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Abstract—We present a STT-MRAM read-circuit 
which mitigates the performance degradation caused 
by offsets from device mismatches. In the circuit, a 
single current source supplies read-current to both 
the data and the reference cells sequentially 
eliminating potential mismatches. Furthermore, an 
offset-free pre-amplification using a capacitor storing 
the mismatch information is employed to lessen the 
effect of the comparator offset. The proposed circuit 
was implemented using a 130-nm CMOS technology 
and Monte Carlo simulations of the circuit 
demonstrate its effectiveness in suppressing the effect 
of device mismatch.    
 
Index Terms—STT-MRAM, read-circuit, offset 
cancellation, sensing margin   

I. INTRODUCTION 

Spin-transfer torque magnetic random access memory 
(STT-MRAM) is receiving much attention because it has 
the advantage of both DRAM, which has high speed and 
low power consumption, and Flash which has non-
volatility and high integration density [1-6]. A typical 
STT-MRAM memory cell consists of a selection 
transistor and a magnetic tunnel junction (MTJ), and an 
MTJ consists of two ferromagnetic layers separated by a 

thin oxide layer. The resistance of an MTJ is low (RL) 
when the magnetization directions of the ferromagnetic 
layers are in parallel, and it is high (RH) when they are 
anti-parallel. The magnetization direction of one of the 
ferromagnetic layers is fixed (fixed layer) while that of 
the other layer can be switched by applying a large 
current pulse through it (free layer). The direction of the 
current determines the magnetization direction of the free 
layer and thus the resistance of the MTJ cell. 

In a typical STT-MRAM read-circuit, identical 
currents are supplied to a data MTJ cell and a reference 
cell, and the difference between the voltages produced by 
the cells is measured by a sense amplifier (or a 
comparator). If the MTJ is in the high (or low) resistance 
state, then it would produce higher (or lower) voltage. 
The reference cells are designed to have a resistance 
between RH and RL so that they produce a voltage 
between those by MTJ cells in the high and the low 
resistance states. 

One of the challenges confronted by designers of STT-
MRAM read-circuits is that the contrast between RH and 
RL is not large in today’s MTJ technologies. The contrast 
is usually represented by Tunnel magneto-resistance 
(TMR), which is defined as TMR ≡ (RH - RL)/RL [2], and 
is usually lower than 100% for practical devices. 
Therefore, the output voltage difference between the two 
resistance states is small. 

On the other hand, STT-MRAM read-circuits have 
input-referred offset voltages produced by mismatches 
between the devices. Because the signal voltage is very 
small due to small TMRs of MTJs, even a small offset 
degrades the memory performance seriously. Therefore, a 
scheme which can cancel the effect of the mismatches is 
desired, and many studies have been reported [7-10]. 
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The offset-canceling triple-stage (OCTS) read circuit 
proposed in [7, 8], and the time-differential sensing 
circuit (TDSC) proposed in [9] employ multi-phase 
operations and sacrifice the sensing speed in exchange 
for a reduction of the offset in the sensing circuit. The 
latch-offset-cancellation sense amplifier (LOC-SA) 
proposed in [10] employed a offset-free pre-amplification 
of the small voltage difference so that an offset of the 
comparator itself can be ignored.  

In this work, we propose a new read-circuit for STT-
MRAM, in which the offset caused by mismatches 
between the current paths for the data cell and the 
reference cell can be completely removed. Furthermore, 
the signal voltage, which is the voltage difference 
between the data cell and the reference cell, is pre-
amplified by a positive feedback loop without any offset 
before it is fed into a latch. Therefore, when the latch 
finally determines the state of the memory cell, its offset 
does not degrade the read-circuit performance. 

This paper is organized as follows. Sec. II introduces 
offset cancelling circuits proposed in prior publications. 
Sec. III presents the proposed circuit and describes its 
operation. Sec. IV presents the results of the SPICE-level 
simulations of the circuit and compares the results with 
that of the existing offset cancelling circuits. Finally, Sec. 
V concludes this paper. 

II. PREVIOUS CIRCUITS FOR STT-MRAM 

Fig. 1 shows a conventional STT-MRAM read-circuit 
[11]. As mentioned in the Introduction, identical currents 
are applied to the data and the reference cells to produce 
voltages according to the resistance of the cells. Then, 
they are compared by a sense amplifier to produce the 

digital output. The circuit of Fig. 1 is vulnerable to any 
offset caused by mismatches in parameters such as 
threshold voltage and device size. For example, if the 
current source M7 produces a larger current than M8 does, 
then even when the resistance of the Data cell is lower 
than that of the Reference, the Data cell voltage can be 
higher than the Reference cell voltage leading to an error. 

Fig. 2 shows the OCTS read circuit proposed in [7, 8]. 
In an OCTS circuit, a single current source is used to 
generate both the data voltage and the reference voltage 
to eliminate the current source mismatch. In phase 1, the 
read current from M6 is applied to the reference cell, and 
the produced reference voltage is stored in capacitor C0. 
In phase 2, the current is applied to a data cell, and the 
produced data-cell voltage is stored in C1. Finally, in 
phase 3, the reference voltage stored in C0 and the data 
voltage stored on C1 are compared by a sense amplifier 
to produce the digital output. This circuit prevents the 
reduction of sensing margin caused by mismatches 
between the current sources for the data cell and the 
reference cell. However, because it uses two clock phases 
to sample the data and the reference voltages, its 
operation is slower than the conventional circuit. More 
importantly, in the circuit, the input-referred offset of the 
sense amplifier is not removed at all, of which the effect 
can be significant given the small TMR of MTJs. 

Fig. 3 shows the LOC-SA proposed in [10]. This 
circuit consists of current sources (M3~M6) and a latch 
which determines the state of memory cells (M1~M4). 
Note that the current source transistors also serve as parts 
of the latch. In phase 1, the data and the reference 

voltages are equalized by shorting Vout and outV  nodes 

while supplying currents from the current sources. In 

phase 2, Vout and outV  nodes are disconnected and the 

  

Fig. 1. Schematic of the conventional read circuit [11]. 
 

 

Fig. 2. Schematic of OCTS read circuit [7, 8]. 
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voltage difference outoutV V VD = -  is developed. In 

phase 3, a positive feedback loop is formed and the ΔV 
from phase 2 is amplified. Finally, in phase 4, the latch 
formed by M1~M4 is activated and produces a digital 
output. 

One of the main points of the LOC-SA read-circuit is 
that the pre-amplification by the positive feedback loop 
in phase 3 does not suffer from the device mismatch. 
However, the LOC-SA circuit still suffers from the 
device mismatches in the signal development stage of 
phase 2. If the mismatch is large enough, then the sign of 
ΔV can be reversed producing an error. The source 
degeneration (M5 and M6) employed in [12] can reduce 
the mismatches between the current sources but cannot 
prevent an offset completely. 

III. PROPOSED CIRCUIT DESCRIPTION 

Fig. 4 shows a schematic diagram of the proposed 
read-circuit, which combines the benefits of OCTS 
circuit and LOC-SA using a novel structure. Here, 
identical currents are supplied to the data cell and the 
reference cell using the same transistor as the current 
source. The difference between the generated voltages 
are pre-amplified by a positive feedback structure and 
then sensed by a latch. The capacitor C0 stores the offset 
voltage caused by mismatches so that the pre-
amplification and the comparison circuits do not suffer 
from an offset. 

Fig. 5(a)-(d) shows simplified schematics of the 
proposed circuit in each clock phase. Fig. 5(a) shows the 
circuit in phase 1. M3 and M4 supply nominally identical 
currents to Ref0 and Ref1. Therefore, ideally the voltages 

at the drains of M5 and M6 should be identical. However, 
in practice, there are mismatches between the devices in 
the two current paths leading to a voltage difference 
developed between them. This offset voltage is stored in 
capacitor C0. 

Fig. 5(b) shows the circuit in phase 2. After the right-
hand side of C0 is disconnected from the gates of M3 and 
M4, Ref0 is replaced by the Data cell. The current sources 
M3 and M4 supply the same amount of currents as those 
in phase 1. Therefore, if the resistance of the Data cell is 
lower than that of the Ref0, then Vout will go down and 
vice versa. It should be noted that if the Data cell 
resistance is the same as the resistance of Ref0, then even 
with device mismatches in phase 1, the voltage change 
ΔV will be zero. It is also noted that Ref1 is used just to 
setup the operation condition, and the real signal voltage 
ΔV depends only on the resistance of the Data cell and 
the Ref0 cell. 

Fig. 5(c) shows the circuit in phase 3. Here, the diode-
connection of M4 is broken and the gate of M4 is 
connected to the right-hand side plate of C0 to establish a 
positive feedback loop. The loop functions as a pre-
amplifier which increases the voltage difference between 

Vout and outV  nodes. 

Fig. 5(d) shows the circuit in phase 4, in which the 
latch formed by M1~M4 produces the digital output. Our 
offset cancellation scheme cannot prevent the latch from 
having an offset voltage. However, the input to the latch 
is usually much larger than the latch offset thanks to the 

 

Fig. 3. Schematic of LOC-SA [10]. 
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Fig. 4. Schematic of the proposed read-circuit. 
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pre-amplification in phase 3. Therefore, an offset of the 
latch does not affect the error performance of the read-
circuit significantly, if ever. This is in contrast to the 
circuit of Fig. 1, where a small ΔV is directly applied to 
the sense amplifier without an amplification and any 
small offset of the sense amplifier affects the read 
performance seriously. 

IV. SIMULATION RESULTS AND DISCUSSION 

We implemented the proposed STT-MRAM read-
circuit using a 130 nm CMOS process with a 1.5 V of 
supply voltage and verified the performance of the circuit 
using SPICE-level simulations using Spectre®. The 
parameters of MTJ used in the simulations are 
summarized in Table 1. The nominal MTJ resistances 
calculated from the parameters in Table 1 were RL ≈ 4kΩ, 
and RH ≈ 8kΩ for TMR = 100 %. For TMRs other than 
100%, RH was varied while RL was fixed. The read 
current was set at 36 μA.  

The area of the designed sense-amplifier was 120 μm2. 
This includes the area of 25 μm2 occupied by a capacitor 
of 11.6 fF, which was the minimum size allowed by the 
CMOS technology used in this work. Fig. 6 shows the 
results of the post-layout transient simulations of the read 
operations, which include the effect of the parasitic 
components from post-layout parameter extractions. 
Note that the parasitics related to MTJs were not 
included in the post-layout simulations. 

 

Fig. 5. Proposed read-circuit in (a) phase 1, (b) phase 2, (c) phase 3, (d) phase 4. 
 

 

(a) 
 

 

(b) 
 

 

(c) 

Fig. 6. Simulated waveforms from the proposed read-circuit (a) 
4-phase clock, (b) consecutive reading of HIGH and LOW data 
cells without any offset, (c) consecutive reading of HIGH and 
LOW data cells with an offset (VTH4=VTH3+80 mV). 
 

Table 1. MTJ Parameters 

Parameter Description Default Value 
TMR(0) TMR with 0 Vbias 100 % 

RA Resistance area product 5 Ω∙μm2 
tOX Height of oxide barrier 0.85 nm 

Area Surface of MTJ 40 nm x 40 nm x π/4 
V Volume of free layer Area x 1.3 nm 
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Fig. 6(a) shows waveforms of the 4-phase clock used 
in the simulations and Fig. 6(b) shows the output voltage 
waveforms from two consecutive read operations, one 
reading a HIGH cell and the other reading a LOW cell. 
We can observe the storing of the offset-voltage in phase 
1, the signal voltage development in phase 2, the pre-
amplification in phase 3, and the latch operation in phase 
4 clearly. 

The simulations for Fig. 6(b) were performed 
assuming a perfect device-matching (i.e., zero offset 
voltage). To verify the effectiveness of the proposed 
circuit in eliminating the effect of mismatches, we 
performed simulations simulating a large mismatch 
between the threshold voltages of current source 
transistors (M3 and M4 in Fig. 4) by adding a dc voltage 
source of 80 mV to the gate of M4. Fig. 6(c) shows the 
results of the simulations. We can observe that the 
mismatch in the threshold voltage leads to the 
development of voltage difference between the cell 
voltages (Ref0 and Ref1) in phase 1, which is stored in C0 
and subsequently used in the pre-amplification of phase 3. 
We can observe that a correct result was obtained from 
either reading HIGH or LOW state.  

In the simulations of Fig. 6(c), only the mismatches 
between the threshold voltages of M3 and M4 in Fig. 4 
were considered. To verify the capability of the proposed 
circuit in canceling the offsets from various mismatches, 
we performed Monte-Carlo simulations, which account 
for the variations of the MTJ resistance as well as 
MOSFET variations. For the MTJ resistance distribution, 
a uniform distribution with the maximum deviation of 
±14% was used. For the MOSFET parameter variations, 
a manufacture-supplied library for the 130nm CMOS 
process was employed.  

Fig. 7 compares the error rates of the proposed STT-
MRAM read-circuit with those of the existing circuits. 
For a fair comparison, similar device sizes and read 
current were used for all read-circuits. For an accurate 
estimation of the error rates, we repeated simulations 
until we count at least 50 errors for each case. The only 
exception was the case of the proposed circuit with TMR 
= 150%, for which we did not observe a single error even 
after three hundred and thirty thousand (330,000) 
iterations.  

In Fig. 7, the square symbols represent the error rates 
from the conventional read-circuit of Fig. 1. In the 

simulations for the conventional circuit, we used an ideal 
sense amplifier without any offset of its own. We observe 
very high error rates even with this ideal sense amplifier. 
Even at TMR = 150%, the error rate exceeds 0.01 (1%).  

The circular symbols in Fig. 7 represent the error rates 
from LOC-SA circuit of Fig. 3. The main advantage of 
this circuit comes from the offset free pre-amplification 
which enables us to ignore the offset of the final latch. In 
this respect, the error rate of this circuit should be 
identical to that of the conventional circuit with an ideal 
sense amplifier. In Fig. 7, we observe that the error rate 
of LOC-SA is somewhat lower than that of the 
conventional circuit. This reduction of the error rate 
comes from the use of source-degenerated current source 
employed in LOC-SA. We verified that without the 
source-degenerated current source almost identical 
results were obtained from the conventional read-circuit 
and LOC-SA (not shown). 

Finally, the triangles in Fig. 7 represent the error rates 
from the proposed circuit. We can observe that the error 
rates from the proposed circuit is much lower than that of 
LOC-SA. This illustrates the effectiveness of the 
proposed circuit in offset-canceling. This is enabled by 
the combination of the offset-free pre-amplification with 
the current sourcing scheme which uses an identical 
transistor to supply the current for the data cell and the 
reference cell. The remaining errors are mainly caused by 
mismatches between bit-line and word-line selection 
transistors (M7, M10 or M8, M11 in Fig. 4) as well as the 
mismatches between the MTJs itself. Since they are 
integral parts of the data (or reference) cell, it is 
impossible to remove the their effect as long as we 

 

Fig. 7. Error rate obtained from Monte Carlo simulations. 
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adhere to the 1-Transistor 1-MTJ cell structure. 
It should be noted that the absolute error rate measured 

by the Monte-Carlo simulations in this work is valid only 
for a particular implementation of the circuit. For 
example, they can change if a different technology is 
employed. However, it can be argued that the relative 
merit of the proposed circuit will be maintained even 
when a more advanced CMOS and MTJ technologies are 
employed. 

Table 2 compares the results of this work with those of 
previously published works in terms of the CMOS 
technology used, sensing time, sensing current, read 
energy and the scope of offset cancellation. In Table 2, 
the sensing time was defined as the time from the start of 
the sensing operation to the start of the latch operation [8, 
12]. The sensing time and read energy consumption of 
the proposed circuit was measured to be 4.5 ns and 
491 fJ by simulations, respectively. 

In Table 2, we can observe that the proposed circuit 
has a longer sensing time and larger read energy than 
other circuits. However, in the scope of the offset 
cancellation, the proposed circuit is superior to other 
circuits. The OCTS read circuit [8] can only remove the 
offset in the signal development stage, still suffering 
from the offsets in the signal amplification stage and/or 
of the latch. LOC-SA [10] makes it possible to ignore the 
offset of the latch by offset-free signal amplification, still 
suffering from the offsets in the signal development stage. 
However, the proposed circuit can cancel offsets in the 
signal development stage and the signal amplification 
stage. 

Because the proposed circuit stores the mismatch 
information during phase 1, which occupies almost half 
of all sensing time, it is natural that it has longer sensing 

time and larger read energy. In our case, that was 
exacerbated by the fact that we had to use a 
unnecessarily large C0 =11.6 fF. If a smaller C0 could be 
used in a more advanced process specifically designed 
for STT-MRAMs, the increase of the sensing time and 
energy consumption could be greatly reduced. Most of 
all, the proposed circuit achieves significantly lower read 
error-rate at the cost of a modest increase in time and 
energy. The proposed STT-MRAM read-circuit can be 
valuable when the offset ultimately limits the 
performance of a read-circuit. 

V. CONCLUSIONS 

In this paper, we proposed a read-circuit which can 
cancel the effects of device mismatches. In the proposed 
circuit, STT-MRAM read signal is generated by applying 
an identical amount of current to the data cell and the 
reference cell sequentially cancelling mismatches in the 
sensing circuit using a capacitor. Then the read signal is 
pre-amplified by a positive feedback loop. We 
implemented the proposed circuit with a 130nm CMOS 
technology and confirmed the effectiveness of this offset-
free pre-amplification with the current sourcing scheme 
by Spice-level Monte-Carlo simulations. 
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