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Abstract 

Compressors are one of the most critical components of multipliers. Thus, improving this part’s energy consumption, 

delay, and area can directly affect the systems’ overall efficiency. Also, Magnetic tunnel junction (MTJ) devices have 

been studied as a prosperous solution to implement low-power circuits thanks to their non-volatility, high speed, low 

power, good endurance, and scalability. This paper uses MTJs to develop two hybrid MTJ/CMOS low-power designs of 

a 5-2 compressor. The proposed designs are simulated in the HSPICE simulator using 45nm standard CMOS technology 

and the spin torque transfer (STT) MTJ model. Finally, the new designs compared with the exiting 5-2 compressors. The 

proposed circuits improve the delay, PDP, and transistor count compared to the existing design. According to the 

simulation result, the first and second proposed designs have decreased the PDP value by about 51% and 66%, 

respectively than the previous work. 
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1. Introduction 

Over the past decade, the expansion   of complementary   

metal-oxide-semiconductor (CMOS) was very successful. 

Progress in CMOS development led to a reduction in the 

area, power consumption, cost per transistor, and 

improvement in the efficiency of integrated circuits (IC) 

[1]. Since the dimensions of the CMOS transistors have 

been shrunk below 90nm and scaling them, some 

problems such as short channel effects and leakage power 

increment were appeared [2, 3]. Leakage power is a 

current that leaks through transistors even when they are 

turned off, which leads to a significant portion of the total 

power consumption [4]. 

On the other hand, with the impressive development of 

the internet of things (IOTs), the number of battery-

powered devices is rising. Therefore, power consumption 

has become more important as a critical challenge [5]. In 

recent years, researchers focus on various approaches to 

overcome this issue to optimize power consumption 

which can be referred to as employing spintronic devices, 

using approximate computing [6, 7, 8]. 

Magnetic tunnel junctions (MTJs) are among the most 

important spintronic devices that have attracted much 

attention thanks to their non-volatility, near-zero standby 

power, energy efficiency, high integration density, 

radiation-hardness features, and compatibility with the 

other semiconductor devices [9]. Moreover, MTJs can be 

distributed over logic circuits as memory elements that 

reduce the distance between logic elements and memory 

building blocks in what is called “Logic in Memory” 

(LIM) [10]. MTJs can be vertically integrated at the back-

end process of CMOS fabrication. So, we have a new 

design approach called hybrid MTJ/CMOS [10]. 

Several circuits have been designed in the literature using 

hybrid MTJ/CMOS approach so far such magnetic flip-

flop (MFF) [11], magnetic RAM (MRAM) [12], magnetic 

look-up-table (MLUT) [13] and magnetic content 

addressable memory (MCAM) [14], ternary magnetic 

RAM (TMRAM) [15], magnetic full adder cell (MFA) [1] 

and etc [10]. 

Multiplication is one of the most crucial operations and 

power-hungry arithmetic blocks in general-purpose 

microprocessors, digital signal processors, and digital 

filters [16]. In general, the multiplier architecture consists 

of three stages, including 1) partial products generation. 2) 

Partial products reduction 3) Final products generation 

[17]. Among the multiplier three stages, partial product 

reduction is the most important energy consumption and 

area step. Therefore, improvement in this field has a direct 

effect on the overall performance of the system [18]. 

Compressors are efficient circuits that can be used for this 

part which 4-2 and 5-2 compressors are more common 

among a variety of compressors [19]. 

In this paper, two low-power hybrid MTJ/CMOS 5-2 

compressor designs are presented. The proposed hybrid 

MTJ/CMOS compressors are simulated using H-Spice 

simulator and compared with a magnetic 5-2 compressor 

presented in [20]. These circuits have been evaluated 
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using 45nm standard CMOS technology and the Spin 

Transfer Torque (STT) MTJ model. In addition, the 

results show that the proposed designs lead to a significant 

reduction in delay and the number of transistors and 

improvements in power consumption and PDP compared 

to the existing design. 

The remainder of the paper is organized as follows: 

Section 2 reviews magnetic tunnel junction and 5-2 

compressor cell. In Section 3, the proposed 5-2 

compressor circuits are presented and described. The 

simulation and comparison results of MTJ/CMOS 5-2 

compressors are presented in Section 4. Further, section 5 

concludes the paper. 

 

2. Background  

2.1. Magnetic tunnel junction 

Magnetic tunnel junction was invented as a promising 

device for implementing nonvolatile circuits [21]. MTJ 

device has a vertical nanopillar structure that consists of 

two ferromagnetic (FM) layers (a free layer and a fixed 

layer) and an oxide barrier that is placed between the two 

ferromagnetic layers [22]. As shown in Figure 1, the 

magnetization of the fixed layer is fixed and utilized as a 

reference layer. However, the magnetic orientation of the 

free layer can be modified by using various switching 

approaches [23]. Hence, there are two different 

magnetization configurations for the layers. One is a 

parallel (P) or low resistance. The other is an antiparallel 

(AP) or high-resistance. Also, P and AP states denote “1” 

and “0” in binary information, respectively [5, 24]. The 

TMR parameter (tunnelling magneto-resistance ratio) 

denotes the difference between RP and RAP in an MTJ is 

calculated by Eq. (1). 

TMR=(RAP-RP)/RP (1) 

 

Higher TMR is desirable and will allow easier detection 

of the difference between AP and P [25]. Generally, there 

are several methods for change the magnetic orientation 

of the free layer or writing to MTJ, named field induced 

magnetization switching (FIMS), thermally assisted 

switching (TAS), and spin torque transfer (STT) [26]. 

 

 
Fig. 1.  Magnetic Tunnel Junction Device 

 

The first-generation method of writing on MRAM was 

FIMS which suffers from poor selectivity, and poor 

scalability and high switching currents, and consequently, 

high power consumption [27]. After that, STT and TAS 

methods were introduced in the second generation of 

MRAMs. Among these methods, STT is the typical 

writing method due to its simplicity and higher 

performance. As  an  alternative  for  the  other  two  

methods,  the  STT  technique  provides higher power 

efficiency and faster writing speed [28]. STT for 

switching requires one bi-directional low switching 

current. When the current of MTJ (IMTJ) becomes higher 

than a critical current (IC), the state of MTJ will be 

changed [29]. As shown in Figure 1, if the current of MTJ 

enters from the free layer and exits the fixed layer and 

IMTJ > IC, then MTJ state is switched from logic ”0” 

to ”1”. And if IMTJ flow from the fixed layer to the free 

layer and IMTJ > IC then the MTJ state is changed from 

logic ”1” to ”0” is obtained. 

 

2.2. Compressors 

Compressors are used for the summation of the partial 

products during the multiplication process. A 5-2 

compressor has five main inputs (A, B, C, D, E) and two 

main outputs (Sum and Carry). Also, two carry inputs 

(Cin1  and Cin2) come from the previous stage of lower 

importance, and two carry outputs Cout1  and Cout2) go 

to the next stage of higher importance. The weight of the 

five main inputs, two input carries, and sum output, are 

the same and are equal to 2n, but Carry output and two 

other output carries a weight of 2n+1. Generally, Sum, 

Carry, Cout2 and Cout1 outputs are defined by the 

following logic function: 

 

Sum=A⊕B⊕C⊕D⊕E⊕Cin1⊕Cin2 (2) 

Carry=Maj(E,Cin2,(A⊕B⊕C⊕D⊕Cin1)) (3) 

Cout2 = Maj (A,B,C) (4) 

Cout1 = Maj (D, Cin1, (A⊕B⊕C)) (5) 

 

Details of a 5-2 Compressor operation are described in 

reference [30]. A general structure of a 5-2 compressor 

consists of three full adders, which are connected as in 

Figure 2 [31]. 

 
Fig. 2.  A 5-2 compressor consists of three full adder cell 

 

3. Proposed Designs 

In this section, we propose two new hybrid MTJ/CMOS 

5-2 compressor circuits. The proposed circuits include 

four sub circuits for each output (Sum, Carry, Cout1, and 
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Cout2). Note, the value of the Cin is stored in the MTJs. 

In each sub circuit, a pair of MTJs are always in opposite 

configurations (e.g., MTJ1:RAP and MTJ0:Rp, as shown 

in Figure 3). 

Generally, there are three main methods for sensing the 

conventional MTJ: SRAM-based sense amplifier, 

dynamic current mode (DCM) based sense amplifier, and 

pre-charge sense amplifier (PCSA) [27]. 

PCSA provides power efficiency as good as sensing 

reliability while keeping high-speed performance [27]. 

PCSA operates in two phases: pre-charging and 

evaluation. In the pre-charging phase, the outputs are 

charged to the VDD value. Nevertheless, in the evaluation 

phase, the actual value of outputs is obtained by 

discharging one output. Therefore, to read (sense) the 

functionality of our hybrid MTJ/CMOS circuits, we used 

a precharged sense amplifier (PCSA). In the rest of the 

paper, we present the two proposed designs in detail. The 

presented designs used a heuristic design method to 

reduced delay and power consumption by eliminating 

some transistors from output to the ground. Therefore, the 

number of transistors is reduced. In the second proposed 

design, to reduce the resistance of the path, we used the 

XOR of some inputs to have higher speed and reliability. 

 

3.1. First Proposed Design 

3.1.1 Cout2 Output 

Figure 3 shows   the   schematic   of   the   Cout2  output   of   

the   proposed design. According to Eq. (4), the Cout2 

module is the simplest circuit in 5-2   compressor that 

consists of a majority gate. During the pre-charging phase 

(CLk=0), P1=P4=ON and N0=OFF; thus, Cout2 and Cout2̅̅ ̅̅ ̅̅ ̅ 
will be charged to Vdd   via P1, P4. The logic evaluation 

can be achieved as CLK=1 when P1=P4=OFF and 

N0=ON will result in discharging one of the Cout2 or Cout2̅̅ ̅̅ ̅̅ ̅. 
 

 
Fig. 3.  Schematic of the Cout2 output of the proposed 

designs. 

For example, when CLK=1, A=Vdd, and B=0, N3, N6, and 

N0 are ON; thus, both pull-down branches are connected, 

and the amount of MTJs determines the final output. If the 

value stored in MTJ1=0 and MTJ0=1, then the state of 

MTJ1=high resistance and MTJ0=low resistance. In this 

case, Cout2 is discharged more quickly thanCout2̅̅ ̅̅ ̅̅ ̅. When 

Cout2 voltage reaches down enough, P2=ON and N1=OFF, 

and Cout2̅̅ ̅̅ ̅̅ ̅ will be pulled up to Vdd or logic ”1”, and Cout2 

will be further pulled down to GND or logic “0”. 

As another example, suppose: A=Vdd and B=Vdd, N5 and 

N6 are OFF; thus, the right branch will cut off, and the 

Cout2 output remains Vdd regardless of the amount of MTJs 

(C). 

 

3.1.2 Sum Output 

Generally, in full adders and compressors, the Sum 

subcircuit is an exclusive OR of all inputs [35]. According 

to Eq. (2), the Sum output of a 5-2 compressor circuit can 

be considered an XOR with seven inputs. Figure 4 

illustrates the schematic of the Sum circuit. We have 

reduced the number of transistors in the CMOS tree of this 

design, which significantly reduces energy consumption 

and delay compared with the design in [20]. For example, 

if A=B=Cin2=Vdd and D=E=Cin1=0, in this case, two paths 

were created: 

1) N3, N4, N11, N15, N19, N26 transistors, and MTJ0 

provide the path of the  Sum̅̅ ̅̅ ̅̅  to the ground. 

2) N9, N10, N14, N18, N22, N24 transistors, and MTJ1 

provide a path for the Sum to the ground. Due to the 

different resistances in branches, Sum discharges quicker 

than 𝑆𝑢𝑚̅̅ ̅̅ ̅̅ , consequently Sum=1 and 𝑆𝑢𝑚̅̅ ̅̅ ̅̅ =0.  

 

 
Fig. 4.  Schematic of the Cout2 output of the proposed 

designs. 
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For another example, if A=D=E=Cin1=Vdd  and B=Cin2=0, 

then N9, N6, N13, N16, N21, N26 transistors, and MTJ0 

connect Sum to the ground, and N3,  N8,  N12,  N17,  N20,  

N23  transistors, and  MTJ1 connect  𝑆𝑢𝑚̅̅ ̅̅ ̅̅   to  the ground. 

Finally, the actual value of outputs will be 𝑆𝑢𝑚̅̅ ̅̅ ̅̅ =1 and 

Sum=0.   

 

3.1.3 Carry Output 

The next part of the first proposed hybrid MTJ/CMOS 5-

2 compressor is the Carry circuit, shown in Figure 5. 

According to Eq. (3), Carry consists of a majority function 

with three inputs where one of them is the output of a 5-

input XOR (A, B, C, D, Cin1). When E and Cin2 have 

different values, the output of this XOR will be important. 

When A=D=E=Vdd, B=Cin1=Cin2=0, and C=AP, then in 

this case N20 = N21=OFF and XOR determines the 

output. Therefore, N9, N6, N13, N18, MTJ0 create a path 

to the ground for Carry and N3, N8, N12, N15, MTJ1 

connect (Carry) ̅ to the ground and finally Carry =0. 

Fig.  5. Schematic of the Carry output of the first proposed 

design 

 

3.1.4 Cout1 

The The last part of the first proposed 5-2 compressor is 

the Cout1 module, shown in Figure 6. As described in the 

previous part and according to Eq. (5), Cout1 consists of 

a majority function with three inputs that one of them is 

fed from a 3-inputs XOR(A, B, C) (see Figure 2). When 

D and Cin1 have the same value, thus both are either1 or 

0. Therefore, Cout1 will be determined irrespective of the 

value of the 3-input XOR (i.e., the Third input). If D and 

Cin1 differ in value (i.e.,”01” or ”10”), the XOR of the 

other three inputs (A,B,C) will determine the output. For 

example: when D=Cin1=0 and A⊕B⊕C=0 or A⊕B⊕
C=1, Cout1 will be zero. 

 

Fig. 6. Schematic of the Cout1 output of the proposed 

designs 
 

3.2. Second Proposed Design 

Cout1 and Cout2 sub-circuits are similar to the first design. 

Thus, we will skip them. 

 

3.2.1 Sum Output 

The function of the Sum output is an XOR with seven 

inputs as the previous design. However, we used 2-input 

XOR gates to reduce the number of transistors between 

the output and the ground in this design. Instead of 

designing a seven inputs XOR, we use a 3-input XOR, 

where each of its inputs connects to a 2-input XOR. This 

design reduces the height of the CMOS tree leading to a 

significant reduction in delay but increases power 

consumption. Also the sensitivity to process variation will 

be reduced. 

Figure 7 shows the schematic of the Sum circuit of this 

design. For example, when A=B=Cin2=Vdd and 

D=E=Cin1=0 then, Z=0, O=0 and X=Vdd, consequently the 

Sum will be Vdd (C=0 and MTJ1 has high resistance). 

 

3.2.2 Carry Output 

The implementation of the Carry circuit is the same as the 

Sum circuit. We use 2-input XORs to reduce the critical 

path and also increase the robustness against process 

variations.  Figure 8 shows the Carry circuit of the second 

design. The functionality of this circuit is similar to the 

first design with a smaller propagation delay. 

 

4. Simulation Results 

This section presents the simulation results of the 

proposed hybrid MTJ/CMOS 5-2 compressor designs and 

compares them with an existing design [20].  

Note that the design in [20] is an approximate 5-2 

compressor where some of its outputs are incorrect for  
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Fig. 7. Schematic of the Sum output of the second 

proposed design 

 
Fig. 8. Schematic of the Carry output of the second 

proposed design 
 

some input patterns. Also we compared our designs with 

two CMOS designs[30][34]. We perform the simulations 

using the HSPICE tool with the spin torque transfer (STT) 

model for MTJs [32] and 45nm standard CMOS 

technology [33]. Table 1 lists the parameters of the STT-

MTJ. lx, ly and lz are the dimension of the free layer. The 

width of the free layer affects the current density through 

the MTJ. A larger width along with the length of free layer 

increases the device area, impacting the RA product and 

the resulting resistance. The thickness of the free layer 

affects its magnetic properties. The Resistance-Area 

Product (RA) is a key parameter in Magnetic Tunnel 

Junction (MTJ) devices which represents the product of 

the resistance of the MTJ and its area and plays a crucial 

role in determining the device’s performance 

characteristics. The saturation magnetization of a 

Magnetic Tunnel Junction (MTJ) refers to the maximum 

magnetization that the ferromagnetic layers of the MTJ 

can achieve when subjected to an external magnetic field. 

Simulations are conducted at 1.0V supply voltage. Figure 

9 shows the transient response of the proposed designs. It 

illustrates the correct functionality of the proposed 5-2 

compressors. 

Our experiments collect the worst-case delay, average 

power consumption, the number of transistors, and the 

power-delay product (PDP). Table 2 shows our results 

compared to an existing design representing state-of-the- 

art. As you can see in the results, in first proposed design 

decreases the power consumption as a critical parameter 

in digital circuits. This improvement is due to the 

reduction in the transistors count of the design. 

Furthermore, our designs have a lower worst-case delay 

overall by 34% for the first design and 67% for the second 

design. Moreover, the PDP of the first and the second 

 
Fig. 9. Transient response of the proposed 5-2 

compressor 

Table I. MTJ device parameters used for simulations  

Parameter Description Value 

lx width, of free layer 65nm 

ly length, of free layer 65nm 

lz thickness of free layer 1.48nm 

RA MTJ resistance-area product 5 Ωµm2 

TMR 
Tunnel magnetoresistance ratio under zero 

bias 
150% 

MS0 saturation magnetization 1210 

 
 

Table II. Simulation results with 45 nm technology 

Design 
Delay 

(pS)      

power 

(uW)      
PDP(aJ) 

Number of 

Devices 

Design[30] 483 31.4 15100 208 

Design[34] 145 29.5 4270 192 

Design[20] 73.804 2.813 207.628 148+8MTJs 

1st Proposed 

design 
49.019 2.095 102.719 100+8MTJs 

2nd Proposed  

design 
24.387 2.885 70.359 112+8MTJs 
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designs are lower than the design in [15] by 51% and 66 %, 

respectively. The number of transistors has also decreased 

from 148 to 100 and 112 in the first and second designs. 

One of the most critical issues in nanoscale circuits is 

sensitivity to process variations. Monte Carlo simulations 

evaluate the process variations considering a Gaussian 

distribution and variation at the ±6σ level for the process 

parameters. Resistance-area product (RA) and the 

transistors gate length (Lg) are the primary sources of 

variations for MTJs and CMOS circuits, respectively.  

Therefore, we have considered 5%, 10%, 15%, and 20% 

variations of these parameters in our simulations for 

process variation analysis. The results show that the 

previous design [20] operates correctly with up to 5% of 

RAP variation in the MTJs, and failed for higher values. 

Figure 10 show the robustness of the proposed designs 

against RAP variations of MTJs of up to 20%. For 

transistors Lg variations, the design in [20] failed for all 

variation values. Figure 11 show the robustness of our 

proposed designs when Lg varies by up to 10%. 

 

 
Fig. 10. Variation of delay, power and PDP relative to 

RAP 

 

 
Fig. 11. Variation of delay, power and PDP relative to 

Lg 

 

 
 

Fig. 12. Delay, Power, and PDP of designs vs. supply 

voltage variation 

 

 
Fig. 13. Delay, Power, and PDP of designs vs. temperature 

variation 

 

Figure 12 evaluates the operation of the designs at 

different supply voltages, including 0.8V, 0.9V, 1.0V, and 

1.1V. Results show that increasing the supply voltage 

results in an exponential increase in average power 

consumption and PDP. 

Figure 13 shows the operation of the compressors at 

different temperatures, ranging from -20 °C to 90 °C. As 

anticipated, the operation of the compressors is dependent 

on the temperature changes. The results, shown in Figure 

13, suggest that all three evaluated parameters vary as the 

temperature varies.  

Generally, speed and power consumption are two factors 

in circuits which have reverse effect. For example, our 

second design is faster than the first one, but its power 

consumption is higher. In comparison with the previous 

design [20], our designs use less transistors by eliminating 
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redundant transistors and unnecessary paths. Therefore, 

our designs are faster, and the first design used less power 

consumption. Ref[20], uses more transistors and 

consequently more resistance on the paths from ground to 

the output. So, the resistance value of MTJ and transistors 

are become important to have correct functionality and 

made it more sensitive to the process variations. 

Because of the different design methodology of CMOS 

designs and MTJ/CMOS design, the CMOS designs are 

more reliable and robust against process variation and 

noise, but MTJ/CMOS designs are more power efficient. 

 

5. Conclusion 

Compressors are one of the most critical multipliers 

components that can be used in microprocessors, digital 

signal processors, and digital filters. This paper presents 

two new high speed hybrid MTJ/CMOS designs of 5-2 

compressors. Our new designs offer a significantly 

simpler structure and lower energy consumption and 

delay compared to the state-of-the-art. The number of 

transistors used is reduced by about 33% and 24% in the 

first and second designs. Our designs used unique features 

of Spin Transfer Torque (STT) MTJs and PCSA sense 

amplifier to get better power consumption. For evaluation, 

we simulated these designs using the HSPICE simulator 

with 45 nm standard CMOS technology. The final results 

indicate the correct operation of the proposed circuits. We 

have studied the impact of process variation on the CMOS 

and MTJ on the performance of the designs using Monte 

Carlo simulations. The simulation results show about 34% 

and 51% improvement in delay and PDP, respectively, for 

the first design, whereas about 67%, 66%, improvement 

in delay and PDP, respectively, for the second design. 
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