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A B S T R A C T

In this paper, we propose a reconfigurable hardware-friendly VLSI architecture of the radix-2r based Polar encoder
for emerging high-speed 5G system, including single-radix and reconfigurable multi-radix modes. In a single-radix
structure, by using TSMC 90 nm CMOS technology, a 16384-point radix-2 based Polar encoder design is syn-
thesized with 0.244mm2 under maximum clock frequency of 2.0 GHz. In post-APR ASIC results, the radix-2 based
Polar encoder only occupies 0.305mm2 and consumes 357.8 mW at maximum clock frequency of 1.61 GHz. The
VLSI hardware circuit can be extended to any radix-2r based design in a similar manner. In a reconfigurable multi-
radix structure, a 4096-point 3-mode reconfigurable Polar encoder design is implemented with TSMC 90 nm
CMOS technology, only owning a chip layout area of 0.13mm2 and consuming 37.2, 32.0, and 26.2 mW in radix-
2, radix-4, and radix-8 operating modes, respectively. The benefit of supporting different radix modes is to
provide a design trade-off between power consumption and possible Polar encoder size selections.

1. Introduction

Polar Codes are new channel coding scheme, which has been pro-
posed by E. Arikan [1]. Its construction is according to channel polari-
zation, originally applied for optical modulation systems. As for the
Binary Discrete Memoryless Channel (BDMC), Polar Codes possess the
characteristics that the channel capacity is almost approaching the
Shannon Limit and its nature has the lower encoding complexity simul-
taneously [2]. From then on, several researched aspects of Polar Codes
have been widely discussed, such as code construction [3–13], encoding
algorithms [14–19], and efficient decoder hardware [20–25]. Evenmore,
Polar Codes, owning powerful coding effects and low encoding
complexity, have chances to be adopted in the future communication
fields.

Although 5G communication standard is not formally finalized now,
the committee has currently decided to adopt Polar Codes, such as a
channel coding scheme in enhanced mobile broadband (eMBB) appli-
cations. While the design specification of Polar Codes is not clearly
defined in current 5G on-going proposal, the codeword sizes (N) are

possibly chosen as the power of 2, i.e., N¼ 2n points. Therefore, in order
to simultaneously achieve high-speed calculation and low area cost, we
propose a hardware-friendly VLSI architecture of a series of radix-2r

based Polar encoder designs. In addition to single-radix designs, we also
want to develop reconfigurable multi-radix designs. The motivation is
specified as follows. An interesting phenomenon reveals that the design
in smaller-radix mode can provide more codeword selections whereas
the design in higher-radix mode can deliver low-power processing. As
listed in Table 1, for Nwith S1 situation, it indicates that N is the power of
2, the power of 4, and the power of 8 simultaneously. Thus, we prefer to
use radix-8 mode to realize low power, instead of utilizing radix-2 and
radix-4 modes. For S2 situation, we prefer to use radix-4 mode to achieve
low power consumption. But for S4 situation, we just use radix-2 mode
without other selections. In other words, the advantage of supporting
different radixes is to provide a design trade-off between possible code-
word size choices and power dissipation.

In the rest of this paper, Section 2 demonstrates our proposed
hardware-friendly architecture of single-radix and reconfigurable multi-
radix designs and Section 3 shows ASIC chip implementation with both
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synthesis and post automatic place-and-route (post-APR) results. The
design analysis and comparison with other state-of-the-art work are
shown in Section 4. Finally, Section 5 gives the remarkable conclusion.

2. Proposed hardware architecture

In emerging 5G communication systems, Polar codes play a very
important role, including encoder and decoder designs. In 5G applica-
tions, we have to face with more complicated transmitted channels and
involved outside environments. As for less-noise or short-distance situ-
ations, we can activate the hardware components to work only for shorter
encoding codewords (smaller N) to eliminate power waste without any
performance sacrifice. On the other hand, as for noisy or long-distance
situations, we can use the hardware components for longer encoding
codewords (larger N) to improve the system performance. In addition, we
can easily adjust our hardware circuits if the future 5G standards change
or modify the Polar-codes SPEC. When N is changed with longer one, all
we have to do is just to concatenate more computing stages. Corre-
spondingly, the control unit also has similar circuit behaviors. We do not
have to re-design the hardware for meeting longer encoding codeword
requirements. On the other hand, if N is reduced, all we have to do is just
to remove several computing stages without hardware redesigning. It is
very convenient to combine any number of computing stages for meeting
any alternate N.

Our proposed designs are a series of radix-2r based Polar encoder
architecture, which provides a systematic design approach/imple-
mentation for high-speed calculating and low area cost. The proposed
encoder architecture is divided into 2 categories: 1) Single-radix mode:
radix-2 and radix-4. The proposed hardware architecture can be easily
generalized as any radix-2r based encoder design, where k¼ 2r and r> 0.
The related parts are also shown in Refs. [26,27]. 2) Reconfigurable
multi-radix mode: radix-2/radix-4 and radix-2/radix-4/radix-8.

2.1. Radix-2 based Polar encoder architecture (R2-PE)

Fig. 1 depicts an N-point radix-2 based Polar encoder design (R2-PE),
of which the Polar encoding architecture is separated into n computing
stages, where n¼ log2N. Each computing stage is composed of one radix-
2 processing engine (PE2) and several bits of storage elements (FIFO,
First-In First-Out). First, Fig. 2 shows a radix-2 processing engine (PE2).
In addition to one XOR gate in the PE2, there also exist 2 MUXes with one
control signal (PE2_Sp_MUX) to generate the outputs. One is fed into the

FIFO for the data storing. The other is for the real PE2 output, which will
be passed to the next computing stage. Second, in each computing stage,
the FIFO length is very different whereas PE2 is always identical. Take 8-
point Polar encoder for examples. In the computing stage 1–3, the FIFOs
with internal feedback paths have 1, 2, and 4 bits, respectively. Totally, it
needs 7-bit FIFOs to store the necessary data for use. It is so-called var-
iable-length feedback FIFO approach.

As for the counter-driven control unit (CCU) in Fig. 1, it is a central
management circuit, which is used to control all of the computing stages,
including FIFO reading/writing access and PE2 operations. For all of the
PE2s in an 8-point R2-PE, the control signals are denoted as PE2_Sp_MUX,
p¼ 1–3. When PE2_S1_MUX toggles every cycle, PE2_S2_MUX toggles
every 2 cycles. At the same time, PE2_S3_MUX toggles every 4 cycles. If
observing all the binary values, the regularity is identical to the 3-bit
counter, counting from 0 to 7 circularly. In the hardware usage point-of-
the-view, an 8-point R2-PE with CCU totally has 3 computing stages,
requiring 7bits of FIFOs and 3 copies of PE2. In addition to specifying the
detailed 8-point R2-PE hardware architecture, we also want to introduce
the signal flow status for overall Polar encoding completion. Table 2
demonstrates all of the signal values at i-th clock cycle (i¼ 0–14),
including the inputs and outputs at every computing stage. The stage-3
PE2 output is directly connected to the stage-2 PE2 input, which is
omitted in the table. Moreover, we know that the computing latency is 7
clock cycles and the whole Polar encoding procedure requires 15-cycle
completion. The index order of output sequence {xi} is {111, 011, 101,
001, 110, 010, 100, 000} in binary.

2.2. Radix-4 based Polar encoder architecture (R4-PE)

We propose an N-point radix-4 based Polar encoder design (R4-PE). It
is divided into n computing stages, where n¼ log4N. As compared to R2-
PE, R4-PE has a different design constraint, which can be only applied for
any points of power of 4. Fig. 3 demonstrates our proposed N-point R4-PE
hardware architecture. It is composed of n-stage encoding computation,
of which every computing stage has 2 levels of XOR operations and every
level maximally has 2 XOR gates in series.

The main circuit structure of R4-PE is similar with R2-PE, which every
computing stage also consists of the circuits of variable-length feedback
FIFO and XOR-based processing element (PE). But every computing stage
has 3 independent FIFOs, denoted as FIFO1 - FIFO3 from bottom to top in
Fig. 3. Each of FIFO has 4P bits (p¼ 0, 1). At stage 1, each FIFO has only 1
bit whereas each FIFO has 4 bits at stage 2. Totally, R4-PE requires FIFO
length of (1 þ 4)*3 ¼ 15 bits. As for dealing with a 16-point Polar
encoder, it needs identical bits of FIFO length no matter for employing

Table 1
Codeword sizes supported by different radix modes for multi-radix polar encoder design.

Radix Mode Codeword Sizes Supported (N-point): denoted as "V"

S4 S2 S3 S2 S4 S1 S4 S2 S3 S2 S4 S1

2 4 8 16 32 64 128 256 512 1024 2048 4096

Radix-2 V V L V L V L V V L V V L V L V L V V L

Radix-4 V S V S V M V S V S V M

Radix-8 V S V S V S V S

Note: In each column, the power consumption relationship is S<M< L.

Fig. 1. Proposed N-point radix-2 based Polar encoder (R2-PE).

Fig. 2. Proposed radix-2 processing engine (PE2).
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