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Due to additive operation’s dominated computation and simplified network in binary convolutional neural network (BCNN), it is
promising for Internet of Things scenarios which demand ultralow power consumption. By means of fully exploiting the in-memory
computing advantages and low current consumption design using multilevel cell (MLC) spin-toque transfer magnetic random access
memory (STT-MRAM), this paper proposes an MLC-STT-computing in-memory-based computing in-memory architecture to achieve
convolutional operation for BCNN to further reduce the power consumption. Simulation results show that compared with the resistive
random access memory (RRAM)- and spin orbit torque-STT-MRAM-based counterparts, the architecture proposed in this paper
reduces power consumption by ∼35× and 59% in Modified National Institute of Standards and Technology data set, respectively.

Index Terms— Binary convolutional neural network (BCNN), full-add operation, in-memory computing, multilevel cell (MLC)
spin-toque transfer magnetic random access memory (STT MRAM).

I. INTRODUCTION

CONVOLUTIONAL neural networks (CNNs), which can
provide humane intelligence such as object recogni-

tion and speech recognition, are widely used in Internet of
Things (IoT), which demands small storage area and low
computing resources. It is a challenge for both software and
hardware technologies. Binary CNN (BCNN) is an excellent
way to solve this issue with small precision loss [1], [2].
By binarizing inputs and weights, BCNN greatly reduces
storage overhead and computational burden and transforms
complex convolution operations into additions, which shows
great potential in IoT application. However, for the implemen-
tation of IoT applications, especially wearable applications,
current ways of using static random-access memory (SRAM)
that separate computing and storing still have problems of low
power consumption and low area overhead, since a lot of data
handling causes energy costs.

Nonvolatile memory (NVM) technologies such as resistive
random access memory (RRAM) [3], phase-change mem-
ory [4], and spin-toque transfer magnetic random access mem-
ory (STT-MRAM) [5] are promising substitutes for SRAM
to reduce standby power. Among these NVMs, STT-MRAM
is most preferable due to its unique characteristics like high
density and near-zero power leakage [6]. And multilevel cell
STT-MRAM (MLC-STT-MRAM) is proposed in [7], making
it possible to store two bits in one cell. Since data communi-
cating in current design between memory and processors con-
sume much energy and accessing time, further improvement
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of system performance is limited. In-memory computing is
an effective way to solve this issue. Taking advantage of
STT-MRAM, memory architectures in [8] and [9] make it
possible to compute in memory efficiently and can work
as NVM and reconfigurable in-memory logic simultaneously
without add-on logic circuits to memory chip.

In this paper, we design an MLC-STT-computing in-
memory (CIM)-based computing in-memory accelerator for
BCNN to further reduce the power consumption. When realiz-
ing the add operation, different from the designs in [8] and [9],
in which two addends are stored in two different bit-cells of
the same column within an STT-CIM and enable both word
lines (WLs) to be connected with the drain of nMOSs, our
design stores two bits in one cell and achieves logic and add
operation in one cell between the two bits that is benefited
from our proposed modified sensing circuit. Therefore, this
design needs less number of nMOS transistors and has lower
current consumption when executing in-memory computing.
It greatly reduces the number of power-hungry and long-
distance data communications. Testing the convolutional layers
of BCNN on Modified National Institute of Standards and
Technology (MNIST) data set on this design, the simulation
results show that our accelerator which removes lots of long-
distance and power-hungry data communications between the
computing unit and the memory unit greatly reduces the
energy consumption and is more promising for the ultralow
power occasions when compared with the state of the arts.

II. PROPOSED MLC-STT-CIM STRUCTURE

A. MLC-STT-MRAM Cell

Fig. 1(a) shows an MLC-STT-MRAM cell structure with
a small MTJ and a large MTJ that store bit information [7].
An MTJ consists of two ferromagnetic layers and a tunneling
layer between them. One of the ferromagnetic layers is called
the reference layer with fixed magnetization direction, and the

0018-9464 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on March 30,2021 at 06:27:44 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0001-6598-3472
https://orcid.org/0000-0002-3169-6034
https://orcid.org/0000-0003-2309-572X
https://orcid.org/0000-0001-8088-0404


9401305 IEEE TRANSACTIONS ON MAGNETICS, VOL. 54, NO. 11, NOVEMBER 2018

Fig. 1. (a) MLC-STT-MRAM cell structure. (b) MTJ with parallel
construction. (c) MTJ with antiparallel construction.

Fig. 2. Proposed MLC-STT-CIM architecture.

other is called the free layer whose magnetization direction can
be changed by applying a current bigger than critical switching
current. When applying positive voltage between BL and SL,
the two ferromagnetic layers will have parallel magnetization
direction, as shown in Fig. 1(b), and the MTJ shows low
resistance (RP ) representing logic “1.” In the opposite case
shown in Fig. 1(c), the resistance of MTJ (RAP) is higher and
it represents logic “0.” Hence, the two MTJs in one cell have
four resistance states (RAP-AP, RAP-P , RP-AP, RP-P ) that can
represent a two-bit data, respectively.

B. MLC-STT-CIM Structure
As shown in Fig. 2, the MLC-STT-CIM structure is pro-

posed to perform in-memory computing. Modified sensing
circuit (MSC) is designed for logic and full-add operation,
and mode controller decides which operation the architecture
works in. As mentioned in Section II-A, different two-bit data
in a MLC-STT-CIM cells are presented by different resistance
values. According to Ohm’s law, the current of SL ISL has
four possible values correspondingly. Assume that the first
data are stored in the large MTJ and the other one is stored
in the small MTJ, and RAP-P > RP-AP. Relationship between
cell resistances, logic data, and ISL is presented in Table I.
Connect ISL to our MSC shown in Fig. 2, we can realize
both the memory and the computing operation. Relation-
ships of size between reference currents Iref and ISLs are
shown in Table I. Next, we will go into more details about
how our MLC-STT-CIM works.

C. Working Mechanism

Based on the structure mentioned above and under the
controller of mode controller, the MLC-STT-CIM works

TABLE I

RELATIONSHIP BETWEEN CELL RESISTANCES, LOGIC DATA, AND ISL .

RELATIONSHIP BETWEEN REFERENCE CURRENTS AND ISLs

Fig. 3. XNOR-Net topology used in this paper.

in three modes including memory mode, logic mode, and
full-add mode.

1) Memory Mode: To write a bit into STT-MRAM cell,
a suitable current should be used to pass through MTJ to
change resistance of MTJ. Applying a small current to the
cell, we can read the bit by comparing the sensing current
to a reference signal. For MLC-STT-CIM cell, when WLs
are enabled, we can write the bits to the cell with a two-
step writing scheme: a large current is used to change the
magnetic orientation of the large MTJ to write the first bit
named bit1 as denoted in Fig. 2. And based on the second
bit named bit2 in small MTJ, a small current is used to
switch the state of small MTJ if necessary. To read these
bits, we connect current of source line to the positive input
of the sense amplifiers: SA1, SA2, and SA3, respectively.
Connecting Iref2 to the negative input of SA1 to read the first
bit from output port O1, the second bit signal will be sensed
from output port O2. Different from the traditional MLC-STT-
MRAM-based design, whose read operation is also a two-step
procedure [7], this design can read two bits at a time, which
saves accessing time.

2) Logic Mode: Except sensing the second bit in memory
mode, SA2 can realize logic AND and NAND. As mentioned
above, only I11 is larger than Iref1. In other words, only both
MTJs are in the P configuration (both store logic “1”), which
leads to an output of logic “1” (“0”) at the positive (negative)
output of SA2, while all other cases lead to logic “0” (“1”).
Thus, the positive and negative outputs of SA2 evaluate the
logic AND and NAND of the values stored in the enabled bit-
cells. Obviously, A OR (NOR) operation can be realized at
the positive (negative) terminal of SA3, and an XOR operation
can be realized when feeding the AND output of SA2 and
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Fig. 4. Proposed accelerator for BCNN and the main compute flow for convolutional layers of BCNN.

the NOR output of SA3 to a complementary metal oxide
semiconductor (CMOS) NOR gate.

3) Full-Add Mode: Suppose words An and Bn are stored in
large MTJ and small MTJ in a cell within an MLC-STT-CIM
array, and we wish to compute the full-add logic function.
According to the following algorithm shown in (1) and (2),
the sum Sn and the carry out Cn can be computed using
An XOR Bn and An AND Bn , in addition to Cn−1. We can
see that ADD operation in terms of the outputs of bitwise
operations, AND, and XOR. Three additional logic gates are
required to enable this computation. In this mode, for example,
take the computing of 4-bit width-based adder, the small
energy of 3.4 pJ is consumed, since the add operation is
performed within one cell

Sn = An ∧ Bn ∧ Cn (1)

Cn = ((An ∧ Bn) & Cn−1)|(An&Bn). (2)

III. PROPOSED ACCELERATOR FOR BCNN
A. Binary Convolutional Neural Network

In Fig. 3, the XNF-Net [1] is adopted to perform our
fully connected layers. Convolutional layer is used to extract
features and fully connected layer is in principle the same as
the traditional multi-layer perceptron neural network, which
classifies the extracted features. In XNOR-Net, fully connected
layers are converted into convolutional layers, and both the
weights and the inputs are approximated with binary values
(“+1” or “−1”). In circuit level, we denote “+1” and “−1” by
logic “1” and “0,” respectively. The convolutional operation
of binary inputs I (B) and weights W (B) is expressed as
follows, which can be fully implemented in memory with our
MLC-STT-CIM described above:

I ∗ W = Bit − Count(I (B)&W (B)). (3)

B. Proposed BCNN Accelerator
Fig. 4 shows the proposed accelerator for BCNN and the

main computing flow for convolutional layers of BCNN. Input
I and W tensors are stored in Image Banks and Kernel Banks
to prepare for the next calculations. Batch normalization,
binary operation, scaling factors, multiplier, and pooling are
organized in auxiliary process unit. Our MLC-STT-CIM is
responsible for the convolutional operations. All these are
controlled by global controller.

The detailed calculation process is as follows. First, inputs
are transferred to batch normalization to perform batch nor-
malization that will guarantee small information loss. Second,
normalized inputs and weights are binarized in binary oper-
ation with sign function. Then binarized inputs I (B) and
weights W (B) are transmitted to the proposed CIM ARRAY
to perform in memory operation. One of the advantages of
CNN is weight sharing, so in CIM ARRAY, we store weights
in large MTJs and corresponding inputs in small MTJs to
support bitwise AND within one cell. Green line represents
data flow of binary AND operation and the AND results from
MSCs are written into CIM ARRAY directly. Orange line
represents bit-count operation data flow and using full-add
function we realize bit-count in MSC. At the same time,
tensors of I and W are sent to scaling factors to calculate
α and K. Finally, convolutional results and scaling factors
α and K are conveyed to multiplier to finish the calculations in
convolutional layer. Next, max pooling is executed in pooling.
In this design, convolutional computation no longer needs the
operations of data read and write, which saves a large quantity
of communication energy.

IV. EXPERIMENTAL RESULTS

A. Methodology

Testing on MNIST data set, we adopt XNOR-Net [1] to
evaluate this paper. The operation parameters of XNOR-Net
are shown in Table II. The main MTJ parameters: diameters of
large MTJ and small MTJ are 60 and 40 nm, tunneling barrier
thickness is 0.85 nm, and TMR = 1.7. We got the current
and voltage parameters with 45 nm CMOS technology in
Cadence Virtuoso when our MLC-STT-CIM perform full-add
operation. System-level performance, energy, and cycle time of
the proposed accelerator is estimated by modified CACTI [10]
and NVSim [11]. Meanwhile, we adopt state of the arts [3], [9]
which use RRAM and spin orbit torque (SOT)-MRAM to
perform the comparisons. The corresponding results are shown
in Fig. 5 and Tables II and III.

B. Experimental Results

First, the area breakdown of MLC-STT-CIM and its
SOT-MRAM counterpart [9] is shown in Fig. 5. Due to the
high density of MLC-STT-MRAM, the cell array contributes
only 66% of area overhead. Design in [9] composes not
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TABLE II

XNOR-NET PARAMETERS OF CONVOLUTIONAL LAYERS AND CORRESPONDING ENERGY COMPARISON OF THE STATES OF THE ARTS

Fig. 5. (a) Breakdown of area overhead SOT-MRAM counterpart [9].
(b) Breakdown of area overhead of our design.

TABLE III

EVALUATION OF FULL ADDER WITH DIFFERENT BIT WIDTHS

only sensory circuits in subarray, but also bit-counter and
Shifer&Sum for pooling operation, and the area breakdown
of them is only 40%. In our design, MSCs offer 73% of area
overhead of add-on circuit as they are needed in every column,
and there are three comparators, two MOS transistors, and
four logic gates to finish in-memory logic operation or full-
add operation in each MSC. And the area breakdown of row
decoder of [9] is larger than that of our design because its
subarray size is 1024 × 256, which is larger than ours.

Besides, one of the superiorities of our design is that it
can achieve full-add operation in memory. Table III shows the
energy, area, and execution time when using different widths
of adders. From the simulation results, we got that as the width
increases, the execution time also increases because of the
increase of operands, yet it decreases relatively on each bit on
average, as we write all the addends in parallel. As we can see,
this design can realize 4-bit full-add with only 3.4 pJ energy
and 9.4 ns latency, which is prominent to meet the demand of
low power and small delay time in IoT.

Furthermore, we applied it in MNIST data set and compared
it with the state of the arts in terms of energy. Simulation
results of convolution layers are shown in Table II. In BCNN,
the energy consumption of our design is only 0.38 μJ, which is
∼48× and ∼35× less than CNN-RRAM and BCNN-RRAM,
respectively [3], and lower 59% than SOT-MRAM [9]. This
design achieves prominent improvement when compared
with RRAM [3]; the main reasons are that the limits of

RRAM themselves limit the subarray size, which causes
energy overhead in matrix splitting and the peripheral circuits
consume most of the energy (85% of energy overhead).
SOT-MRAM [9] has a very large subarray size of 1024 × 256,
which greatly improves parallelism and it does not have
add-on peripheral circuits, which is the same as our design.
However, energy overhead of our design is also lower than
SOT-MRAM [9], which proves that our design exhibits the
advantages of MLC-STT-MRAM fully. Benefited from the
MLC-STT-MRAM design, we achieve AND operation in one
cell rather than enable two WLs to operate in two multiple
cells, which reduces operation current. The cycle time of
our design is 27.24 ns and it will reduce significantly if we
expand the subarray size to increase parallelism. What is more,
according to MLC-STT-CIM’s characteristic of compute in
memory to reduce communicate energy, the larger the data
set, the higher the energy efficiency will be achieved.

V. CONCLUSION

In this paper, we propose an MLC-STT-CIM architecture to
achieve in-memory logic and full-add operation. When execut-
ing 4-bit full-add, it can achieve 3.4 pJ energy consumption
with an execution time of 9.4 ns. Applying this design to
accelerate BCNN, the simulation results show that it reduces
power consumption by ∼35× and 59% in MNIST data set,
respectively, when compared with the state of the arts.
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