X) when RE=1. During the DM mode, the same 

control signals as the LUT mode are applied and DIN is used 

for the RAM input. During the SR mode, SHIFT is set high 

and the shift operation is performed using an external logic 

input (DMIN) and a bit-select signal (Y). Figure 4 shows the 

SR mode of the proposed 2-input LUT circuit. At each cycle, 

the state of the corresponding 3T-MTJ device is read by the 

SA, and then, DMIN is written to the same 3T-MTJ device. 

Then, the address is incremented and the state of the next MTJ 

device is read and its state is updated. In this way, the SRAM-

based LUT equivalent SR function is realized with only one 

write access. Thus, there is no significant power overhead due 

to the MTJ write access. Moreover, the hardware overhead is 

also small because the decoder for the LUT function and the 

DM function can also be used for the SR function. 

 

3. Evaluation 

For the evaluation, the proposed LUT circuit is designed 

using a 90-nm CMOS technology together with an MTJ de-

vice model [8] whose parameters are shown in Table I. Figure 

5 summarizes the comparison of the transistor count of the 

LUT circuits. The amount of transistor count reduction of the 

proposed LUT circuit compared to that of SRAM-based one 

increases as the number of inputs because the configuration 

memory cell is composed of only two transistors. Moreover, 
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no additional decoder is required for the SR function. Figure 

6 shows the comparison of power consumption during the 1-

bit shift operation of the 6-input LUT circuit. By utilizing the 

proposed method, the number of MTJ-write access in mini-

mized, resulting in the same degree of power consumption as 

the SRAM based LUT circuit. 

 

4. Conclusions 

   A compact, MTJ-write-access minimized nonvolatile 

LUT circuit has been proposed. By utilizing address incre-

menting, the number of MTJ write access during the SR op-

eration is minimized with small hardware overhead. 
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Fig. 1: SRAM-based LUT circuit with shift-register function:  

(a) configuration memory, (b) overall structure. 

 

 
Fig. 2: 3T-MTJ device. 

 

 
Fig. 3: Proposed nonvolatile LUT circuit. 
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Fig. 4: Shift-register function in the proposed 2-input LUT circuit 

based on address incrementing. 

 

TABLE 1: Design parameters. 

 
 

 
Figure 5: Comparison of transistor counts. 

 
Figure 6: Comparison of power consumption in SR operation. 
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