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Abstract. STT-MRAM excels with fast reads, low write power, and high
endurance, making it a key focus in emerging non-volatile memory research.
However, write randomness, different P and AP write times, and temperature
fluctuations challenge write efficiency and reliability. Fixed write cycle designs
ensure state switching but waste power. This paper examines optimized write
self-termination, write driver, word line driver, and peripheral auxiliary circuits
for write. Write self-termination circuits save energy by detecting MTJ
resistance changes to stop the write operation early. They each have advantages
in terms of area, sensing margin, and speed, but they cannot balance all of them.
In addition, in high-density and high-capacity storage, the parasitic capacitance
effect and IR drop will reduce the drive ability of the write driver circuit. So
this article also studies the write drive circuit, word line drive circuit, and
peripheral auxiliary circuit to improve the write drive ability.
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1 Introduction

Emerging non-volatile memory is a research hotspot in recent years, among which
magnetic random access memory (MRAM) has attracted much attention due to its
unique advantages. MRAM has two branches: spin-transfer torque magnetic random
access memory (STT-MRAM), spin-orbit torque magnetic random access memory
(SOT-MRAM), and voltage-controlled magnetic anisotropy magnetic random access
memory (VCMA-MRAM). Compared with toggle MRAM, STT-MRAM has
significantly lower write energy consumption and higher integration. Its disadvantage
is poor thermal stability. The benefits of SOT-MRAM include higher speed and
higher reliability in applications [1]. The drawback is the challenge of mass
production [2]. The core of the STT-MRAM storage cell is an MTJ, which is
composed of two ferromagnetic layers with different thickness and a layer of several
nanometer-thick nonmagnetic isolation layers. It writes information through spin
current. STT-MRAM has reading speed, low writing power consumption, and high
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durability comparable to SRAM, which gives it great potential in high-performance
computing, embedded systems, and artificial intelligence [3-5].

However, the write drive capability limits the efficiency and reliability of write
operations. STT-MRAM has write randomness, and P and AP state that write times
are asymmetrical [6]. Traditional writing operations usually rely on fixed write cycles
to ensure the MTJ state can be successfully reversed under the worst conditions.
However, this method results in additional power consumption overhead.

This article investigates STT-MRAM’s write self-termination circuits, write driver
circuits, word line driver circuits, and peripheral auxiliary circuits. Write self-
termination circuits detect MTJ resistance changes to terminate write operation
subsequently, featuring low energy consumption. Write driver circuits supply current
to flip MTJ states, characterized by efficient driving and low stress. Word line driver
circuits meet distinct read/write electrical requirements, offering low power
consumption. Peripheral auxiliary circuits ensure stable voltage and current, which
are distinguished by high reliability.

2 Basics of STT-MRAM Storage

2.1 Introduction of MTJ in STT-MRAM

Figure 1 shows the structure of the MTJ, the core component of the STT-MRAM
storage cell, which consists of two layers of ferromagnetic material separated by an
interlayer insulation material [6]. The magnetization direction of the pinned layer is
fixe, serving as a reference layer for reading data. The free layer has a variable
magnetization direction, which is flipped by the current through the spin transfer
torque effect, thus realizing data writing. The Tunnel Barrier is an extremely thin
insulator (MgO or Al203) that transfers electrons between the fixed and free layers
through the quantum tunneling effect [7]. MTJ is divided into two states: parallel and
antiparallel. In the parallel state, the magnetization directions of the pinned layer and
the free layer are the same. Electrons with majority spin occupy majority spin states,
while those with minority spin occupy minority spin states, showing a low resistance
RP. In the antiparallel state, the magnetization directions of the pinned layer and the
free layer are opposite, electrons with majority spin occupy minority spin states,
whereas those with minority spin occupy majority spin states, showing a high
resistance RAP [7]. The resistance change rate is called TMR. The larger the TMR,
the greater the sensing margin [8]. Reading stored data by sensing MTJ resistance is
the core working principle of MTJ as a storage unit.

2.2 Write termination criteria for STT-MRAM

When P is written in STT-MRAM, VgL decreases more and Vsp increases less. When
writing AP, VgL decreases less and Vgt increases more, as shown in Figure 2 [9]. The
traditional method only detects changes in A VgL or A Vsi.. Unilateral detection has a
small sensing margin, can not effectively interrupt the circuit, and has high power
consumption.
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Fig. 1. The structure of MTJ [6]
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Fig. 2. Voltage characteristics of STT-MRAM [9]

3 Development of Writing Circuits in STT-MRAM

3.1 Introduction

Excellent circuit design can optimize the write operation of STT-MRAM, mainly
including write drive circuit, write self-termination circuit, word line drive circuit, and
peripheral auxiliary circuit. These modules work together to provide sufficient current
and voltage to drive the MTJ to complete the state reversal, while minimizing energy
consumption.

3.2 Research on Write Self-Termination Circuit

The write self-termination circuit consists of a write-sense circuit and a write
termination circuit. The following are several ways to optimize the write-sense circuit.

A paper published in IEEE Transactions on Nanotechnology by Jiangnan
University proposes a write self-termination circuit without read verification, as
shown in Figure 3 [10]. First, the write self-termination circuit copies the current
flowing through the MTJ through the current mirror. For convenience, the circuit only
uses one Vrer. When writing P, the circuit opens Mwi, Mws and Mws. Vxoap is lower
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than Vrer before MTJ switching. Vxop is higher than Vggr after MTJ switching. When
writing AP, open Mw2, Mws and Mws. Vxip is higher than Vrgr before MTJ
switching. Vxiap is lower than Vggr after MTJ switching. The values of Ry and R
must satisfy the condition that Vrgr lies between the Vx values before and after the
switching. Then the circuit compare the Vx and Vger voltages to provide signals for
the write termination circuit. The structure has the advantage that the circuit can be
terminated in advance to reduce energy consumption. The write-sense circuit requires
more transistors, and the energy transmission is delayed. At the same time, it is

vulnerable to different MTJ resistances, resulting in a smaller sense margin.
Voo
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Fig. 3. Write-sensing circuit without read verification [10]

The paper published by the University of Texas at Austin in IEEE Transactions on
Very Large-Scale Integration Systems uses a capacitor to store the original voltage of
BL, as shown in Figure 4 [11]. After writing, voltage difference on BL is detected.
This method avoids the error caused by MTJ process variation and only detects the
difference in BL voltage. However, only A Vgp changes are detected. Unilateral
detection has a small sensing margin, can not effectively interrupt the circuit, and has
high power consumption.
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Fig. 4. Write sensing circuit with unilateral difference writing sensing circuit [11]
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The paper from Yonsei University, published in IEEE Transactions on Circuits and
Systems I: Regular Papers, also proposed the decline of sampling BL when writing P,
and the rise of sampling SL when writing AP, as shown in Figure 5 [12]. Whether
writing P or AP, the change in detected voltage difference is relatively large. The
circuit has high precision, providing accurate signals for the write termination circuit.
The disadvantage is that a voltage generator is required, the circuit area is expensive,
and the mass production cost is high. Only A Vgr or A Vsp are detected, and the
detection margin is relatively small.

Fig. 5. Write-sensing circuit for detecting the significant difference [12]

The paper published by Jiangnan University in IEEE Transactions on Circuits and
Systems I: Regular Papers captures the voltage changes on BL and SL when MTJ
resistance changes by storing BL and SL voltage changes through capacitors in Figure
6 [9]. Detect the sum of BL and SL voltage changes, amplify the difference value of
the amplifier, and the Schmidt trigger flips the voltage to provide accurate signals for
the write termination circuit. The circuit has a large sensing margin, can accurately
capture the changes of MTJ, and has high storage accuracy. The disadvantage is that
multiple capacitors are used, and the area cost in circuit layout design is very huge.
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Fig. 6. Write sensing circuit with three capacitors, bilateral difference [9]
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A paper published by Aarhus University in IEEE Transactions on Very Large
Scale Integration Systems proposes self-referenced write termination circuit in Figure
7 [13]. The circuit using 0.5Vpp for original voltage. After performing write
operations, it detects the voltage of BL+SL voltage. This method adopts self-
referencing bilateral detection, which has a high perceptual margin and avoids errors
caused by different BL and SL reference voltages in different MTJ production
processes. It detects the BL+SL voltage difference, with low error and high accuracy,
providing accurate signals for the write termination circuit. The drawback is the
presence of a bias voltage, which can easily terminate the circuit prematurely and
cause incorrect operation.
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Fig. 7. Write sensing circuit with dual capacitors bilateral difference [13]
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The Karlsruhe Institute of Technology proposed a self-timed detection method in a
paper published in IEEE Transactions on Very Large Scale Integration Systems in
Figure 8 [14]. This circuit uses two different branches, the AP-branch and the P-
branch. During the write operation, the structure detects the current difference
between data-cell and reference-cell, confirming that the circuit flips correctly. The
conversion time from AP to P is short, while the conversion time from P to AP is
long. The enable signal times of transistors N13 and N14 are related to the statistical
duration of writing P and AP in the paper to ensure the correct writing of data.
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Fig. 8. Self-timed write sensing circuit [14]

3.3  Write Driver Circuits and Peripheral Auxiliary Circuits

In high-capacity and high-density storage, the parasitic capacitance effect and IR drop
weaken the drive ability of the write drive circuit. So the following section introduces
the optimization of write drive circuit, word line drive circuit, and peripheral auxiliary
circuit to ensure the high-quality completion of write operation. High driving voltage
can easily lead to excessive MTJ current, increasing the stress conditions of tunneling
oxides and reducing the lifespan of MTJs [15].

The paper from Intel, published in ISSCC 2019, mentioned a scheme of weak and
strong writing, which involves writing a portion of the MTJ with a small voltage in
the first attempt, which is weak writing in Figure 9 [16]. After the writing operation is
completed, the resistance state of the MTJ is detected, and if writing is performed, the
relevant driver is disabled. Otherwise, the MTJ is rewritten with a large voltage,
which is strong writing. This scheme can effectively reduce energy consumption, but
the disadvantage is that it requires three more write cycles to perform a complete
write, which requires high agility of the device.
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Fig. 9. Secondary write driver circuit [16]
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The paper from Purdue University, published in IEEE Transactions on Very Large
Scale Integration Systems, mentions multiple efficient ways of peripheral auxiliary
circuit [17]. Increasing the access gate voltage VGS can cause the transistor current to
exceed the transition threshold current at lower VDS. This method ensures the
completion of writing.

The TSMC organization's paper published in ISSCC 2024 mentions that the
electrical conditions for read and write operations differ, as shown in Figure 10 [18].
Write voltage greater than 1.5V, read voltage less than 1.1V. So, different WL
voltages can be output by choosing 10 Devices transistor or Core Devices transistor.
This circuit meets the requirements of different electrical conditions for reading and
writing, reducing the energy consumption of word lines.
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Fig. 10. Independent read and write word line driver circuit [18]

A paper jointly published by KIOXIA Korea and SK Hynix, in ISSCC 2025,
introduces different gate voltages for writing AP and P, meeting the requirements of
varying writing electrical conditions in Figure 11 [19]. The disadvantage is that no
matter how one writes AP or P, one transistor always does not work, which causes the
low efficiency of transistor usage.
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Fig. 11. Single transistor peripheral auxiliary circuit [19]
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The TSMC organization's paper published in ISSCC 2024 introduces different
driving methods for BL and SL when it writes P and AP in Figure 12 [20]. BL uses
dual transistor to pull down and pull up for a high voltage. While SL uses a single
transistor to pull down and pull up. Reduced write bias in AP and P by 7% and 9%,
respectively, and reduced TMR by 5%.
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Fig. 12. Dual transistor peripheral auxiliary circuit [20]

Synopsys proposes a new writing strategy, using a mimic bitline to compensate for
IR drops on ISOCC 2024 in Figure 13 [21]. The circuit can still maintain a strong
driving ability at lower voltage headroom. The purpose of resistance is to sample the
voltage drop and compare it with the reference voltage. Then the circuit outputs a
digital signal, enabling the corresponding transistor to drive the word line. The
advantage of the circuit is that the IR drop is excluded and is independent of process,
voltage, and temperature. It also meets the requirement of no standby current and low
voltage headroom, to have enough strong driving ability for bitcell.
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Fig. 13. Digital circuit controls different transistor outputs [21]
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4 Conclusion

The reliability and efficiency of write operations in STT-MRAM are undermined by
issues like write randomness, varying write durations for parallel and antiparallel
states, and inconsistencies caused by process variations and temperature changes.
Conventional designs that use fixed write cycles guarantee state switching in worst-
case conditions but result in considerable power consumption. In high-density
storage, the drive circuit is far from the bitcell, leading to a decline in drive capability.

This paper summarizes the fast, low-power write self-termination circuits, write
driver circuits, word line drive circuits, and peripheral auxiliary circuits with strong
driving ability. In recent years, there has been a lot of research on writing self-
terminating circuits. These circuits improve the response margin of MTJ conversion,
reduce the detection conversion time to terminate the circuit in-time. Write driver
circuits provide different driving voltages according to the electrical signals. Word
line driving circuits and peripheral auxiliary circuits also play an important role in
driving circuits so that each bitcell can be successfully driven.

References

1. Prenat, G., et al.: Beyond STT-MRAM, Spin Orbit Torque RAM SOT-MRAM for High
Speed and High Reliability Applications, Springer International Publishing, 2015.

2. Endoh, T., et al.: Recent progresses in STT-MRAM and SOT-MRAM for next generation
MRAM. 2020 IEEE Symposium on VLSI Technology, 1-2, Jun. 2020.

3. Guo, Q., et al.: AC-DIMM: associative computing with STT-MRAM. ISCA 13:
Proceedings of the 40th Annual International Symposium on Computer Architecture, 189-
200, Jun. 2013.

4. Komalan, M., et al.: Cross-layer design and analysis of a low power, high density STT-
MRAM for embedded systems. ISCAS 2017, 1-4, May. 2017.

5. Mishty, K., et al.: Designing Efficient and High-Performance AI Accelerators With
Customized STT-MRAM. IEEE Transactions on Very Large Scale Integration (VLSI)
Systems, 29(10), 1730-1742, Oct. 2021.

6. Apalkov, D, et al.: Spin-transfer torque magnetic random access memory (STT-MRAM),
ACM Journal on Emerging Technologies in Computing Systems (JETC), 9(2), 1-35, May.
2013.

7. Joshi, V. K., et al.: From MTJ Device to Hybrid CMOS/MT]J Circuits: A Review. IEEE
Access 8, 194105-194146, Oct. 2020.

8. Datta, D., et al.: Quantitative Model for TMR and Spin-transfer Torque in MTJ devices.
2010 International Electron Devices Meeting, 22(8), 1-22.8.4, Jan. 2011.

9. Yang, A., et al.: Double-Ended Superposition Anti-Noise Resistance Monitoring Write
Termination Scheme for Reliable Write Operation in STT-MRAM. IEEE Transactions on
Circuits and Systems I: Regular Papers, 70, 3, 1147-1160, Mar. 2023.

10. Cheng, G., et al.: A Dynamic Reference and Variation-Tolerant Sensing Circuit for Deep
Nanometer STT-MRAM. IEEE Transactions on Nanotechnology, 19, 672-681, Aug. 2020.

11. Park, J., et al.: Variation-Tolerant Write Completion Circuit for Variable-Energy Write
STT-RAM Architecture. IEEE Transactions on Very Large Scale Integration (VLSI)
Systems, 24(4), 1351-1360, Apr. 2016.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Advancements in STT-MRAM Circuit Design for Enhanced Write ... 287

Choi, S., et al.: Self-Referenced Single-Ended Resistance Monitoring Write Termination
Scheme for STT-RAM Write Energy Reduction. IEEE Transactions on Circuits and
Systems I: Regular Papers, 68, 6, 2481-2493, Jun. 2021.

Farkhani, H., et al.: STT-RAM Energy Reduction Using Self-Referenced Differential
Write Termination Technique. IEEE Transactions on Very Large Scale Integration (VLSI)
Systems, 25(2), 476-487, Feb. 2017.

Bishnoi, R., et al.: Self-Timed Read and Write Operations in STT-MRAM. IEEE
Transactions on Very Large Scale Integration (VLSI) Systems, 24(5), 1783-1793, May.
2016.

Panagopoulos G., et al.: Modeling of dielectric breakdown-induced time-dependent
STTMRAM. 69th Device Research Conference, 125-126, Se2011.

Wei, L., et al.: 13.3 A 7Mb STT-MRAM in 22FFL FinFET Technology with 4ns Read
Sensing Time at 0.9V Using Write-Verify-Write. ISSCC 2019, 214-216, Mar. 2019.

Fong, X., et al.: Failure Mitigation Techniques for 1T-1MTJ Spin-Transfer Torque MRAM
Bit-cells. IEEE Transactions on Very Large Scale Integration (VLSI) Systems, 22(2), 384-
395, Feb. 2014.

Huang, Y.-C., et al.: 15.7 A 32Mb RRAM in a 12nm FinFet Technology with a 0.0249um?
Bit-Cell, a 3.2GB/S Read Throughput, a 10KCycle Write Endurance and a 10-Year
Retention at 105°C. ISSCC 2024, 288-290, Mar. 2024.

Hatsuda, K., et al.: 30.6 A 64Gb DDR4 STT-MRAM Using a Time-Controlled Discharge-
Reading Scheme for a 0.001681pum? 1T-1MTJ Cross-Point Cell. ISSCC 2025, 1-3, Mar.
2025.

Lin, K.-F., et al.: 15.9 A 16nm 16Mb Embedded STT-MRAM with a 20ns Write Time, a
1012 Write Endurance and Integrated Margin-Expansion Schemes. ISSCC 2024, 292-294,
Mar. 2024.

Kumar, S., et al.: 22/16nm High Speed and Area Efficient Automotive Grade STT-MRAM
Memory Compiler for 2~128Mb. ISOCC 2024, 302-303, Nov. 2024.



288 Z.Liu

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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