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Fig. 1. Schematics of (a) a turbo encoder, (b) the proposed fully-parallel turbo decoder and (c) a Log-BCJR turbo decoder.significantly lower than the number required by the state-of-
the-art turbo decoder of [10].Note that a number of fully-parallel turbo decoders have
been previously proposed, although these suffer from signif-
icant disadvantages that are not manifested in the proposed
algorithm. In [14], the min-sum algorithm is employed to
perform turbo decoding. However, this approach only works
for a very limited set of turbo code designs, which does not
include those employed by any standards. A fully-parallel turbo
decoder implementation that represents the soft information
using analogue currents was proposed in [15], however it only
supports very short message lengths N. Similarly, [16] proposes
a fully-parallel turbo decoder algorithm that operates on the ba-
sis of stochastic bit sequences. However, this algorithm requires
significantly more time periods than the Log-BCJR algorithm,
therefore having a significantly lower processing throughput.The rest of this paper is structured as follows. Section II
provides background information on turbo encoding and intro-
duces the notation that will be employed throughout this paper.
The proposed fully-parallel turbo decoding algorithm is de-
scribed for generalized turbo codes in Section III, before being
applied to the LTE and WiMAX turbo codes, where the above-
described 50% reduction in complexity can be afforded. In
Section IV, the proposed fully-parallel turbo decoder is com-
pared with the state-of-the-art design at a purely algorithmic
level. This is motivated, since very different processing through-
puts, latencies, energy consumptions, hardware resource re-
quirements and error correction capabilities may be expected
to result for implementations of the proposed algorithm us-
ing different hardware platforms, such as Application Specific
Integrated Circuit (ASIC), Field Programmable Gate Array
(FPGA), Network on Chip (NoC) and General Purpose Graph-
ics Processing Unit (GPGPU) technology, for example. How-
ever, all of these platform-dependent hardware characteristics
will rely on the common set of fundamental algorithmic charac-
teristics that are quantified and thoroughly compared in this pa-
per. More specifically, the proposed fully-parallel algorithm is
shown to converge to the same error correction performance as
the state-of-the-art turbo decoding algorithm, regardless of which
turbo code it is applied for. Owing to its significantly increased

parallelism, the proposed algorithm facilitates throughputs and
latencies that are up to 6.86 times superior to those of the state-
of-the art algorithm, when employed for the LTE and WiMAX
turbo codes. However, this is achieved at the cost of a moder-
ately increased computational complexity and resource require-
ment. Finally, some conclusions are offered in Section V.

II. TURBO ENCODER
This section provides background information on turbo en-

coding and introduces the notation that will be employed
throughout the remainder of this paper. Section II-A describes
a simplified turbo encoder, which facilitates a simplified in-
troduction of the proposed fully-parallel turbo decoder in
Section III. Sections II-B and II-C discuss the differences
between the simplified turbo encoder of Section II-A and those
of LTE and WiMAX, respectively.
A. Simplified Turbo Encoder

Fig. 1(a) depicts a simplified turbo encoder, which does not
employ termination or tailbiting. This may be employed to
encode a message frame bu

1 = [bu
1,k]N

k=1 comprising N number
of bits, each having a binary value bu

1,k ∈ {0, 1}. This message
frame is provided to an upper convolutional encoder, as shown
in Fig. 1(a). This encoder uses the process described below to
generate two N-bit encoded frames, namely a parity frame bu

2 =[bu
2,k]N

k=1 and a systematic frame bu
3 = [bu

3,k]N
k=1. Meanwhile,the message frame bu

1 is interleaved, in order to obtain theN-bit interleaved message frame bl
1 = [bl

1,k]
N
k=1, as shown inFig. 1(a). This is provided to a lower convolutional encoder,

which also uses the process described below to generate anotherN-bit encoded frames, namely a parity frame bl
2 = [bl

2,k]
N
k=1.

Here, the superscripts “u” and “l” indicate relevance to the
upper and lower convolutional encoders, respectively. However,
throughout the remainder of this paper, these superscripts are
only used when necessary to explicitly distinguish between
the two convolutional encoders and are omitted when the
discussion applies equally to both. Note that the turbo encoder
represents the N bits of the message frame bu

1 using three
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Logarithmic Bahl-Cocke-Jelinek-Raviv (Log-BCJR) algorithm

for turbo decoding, yielding significantly improved processing

throughput and latency. While the Log-BCJR processes turbo-

encoded bits in a serial forwards-backwards manner, the proposed

algorithm operates in a fully-parallel manner, processing all bits in

both components of the turbo code at the same time. The proposed

algorithm is compatible with all turbo codes, including those

of the LTE and WiMAX standards. These standardized codes

employ odd-even interleavers, facilitating a novel technique for

reducing the complexity of the proposed algorithm by 50%. More

specifically, odd-even interleavers allow the proposed algorithm

to alternate between processing the odd-indexed bits of the first

component code at the same time as the even-indexed bits of the

second component, and vice-versa. Furthermore, the proposed

fully-parallel algorithm is shown to converge to the same error

correction performance as the state-of-the-art turbo decoding

algorithm. Owing to its significantly increased parallelism, the

proposed algorithm facilitates throughputs and latencies that are

up to 6.86 times superior to those of the state-of-the art algorithm,

when employed for the LTE and WiMAX turbo codes. However,

this is achieved at the cost of a moderately increased computa-

tional complexity and resource requirement.

Index Terms—Turbo codes, iterative decoding, parallel algo-

rithms, throughput, WiMAX.

I. INTRODUCTION

DURING the past two decades, wireless communication

has been revolutionized by channel codes that benefit

from iterative decoding algorithms. For example, the Long

Term Evolution (LTE) [1] and WiMAX [2] cellular telephony

standards employ turbo codes [3], which comprise a concate-

nation of two convolutional codes. Conventionally, the Loga-

rithmic Bahl-Cocke-Jelinek-Raviv (Log-BCJR) algorithm [4]

is employed for the iterative decoding of these convolutional

codes. Meanwhile, the WiFi standard for Wireless Local Area

Networks (WLANs) [5] has adopted Low Density Parity Check

(LDPC) codes [6], which may operate on the basis of the

min-sum algorithm [7]. Owing to their strong error correction

capability, these sophisticated channel codes have facilitated re-

liable communication at transmission throughputs that closely

approach the capacity of the wireless channel. However, the

Manuscript received February 9, 2015; revised May 29, 2015; accepted

June 22, 2015. Date of publication June 26, 2015; date of current version

August 7, 2015. The data for this paper can be found at 10.5258/SOTON/

378330. The financial support of the EPSRC, Swindon UK under the grants

EP/J015520/1 and EP/L010550/1, as well as that of the TSB, Swindon UK

under the auspices of grant TS/L009390/1 is gratefully acknowledged. The

associate editor coordinating the review of this paper and approving it for

publication was A. Graell i Amat.

The author is with the School of Electronics and Computer Science, Uni-

versity of Southampton, Southampton SO17 1BJ, U.K. (e-mail: rm@ecs.soton.

ac.uk).
Digital Object Identifier 10.1109/TCOMM.2015.2450208

achievable transmission throughput is limited by the processing

throughput of the iterative decoding algorithm, if realtime

operation is required. Furthermore, the iterative decoding al-

gorithm’s processing latency imposes a limit upon the end-to-

end latency. This is particularly relevant, since multi-gigabit

transmission throughputs and ultra-low end-to-end latencies

can be expected to be targets for next-generation wireless

communication standards [8]. Therefore, there is a demand for

iterative decoding algorithms having multi-gigabit processing

throughputs and ultra-low processing latencies.

Owing to the inherent parallelism of the min-sum algorithm,

it may be operated in a fully-parallel manner, facilitating LDPC

decoders having processing throughputs of up to 16.2 Gbit/s

[9]. By contrast, the processing throughput of turbo decoders

is limited by the inherently serial nature of the Log-BCJR algo-

rithm, which is imposed by the data dependencies of its forward

and backward recursions [4]. While a number of techniques

have been proposed for increasing the parallelism of the Log-

BCJR algorithm, the state-of-the-art LTE turbo decoder [10]

achieves a processing throughput of just 2.15 Gbit/s. These

techniques include shuffled iterative decoding [11], sub-block

parallelism [12], [13], the Radix-4 transform [10] and the Non-

Sliding Window (NSW) technique [10]. These techniques allow

both recursions of both convolutional codes to be performed

simultaneously, as well as allowing the recursions to consider

several turbo-encoded bits per time period. However, in each

case, the data dependencies of the forward and backward recur-

sions require the turbo-encoded bits of each convolutional code

to be processed serially, spread over numerous consecutive time

periods. As a result, thousands of time periods are required to

complete the iterative decoding process of the state-of-the-art

turbo decoder of [10].

This motivates the novel turbo decoder algorithm of this

paper, which dispenses with the recursions of the Log-BCJR

algorithm and the associated data dependencies, facilitating

fully-parallel turbo decoding. More specifically, the proposed

fully-parallel turbo decoder algorithm is capable of processing

all bits corresponding to both convolutional codes at the same

time. The proposed fully-parallel algorithm is compatible with

all turbo codes, including those of the LTE and WiMAX

standards. These standardized turbo codes employ odd-even

interleavers, facilitating a novel technique for reducing the

complexity of the proposed algorithm by 50%. More specif-

ically, odd-even interleavers allow the proposed algorithm to

alternate between processing the odd-indexed bits of the first

component code at the same time as the even-indexed bits of

the second component, and vice-versa. This process is repeated

iteratively, until a sufficient number of decoding iterations have

been performed. Owing to this, the iterative decoding process

can be completed using just tens of time periods, which is

0090-6778 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

• Pathway to spin-out

• Contributing to 3GPP

• O-RAN standards

• Lessons learned in 5G

• Opportunities for 6G



Our research

3

MAUNDER: A FULLY-PARALLEL TURBO DECODING ALGORITHM

2763

Fig. 1. Schematics of (a) a turbo encoder, (b) the proposed fully-parallel turbo decoder and (c) a Log-BCJR turbo decoder.significantly lower than the number required by the state-of-
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EPSRC project
• Case for support – proof of concept simulation results

• Pathways to impact – “we will generate a patent from each 
aspect of the project”

• Reviewer – “why haven’t you patented the proof of concept?”

• Response – “thanks for the encouragement!”
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Patent
• Invention disclosure form on fully-parallel turbo decoder

• Faculty patent panel meeting – “we will fund the UK patent 
application, but you must find a licensee so that the patent 
pays for itself”

• Waited for industry to come knocking on our door…

• One year later – should we make global applications?

• Patent panel meeting – “okay, but you must step up your 
efforts to find a licensee: go to California”
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• ICURe panel recommended 
applying for Innovate UK funding

• Wrote a business plan, including 
market research, competitor 
analysis, business model, financial 
forecasts, funding requirements, 
milestones, IP arrangements, risk 
analysis.

• Awarded £500k to be spent over 2 
years
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3GPP 5G New Radio standardisation
• AccelerComm incorporation happened in March 2016, on 

the basis of fully parallel turbo decoder patent

• Standardisation of channel coding for 3GPP 5G New Radio 
began in May 2016

• AccelerComm attended 3GPP meetings to support adoption 
of turbo codes in 5G NR, but ultimately LDPC and polar 
codes were selected instead

• AccelerComm had to pivot to developing LDPC and polar 
solutions, but in hindsight this was a bigger opportunity 
than turbo codes would have been
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Benefits and challenges of contributing to 3GPP

• 3GPP is a very competitive environment – everybody wants to get their 
patents into the standard – “standards essential patent”

• Very difficult to achieve for anybody apart from big companies, who can 
form allegiances and control decisions

• But only a minority of contributors had implementation experience and 
AccelerComm was able to make valuable contributions here

• Gained valuable insights into motivation for standardisation decisions 
and the advanced techniques that they enable

• Able to generate “implementation essential patents”

• Also able to get AccelerComm onto the radar of important industry 
players
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3GPP RAN1 #86bis
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O-RAN – basestation building blocks
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O-RAN – hardware-software split
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5G NR PHY software stacks
• Intel FlexRAN – 5G NR PHY layer, optimised for Intel x86 CPUs, can 

use FPGA to accelerate LDPC coding and fronthaul connectivity, 
integrated into base station equipment by several vendors and deployed 
by numerous operators, source code available with license from Intel, 
or binary available in O-RAN reference implementation

• Open Air Interface – open source implementation of 5G NR Core, CU, 
DU, RU and UE, some optimisation for Intel and AMD x86 CPUs, some 
support for ARM CPUs, support coming for FPGA acceleration of LDPC 
coding

• Matlab 5G toolbox – source code for 5G NR modeling, simulation, and 
verification 
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Lessons learned in 5G
• O-RAN is decomposing a basestation into building blocks and 

standardising interfaces between them – a vendor can focus on building 
an individual building block, at various levels of abstraction

• This has significantly reduced the barrier to entry, but it is still 
necessary to develop multi-disciplinary teams for signal processing, 
hardware, software, interfacing, …

• Also, still important to build expertise at the system level above that of 
your solution, so that you can understand your customer’s 
requirements

• Eco-system is vital – roadmaps must be aligned between IP provider, 
hardware vendor, software vendor, system integrator, operator, 
standards organisations
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Opportunities for 6G
• New ideas must be championed by big established players in order to 

get into 3GPP standards - an example of this is the invention of polar 
codes in 2008 and their 3GPP standardization in 2016 thanks to 
Huawei’s support

• Ideas can be pushed into big established players by developing demos 
based on software defined radio and developing relationships with 
vendors and operators

• A good example of this is Orthogonal Time Frequency Space 
modulation, which Cohere Technologies is now trailing with Vodafone, 
Deutsche Telekom, Intel FlexRAN and Mavenir

• It is important to think about how the idea fits into the building blocks 
of O-RAN – Cohere Technologies are deploying their technology in the 
radio intelligent controller, which controls the CU, DU and RU. 
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Find out more at:
http://www.accelercomm.com
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