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ABSTRACT

An efficient turbo decoder architecture is proposed by jointly exploring advancements in code design, de-
coding algorithms, and hardware implementation to achieve high-throughput and low-latency performance.
At the algorithmic level, we introduce Dual-Sided Local-SOVA (DS-LSOVA), an enhanced variant of Local-
SOVA that significantly lowers the complexity of extrinsic information computation while preserving de-
coding accuracy. To further improve implementation efficiency, iteration overlap interleavers are developed
specifically for fully pipelined, iteration-unrolled UXMAP decoders, enabling full iteration overlap. This
design reduces decoding latency and boosts hardware area efficiency by up to 22%. Importantly, these
gains are achieved without sacrificing error-correcting performance: DS-LSOVA matches the Frame Error
Rate (FER) of conventional max-Log-MAP decoding, while the proposed interleavers deliver FER results
comparable to the Quadratic Permutation Polynomial (QPP) interleavers used in LTE.

INDEX TERMS Forward Error Correction, Fully Parallel, High-throughput, Local-SOVA, Turbo decoder.

I. INTRODUCTION

HE Long Term Evolution Advanced Pro (LTE-A Pro)

standard [1] has played a pivotal role in the transition
toward 5G networks, supporting both the progressive evolu-
tion and seamless coexistence of LTE-A Pro systems with 5G
New Radio (5G-NR) [2]. Beyond mobile broadband, LTE-A
and LTE-A Pro are also being adapted to emerging use cases
such as Machine-to-Machine (M2M) communication [3] and
Vehicle-to-Everything (V2X) applications [4]. This ongo-
ing evolution imposes increasingly stringent requirements on
throughput and latency—constraints that directly impact the
physical layer, where efficient and robust robust decoding
mechanisms for error correction play a crucial role.

Turbo codes [5], widely employed for error correction in
LTE standards, are renowned for their inherent rate flexibil-
ity and low-complexity encoding. However, when targeting
ultra-high-throughput decoding, they face strong competition
from Low-Density Parity-Check (LDPC) codes [6], which
leverage a decoding algorithm that lends itself more naturally
to parallelization.

As a result, highly parallel, ultra-high-throughput Turbo
Decoding (TD) has garnered relatively limited attention from
the research community, despite notable advancements in
area efficiency (measured in throughput per mm?) [7]-[9].

VOLUME 11, 2023

Nevertheless, recent progress in code design [10], decod-
ing algorithms [11], and hardware architectures [7], [12]
demonstrates that substantial performance gains continue to
be achieved. These developments also highlight a critical lim-
itation in prior research: the predominant reliance on variants
of the Bahl, Cocke, Jelinek, and Raviv (BCJR) algorithm [13],
which, due to its recursive nature, poses significant challenges
for efficient hardware parallelization.

For Beyond 5G applications, for which channel coding
schemes are discussed in [14], [15], decoding latency has
emerged as a critical performance metric [16]. To address this,
shuffled decoding—which extends parallelism to the iteration
level through immediate extrinsic information exchange [17],
[18]—has been proposed as a technique to reduce the la-
tency of iterative decoders. However, the use of incomplete
extrinsic information in this approach leads to a degradation
in error-correcting performance, necessitating additional de-
coding iterations to compensate. This not only undermines
the intended latency benefits but also results in increased
area overhead for fully pipelined, iteration-unrolled decoders
designed for ultra-high-throughput scenarios [7], [8].

While efficient scheduling of layer-wise decoding has been
extensively explored for LDPC decoders—primarily to ad-
dress the limitations of immediate or partial extrinsic infor-
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mation exchange [19]-[21]—the concept has only recently
regained attention in the context of Turbo decoding in the
form of iteration overlap [22], [23]. Building on our recent
contributions in code and interleaver design, decoding algo-
rithms, and hardware architectures, this work takes a signif-
icant step forward by integrating these advances into a fully
realized decoder implementation for the first time.
The main contributions of this work are as follows:

« The introduction of a dual-sided computation scheme for
extrinsic information within the Local-SOVA (LSOVA)
algorithm, resulting in the Dual-Sided Local-SOVA
(DS-LSOVA) variant (Section II-B);

o The design of iteration overlap interleavers that enable
full iteration overlap between the half-iteration pipeline
stages in fully pipelined, iteration-unrolled decoders
(Section III);

o The development of the first hardware architecture and
implementation results for fully iteration-unrolled de-
coders based on both LSOVA and DS-LSOVA (Sec-
tions IV and V).

The remainder of this paper is organized as follows: Sec-
tion II introduces the three decoding algorithms considered
in this work, including the proposed DS-LSOVA. Section III
details the iteration-overlap scheduling strategy and the corre-
sponding interleaver design. The focus then shifts to hardware
architectures in Section IV, with implementation results pre-
sented in Section V. Finally, Section VI concludes the paper.

Il. DECODING ALGORITHMS

Fig. 1 shows the structure of a turbo decoder that consists
of two component decoders, which are connected by an
interleaver IT and a de-interleaver IT~!. The two decoders
exchange extrinsic information A€ in an iterative loop where
we refer to an execution of one component decoder as a
Half Iteration (HI) and the execution of both decoders as
a Full Iteration (FI). Most classical hardware architectures

Component Decoder

AP1)S Ae2

WP B

A5 ACY
Decodery 1

Decodera |
P2 4| i

FIGURE 1. General Turbo Decoder structure.
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for TD implement one decoder instance based on the max-
Log-MAP algorithm (MLM) which alternately operates as
Decoder; and Decoders [5]. Similarly, the Fully Pipelined
Iteration Unrolled decoders from [7]-[9] are based on the
MLM as well (see also Sec. IV). However, in [11] the LSOVA
algorithm was proposed as an alternative to the MLM that
offers significant complexity reductions for the computation
of the extrinsic information. In subsequent work, we con-
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firmed the predicted complexity reductions with hardware
implementations of its computational units [12].

A. THE MAX-LOG-MAP ALGORITHM
In the following, we will briefly recall the MLM algo-
rithm [24]. For each step in the code trellis (see Fig. 2 (a)),
the MLM algorithm computes a forward state metric o,
backward state metric Bf;l and a branch metric ’Vi’iil for
each state s, s” and each branch (s, s") respectively. The state
metrics o and (3 are calculated recursively:

Qg = IHV%X (as + ’Ys,s’) Bs = H;?;X (6&’ + '75,&’) . (1)
From the state and branch metrics, an a Posteriori Probability
(APP) Logarithmic Likelihood Ratio (LLR) A; is calculated

by considering the “best” branch carrying the hard decision
u = 0 and the best branch carrying the hard decision u = 1:

A= max (1 + o + By) — max (%5 +as+ By) -
V(s,s") ’ V(s,s") ’

Processing r trellis steps at the same time, referred to as radix-
2" decoding [25], reduces the state metric memory and the
decoding latency. However, due to the increase in complexity
and critical path, typically a radix < 16 will be used for
hardware implementations'.

B. THE LOCAL-SOVA ALGORITHM

The LSOVA algorithm, proposed in [11] offers a significant
reduction in complexity over the classical MLM by reformu-
lating and re-ordering of computations. This is particularly
true for the case of processing r trellis steps at the same time,
referred to as radix-2" decoding.

Where the MLM operates on branches in the trellis di-
agram, the LSOVA operates on paths stretching along k
trellis steps i,i + 1,...i + (k — 1) for a radix order R =
2". A path in the trellis is defined as a 3-tuple consisting
of a path metric M, a set of binary hard decisions u =

{wiuiy1,. .., uip 1)} and a set of positive reliability values
L={L,Liy1, - Lizx-1)}:
P={M,u,L} € R x {0,1}* x (R*)*. )

The path metric M along a branch (s, s’) in a radix-2" trel-
lis, i.e. traversing r subsequent branches carrying the hard
decisions u, is composed of o and 3 state metrics which
themselves are calculated following Eq. 1 as well as the
branch metrics. For radix-2 we get:

M = o+ Vs,s' + ﬁs'- (3)

For the path structure, the Local-SOVA defines a merge oper-
ation, which takes as input two paths P, = {M,, u®,L?} and

IFor the hardware implementations discussed in Sec. V, we use radix-4.
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FIGURE 2. Algorithmic steps on the radix-4 code trellis for (a) MLM (b) LSOVA and (c) the proposed Dual-Sided LSOVA.

Py, = {M,,,uP  LP} and outputs one path P. = {M,, u®, L¢}.
It relies on three functions:

M, = fo(My, Mp) = max(M,, Mp) “4)
c __ a _.by __ u® ’ iffO(Mme) = Ma

" _fl(u i ) B {ub ’iffO(MaaMb) :Mb (5)

L® = {L|Lf = fo(L{,L7)} - 6)

The update of the reliability values L through f5 is performed
on the basis of the Hagenauer rule (HR) [26] and the Battail
rule (BR) [27], [28]. Let P, and P}, be two paths to be merged
and M, and M,, be defined as M, = max(M,, M;) and
M, = min(M,, M;). The metric difference between P, and
Py is then defined as A, ,» = M, — M, and is always positive.
Then the updates on L{ are performed as follows:
L =fo(L{, L)

1 1
min L;;,,Ap’p,) ,if u? # ub (HR)
min (L}, Ay, + L;;) .if u? = u? (BR).

If all paths at a trellis section are merged, the resulting path
P, is the maximum likelihood (ML) path and it carries the
hard decision provided by the decoder for this section. The
merge operation was proven in [11] to be commutative and
associative which allows merging in an arbitrary order. In
particular, the merges are rearranged so that paths P, and P,
with the same ending state s” are merged first to yield the path
metric

M. =fo (Ma, Mp) 3)
=max (0, + Vso.s’ + B> ¥y + Ysr.0 + Bsr)
=max (™ + 5,575 Qs; + sy 57) + 615—1—1 ©))
=ay + By, (10)

The careful reordering of merges can allow for the implicit
computation of the forward state metrics, as can be seen
from (9). To achieve this, the computations are divided into
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two distinct phases. The first is the Add-Compare-Select
(ACS) phase, which merges paths that terminate in the same
trellis state. This is followed by the Soft Output Unit (SOU)
phase, where the remaining paths, ending in different states,
are further merged. It is important to note that the number of
layers in the merge tree during the SOU phase depends solely
on the memory length v of the underlying convolutional code.
This structure is independent of the radix order, as exactly
one path per trellis state is passed forward from the ACS
phase. Thus, for a memory length v, the SOU merges require
a binary tree of v layers, leading to a significant reduction in
complexity of the SOU in comparison to the MLM.

C. PROPOSED DUAL-SIDED LOCAL-SOVA

Building on the use of paths and path-merging during the
computation of the backward metric, we propose reusing the
same comparison tree in the SOU phase to compute both
extrinsic information and hard decisions for the forward and
backward paths simultaneously—effectively performing two
radix-2" steps in parallel. This approach further reduces the
number of comparison operations required in the SOU phase,
as only a single comparison tree needs to be traversed. We get
a slightly different merge operation in forward and backward
direction in the ACS phase. For even k, uptates on reliabilities
and hard decisions are only performed in forward direction
and for odd k in the backward direction. For the forward
direction, we get:

M. :fO(MaaMb) (11)
. a .. by —
ue — forward: f; (u®, u®), if k mod 2 =0 (12)
0 else
Le forward: fo(L?, LP), if k mod 2 = 0 (13)
0 else

Where k refers to the k-th trellis step. Note, that the overall
computational complexity in the ACS phase remains the same
since half of the reliability values L and hard decisions u are
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computed in the even steps of the forward ACS and the other
half in the odd steps of the backward ACS. For the backward
ACS operations, we obtain:

Mc :fO(Mme) (14)
¢ Jbackward: fi (u®,uP), if k mod 2 =1 (15)
~ |0else

Lo — {backward:fg(La, LP),if k mod 2 =1 (16)

0 else

In the SOU phase, the path metrics M of the winning
forward and backward paths are first summed, and the cor-
responding hard decision vectors uf" and uP¥, along with
the preliminary reliability values L¥ and LPY from the for-
ward and backward merges, are concatenated (see Fig. 2(c)).
The merging of these combined paths—each spanning two
radix-2" trellis steps—is then carried out as in the LSOVA
algorithm: The merges are performed in a tree of v layers.
However, in difference to the LSOVA, the amount of updates
is doubled. This extended version of LSOVA is referred to as
the DS-LSOVA.

Ill. ITERATION OVERLAP INTERLEAVERS

From a code design perspective, the interleaver plays a crucial
role in determining the error-correcting performance of turbo-
based forward error correction (FEC) schemes. However, the
interleaving and de-interleaving operations—responsible for
data reordering between the two component decoders—also
introduce significant implementation challenges, particularly
in terms of hardware complexity.

In architectures with a single decoder instance, the de-
gree of parallelism must be carefully managed to prevent
memory access conflicts [29]-[31]. For fully pipelined,
iteration-unrolled architectures—where complete frames are
processed in parallel—the interleaver imposes precedence
constraints that directly influence the scheduling of succes-
sive HI computations.

In our prior work [22], we demonstrated that with proper
interleaver design, full computational overlap between half-
iterations is achievable: extrinsic information generated in
HI i can be immediately consumed in HI i 4 1.

To enable this, we focus on Almost Regular Permutation
(ARP) interleavers [31], and adopt a protograph-based design
method from [10], which explicitly accounts for the structural
characteristics of the UXMAP decoder.

A. PROPOSED PROTOGRAPH ARP INTERLEAVER DESIGN
An ARP interleaver is defined by a value P, which is relatively
prime to the frame size K, a shift vector S, and a disorder
degree Q [31]. Given an interleaved frame index i, the corre-
sponding index in the natural (non-interleaved) order is given
by ITagp(i), computed as:

Iagp(i) = (P s S(i mod Q)) mod K. a7

For a layered construction [10], the indices ITsgp (i) are di-
vided into Q groups of K /Q bits called layers such that

Harp(i+ Q) mod Q =IIzrp(i) mod Q. (18)

Each layer / =i mod Q in the interleaved order is linked to
alayer I’ = TIagrp(i) mod Q in the natural order. Fig. 3 (a)
illustrates that for the example of K = 16, P = 3, Q = 4,
S = {3,11,15,4}. The link between the layers of the non-

Non-interleaved
addresses

II({)mod@ imod@
0 0
1
2
3 3

(a) (b)

FIGURE 3. Layer connections in an ARP interleaver with K = 16, P = 3,
Q=4,5={3,11,154}.

interleaved and the interleaved order can be expressed by a
protograph as shown for the same example in Fig. 3 (b).

In [10], the protograph structure was used to impose spe-
cific constraints on the interleaver design, aiming to mitigate
the adverse effects introduced by puncturing. The resulting
puncture-constrained interleavers demonstrated significantly
improved performance compared to LTE turbo codes of the
same frame length K.

B. FULLY UNROLLED WINDOWED SCHEDULE & OVERLAP
Figure 4 depicts the decoding schedule for a fully pipelined,
iteration-unrolled decoder. In this example, two decoding
windows of size Wy = K /2 are processed in parallel as
they progress through the pipeline. Generally, the interleaving
between Hls j and j + 1 can only occur after the complete
processing of HI j, due to precedence constraints imposed by
the interleaver on extrinsic information exchange [22]. As a
result, delay registers must be introduced to maintain pipeline
alignment between successive Hls, as shown in Fig. 4(a).

To enable immediate extrinsic information exchange and
fully overlap the processing of consecutive HIs j and j + 1,
we propose explicitly designing the interleaver to align the
precedence constraints with the pipeline’s processing sched-
ule (Fig. 4(b)). To achieve the maximum Overlap Depth
(OD), the extrinsic information corresponding to bit index i,
denoted as A¢ and produced at time slot Gyx (i) during HI j,
must be available for consumption in HI j + 1 at or after time
slot Cux (i):

Gux(i) = || mod(i, Ws) = (Ws = 1)/21|  (19)
Cux(i) = {(Ws - 1)/2J — Guxli), (20)

VOLUME 11, 2023
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B-Recursion K Frame Size Il HIg

FIGURE 4. (a) Non overlapped UXMAP decoding schedule (b) UXMAP
decoding schedule with full overlap.

Here, || denotes the floor function. Note that Gyx (i) and
Cux (i) are defined relative to the start of HI j and HI j + 1,
respectively. Given the values of Gux(i) and Cyx(i), the
corresponding precedence constraint can be expressed as:

0 < Cux(i) — Gux(i). Q1)

This constraint inherently depends on both the structure of the
interleaver and the window size Wg.

To ensure that the precedence constraints are satisfied for
all bit positions under full overlap, we propose embedding
these constraints directly into the interleaver structure dur-
ing code design. In particular, the ARP interleaver can be
constructed to inherently satisfy these constraints when the
number of layers is set equal to the window size of the
UXMAP decoder, i.e., Q = Ws. Under this condition, for
each layer [ € {0,...,0 — 1} (i.e. each position within a
window), the following constraint must hold:

0 < (TI(1) mod Q — I mod Q) (22)

This condition ensures that the precedence constraints are
respected, i.e. the extrinsic information at window position
(layer) [ is generated in the non-interleaved HI before it is
consumed in the interleaved HI (see Eq. 21). Thus, Eq. 22
enables immediate extrinsic information exchange and full
overlap between successive HIs.

As a proof of concept, we designed a set of interleavers that
enable full overlap for various values of Wy by adapting the
methodology proposed in [10] to comply with the constraint
in (22). The corresponding parameters are summarized in
Table 1. Figure 5 presents the error-rate performance, mea-
sured in terms of FER, over an AWGN channel using binary
phase-shift keying (BPSK) modulation and four full decoding
iterations. Results for the corresponding LTE interleavers are
also included for DS-LSOVA decoding with identical config-
uration of frame- and window size to allow a fair compari-
son. To maintain clarity, only the results for MLM and DS-
LSOVA decoding are shown, since the FER performance of
the LSOVA for the same K /W configuration is comparable
to the MLM [11], [12]. MLM decoding of the LTE Turbo
Codes serves as baseline reference. The results in Fig. 5 are
based on bit-true models of the hardware implementations
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described in Section V, corresponding to the various codes
and decoding algorithms under consideration.

Notably, the DS-LSOVA algorithm demonstrates perfor-
mance comparable to that of the MLM algorithm across all
simulated scenarios. While the overlap interleavers with a
window size of Wy = 16 (WS16) achieve error-rate per-
formance identical to their respective LTE interleavers, the
WS32 configuration exhibits a slight performance degra-
dation of approximately 0.25dB at a FER of 10~%. This
degradation is not attributed to the DS-LSOVA, but it instead
arises from the additional design constraints imposed on the
interleaver to satisfy the precedence conditions required for
full overlap. In particular, for a relatively small interleaver
size of K = 128 bits and a larger window size of 32, the
increased regularity introduced by these constraints adversely
impacts the error-correcting performance.

K O] P [S

128 | 16 | 79 [8,90, 28, 126, 87, 119, 68, 39, 103, 106, 119, 87,
112,82, 116,70 ]
128 | 32 | 95 [15,79, 15,79, 15,79, 15, 79, 15, 79, 15, 79, 8,

79, 15,78, 16,79, 15, 86, 15, 79, 15, 79, 15, 79,
15,79, 15,79, 15, 79]
[7,117,120, 104, 8, 120, 107, 104, 120, 117, 104,
88, 120, 104, 107, 89]

256 | 16 | 111

TABLE 1. Designed full overlap ARP interleaver parameters.

-1 _ AN
10 10=44 \
6x10~° B\
4x10-5
10-2 4 . 3x10°5 - .
3.00 3.25
o
& 10734
—B- K128 WS16 DS-LSOVA ARP
-B- K128 W532 DS-LSOVA ARP
—B- K256 WS16 DS-LSOVA ARP
107 3 —A— K128 WS16 MLM LTE
—A— K128 WS32 MLM LTE
—A - K256 WS16 MLM LTE
10-5 J —@— K128 WS16 DS-LSOVA LTE
—@— K128 WS32 DS-LSOVA LTE
—@— K256 W516 DS-LSOVA LTE
1.0 1.5 2.0 2.5 3.0 3.5
SNR [Eb/NO]

FIGURE 5. FER comparison of full iteration overlap with LTE interleavers
under 4 full iterations MLM and DS-LSOVA decoding.

IV. DECODER HARDWARE ARCHITECTURES

In turbo decoder hardware architectures, both spatial and
functional parallelism can be leveraged at multiple lev-
els, giving rise to a variety of architectural archetypes [7].
The parallel MAP (PMAP) [32]-[35] and pipelined MAP
(XMAP) [36]-[38] architectures implement a single decoder
instance that alternates between operating as Decoder; and
Decodery (as illustrated in Fig. 1). In contrast, the fully
parallel MAP (FPMAP) [39] and fully pipelined iteration-
unrolled (UXMAP) [7] architectures represent the extreme
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forms of the PMAP and XMAP approaches, respectively,
offering maximum parallelism and throughput.

The FPMAP architecture further employs a shuffled
decoding scheme, allowing it to process both compo-
nent codes—namely, the non-interleaved and interleaved
HIs—simultaneously. For each trellis step and for both com-
ponent decoders, a dedicated processing element is instan-
tiated. These elements exchange state metrics and extrin-
sic information with neighboring elements within the same
component decoder and across to the other component de-
coder. FPMAP implementations have demonstrated through-
put rates of up to 15 Gb/s, albeit at the cost of requiring a
higher number of decoding iterations to achieve comparable
error-rate performance [40], [41]. This trade-off becomes par-
ticularly pronounced for short frame sizes and highly punc-
tured codes, where the shuffled decoding approach leads to
a notable degradation in decoding performance—even when
additional iterations are applied [7].

This work focuses exclusively on the Fully Pipelined
Iteration-Unrolled MAP (UXMAP) decoder architecture. For
detailed descriptions of the PMAP, XMAP, and FPMAP ar-
chitectures, the reader is referred to [32]-[35], [36]-[38],
and [39]-[41], respectively. For a detailed comparison of
Turbo Decoder implementations with decoders for other code
families, we refer to [42].

The fundamental UXMAP architecture is composed of
multiple Half-Iteration pipeline stages (HI-stages), intercon-
nected through hardwired or configurable interleaving and
de-interleaving links [7], [8], as shown in Fig. 6(a). Each HI-
stage may contain several X-windows to reduce area over-
head by efficiently pipelining the channel LLRs, extrinsic
information, and state metrics [9]. Figures 6(b), (c), and (d)
illustrate the different X-window architectures implemented
in this work, namely the MLM-based, LSOVA-based, and
DS-LSOVA-based configurations.

A. NON-OVERLAPPING DECODER ARCHITECTURES

1) MLM

An MLM-based X-window without iteration overlap is used
as the reference architecture, as illustrated in Fig. 6(b). The
scheduling of operations—including branch metric computa-
tion, forward recursion, and backward recursion—is unrolled
across the pipeline following the scheme depicted in Fig. 4(a).

Each trellis step includes dedicated forward and backward
recursion units, along with a soft-output computation unit.
Additionally, two branch metric units are instantiated per
trellis step. This duplication allows recomputation of branch
metrics from the channel values for the right half of the
X-window, eliminating the need to pipeline branch metrics
across the window.

The architecture is further complemented by delay
pipelines to ensure proper synchronization. Specifically, the
pipeline section labeled (2) in Fig. 6(b) aligns the arrival of
channel LLRs and extrinsic information prior to interleav-
ing and de-interleaving. The pipeline segment labeled (1)
provides additional delay elements for the channel LLRs,
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extrinsic information, and state metrics, ensuring coherent
data flow throughout the pipeline.

2) LSOVA

The LSOVA-based X-window, shown in Fig. 6(c), is derived
from the MLM-based X-window by modifying the recur-
sion units in the right half of the window and incorporating
LSOVA-specific soft-output units. In previous work [12], we
demonstrated that these modifications lead to significant area
savings at the level of the computational units. Consequently,
for the implementations presented in Section V, we adopt the
LSOVA computational unit architectures introduced in [12].

3) DS-LSOVA

The hardware implementation of the algorithm proposed in
Section IIC builds upon the computational unit architectures
from [12], extending them to support the modified merge
operations required by the DS-LSOVA. It is important to note
that the DS-LSOVA variant proposed in this work differs
from the LSOVA variants introduced in [43], which would
necessitate more substantial modifications to the decoding
algorithm.

The DS-LSOVA X-window architecture features an al-
ternating structure in its forward and backward recursions,
switching between LSOVA and MLM recursion units. Addi-
tionally, due to the dual-sided merge requirement—which in-
volves combining paths from both forward and backward re-
cursions—the pipelines labeled (1) in Fig. 6(d) carry full path
information (M,L,u), as opposed to state metrics, which
are used in the MLM and LSOVA architectures. Finally, the
number of soft-output unit (SOU) instances is reduced by
half compared to the MLM and LSOVA cases, contributing
to overall area savings.

B. OVERLAPPING DECODER ARCHITECTURES

When implementing the decoder architectures shown in Fig-
ure 6 (b)-(d) for the non-overlapping case, it is necessary to
introduce delays in the inputs to and outputs from the X-
window. These delays ensure that the channel values and ex-
trinsic information remain aligned with the forward and back-
ward recursion computations. As discussed in Section I1I-B,
such delays are generally required to account for precedence
constraints arising from interleaving and de-interleaving be-
tween the half-iteration stages.

When the decoder is implemented with a carefully de-
signed interleaver—such as those listed in Table 1—that
aligns the interleaver constraints with the decoder’s window
size, full iteration overlap becomes possible. As a result,
overlap architectures only require input delay registers for
the first half iteration and output delay registers for the hard
decision outputs generated in the final half iteration. For all X-
windows in subsequent half iterations, these delay pipelines
can be eliminated ((2) in Fig. 6 (b)-(d)). Instead, extrinsic
and channel value outputs are directly interleaved or de-
interleaved into the inputs of the X-windows for the next half
iteration. However, the delay pipelines that store state/path
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FIGURE 6. (a) Basic UXMAP architecture with Half Iteration (HI) pipeline stages and X-windows, (b) MLM-based X-window, (c) LSOVA-based X-window, (d)

DS-LSOVA-based X-window.

. . i K1287WS16 K256/ WS16 K128/ WS32
metrics as well as channel and extrinsic values within the X- noov. | ov. | moov. | ov. ooV oV,
windows ((1) in Fig. 6 (b)-(d)) remain in place. Arcalmm?] | 855 | 803 | 17.10 | 1607 | 9.9 8.80

MLM TP [Gb /] 102.4 204.8 102.4
Amactt (] | 1197 | 1275 | 1197 | 1274 | 1045 | 11.63
V. IMPLEMENTATION RESULTS Arealmm?] | 739 | 686 | 1478 | 1373 | 853 | 7.55
; : : ; ; LSOVA [ Tp(Gb/sl 102.4 204.8 1024
The hgrdware archl.tectures discussed in Fhe previous section St TS5 | TS T T3S | 9T TI00 | 1356
were implemented in VHDL and synthesized using Synopsys . Aeeion®l | 706 | 665 [ 1432 [ 1331 | 857 | 760
Design Compiler for a 22 nm process. LSOVA |_™P(G/s1 102.4 2048 1024
Arcac.] | 1430 | 1539 | 1430 | 1538 | 1194 | 1347
This Work 8] K128/ WS32
Frame Size K 128,256 128 no ov. ov
Window Size WS 16,32 32 8] Area [mm?2] 10.407 [ N/A
Spacial Parallelism K /WS 4 (MLM) TPIGb/s) 102.4
Radix i Area eff. [*] 984 [ N/A
Algorithm MLM, LSOVA, DS-LSOVA [ MLM
Extrinsic Scaling 0.75 TABLE 3. Comparison of 22 nm synthesis results.
State Metric Initialization Next Iteration Initialization [44] Area scaling to 22 nm according to [45]: f:1.591
Input Quantization 6 bit
Termination Tailbiting

TABLE 2. Algorithmic parameters for the implementations.

The algorithmic parameters are detailed in Table 2, while
the interleaver parameters are provided in Table 1. To ensure
a fair comparison, the benchmark configuration architecture
commonly used in previous work (frame size K = 128,
window size WS = 32, [8]) has also been re-implemented.
The synthesis results, in terms of core area, are presented
in Table 3 for all implemented configurations. This section
primarily focuses on comparing Non-overlapping and over-
lapping architectures, as well as evaluating the differences
among MLM, LSOVA, and DS-LSOVA implementations.
Additionally, Table 3 includes scaled results from [8] for
reference. As shown in Table 3, the DS-LSOVA implementa-
tions outperform their MLM counterparts by up to 17%, with
the most area-efficient configurations in terms of Gb/s/mm?
being DS-LSOVA with K = 128, WS = 16 and K =
256, WS = 16. Furthermore, implementations with overlap
achieve better performance than their non-overlap counter-
parts, with gains ranging from 6% (K = 128, WS = 16,
MLM) to 11.49% (K = 128, WS = 16, LSOVA). Notably,
while DS-LSOVA outperforms LSOVA by approximately 3%
(both with and without overlap) for WS = 16, its perfor-
mance for WS = 32 is slightly lower (around -0.5%), even
when overlap is applied. Lastly, comparing DS-LSOVA with
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overlap to the widely used MLM without overlap reveals an
overall improvement of approximately 22%.

VI. CONCLUSION
In this paper, we have presented a comprehensive synthe-
sis of our recent advancements in code and interleaver de-
sign, decoding algorithms, and hardware architectures aimed
at achieving efficient high-throughput turbo decoding. The
proposed Dual-Sided Local-SOVA (DS-LSOVA) variant of
the LSOVA algorithm demonstrated comparable FER per-
formance to the MLM while offering notable architectural
simplifications. Additionally, we extended the concept of in-
terleaver design for iteration overlap decoding architectures,
showing that for smaller window sizes, the proposed inter-
leavers can achieve performance on par with the QPP inter-
leavers of the LTE standard while significantly reducing de-
coding latency. Finally, we introduced hardware architectures
optimized to leverage all proposed improvements, both for
full iteration overlap and conventional non-overlap decoding.
Synthesis results for a 22 nm technology confirm the antici-
pated complexity reductions, with area savings of up to 22%
compared to state-of-the-art MLM decoding architectures.
While the presented work addressed the DS-LSOVA al-
gorithm and iteration overlap interleavers in the context of
fully pipelined architectures with a focus on high throughput
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requirements in SG/6G systems [14], [15], the demonstrated
improvements in area efficiency are applicable to classical
PMAP and XMAP decoder architectures as well. This makes
the proposed decoding algorithm and interleavers well suited
in the context of M2M and V2X scenarios, where frame size
and code rate flexibilities may be more important than raw
throughput.
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