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Abstract—In Number Theoretic Transform (NTT) operation,
more than half of the active energy consumption stems from
memory accesses. Here, we propose a generalized design method
to improve the energy efficiency of NTT operation by considering
the effect of processing element (PE) geometry and memory
organization on the data flow between PEs and memory. To
decrease the number of data bits that are required to be accessed
from the memory, a two-dimensional (2-D) PE array architecture
is used. A pair of ping-pong buffers are proposed to transposed
swap the coefficients to enable a single bank of memory to be
used with the 2-D PE array to reduce the average memory
bit access energy without compromising the throughput. Our
experimental results show that this design method can produce
NTT accelerators with up to 69.8% saving in average energy
consumption compared with the existing designs based on multi-
bank SRAM and one-bank SRAM with one-dimensional PE
array with the same number of PEs and total memory size.

Index Terms—Number Theoretic Transform, Low-power de-
sign, SRAM, Memory access.

I. INTRODUCTION

Energy and power efficient Number Theoretic Transform
(NTT) designs have been approached in two main directions.
The first strategy focuses on increasing the energy efficiency of
the PE module of different PE structures by, for instance, clock
gating and operand isolation methods [1], [2], [3]. The second
approach focuses on reducing the energy consumption of the
memory module as memory accesses take up 50% to 80% of
the overall energy budget of a typical NTT accelerator [4],
[5]. For example, Nejatollahi et al. [6] introduced ReRAM
for in-memory computation to minimize energy consumption
by reducing memory accesses in NTT computation. The
drawbacks of emerging memory technologies like ReRAM
are the high defects, lower manufacturing yield and higher
cost [7]. Therefore, more reliable and cost-effective SRAM
is still a prevailing and preferred choice for NTT accelerator
designs. In the high-speed pipelined NTT calculation, SRAM
is accessed in every cycle [8]. At the architectural level, the
energy dissipated by memory access in NTT computation is
affected by two key factors, bitacc and ebit. bitacc is the total
number of the data bits that are read from and written into the
SRAM. These data bits arise from the input coefficients and

outputs of the butterfly operations. ebit is the average memory
access energy per data bit.

It is observed that the structure of the PE array has an
indirect impact on bitacc. There are two main layouts of PE
array, a one-dimensional (1-D) chain of PEs [9], [10] and a
two-dimensional (2-D) array of PEs with different depth dPE

and width wPE [8], [11]. Within the 1-D PE array, the results
of each PE are written into the SRAM directly in each stage,
whereas within the 2-D PE array the results of the PEs are
not written to the memory directly, but consumed within the
layers of depth dPE in each stage.
ebit, on the other hand, is directly affected by the SRAM

structure. With wPE PEs working in parallel, 2wPE coefficients
are consumed concurrently in each cycle. Two methods that
allow conflict-free memory access to the desired coefficients
for the PEs in each cycle are proposed in [12], [13]. The first
method partitions the coefficients used by the PEs in either 1-
D or 2-D array structure into different SRAM banks [12]. The
second method packs the coefficients used by the PEs in a 1-D
array into one SRAM address [13]. Compared with the first
method, the second method needs only one bank of SRAM to
store all coefficients required by the NTT operation. Due to
the dominant switching activities of address decoders during
the memory access, the saving of ebit over the first method can
be significant with reduced address decoders for a single bank
SRAM. However, unlike the first method, the original method
only works for the 1-D PE array.

Motivated by the above analysis, this paper explores the
general 2-D PE array structure and the “one-bank” memory
access scheme to reduce both bitacc and ebit simultaneously to
increase the energy efficiency of NTT computation.

II. ENERGY-EFFICIENT 2-D PE ARRAY AND ONE BANK
MEMORY ACCESS SCHEME

A 2-D PE array with dPE layers and wPE = 2dPE−1 PEs on
each layer is proposed in [8]. The transpose memory mapping
can be generalized to higher dPE stages using only one single
memory bank. An efficient architecture to accomplish this
is shown in Fig. 1. It consists of six main parts: a control
module, a PE array, an SRAM module, two ping-pong buffers
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configured as 2-D register arrays MTX0 and MTX1, a twid-
dle factor memory, and interface logic. The control module
provides the overall NTT operation sequencing. The SRAM
stores the polynomial coefficients used for the NTT butterfly
operations. The PE array has dPE layers and wPE = 2dPE−1

PEs on each layer. Each of the ping-pong buffers (MTX0 and
MTX1) has 2wPE = 2dPE rows and 2wPE = 2dPE columns.
The twiddle factors are pre-computed and stored in TF MEM.
As only a pair of coefficients is read into a PE on layer 0
in each round, with wPE PEs on layer 0, the width of the
SRAM is set to 2wPE ×⌈log2(q)⌉, and the size of the SRAM
is N × ⌈log2(q)⌉.

Fig. 1: Overall architecture.

III. EXPERIMENTAL RESULTS

To evaluate and compare the energy consumption, NTT
modules of different parameter settings of N , q, wPE and dPE

are implemented in Verilog HDL. The energy consumption
of SRAM module is evaluated by CACTI 7.0 [14] in 65nm
CMOS process and the remaining modules by Synopsys
Design Compiler in TSMC 65nm CMOS process.

Four main categories of NTT design methods are listed
in Table I based on the memory access scheme and the
PE array structure. Examples of existing works that fall in
each of these categories are also listed. It is infeasible to
draw useful conclusion and unbiased comparison on energy
efficiency due to data transfer between PE array and memory
for different categories of PE and memory configurations
from experimental data reported in literature of existing NTT
accelerators. Our comparison focuses on the energy efficiency
of NTT computation due to the difference in memory and
PE array configurations, i.e., 1-D versus 2-D PE array and
single bank versus multiple banks of memory. To this end, we
have implemented four NTT hardware modules, one for each
category of Table I. For the 2-D PE array, dPE = 2.

TABLE I: The categories of the NTT designs

Category Work Memory Scheme PE Array
MB1D [10], [15] Multi-bank 1-D
MB2D [8], [11] Multi-bank 2-D
OB1D [1], [2], [4] One-bank 1-D
OB2D This Work One-bank 2-D

1) OB2D design versus OB1D design: Our proposed OB2D
design saves on average 31.9% energy consumption compared
with the OB1D design. The main saving comes from the
SRAM dynamic power dissipation, which accounts for 56.6%

of power reduction over that of the OB1D. This is because
bitacc of NTT implemented with a PE array of dPE = 2 is half
that of NTT implemented with a 1-D PE array.

2) OB2D design versus MB2D design: Our proposed de-
sign saves 35.4% of average energy consumption over the
MB2D design. Specifically, the SRAM dynamic power has
been reduced by 62.2% over that of the MB2D design. The
reduction mainly comes from the reduced ebit, due to our more
energy efficient memory access scheme.

3) OB2D design versus MB1D design: Our proposed de-
sign saves 69.8% of average energy consumption over the
MB1D design. The SRAM dynamic power dissipation has
been reduced significantly by 86.6%. This is because 1) the
use of 2-D PE array reduces bitacc by half from the 1-D PE
array and 2) ebit is also reduced in one-bank address scheme
due to its lower energy consumption cost in address decoding.

The above analysis corroborates that memory and PE array
configurations play an instrumental role in the energy effi-
ciency of NTT computation.
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