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Abstract—In this paper, a 3-bit Flash spin-orbit torque 
analog to digital converter (SOT-ADC) is presented which 
works based on switching of a perpendicular-anisotropy 
magnetic tunnel junction (p-MTJ) by spin Hall effect (SHE) 
assisted by spin-transfer torque (STT).  To quantize the 
input signal into 8 states, a heavy metal (HM) with 
different cross-sectional areas that is shared with seven 
MTJs is utilized. To enable the deterministic switching, 
STT currents are employed. However, such currents 
make challenges during conversion and sensing phases 
which are addressed in this work. The SOT-ADC 
eliminates the (2n-1)-time duplication of the input current 
(Iin) in conventional n-bit current mode CMOS Flash 
ADCs. Each MTJ acts as a comparator that compares the 
input signal (current) with its own critical current (IC) as a 
reference current (Iref). Therefore, the power-hungry 
comparators in CMOS Flash ADCs can be replaced by 
simple latch-based comparators for sensing the states of 
MTJs. Moreover, instead of using different sizes of 
transistors to create various values of Iref i.e., Iref1, 2Iref1 … 
fixed currents as sensing currents are used which leads 
to reducing mismatch issue and chip area. Because of the 
influence of the resistance of HM, each MTJ has an 
exclusive reference voltage (Vref) that is created by a 
dummy 3-bit SOT-quantizer. According to simulation 
results, power consumption and maximum sampling rate 
(including all conversion, sensing, and reset phases) of 
the ADC are 416 µW and 102 MS/s in 180 nm CMOS 
technology, respectively. In addition, the differential 
nonlinearity (DNL) and integral nonlinearity (INL) are -
0.258 least significant bit (LSB) and -0.275 LSB, 
respectively. 

Index Terms— Flash analog to digital converter (ADC), 
spin-orbit torque (SOT), spin-transfer torque (STT), 
magnetic tunnel junction (MTJ). 

I. INTRODUCTION 

NALOG data can be translated to a digital signal by an 
analog to digital converter (ADC) [1], [2]. Among 

different ADC architectures, Flash ADC can enable the 
maximum possible conversion speed. However, by 
increasing the resolution, the power consumption and chip 
area dramatically increase because of the exponential growth 
of the number of comparators [3]. Flash ADCs can be 
categorized in the voltage-mode or current-mode while for 
the current-mode, some advantages such as less power and 
low supply voltage operation have been proved in the 
literature [4]. In n-bit current-mode Flash ADC, the input 

current (Iin) signal is duplicated into 2n-1 branches and 
compared with successive reference currents (Iref1, 2Iref1, …, 
  (2n-1)Iref1) by 2n-1 comparators. To alleviate mismatch 
escalating the nonlinearity error, the size of the current mirror 
transistors to create Irefs and Iin should be increased [5]. 
Therefore, there is a trade-off between area and mismatch.  

By emerging new applications such as artificial neural 
networks (ANN), computing in memory [6], the demand for 
implementing ADCs with small footprints is increasing. To 
this end, new technologies such as spintronics, which are 
compatible with complementary metal-oxide-semiconductor 
(CMOS) technology can be strongly considered [7]. Several 
reports have been published to design spintronic ADCs [4], 
[8]-[12].  In [4], a 3-bit Flash ADC was developed by in-plane 
anisotropy magnetic tunnel junction (i-MTJ) switched based 
on the spin Hall effect (SHE). Two MTJs with different sizes 
of heavy metal (HM) as comparators are utilized to reducing 
the required current mirror branches by half. However, this 
design still suffers from mismatch and significant area issue 
because of the number of branches. Y. Jiang et al. have 
proposed a spin ADC based on SHE and voltage-controlled 
magnetic anisotropy (VCMA) [10]. In this work, a resistive 
ladder is utilized to create different voltages on MTJs that 
causes to vary critical currents (IC) for each MTJ. However, 
this resistive ladder leads to power overhead, reliability, and 
area issues [11]. B. Wu, et. al [11] are proposed a 3-bit flash 
ADC by varying width of HM (wHM) to generate different ICs. 
In addition, they have developed a side-reading approach to 
sense the state of the MTJs with one reference voltage (Vref) 
to improve the sensing reliability. However, no mechanism to 
deal with the stochastic switching is considered which leads 
to a high switching error rate. Moreover, the side-reading 
approach increases the area of the proposed ADC, because 
eight extra contacts with low resistance and access transistors 
should be considered. The sensing reliability is improved 
only if MTJs are separately sensed and also wHM is larger than 
the length of HM in the MTJ with biggest HM. Such sensing 
leads to a long latency. In [12], the same structure and the 
side-reading approach that proposed in [11] are used, 
however, i-MTJs are utilized.  

MTJs are the main component used to implement different 
spintronic-based designs [13]. An MTJ includes two 
ferromagnetic layers, i.e., pinned layer (PL) and the free layer 
(FL), and one oxide barrier sandwiched between FL and PL 
[13]. The PL magnetization direction is fixed while the FL 
magnetization direction can be switched. The MTJ resistance 
is defined by the relative magnetization directions of the FL 
and the PL. The MTJ resistance is low when the 
magnetization directions of two magnetic layers are parallel 
(P-state), and it is high if the magnetization directions are 
anti-parallel (AP-state). The most energy-efficient method to 
change the FL magnetization direction is spin-transfer torque 
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(STT) mechanism [15]. In this mechanism, a charge current 
(ISTT) passes through the MTJ and interacts with the 
magnetization of the FL [14]. Recently, emerging MTJs have 
been introduced to improve the MTJ performances such as 
the low IC, the high data retention. In the double magnetic 
tunnel junction (DMTJ), the FL is sandwiched between two 
PLs. When the magnetizations of PLs are antiparallel, the 
spin torques acting on the FL from PLs will add up and lead 
to decrease IC [16], [17]. In another attempt [18], a DMTJ is 
proposed that contains two FLs causes the improvement in 
the data retention. However, the disadvantage of STT-MTJ is 
that the oxide layer can be damaged due to the large STT 
current (ISTT) passing through the thin oxide barrier which 
may lead to reduce the reliability and endurance of the MTJ. 

Another approach for switching is spin-orbit torque (SOT) 
which can eliminate the mentioned issue by decoupling the 
read and write paths [19]-[21]. In this mechanism, a charge 
current (ISOT) flows through a HM, instead of passing through 
MTJ, which creates a torque to switch the FL magnetization 
direction. The FL of the MTJ (SOT-MTJ) is placed on the top 
of the HM. SHE [18] and/or Rashba effect [19] are dominate 
physical mechanisms in this technology.  

Recently, the perpendicular anisotropy SOT-MTJ (p-SOT-
MTJ), in which the easy axis direction of the magnetic layers 
(i.e. FL and PL) is perpendicular to the plane of the magnetic 
layers, has gained significant attention due to its scalability 
and fast switching [22], [23]. However, to realize a 
deterministic switching in p-SOT-MTJ, there is a need for an 
external magnetic field [23] that it leads to an increase in 
complexity and process variation sensitivity [19]. To deal 
with this issue, several techniques such as VCMA [23], 
exchange bias (EB) [25], and SOT assisted by STT [22] have 
been developed. The deterministic switching is enabled in 
VCMA-based MTJ by selecting an appropriate voltage level 
and pulse width [26]. Finding such an appropriate point may 
be challenging, hence VCMA-based MTJs have a moderately 
high programming error rate (≥10−5) [27]. In EB-based MTJ, 
an in-plane field is created by the EB approach that this field 
is material-dependent and can be small [28]. The small in-
plane magnetic field may not be able to complete the 
switching leading to switching reliability degradation [29]. 
Another issue in the EB-based MTJ is the need for ISOT with 
large amplitude for switching the MTJ [29]. 

In this paper, a 3-bit Flash SOT-ADC is designed with a 
SOT quantizer, which includes seven p-SOT-MTJs with 
different values of ICs. The IC value of each MTJ is tuned by 
engineering the cross-sectional area of the corresponding 
HM. Each MTJ and its IC act as a comparator and a reference 
current (Iref), respectively. The Iin passes through the HM and 
if its amplitude is larger than the IC of each MTJ, the 
corresponding MTJs are switched. Despite [11], the 
deterministic switching is enabled by adding ISTT in each MTJ 
along with ISOT leading to a small switching error rate. 
Although this is beneficial, it raises some challenges in design 
such as influence of ISTT on the width of HMs, the effect of 
the direction of ISTT on the final position of the FL’s 
magnetization direction, conversion and reset time at 
presence of ISTT which all are addressed in the proposed 
design. To alleviate the effect of different HM resistance 
(RHM)s in sensing of MTJs [11], Vref of each MTJ is 
exclusively defined leading to a reliable sensing operation. 
These Vrefs are created using a dummy 3-bit SOT-quantizer 
instead of different resistances to have better matching and 

smaller area. This structure eliminates the need for 2n-1 
current mirror branches that duplicate the input signal in an 
n-bit current-mode CMOS Flash ADC. Moreover, because of 
the role of ICs, the current mirror circuits for creating the Iref 
are removed. Consequently, the effects of the mismatch is 
alleviated. Furthermore, each MTJ acts as a high-speed low 
power comparator, which eliminates the need to use the 
power-hungry CMOS comparators (used in CMOS Flash 
ADC) for sensing the state of each MTJ, a simple latch-based 
comparator can be utilized [9].Therefore, the SOT ADC leads 
to reduce the power consumption and chip area as compared 
to conventional CMOS Flash ADCs.  In addition, the non-
volatility nature of the MTJs allows being switched off in the 
standby state, resulting in a further power reduction. The 
paper is organized as follows. In section II, the 3-bit SOT 
quantizer is presented. Section III elaborates on the peripheral 
circuit. Simulation results are presented in section IV and in 
section V concludes the paper. 

II. 3-bit SOT Quantizer 

The critical component of an ADC is a quantizer, which 
can be either 1-bit or multi-bit. In quantizers, the input signal 
(voltage or current) is applied to a chain of comparators with 
different references, generating corresponding digital output. 
An MTJ can act as a 1-bit quantizer that compares the Iin with 
its IC and based on this comparison it will be switched 
between two states of P-state and AP-state.  

Fig. 1 (a) shows p-SOT-MTJ and coordinate system. As 
shown in this figure the ISOT passes through the HM along the 
y-direction. Because of the SHE, a pure spin current is created 
along the z-direction and injected into the FL. This pure spin 
current is spin-polarized along the x-direction and exerts an 
STT on the FL. This torque causes that the FL magnetization 
direction to turn from out-of-plane (z = ±1) to in-plane 
direction (z ≈ 0). At the initial state, the magnetization 
directions of the FL and PL are along the z-direction in P-
state. To achieve a deterministic switching, an additional 
small ISTT should pass through the MTJ, which causes the FL 
magnetization to switch from the in-plane to the out-of-plane 
direction (the opposite direction of its initial state or AP-
state). To predict the behaviour of the FL magnetization 
within macroscopic approximation, the Landau-Lifshitz-
Gilbert (LLG) equation can be applied [30] as follows: 

⃗
= −𝛾𝜇 𝑚 × 𝐻 + 𝛼𝑚 ×

⃗
−

ℏ
𝑚 ×

(�⃗� × �⃗� ) + 𝑚 × (𝑚 × �⃗� )                                    (1)    

In equation (1), γ, α, Ms, p, η, 𝜇  , ℏ, q are the gyromagnetic 
ratio, the Gilbert damping constant, the saturation 
magnetization, effective spin polarization, spin Hall angle, 
vacuum permeability, reduced Planck constant and electron 
charge, respectively [31]. tFL, AMTJ and AHM present FL 
thickness, FL cross-sectional area (circular in this work) and 
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Fig. 1(a) Sketch of p-SOT-MTJ (b) Equivalent resistive network of p-
SOT-MTJ.  
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HM cross-sectional area, respectively. 𝑚 , �⃗� , 𝑚 

and  𝐻 are PL magnetization direction, the polarization 
direction of pure spin current, the FL magnetization direction 
and the effective magnetic field, respectively. In this 
equation, the last two items on the right-hand side of the 
equation model are related to effects of ISTT and ISOT on the 
behaviour of the FL magnetization direction, respectively. In 
this work, the Rashba effect is ignored and the SHE is 
considered as the physical origin of the SOT mechanism [30]. 
As mentioned in [31], (1) can be solved numerically based on   
two parameters, 𝜃 and 𝜑 which are the polar and azimuthal 
angels, respectively.  As shown in Fig. 1(b), p-SOT-MTJ can 
be modelled by a resistive network. The RHM can be 
calculated as follows [31]. 

 𝑅 = 𝜌
×

                                                                    (2)   

where 𝜌, lHM, tHM and wHM are the resistivity, length, 
thickness, and width of HM. The MTJ resistance (RMTJ) 
presented in equation (3) [31], is dependent on the voltage 
bias of the MTJ (VMTJ) and θ which is determined by (1). 

𝑅 = 𝑅                                          (3)   

In this equation, TMR0 and Rp0 are the tunnelling magneto-
resistance ratio (TMR) and parallel resistance of MTJ under 
zero bias voltage, and Vh is the voltage at which the TMR0 is 
divided by 2. TMR0 is (RAP0-RP0) / RP0 where RAP0 is 
antiparallel resistance of MTJ at zero bias voltage that can be 
obtained as follows [31]:                                       

 𝑅 =
× / × 𝑒𝑥𝑝

( ) /

ℏ
× 𝑡                        (4)  

where F, 𝜑, tox, and m are a fitting factor, oxide barrier 
potential height, the thickness of oxide, and electron mass, 
respectively.  

To create eight thermometer codes (TC) for 3-bit SOT 
quantizer, as shown in Fig. 2 (a), seven p-SOT-MTJs should 
be considered. As shown in this figure, the HMs of p-SOT-
MTJs are connected together and Iin enters to terminal 2 of 
the first p-SOT-MTJ (T2,1). To quantize Iin, each MTJ should 
has a different IC (as Iref) in a way that the IC of the MTJn (ICn) 
should be n × IC1 (1 ≤ n ≤ 7). IC1 belongs to the MTJ1 with 
minimum width of HM that is defined the least significant bit 
(LSB). To this end, ICs can be tuned by the engineering of the 
dimension of the MTJ. According to equation (5) [32], IC 
linearly depends on tFL, tHM, and wHM. In this equation, IC is 
defined as the minimum amplitude of ISOT which causes the 
FL magnetization direction to switch from out-of-plane to in-
plane orientation.  

 𝐼 =
ℏ

×
𝜉

                                                      (5)  

where Hk and 𝜉 are a perpendicular magnetic anisotropy field  

and a constant coefficient. Among the mentioned parameters, 
the fabrication process of wHM and tHM are less challenging as 
compared to tFL [33]. There is a limitation in the size 
variations of tFL and tHM. Therefore, in this work, ICs are tuned 
by engineering of the size of wHMs.  Iin flows through the HM 
and if it is higher than ICn then all MTJs from 1 to n will switch 
from P-state to the AP-state and the others will state in the P-
state. For instance, 1111000 is the generated TC, when IC4 ≤ 
Iin ˂ IC5. The equivalent resistive network of the 3-bit SOT 
quantizer is shown in Fig. 2 (b).  

III. Peripheral Circuit Design  

Fig. 3 (a), (b) and (c) show the schematic of the 3-bit SOT 
quantizer with the peripheral circuit, the timing diagram, and 
the clock generator. As shown in Fig. 3 (a), terminal T1 of 
each MTJ is connected to a sensing circuit and two current 
sources through control CMOS transistors. Regarding the 
operating phase, terminal T2,1 is  connected to the ground or 
the input signal (Iin). Also, terminal T3,7 is connected to the 
ground or Vdd. As shown in Fig. 3 (b), there are three 
operation phases of conversion, sensing and reset. In the 
conversion phase, data is written into 3-bit SOT quantizer (6 
ns). During the sensing phase (2 ns), data is read and 
converted to the corresponding binary data by a sensing 
circuit and a thermometer code to binary code (T2B) encoder. 
In the reset phase, all MTJs are set to the P-state. The details 
of the sensing circuit is explained in subsections A. In the 
conversion phase, when CLKSOTC is high, Iin (ISOT) passes 
through the HM for 1 ns. In addition to ISOTC, for writing data 
into the MTJs, ISTTC1 in the direction as shown in Fig. 3 (a) 
should be passed through the MTJ when CLKC is high (6 ns). 
It is worth mentioning that ISTTC1 belongs to MTJ1. The 
written data into MTJs is detected by the sensing circuit when 
CLKSens goes low for 2 ns. In this phase all ISTTCs flow to the 
ground through T2,1. In the reset phase, when CLKRES and 
CLKSOTR are high, a SOT current (ISOTR) passes through the 
HM and a STT current (ISTTR1) flows through MTJ1 as shown 
in Fig. 3 (a). ISOTR and ISTTR1 are active for 1 ns and 8 ns, 
respectively. The direction of the ISTT defines the final state (z 
or –z) of the FL magnetization direction. The clock generator 
block is shown in Fig. 3 (c).  

A. Sensing Circuit 

Fig. 4 shows the proposed sensing circuit, it includes seven 
StrongARM latches [34] and a dummy 3-bit SOT quantizer to 
generate required Vref for each MTJ. Vref is the voltage of 
terminal 1 of MTJ in the dummy quantizer. The structure of the 
dummy 3-bit SOT quantizer is similar to the 3-bit SOT 
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T1,7T1,3T1,2T1,1

T1,1

T3,1

½ RHM1 ½ RHM1

RMTJ1

(a)T1,2
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½ RHM2 ½ RHM2

RMTJ2
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T2,3 T3,3
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T1,7

T2,7 T3,7

½ RHM7 ½ RHM7
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T2,1

Iin

 
Fig. 2. (a) Sketch of the 3-bit SOT quantizer (b) Equivalent resistive
network of the 3-bit SOT quantizer. 
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circuit (b) Time diagram (c) Block diagram of the clock generator. 
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quantizer but all the MTJs are in the AP-state. The latch senses 
RMTJ which shows the state of the MTJ. To do that, it senses the 
voltage on top of terminal 1 of each MTJ (VMTJ). When CLKsens 
is high, the output voltage of latch (Vout) is connected to the 
ground. Whenever, CLKsens is low, Vout regenerates a low or 
high rail voltage concerning the input voltages of latch (Vref, 
VMTJ). To minimize the comparator errors, the input swing 
should be maximized when switching happens. To this end, Vref 
is the average voltage of the terminal T1 of the MTJ before and 

after switching (𝑉 = 𝐼 ). RL and RH are the 

resistances seen from T1 of each MTJ to T2,1 in P-sate and AP-
state, respectively. Such voltage is generated by passing 
K𝐼  through MTJs of the dummy quantizer in which K =

. If the MTJ is in the P-state, VMTJ will be less than Vref 

and Vout becomes zero. When MTJ is in the AP-state, VMTJ is 
greater than the Vref and the value of Vout becomes 1. The output 
of sensing circuits is a TC that should be converted to a binary 
code by a T2B encoder [35]. Vref and VMTJ for each MTJ are 
exclusive because of the different RHM that seen from terminal 
T1 of each MTJ to T2,1.  

IV. SIMULATION RESULTS 

To have a better understanding of the effects of the ISTT and 
ISOT on switching of the FL magnetization direction, different 
scenarios including applying ISTT or ISOT alone and 
simultaneously are explored. Fig. 5 shows the FL 
magnetization direction when: 1. ISTT 2. ISOT and 3. ISTT and 
ISOT are applied. In this figure, the FL magnetization vector 
(𝑚) along three axes, mx, my, mz are obtained by numerical 
simulation of equation (1) using a Verilog-A model [30]. The 
parameters used in the simulation are shown in Table.1. Fig. 
5 (a) and (b) show mx, my, mz, ISTT and ISOT pulses during 10 
ns when ISTT = 100 µA with a pulse width of 5 ns and ISOT = 
0 µA. In this case, 𝑚 is switched from +z to -z only by ISTT. 
Fig. 5 (c) and (d) show mx, my, mz, ISTT and ISOT pulses during 
10 ns when ISTT = 0 µA, and ISOT = 150 µA with a pulse width 
of 0.5 ns. In this case, ISOT exerts a torque on �⃗� that causes �⃗� 
to rotate from +z to in-plane orientation. Hence, the switching 
is not completed (𝑚 is not reached to –z). Then by removing 
ISOT, 𝑚 can be switched randomly to +z or –z. To have a 
deterministic and fast switching, as shown in Fig. 5 (e) and 
(f), ISTT and ISOT should be applied simultaneously. In Fig. 5 
(e) and (f), ISOT = 150 µA and ISTT = 100 µA and the pulse 
widths of ISOT and ISTT are 0.5 ns and 5 ns, respectively. 
However, ISOT should be removed before ISTT as it keeps �⃗� in 
the in-plane orientation. The switching time in Fig. 5 (e) is 
faster (about 5 times) as compared to that when only ISTT is 
applied (Fig. 5 (a)) due to the incubation delay of the STT 
switching mechanism. For the rest of the simulations in this 

paper, ISTT is considered 25 µA as the FL magnetization 
direction cannot be switched without applying of ISOT.  

Fig. 6 shows the simulation results of IC versus wHM. As 
presented in equation (5) and seen in this figure, IC has a 
linear relationship with wHM. According to Fig. 6, the IC and 
wHM can be related by IC = 0.553 wHM + 19.28. When CLKSOTC 
is high, the current passes through the HM of MTJn is equal 
to Iin + (n-1) ISTT. For instance, the current enters to the 
terminal 2 of MTJ3 (T2,3) (Fig. 2. (a)) is equal to Iin + 2ISTT. 
Therefore, the desired width of HM for achieving ICn in MTJn 
is wHMn = ((ICn + (n-1) ISTT)-19.28) / 0.553. According to this 
equation, using ISTT to enable determinestic switching 
exceeds the required wHM.  

Fig. 7 shows the magnetizations of the MTJ1-MTJ7 in z- 
direction (mz1-mz7) when Iin is between IC5 and IC6 (IC5 ˂ Iin ˂ 
IC6). In this case, mz1-mz5 need to reach near -1 before starting 
the sensing period (6 ≤ t (ns) ≤ 8). It is mainly due to this fact 
that the comparators for a reliable sensing of the states of the 
few millivolt between VMTJ and Vref.  

 Monte Carlo simulation is performed to find the 
appropriate time duration of applying ISOT and ISTT for one 
MTJ with wHM = 90 nm. This MTJ is driven by a CMOS 
current source generating ISTT with the amplitude of 25 µA. 
The timing of ISOT and ISTT are evaluated in presence of the 
process variations of the MTJ and the transistors of the 
current source. In the Monte Carlo simulation, the value of 3σ 
(σ is the standard deviation) of each parameter is equal to 
10% of its nominal physical value. Fig. 8 is achieved by 
running 1000 iterations in which the distributions of the 
required time of applying ISOT and ISTT are depicted. For ISOT,  

Fig. 4. The schematic of the sensing circuit.  

Fig. 5. (a) mx, my, mz, the pulse width of ISTT is 5 ns, ISTT = 100 µA and 
ISOT = 0 µA and its (b) Magnetization trajectory (c) mx, my, mz, the 
pulse width of ISOT is 0.5 ns, ISTT = 0 µA and ISOT = 150 µA and its (d)
Magnetization trajectory (e) mx, my, mz, the pulse width of ISOT, ISTT

are 0.5 ns and 5 ns, respectively. ISTT = 100 µA and ISOT = 150 µA
and its(f) Magnetization trajectory.  
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FL’s magnetization direction rotates to the in-plain 
orientation in a mean time of 0.7 ns. However, to support ±3σ 
yield, ISOT should be applied for at least 0.8 ns.  On the other 
hand, for ISTT, FL’s magnetization direction reaches the stable 
state in a mean time of 3.5 ns after removing ISOT.  

During the sensing phase, ISTT of MTJ1 passes through the 
smallest RHM, while in MTJ7, ISTT sees the largest RHM. The 

sensing reliability depends on TMR = 
( ) ( )

( )
 

[11]. Therefore, in the 3-bit Flash SOT ADC, the best and the 
worst read reliability may be defined by MTJ1 and MTJ7, 
respectively. Fig. 9 shows the distribution of the VMTJ when 
the MTJ is in P-state, AP-state and the corresponding Vref.  
This figure is achieved by running the Monte Carlo 
simulations for 1000 iterations. According to Fig. 9 (a), in 
MTJ7, the mean values of Vref and VMTJ in P-state and AP-state 
are 100.7 mV, 80.3 mV and 124 mV, respectively. These 
values for MTJ1 as shown in Fig. 9 (b) are 70 mV, 48 mV and 
92.2 mV, respectively. Based on these simulation results the 
sensing yield of ±2σ for all MTJs can be guaranteed. To 
improve the read reliability, one solution can be the increase 
of ISTT which may lead to more power consumption and 
unwanted switching during sensing operation.  

Fig. 10 depicts the differential nonlinearity (DNL) and 
integral nonlinearity (INL) characteristics for an input ramp. 
The maximum DNL and INL are -0.28 LSB and -0.26 LSB 
respectively.  

The average power consumption of the circuit is 414 µW 
at the speed of 62.5 MS/s. The power consumption of T2B 
encoder and the clock generator block are neglected. As 

mentioned before, the pulse widths of CLKSOTC and CLKSOTR 
representing the appropriate time for applying ISOT can be 
reduced to 0.8 ns. Moreover, the pulse widths of CLKC and 
CLKR can be optimized to 4.8 ns. The pulse width of CLKSens 
can be considered 1 ns based on the report in [4]. Therefore, 
by optimizing the mentioned timing, the sampling rate can be 
raised to 102 MS/s. To improve the sampling frequency, ISTTR 
and ISTTC can be increased at the cost of more power 
consumption. On the other hand, there is a limitation of 
increasing ISTT as the STT current of MTJn passes through to 
the HM of MTJn+1 which acts as ISOT of MTJn+1 leading to 
keeping the mzn+1 to in-plane orientation.  

The 3-bit Flash ADC is compared with a spin-CMOS Flash 
ADCs and a CMOS Flash ADC in Table 2. In this work, the 
power consumption is less than that of reported in [4] and 
[35]. In [4], the reset time is not included in the reported 
sampling rate. However, our investigation shows the reset 
time takes up to 50% of the sampling period, hence, it is not 

TABLE 2 
PERFORMANCE COMPARISON OF ADCS 

Parameters This work [4] [10] [11] [12] [36] 

Technology 
Spin-

CMOS 
Spin-

CMOS 
Spin-

CMOS 
Spin-

CMOS 
Spin-

CMOS 
90nm 

CMOS 
Architecture Flash Flash Flash Flash Flash Flash 
Resolution 3-bit 3-bit 3-bit 3-bit 3-bit 3-bit 

Speed 
(Hz) 

      Conv.* 167 M 1 G 9 G 5 G 1 G 2 G 
      Sen.* 500 M 1 G - - 333 M - 
      Res.* 125 M - - - 5 G - 
      Sam.*  62.5 M*  500 M  9 G  5 G  667 M 2 G  

Input range 58 ~ 464 
µA 

200 ~ 600 
µA 

- - - 
400 

mVpp 
Power (mW) 0.416  1.9  0.341  0.340  - 3.9  
Vdd (V) 1.8  1.2  0.8  1  - 1.2  

DNL (LSB) 
-0.275 ~ 

0.258  
-0.23 ~ 

0.18  
- - - 

-0.24 ~ 
0.15  

INL (LSB) 
-0.2584 ~ 

0.0403  
-0.32 ~ 0  - - - 

-0.24 ~ 
0.15  

*By optimization, can be raised to 102 MS/s (including all conversion, 
sensing, and reset phases).  
*Conv. Conversion, Sen. Sensing, Res.  Reset, Sam. Sampling.    

 
Fig. 7. The mz1 ~ mz7 versus time during a period. 

TABLE 1 
SIMULATION PARAMETERS 

Parameter Values 
MTJ radius  45 nm 
Free layer thickness (tFL) 0.7 nm 

Oxide thickness (tMgO) 0.85 nm 
TMR0 120 % 

Spin Hall angle (η) 0.3 
Thickness of the HM (tHM) 3 nm 
Length of the HM (lHM) 130 nm 
Gilbert damping constant (α) 0.03 
Anisotropy field (Hk)  80000 Am-1 
Saturation magnetization (Ms) 880000 Am-1 
Voltage bias at TMR0 / 2 0.5 V 
Oxide barrier potential height 0.4 V 
Resistance-area product (R.A) 10-12 Ω. m2  
HM resistivity (𝜌) 200 µ Ω. cm 

 

 
Fig. 6. IC versus wHM. 

 
Fig. 8 the distribution of the time duration of applying (a) ISOT (b) and 
ISTT. 

 

 
Fig. 9. The distribution of Vref and VMTJ when the MTJ is in P-state, 
AP-state for (a) MTJ7 and (b) MTJ1 
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negligible. Likewise, in [10] and [11], the reported sampling 
rates only consist of the required time for switching of MTJs.  

In [4], Iin is identically duplicated four times and subtracted 
from a Iref in each branch. As compared to [4], this work can 
enable less area mainly due to this fact that the repetitive 
current branches (Iin and Iref) are removed. In [10], the 
resistive ladder utilized to create different ICs causes to 
reliability, mismatch and area issues. In [11], [12], the side-
reading approach causes a long sensing latency and large area 
overhead. In [11], p-SOT-MTJs are switched using ISOT 
without considering any mechanism for having a 
deterministic switching, while in [12], i-MTJs are used. 

V. Conclusion 

In this paper, a 3-bit Flash SOT-ADC is presented in which 
seven p-SOT-MTJs with different width of HMs are 
employed. The engineering of the cross-sectional area 
underneath HMs tunes the IC of each MTJ. ICs act as Irefs, 
which removes the need of current mirror circuits that is used 
in current-mode Flash CMOS ADCs. Iin flows through the 
HMs, then each MTJ acts like a comparator and compares Iin 
with its IC. Therefore, the branches of current mirrors for 
copying of Iin and the power-hungry comparators are 
eliminated. This approach leads to reduction of the power 
consumption as well as the area as compared to the current-
mode Flash CMOS ADC. In this work, the influence of ISTT 
for having a deterministic switching on ADC design is 
investigated. The presence of ISTT in the conversation phase 
leads to wider HMs. Due to the resistance of the HM, VMTJ for 
each MTJ is different. To create the corresponding Vref for 
each MTJ, a dummy 3-bit SOT-quantizer is proposed.  The 
INL and DNL are in the range of -0.258 LSB and -0.275 LSB. 
The power consumption and the maximum sampling rate (by 
considering the conversion, sensing and reset phases) are 
estimated 416 µW and 102 MS/s, respectively.  
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