This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TCSII.2015.2407232, IEEE Transactions on Circuits and Systems II: Express Briefs

Copyright (c) 2014 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending an email to pubs-permissions@ieee.org

1549-7747 (c) 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.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TCSII.2015.2407232, IEEE Transactions on Circuits and Systems II: Express Briefs
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-II

1

A Novel Area-Efficient VLSI Architecture for
Recursion Computation in LTE Turbo Decoders
Arash Ardakani and Mahdi Shabany
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log-MAP and log-MAP algorithms [4], [5], are commonly
realized instead.
In these two alternative methods, the MAP core consists
of log likelihood ratio (LLR) units, as well as the core
units to compute α, β, γ, the forward, backward and branch
metrics, respectively. In fact, the α and β units, due to their
recursive computation nature, are the most challenging units
to implement, occupying almost 40% of the whole MAP core
area [6]. The γ unit, on the other hand, is a trivial part of
the turbo decoder, consisting of few addition computations.
Therefore, an area-efficient architecture for α and β metrics
computation is highly desirable, which has always been a
challenge in literature.
In order to address this challenge, in this paper, a new
relation among α and β metrics is introduced; based on
this new relation, a novel add-compare-select (ACS) unit for
forward and backward computation is proposed. The proposed
scheme results in at most a 18.1% reduction in the silicon area
compared to the designs reported to-date.

I. I NTRODUCTION

II. T URBO D ECODER A LGORITHM

Abstract—Long term evolution (LTE) is aimed to achieve the
peak data rates in excess of 300 Mb/s for the next generation wireless communication systems. Turbo codes, the specified channel
coding scheme in LTE, suffer from a low-decoding throughput
due to its iterative decoding algorithm. One efficient approach
to achieve a promising throughput is to use multiple Maximum
a-Posteriori (MAP) cores in parallel, resulting in a large area
overhead. The two computationally challenging units in an MAP
core are α and β recursion units. Although several methods have
been proposed to shorten the critical path of these recursion units,
their area-efficient architecture with minimum silicon area is still
missing. In this paper, a novel relation existing between α and
β metrics is introduced, leading to a novel add-compare-select
(ACS) architecture. The proposed technique can be applied to
both the precise approximation of log-MAP and max-log MAP
ACS architectures. The proposed ACS design, implemented in a
0.13 µm CMOS technology and customized for the LTE standard,
results in at most 18.1% less area compared to the reported
designs to-date while maintaining the same throughput level.

Many advanced wireless communication standards adopted
turbo codes as the channel coding scheme due to its near
Shannon error-correcting performance [1]. The decoding procedure is performed in two different half iterations, where
the reliability of received bits are computed in the form of
extrinsic values using interleavers and soft-input soft-output
(SISO) decoders in an iterative way. On even half iterations,
the decoding process is performed on the non-interleaved data
and parity, while on odd half iterations, the interleaved data
is decoded. The extrinsic values, representing the reliability
of the information bits, are sent to another half iteration
by passing through the interleaver/deinterleaver unit till the
acceptable error level is achieved.
Recently, Long Term Evolution (LTE)-advanced has been
dominated as the next generation wireless communication
standard, which is aimed at higher peak data rates close to
3 Gbps [2]. The turbo decoder, specified in LTE, reveals to be
a limiting block toward this goal due to its iterative decoding
nature, high latency and significant silicon area consumption.
The decoding procedure is performed using the algorithm
presented in [3]. Since the implementation of the actual MAP
algorithm incurs a very high computational complexity, typically, two modified forms of the MAP algorithm, i.e., the MaxA. Ardakani and M. Shabany are with the Electrical Engineering
Department, Sharif University of Technology, Tehran, Iran (e-mail: ardakani.arash@gmail.com; mahdi@sharif.edu).

The MAP algorithm, which provides the a posteriori probability for each bit is used in iterative decoding of turbo codes.
The MAP algorithm provides the probability of the decoded
bit uk being either +1 or -1 for the received symbol sequence
y by calculation of the LLR values as follows:
L(uk |y) = log[

p(uk = +1|y)
],
p(uk = −1|y)

(1)

where p(uk = +1|y) and p(uk = −1|y) denote the probability
of bit uk being +1 and -1, respectively.
The turbo decoder specified in LTE consists of two recursive
convolutional encoders, an interleaver and a feed-through
path, as shown in Fig. 1(a). The feed-through passes one
block of K information bits, called systematic bits xsk , where
k = 0, 1, . . . , K −1. The parity generated by the convolutional
encoder is denoted by xp1
k . By permuting the systematic bits
via the interleaver, the second sequence of parity is generated
by passing through the second convolutional encoder, denoted
by xp2
k . On the receiver side, the reliability of bits is computed
iteratively by exchanging the extrinsic LLRs between two
SISO decoders based on (1), as depicted in Fig. 1(b). Another
representation of a convolutional encoder is by using a trellis
diagram, as shown in Fig. 1(c), depicting two steps of the LTE
turbo encoder.
Applying few mathematical manipulations on (1), leads to
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Fig. 1. (a) Turbo encoder, (b) Turbo decoder, (c) Radix-2 trellis diagram, (d) Partial radix-4 trellis diagram.

γk0 (s0 , s) = log(γ̃k (s0 , s)).

the following:
P

LLR(uk ) = log( Puk =+1

α̃k−1 (s0 ) β̃k (s) γ̃k (s0 , s)

0
0
uk =−1 α̃k−1 (s ) β̃k (s) γ̃k (s , s)

),

(2)

where α̃k (s), β̃k (s) and γ̃k (s0 , s) denote the forward, backward and branch metrics, respectively. The s and s0 indexes
are also associated with trellis steps k and k − 1, respectively.
The MAP algorithm traverses in both forward and backward
directions to get state metrics α̃k (s) and β̃k (s), respectively.
The transmission value in the k-th stage from the state s0 to
state s is denoted by γ̃k (s0 , s). The calculation of α̃k (s), β̃k (s)
and γ̃k (s0 , s) metrics are performed as follows:
X
α̃k (s) =
γ̃k (s0 , s) α̃k−1 (s0 ),
(3)
s0
0

β̃k−1 (s ) =

(11)

The above logarithmic formulation of the MAP algorithm
is used to make the implementation of this algorithm feasible.
The γ 0 values, according to (8), can be readily realized through
few additions, not critical in hardware. In fact, the computation
of α, β and LLR values makes the major computation part of
the algorithm, occupying the major fraction of the silicon area.
In order to implement the logarithmic computations efficiently
in hardware, two common approaches are normally used,
namely the max-log MAP and precise approximation of logMAP algorithms, described in the sequel.
Consider the following equation, used to implement the
logarithm:
max ∗(z, t) = log(ez + et )

X

0

γ̃k (s , s) β̃k (s),

(4)

= max(z, t) + log(1 + e−|z−t| ),

(12)

s

1
1
1
γ̃k (s0 , s) = exp [ Le (uk )uk + Lc Xks uk + Lc Xkp ck ], (5)
2
2
2
p
s
where Xk and Xk are the received soft inputs corresponding to
transmitted bits xsk and xpk , respectively. The value of Le (uk )
denotes the extrinsic value of uk , and Lc is the channel
reliability measure. The uk and ck are transmitted values of
the systematic and parity bits, respectively, which can be either
+1 or -1.
Due to the high computational complexity of the MAP
algorithm, which is as a result of the exponential and multiplication calculations, typically an equivalent logarithmic form is
employed, where a multiplication is converted to an addition.
In this case, the corresponding equations in (2), (3), (4) and
(5) can be reformulated as follows:
X
αk (s) = log[
exp(γk0 (s0 , s) + αk−1 (s0 ))],
(6)
s0

βk−1 (s0 ) = log[

X

exp(γk0 (s0 , s) + βk (s))],

where the max function denotes the maximum value. In the
precise approximation of log-MAP method, the first term
in (12), i.e. max(z, t), can be easily implemented by a
comparator while the second term, i.e. log(1 + e−|z−t| ), is
implemented using a lookup table (LUT), see [7]. On the
other hand, the max-log MAP method relies on the approximation of log(ez + et ) by the maximum of z and t, i.e.,
max ∗(z, t) ≈ max(z, t), see [6]. The hardware realization of
the max-log MAP results in a lower critical path and computational complexity compared to the precise approximation
of log-MAP implementation, while its performance loss is an
inevitable side effect.
By using either the max-log MAP or precise approximation
of log-MAP algorithm, the recursive computation is performed
as follows:
X
αk (s) = max ∗[
γk0 (s0 , s) + αk−1 (s0 )],
(13)
s0

(7)
X
βk−1 (s0 ) = max ∗[
γk0 (s0 , s) + βk (s)].

s

1
1
1
γk0 (s0 , s) = Le (uk ) uk + Lc Xks uk + Lc Xkp ck . (8)
2
2
2
0
where α, β and γ are defined as follows:
αk (s) = log(α̃k (s)),

(9)

βk (s) = log(β̃k (s)),

(10)

(14)

s

In order to improve the processing speed of the decoding
algorithm, a radix-4 architecture is generally used [8] by
incorporating two stages of the trellis diagram, as partially
shown in Fig. 1(d). In this case, two LLR values are produced
simultaneously per clock cycle, increasing the throughput by a
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TABLE I
S ETS OF E QUAL γ S FOR R ADIX -4 C OMPUTATION

Abs &
LUT

(uk−1 , ck−1 , uk , ck )

Set of equal gammas [γk (s00 , s)]

Symbol

(+1,+1,+1,+1)

γk (1, 4), γk (7, 7)

γk (1)

(+1,+1,+1,-1)

γk (0, 6), γk (6, 5)

γk (2)

(+1,+1,-1,+1)

γk (0, 2), γk (6, 1)

γk (3)

(+1,+1,-1,-1)

γk (1, 0), γk (7, 3)

γk (4)

(+1,-1,+1,+1)

γk (2, 0), γk (4, 3)

γk (5)

(+1,-1,+1,-1)

γk (5, 1), γk (3, 2)

γk (6)

(+1,-1,-1,+1)

γk (3, 6), γk (5, 5)

γk (7)

(+1,-1,-1,-1)

γk (2, 4), γk (4, 7)

γk (8)

(-1,+1,+1,+1)

γk (3, 0), γk (5, 3)

−γk (8)

(-1,+1,+1,-1)

γk (4, 1), γk (2, 2)

−γk (7)

(-1,+1,-1,+1)

γk (4, 5), γk (2, 6)

−γk (6)

(-1,+1,-1,-1)

γk (5, 7), γk (3, 4)

−γk (5)

(-1,-1,+1,+1)

γk (0, 4), γk (6, 7)

−γk (4)

(-1,-1,+1,-1)

γk (7, 5), γk (1, 6)

−γk (3)

(-1,-1,-1,+1)

γk (7, 1), γk (1, 2)

−γk (2)

(-1,-1,-1,-1)

γk (0, 0), γk (6, 3)

−γk (1)

bk(0)
-g ‘k(1)

bk-1(0)

bk(4)
g ‘k(1)
MAX-2
ACS-2

(a)
Abs &
LUT
bk(0)
-gk(1)
bk(4)
-gk(4)

ACS-2

bk(2)
gk(3)
bk(6)
gk(2)

ACS-2

bk-2(0)

ACS-4

(b)

factor of two [9]. The transmission metrics are also computed
as follows:
0
γk (s00 , s) = γk−1
(s00 , s0 ) + γk0 (s0 , s),

(15)

where s00 denotes the (k − 2)-th stage of the trellis diagram
and the recursion computations are performed according to the
transmission values of each step.

Fig. 2. (a) Conventional radix-2 ACS unit, (b) conventional radix-4 ACS unit.

βk−2 (5) = max ∗{βk (3) − γk (8), βk (7) − γk (5),
βk (1) + γk (6), βk (5) + γk (7)},
βk−2 (6) = max ∗{βk (7) − γk (4), βk (3) − γk (1),
βk (5) + γk (2), βk (1) + γk (3)},

III. A F ORMULATION F OR R ADIX -4 R ECURSION
C OMPUTATION

βk−2 (0) = max ∗{βk (0) − γk (1), βk (4) − γk (4),
(16)

βk−2 (1) = max ∗{βk (0) + γk (4), βk (4) + γk (1),
βk (2) − γk (2), βk (6) − γk (3)},

(17)

βk−2 (2) = max ∗{βk (0) + γk (5), βk (4) + γk (8),
βk (2) − γk (7), βk (6) − γk (6)},

(18)

βk−2 (3) = max ∗{βk (0) − γk (8), βk (4) − γk (5),
βk (2) + γk (6), βk (6) + γk (7)},

(19)

βk−2 (4) = max ∗{βk (3) + γk (5), βk (7) + γk (8),
βk (1) − γk (7), βk (5) − γk (6)},

(22)

βk−2 (7) = max ∗{βk (7) + γk (1), βk (3) + γk (4),

The encoder and trellis diagram of the LTE standard, consisting of 8 states, are shown in Fig. 1(a) and 1(c), respectively.
The radix-4 trellis diagram is partially shown in Fig. 1(d).
According to (15) and the fact that uk and ck can take one
of the two values of +1 or -1, the γ values of each stage in
the trellis diagram have 32 possible values, with half of them
being negative, which are summarized in Table I. According
to γ values in Table I and (14), the backward state values in
the k-th stage can be written as follows:
βk (2) + γk (3), βk (6) + γk (2)},

(21)

(20)

βk (5) − γk (3), βk (1) − γk (2)}.

(23)

Similar equations hold true for α values.
In this paper, a smart relation among these formulas is
introduced, leading to an optimized hardware implementation,
which is described in the sequel.
IV. ACS A RCHITECTURE
The common approach to implement the recursion unit
is by using the ACS architecture. In this case, the radix-2
recursion unit is implemented by using an adder, a comparator
unit and a selector unit dictated by (12), shown in Fig. 2(a),
where common approximations of the logarithmic term in
log(1 + e−|z−t| ) is used for implementing the LUT. Few
designs such as the one in [10] have been proposed to reduce
the latency of this architecture, all in radix-2. However, in
recent wireless communication systems with a clear demand
for a high-throughput framework, a radix-4 architecture is a
common approach [11] and should be efficiently designed.
Fig. 2(b) shows the architecture of a radix-4 ACS unit
consisting of three radix-2 ACS units. The main advantage
of using a radix-4 architecture is its concurrent computation
of two-bit recursion metrics leading to a higher throughput.
However, compared to its radix-2 counterpart, it has a higher
latency and silicon area overhead. Therefore, due to the nature
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To realize the βk−2 (0) value, each of A and B values are
proposed to be implemented by a radix-2 architecture and
finally a third radix-2 architecture is used to achieve (24).
The proposed scheme is shown in Fig. 2(b). The value of
βk−2 (1) can also be similarly implemented as depicted in Fig.
3(a). A radix-2 architecture employs a comparator and LUT
dealing with distances between two input values to select the
maximum value, which then adds the selected amount to the
maximum value.
It is worth noting that the distance between two input
values of (26) is βk (0) − βk (4) + γk (4) − γk (1), which is
equal to the distance between two input values of (28). The
distances between each two input values of (27) and (29)
are also equal. Therefore, the compare and LUT unit for
the computation of (28) and (29) are omitted leading to a
novel architecture, shown in Fig. 3(b). Hereafter, this proposed
architecture is referred to as the Maximum Shared Resource
(MSR) architecture. This property is true for each pair of
{(16), (17)}, {(18), (19)}, {(20), (21)} and {(22), (23)} for
the backward recursion metrics and also for each pair of
{α(0), α(4)}, {α(1), α(5)}, {α(2), α(6)} and {α(3), α(7)} for
forward recursion metrics. In fact, using the proposed MSR
architecture, the redundant computation is avoided, alleviating
the area overhead in conventional schemes.
VI. I MPLEMENTATION R ESULTS

-gk(2)
bk(6)
-gk(3)

(b)
Fig. 3. (a) Conventional radix-4 ACS Architecture for two concurrent
metrics computation, (b) The proposed radix-4 ACS architecture based on
conventional architecture for two concurrent metrics computation.

of the recursive computation, which highly restricts the clock
frequency, achieving a high throughput is by far a more
challenging task in a radix-4 framework. Although, several
designs have been proposed so far to shorten the latency of
the radix-4 architectures, a large silicon area overhead is their
unwanted byproduct [10]. Therefore, the goal of this paper is
to alleviate the area overhead of radix-4 architectures.
V. P ROPOSED S CHEME
According to (16) and (17), the following expressions are
obtained:
βk−2 (0) = max ∗{A, B},
(24)
βk−2 (1) = max ∗{C, D},

(25)

where A, B, C and D can be written as follows:
A = max ∗{βk (0) − γk (1), βk (4) − γk (4)},

(26)

B = max ∗{βk (2) + γk (3), βk (6) + γk (2)},

(27)

C = max ∗{βk (0) + γk (4), βk (4) + γk (1)},

(28)

D = max ∗{βk (2) − γk (2), βk (6) − γk (3)}.

(29)

In fact, the proposed MSR is introduced to efficiently
reduce the silicon area overhead caused by using the radix4 implementation platform. The proposed MSR technique can
be easily applied to any other architecture existing to-date for
the LTE turbo code. In order to observe the impact of the
MSR method, this scheme is applied to recent architectures.
The synthesis results of both the original architectures and the
applied MSR version to previous ACS architectures presented
in literature are shown in Table II. For a fair comparison,
all architectures were synthesized using the Synopsys Design
Compiler in a 0.13 µm CMOS technology and the results are
given in terms of the equivalent gate count. Furthermore, the
results in Table II are for computing all forward and backward
metrics that must be computed for the LTE turbo decoder. The
proposed MSR technique can provide 15% reduction in the
area when it is applied to the conventional architecture (Fig.
2(b)), which implements the precise log-MAP algorithm. This
reduction is a result of the omission of two ALUT units and
two subtraction units for each two metrics out of eight possible
metrics. Moreover, the MSR technique can also be applied to
few recent architectures that are devised to reduce the critical
path of the conventional ACS architecture such as the designs
in [9], [10], [12]. By applying the MSR method to these
schemes, up to 18.1% reduction in the hardware complexity
is achieved (Table II). Needless to say that the architecture
presented in [9] is used for the max-log MAP turbo decoder.
In order to alleviate the performance loss of using max-log
MAP algorithm, the scaled max-log MAP is normally used,
which reduces the performance gap between the max logMAP algorithm and log-MAP algorithm to 0.1 dB while nearoptimal performance to log-MAP algorithm provides some
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TABLE II
E QUIVALENT G ATE C OUNTS ( K G) OF THE A PPLIED MSR TO
A PPROXIMATION OF L OG -MAP ACS A RCHITECTURES (0.13 µM CMOS)

Conventional

ra

a

Without MSR version

With MSR Version

12.160

10.328 (15%)

[9]

6.192

5.832 (5.8%)

[10]

10.472

8.576 (18.1%)

[12]

7.528

7.096 (5.7%)

= 3 [13]

10.360

9.410 (9.2%)

ra = 4 [13]

13.144

12.288 (6.5%)

[14]

14.368

11.816 (17.8%)

[15]

14.764

12.084 (18.1%)

[16]

15.508

13.155 (15.2%)

[17]

9.244

8.384 (9.3%)

[18]

9.472

7.880 (16.8%)

The r term denotes the precision of the log-MAP approximation [13].

advantages over scaled max log-MAP detailed in [13]. To this
point, many architectures based on precise approximation of
log-MAP algorithm are presented in literature. The proposed
MSR method also can be applied to these architectures [13]–
[18], which proves that their MSR version result in up to
18.1% lower area without any performance degradation. It
is worth mentioning that each architecture shown in Table
II results in different bit error rate (BER) performances (see
[13]).
Moreover, in order to increase the throughput, a higher radix
architecture can be used. In [19], a method for computing a
higher radix computation is proposed as a two-stage technique,
where it is proposed to use two serial radix-2PT /2 stage ACSs
instead of one radix-2PT recursive computation, presenting
55% reduction for PT = 4 in the final silicon area. The MSR
method, proposed in this paper, can also be used on top of this
two-stage technique providing an additional 15% saving in the
silicon area, when the conventional ACS architecture is used.
In fact, since the proposed MSR technique is devised for radix4 ACS architectures, in order to implement a higher radix ACS
architecture, it can be divided into few radix-4 ACS blocks.
For instance, a radix-16 ACS architecture, i.e., PT = 4, may be
implemented using two radix-4 architectures. As for the other
values of PT , e.g., PT = 3, the radix-22 × 21 architecture
may be used where the MSR is applied to the radix-22 stage
for area reduction purposes. In [20], the higher radix ACS
architecture is constructed based on basic architecture referred
to as maximum-value generator-2 (MVG-2). The MSR method
can be also applied to MVG-2 architecture resulting in lower
silicon area compared to its original architecture.
VII. C ONCLUSION
In this paper, by investigating the relation between the
recursion computations, a novel method was proposed, which
is called MSR. By applying the proposed method to the
previous ACS architectures, an area-efficient architecture for
recursive computations was achieved. The proposed architectures achieve at most 18.1% reduction in complexity according
to the implementation results, which significantly reduces the

5

complexity of the whole MAP core of the turbo decoder.
Furthermore, the proposed method can also be used for higher
radix designs to reduce complexity.
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