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I. INTRODUCTION

Processing in memory (PIM) is a promising way to ad-
dress the data movement issue by processing data inside
the memory, thus improving both performance and energy
efficiency [2]-[4]. Prior PIM techniques support limited basic
functionalities such as basic bitwise operations (AND, OR,
and IMP). Although several techniques have been proposed to
perform addition and multiplication in NVM architectures [5]—
[8], they execute these functions by combining multiple
boolean operations (IMP, NOT, NOR). Therefore, they are
inherently slow due to their multi-cycle operation as well as
slow processing speed.

In this paper, we propose a high performance and low cost
PIM architecture based on the latch-up effect of thyristors,
enabling single-cycle addition (ADD), and significantly im-
proving the performance of multiplication (MUL). Our design
requires no additional cell array for processing, hence can be
an excellent candidate for the storage class memory which has
been considered as the main application of memristor-based
products.

II. PROPOSED DESIGN

A. Thyristor Latch-Up

We exploit a vertical PNPN structure commonly referred to
a thyristor [9]. Fig. 1a shows the structure used in our design.
The structure has three P-N junctions and is equivalent to two
cross-coupled bipolar junction transistors (BJTs) as shown in
Fig. la. This structure has a short-circuit path, often referred
as latch-up in CMOS design. When one of the two BJTs gets
forward biased, it feeds the base of the other BJT. This positive
feedback increases the current until it saturates to Ig,.

Fig. 1b shows the voltage and the current behaviors of the
structure. In the initial state, a thyristor has a high resistance
(2MQ in our experimental setup). When the voltage across the
device (V4p) is increased, the device keeps the high resistance
state until V4p reaches the latch-up voltage (Viy). Latch-up
occurs at Vryy and the current through the cell (i.e., from A
to B in Fig. 1a) abruptly increases until the applied bias turns
back to the latch-down voltage (V. p). In order to restore the
thyristor device resistance to the original state, a reverse bias,
Ve, should be applied to Vyp. It moves the minor carriers out
from the base regions, and the device is set to the initial state
again. In the rest of the paper, we call this recovery state as
the write back step.
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Fig. 1. (a) Thyristor Structure and (b) Voltage-Current Behavior

B. Sensing Circuit Design for Addition

We propose a new sensing circuit, which exploits the
thyristor latch-up effect, to enable ADD operation in a cycle.
Fig. 2 is the schematic of the proposed design. The design
consists of two parts: the current mirror and adder. Once three
rows of a memory block corresponding to the input values
(A,B,C;,) are activated, the total current from the activated
rows denoted as Ip; is delivered to the selected BL. The current
mirror circuit in Fig. 2 copies the Ip;, to I} and I, and delivers
them to Carry Out (C,,;) and Sum branches, respectively. Our
design computes the outputs by distinguishing the total current
amount reached to the sensing circuit.

Fig. 3a presents the truth table of a full adder. The sum is
the exclusive-or (XOR) result for the three inputs and the carry
out is the majority function of the inputs. The three inputs are
interchangeable in that the order of them does not affect the
output. In the memsistor devices, the amount of the bitline
current is the combination of one R,, and two R,rr. Based on
this characteristic, there are four different cases depending on
the current amount, Iogo, /100, 1110 and Iy, according to the
number of high (0) and low (1) resistances in the memristors
of activated rows.

Fig. 3b shows how the proposed circuit distinguishes the
four current regions to create the desired C,, and Sum. In
our circuit design, there are three major voltage nodes (i.e.,
Vi, Vo, and V3 shown in Fig. 2) whose potential determine the
final outputs of the Sum and C,,, by the following digital logic
gates. The voltage of each node is transferred as a function of
the current in the selected bitline. Vyyg is a threshold value
which determines whether an input potential is interpreted as
alogic O or 1 (i.e., any value less than Vryg is 0 and any value
above Vryg is 1.) Let Ry, be the resistance of the thyristor.
Then, the electric potentials at Vi, V, and V3 are represented by
Vi=I1-(2R),V,=5h-(3R) and V3 =, - (2R -Rypy) / (2R+ Ryy),
respectively.

As for the carry-out function, V| node has higher electric
potential than Vrgg in cases of 119, 1111 when it delivers a
logic 1 to C,, through two inverters which strengthen the
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Fig. 2. Proposed Sensing Circuit for Addition
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Fig. 3. Voltage Transfer as a Input Current (Ip;)

signal. For the I and 1o cases, V| node has lower potential
than Vrygr and C,,; presents a logic 0.

The Sum function uses branches where V> and V3 nodes are
located. As shown in Fig. 3b, V, node has lower potential than
Vrur only in case of Ipgg and its inverted logic 1 is delivered to
the MUX, pulling down the Sum potential to the ground, i.e.,
logic 0. In the opposite cases, i.e., Ijo0, 1110 and 1111, V> has a
logic 1, and the MUX delivers the data from the connection
where V3 is located, so that V3 decides the outputs for the three
cases. For Ijo0 and I1o case, the V3 shows either logic O or
logic 1 depending on the input current in a similar way of Vi,
since the thyristor is not activated in this region. However, once
the current increases and reaches the Ij1; range, the latch-up
occurs in the thyristor device, and thus the electric potential of
V3 abruptly falls below Vryg, making Sum logic 1. With this
logic, our design is able to complete all Sum and C,,, results.
Once the final outputs are generated, we reset the thyristor for
the next cycle, by invoking the write-back procedure to turn
the thyristor resistance back to the original state. In case of
N-bit addition, C,,, is written back to the memory and is used
to calculate the results for the next bit.

III. EXPERIMENTAL RESULTS

There are several applications which can benefit by the PIM-
based addition and multiplication. Fig. 4 shows the speedup
and energy efficiency improvement of, i) the proposed design
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Fig. 4. Speedup and Energy Efficiency of Proposed LUPIS and APIM [7]
over Different Applications.
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and ii) a state-of-the-art PIM technique, APIM [7], over
the AMD GPU core. The results present that our proposed
design can achieve significantly better energy and performance
efficiency. Apart from the superior efficiency improvement,
our evaluation also shows that LUPIS energy consumption
increases linearly with the data set size, since the PIM
capability can highly hide the cost of data movements. In
contrast, the energy and execution time of the GPU case do not
scale linearly with the data size, as the larger dataset requires
higher costs for the data movements before processing. To
sum up, our design can achieve up to 62x speedup and
484x lower energy consumption than the GPU architecture.
As compared to APIM, the results present 12.7x and 20.9x
higher efficiency for speedup and energy respectively.
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