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Abstract

Third generation’s wireless communications systems
comprise advanced signal processing algorithms that in-
crease the computational requirements more than ten-fold
over 2G’s systems. Numerous existing and emerging stan-
dards require flexible implementations (”software radio”).
Thus efficient implementations of the performance-critical
parts as Turbo decoding on programmable architectures
are of great interest. Besides high-performance DSPs,
application-customized RISC cores offer the required per-
formance while still maintaining the aspired flexibility. This
paper presents for the first time Turbo decoder implemen-
tations on customized RISC cores and compares the results
with implementations on state-of-the-art VLIW DSPs. The
results of our studies show that the Log-MAP performance
is about 50 % higher than on an ST120, a current VLIW
architecture.

1. Introduction

One of the main drivers for the development of next gen-
eration wireless communications systems is the increasing
demand for high-rate data services. Today’s 2G systems,
e.g. GSM, were targeted to voice as primary service. The
supported data-services are limited to low rates. There-
fore, the computational complexity for the baseband sig-
nal processing in the receiver, comprising equalizing, chan-
nel decoding and source decoding is relatively low and can
be implemented using one state-of-the-art DSP running at
80...150 MHz [10].

The 3G cellular wireless standards comprise advanced
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equalizing and coding algorithms. Especially Turbo-Codes
[3, 9] as channel coding scheme pose great demands on
the computing power of communication devices and infras-
tructure. Along with the higher throughput requirements
(384 kbit/s, 2 Mbit/s in UMTS) the resulting computational
complexity has raised by at least an order of magnitude
compared to 2G. Dedicated hardware solutions for the base-
band signal processing fulfill these requirements, but often
lack the flexibility to support the various existing or even
emerging future communication standards. Therefore ef-
ficient implementations on programmable architectures are
of great interest (”software radio”).

The actual requirements for the DSPs differ for the vari-
ous fields of application: For hand-held devices, e.g., meet-
ing the signal processing demands of one data channel while
minimizing cost and power consumption is critical. In wire-
less infrastructure, several data channels have to be pro-
cessed simultaneously, which exceeds the capabilities of a
single signal processor even if a high-end device is used.
Hence, the baseband receiver can be implemented either
by a set of high-performance DSPs or by a combination of
DSPs with dedicated IP cores.

It is argued in [4] that “the trends in decoding
algorithms are moving from standard Viterbi towards
more computationally-expensive algorithms like soft-
output Viterbi algorithm (SOVA) and maximum a posteriori
(MAP) algorithm. The implementation efficiency of these
algorithms will become a differentiating factor for next gen-
eration wireless communications – particularly for those
employing programmable DSP devices.” Thus we focus in
this paper on channel decoding, which is besides equaliza-
tion the computationally most demanding part within the
baseband receiver. The computational complexity of these
algorithms is very high, e.g. up to about 6000 MOPS for a
Log-MAP decoder for 3G, assuming a data-rate of 2 Mbit/s.
Therefore it is necessary to identify the primary bottlenecks
in pure software implementations.



Depending on the targeted system environment these
bottlenecks are solved by using advanced VLIW DSPs,
application-customized RISC coresor custom IP blocks.
Current state-of-the-art DSPs, from low-cost to high-
performance, support already the kernel operations of the
Viterbi algorithm, used in 2G channel decoding, with ded-
icated instructions. For the MAP algorithm this support is
actually lacking. The new approach of customizing and ex-
tending a RISC core blurs the borders between hardware
and software. In contrast to a heterogeneous RISC/DSP
or RISC/IP-block architecture the application specific hard-
ware is coupled to the RISC core by an extension of its base
instruction set. Thus application specific performance bot-
tlenecks can be removed.

In this paper we show for the first time how the capabili-
ties of application-customized RISC cores can be exploited
to obtain high-performance implementations of 3G channel
decoding algorithms. We present persuasive performance
results that come along with lower power consumption and
device costs when compared to state-of-the-art DSPs. Pure
hardware implementations are not discussed in broader de-
tail, since many publications already exist, e.g. [6, 12, 11].

The paper is structured as follows: Section 2 gives neces-
sary analysis and transformation steps prior to any efficient
implementation of an algorithm. Section 3 identifies the
performance critical kernel operation of a Turbo decoder.
Section 4 presents Turbo decoder implementations on clas-
sical DSPs, and identifies their bottlenecks. Section 5 intro-
duces basic concepts of application-customized RISC cores
and presents the results of a Turbo decoder implementation
in terms of throughput and silicon area. Finally, Section 6
concludes this paper.

2. Methodology

To obtain efficient implementations of an algorithm, the
implementation space has to be explored on multiple ab-
straction levels. Typically the starting point is a functional
model written, e.g., in Matlab or C-language. Based on this
specification four major steps have to be performed prior to
any implementation:

1. Detailed algorithm analysis with respect to its compu-
tational complexity as well as data-transfer and storage
demands,

2. extraction and exploration of the inherent algorithmic
parallelism,

3. algorithmic transformation, e.g. to decrease the imple-
mentation complexity or increase the algorithmic par-
allelism and

4. quantization.

These steps are strongly interrelated. Some of them are
bit-true algorithmic manipulations, others not, i.e. the al-
gorithmic behavior is changed. Thus, in the case of chan-
nel decoding, the communication performance can be de-
graded. A carefull trade-off between implementation com-
plexity and communication performance has to be carried
out. The detailed discussion of all this steps is not focus of
this paper. The interested reader is referred to, e.g., [7, 13].
Here we put emphasis on the first two steps.

Next to the algorithmic study and transformations, fur-
ther steps towards an implementation have to be carried out,
which strongly depend on the chosen target architecture. In
this paper we discuss VLIW architectures and application-
customized RISC cores in broader detail.

3. Turbo decoder kernel operation

A Turbo decoder consists of two soft-in/soft-out (SISO)
decoders, each corresponding to one of the constituent
codes. Decoding is done data-block wise in an iterative pro-
cess with usually five to ten iterations. During this process
the SISO decoders exchange so-calleda priori informa-
tion. In the following we assume the SISO decoders being
realized by using the MAP algorithm, which outperforms
the SOVA. To avoid numerical problems without degrading
the decoding performance it is mandatory to implement the
MAP algorithm in the Log-domain (Log-MAP), resulting
in a key operation of ln(eδ1 + eδ2), which is in the context
of Turbo decoders usually written as max∗(δ1,δ2). Using
the Jacobian logarithm this term is transformed into:

max∗(δ1,δ2) = max(δ1,δ2)+ ln(1+e−|δ2−δ1|), (1)

where the approximation max∗(δ1,δ2) ≈ max(δ1,δ2) is as-
sumed for the therefore sub-optimal Max-Log-MAP de-
coder. The pseudo-code for a standard (Max-)Log-MAP
decoder is presented in Algorithm 1. The total number of
statesM is given by the constraint lengthK of the code
M = 2K−1, and the successors/predecessors(i, j) of an en-
coder state(m) depend on the component code structure.L
is the size of the data block, which is defined in 3G standard
in the range of 40. . .5114 bit.

During a forward recursion, the probability that the en-
coder reached statem at time-stepk from the initial state
is computed and the related forward path metrics,α , are
stored. The probability that the encoder reached the final
state from statem at time-stepk is related to the back-
ward path metricsβ . The latter is produced during a back-
ward recursion and is immediately consumed by the soft-
output calculation. No data transfers to memory are neces-
sary. Furthermore, thesoftout calculation function
needs the storedα -metrics to compute the confidence in the
bit decision.

The MAP algorithm has, besides its high computational
complexity, a great demand of data transfers due to the stor-
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Algorithm 1 Log-MAP decoder

{M: number of states}
{α (m∈ {1. . .M},k∈ {0. . .L−1}): forw. path metrics}
{βpred,curr(m∈ {1. . .M}): backw. path metrics}
{Λout(k∈ {1. . .L}): produced likelihood values}
{Λin = (Λsys,Λpar,Λe): consumed likelihood values}

α (1,0) = 0, βcurr(1) = 0
for m= 2 toM do

α (m,0) = −∞, βcurr(m) = −∞

for k = 1 toL−1 do
for m= 1 toM do
{Let statesi and j be the predecessors of statem}
α (m,k) = recursionstep(α (i,k−1),

α ( j,k−1),Λin)
for k = L to 1 do

for m= 1 toM do
{Let statesi and j be the successors of statem}
βpred(m) = recursionstep(βcurr(i),βcurr( j),Λin)

Λout(k) = softout calculation(α (1,k−1), . . . ,
α (M,k−1),βcurr(1), . . . ,βcurr(M)),Λin)

for m= 1 toM do
βcurr(m) = βpred(m)

age of path metrics and read accesses to the branch met-
rics. Most of the complexity of this algorithm is in there-
cursion step operation, which is invoked 2·L ·M times.
Pairs of subsequent function calls use a common set of pa-
rameters and can be grouped together to a so-calledbut-
terfly arrangement, cf. Figure 1. This is well-known from
Viterbi decoding as it cuts the memory accesses by 50 %.
A butterfly discriminatorn maps the butterfly number to the

... γk(I)

kk−1

γk(II)

2n

2n+1

n

n+M/2

γk(I)

γk(II)

Figure 1. Log-MAP Butterfly

incorporated code states m: n ∈ {0 . . .(M
2 − 1)}. If the in-

put is binary, as assumed here, there are two possible next
states branching out from every code state. Each branch
is assigned with a branch metric γ, derived from Λin. The
basic equations for updating the forward path metrics from

time-step k−1 to k using the Log-MAP algorithm are:

αk(2n) = max∗(αk−1(n)+γk(I),
αk−1(n+M/2)+γk(II)) (2)

αk(2n+1) = max∗(αk−1(n)+γk(II),
αk−1(n+M/2)+γk(I)) (3)

Two implementation bottlenecks of the butterfly operation
can be identified: First, a computational bottleneck based
on the max∗ operation (cf. eqn. (1)) which is called twice
within every butterfly update and comprises the previously
introduced correction term. State-of-the-art DSPs have spe-
cial hardware support to implement the butterfly-operation
of a Viterbi decoder (add-compare-select) in the most effi-
cient way. Using a proper branch metric representation it
can also be used for a Max-Log-MAP implementation, but
not for the Log-MAP, because the correction term is not
supported.

The second issue is the data-transfer bottleneck. While
processing a butterfly, branch metrics are consumed, and
updated path metrics are generated, which have to be stored
into memory for later use. The required set of branch met-
rics has to be loaded once per time-step k and is shared by all
butterflies processed in this step. Convolutional codes used
for a Viterbi decoder have a greater constraint length, e.g.
K = 9, compared to the codes used in Turbo coding (K = 3),
leading to a much increased number of states M and there-
fore a greater number of butterflies processed in each time-
step. This lowers the ratio of butterflies per branch metric
load in the case of a Turbo decoder and tightens its data-
transfer bottleneck.

4. Classical DSPs

In this section we present performance results of our
Turbo decoder implementations on a 16-bit and a VLIW
DSP. Due to the poor performance of DSP compilers, we
implemented all our code in hand-optimized assembly lan-
guage, i.e. scheduling, functional unit and register assign-
ment were done manually. Especially the register assign-
ment and data storage scheme are highly dependent on the
core architecture, and resolving the data-transfer bottleneck
is a challenging task.

4.1. 16-bit fixed-point DSPs

The core architecture of a classical 16-bit fixed point
DSP usually comprises one ALU/MAC unit, a program
memory and two data memories, each with separate ad-
dress and data busses. ALU unit and address generation
unit (AGU) operate independently from each other, thus al-
lowing parallel execution of instructions to a limited extent,
e.g. ALU operations and memory-register transfers.
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A member of this architectural class of processors is,
e.g., Motorola’s DSP 56603. The DSP56603 is a low-
cost low-power DSP, which is specially optimized for mo-
bile wireless applications and provides a processing perfor-
mance of 80 MIPS. Table 1 presents the performance of our
Max-Log-MAP implementation in terms of clock cycles per
data bit and MAP (cyc/(bit ·MAP)), and its throughput as-
suming an 8-state Turbo-Code and five iterations.

From this performance number of a Max-Log-MAP de-
coder, it is obvious that the processing power provided by
this class of DSPs is far below the needs of even one data
channel in 3G wireless communications. The Log-MAP al-
gorithm is even much more demanding due to the max∗ op-
eration.

4.2. Modern VLIW DSPs

Modern DSP architectures attempt to increase the sig-
nal processing performance by exploiting the inherent par-
allelism of many signal processing algorithms. This class of
DSP architectures provides several independent ALU units
along with wide and fast busses to the internal memories.
To allow this increased degree of instruction level paral-
lelism, instructions to be executed in parallel are grouped
together to so-called very large instruction words (VLIW).
Further, the processing units usually support the single-
instruction/multiple-data approach (SIMD). An example is
sub-word parallelism, where several sub-words of a data
word are processed with the same operation. A (Max-)Log-
MAP implementation for decoding an 8-state Turbo-Code
on this class of DSPs should exploit the benefits of the sub-
word parallelism by using 16-bit packed data types.

A state-of-the-art architecture is the ST120 from ST-
Microelectronics. It features two ALU units and supports
three different instruction sets: A 16-bit instruction set for
compact microcontroller code, a 32-bit instruction set for
higher performance and more complex instructions, and a
third one for an increased level of instruction parallelism. In
this 4x32-bit Score-boarded Long Instruction Word mode
the processor is able to execute four 32-bit instructions in
one clock cycle. Following the SIMD approach, the pro-
cessor supports 2x16-bit data packed into one 32-bit data
word.

Our hand-coded assembly language implementation of
an 8-state Turbo decoder requires 37 cycles per bit and
MAP, using packed data types and a Max-Log-MAP algo-
rithm. Assuming five iterations the Turbo decoder achieves
a throughput of 540 kbit/s at 200 MHz. Figure 2 shows
the optimized scheduled data-flow graph and register as-
signment for combined backward recursion and soft-output
calculation. It exploits best the architectural parallelism of
the ST120. Special emphasis has been put on register and
sub-word allocation, because unnecessary data shuffling de-
grades the performance. This lead to an assignment where
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Figure 2. Combined backward recursion and
soft-output computation on ST120

all registers and sub-words thereof are updated in-place and
can thus directly be used for the next loop iteration. One
drawback of the processor’s instruction set leads to a severe
degradation of the decoding performance: The maximum
selection for packed data types needs two clock cycles to
complete.

In a Log-MAP implementation, the maximum selection
is replaced by the max∗-operator (cf. eqn. (1)). The max∗-
operation comprises these steps: Difference of parameters,
absolute value, access to lookup-table (LUT), and adding
the LUT result to maximum of parameters. The sequence
of these steps increases the cycle count by a factor of ten
compared to the plain maximum operation. Thus the overall
cycle count per bit is tripled compared to Max-Log-MAP.

Other implementations on VLIW DSPs, e.g. [5, 8], suf-
fer also from the fact that using the Log-MAP algorithm
degrades the throughput by up to 70 %. Although the Log-
MAP algorithm can provide an improved bit-error perfor-
mance of up to about 0.5 dB over the Max-Log-MAP, it is
apparent that the Max-Log-MAP is the best compromise,
as long as a dedicated instruction for the max∗ operation is
lacking. User-configurable architectures are one means to
close this gap.

5. Application-customized RISC cores

Significant attention has recently been drawn towards
configurable processor cores such as those offered by ARC
[1] and Tensilica [2]. These are based on classical RISC ar-
chitectures that can be configured in two dimensions: First
with respect to the architectural features of the core, e.g. in-
clusion of fast MAC units, cache sizes and policies, mem-
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ory size and bus-width. Secondly the instruction set can
be extended by user-defined instructions. This approach
offers the benefit of removing application specific perfor-
mance bottlenecks while still maintaining the flexibility of a
software implementation, thus blurring the borders between
hardware and software. For instance, performance-critical
code portions that require multiple instructions on a generic
RISC architecture can be compressed into a single, user-
defined instruction to obtain a significant speed-up. More
importantly, this can on system-level eliminate the need for
a heterogeneous RISC/DSP or RISC/IP-block architecture,
therefore simplifying the architecture, reducing the cost of
the system and simplifying the validation of the total sys-
tem.

Key to efficiently using a configurable processor core
is the methodology behind defining and implementing the
custom instructions.

ARC’s approach uses two independent descriptions that
have to be provided to the tools: A C-model that describes
the behavior of the new instruction to the instruction set
simulator. And second, a synthesizable VHDL model that
extends the VHDL description of the processor core. How-
ever, it is difficult to validate the consistency of the two
models, therefore creating a potential validation hole.

The approach followed by Tensilica tries to tackle this
validation problem by a single source model that is used
for both extending the software tool chain with the cus-
tom instructions as well as for generating the synthesizable
HDL of the extended processor. The implementation of the
new instructions is done using a special extension language,
called TIE, which is essentially a hybrid of Verilog and C.

The performance critical parts of a Turbo decoder are the
path metric update, performed by the recursion step
function, and softout calculation, cf. Algorithm 1.
As discussed before, a tailored add-compare-select (ACS)
instruction, calculating one or even more butterflies in one
clock cycle, supporting the max∗-operation and addressing
the according data-transfer issues could improve the perfor-
mance significantly. Therefore we introduce a new opera-
tion, called ”LM ACS” , highlight in the following its arith-
metic and data-transfer issues and present for the first time
throughput and silicon performance results.

5.1. Arithmetic issues

The arithmetic functionality of the LM ACS-operation is
based on equations (2) and (3). The use of the Lookup-table
for the correction term within the max∗-operations is seam-
lessly integrated within this operation, thus realizing a full
Log-MAP implementation at little additional hardware cost.
The LM ACS operation requires two path metrics (PM1,
PM2) and two branch metrics (BM1, BM2) to process a
butterfly. As result, two updated path metrics (RM1, RM2)

are returned:

(RM1,RM2) = LM ACS(PM1,PM2,BM1,BM2) (4)

Each complete path metric update for either forward or
backward recursion at time step k can be mapped to a multi-
ple execution of the above LM ACS operation. The param-
eters γk(I) and γk(II ) of Figure 1 correspond to BM1 and
BM2 in the functional interface.

For example, to update the path metrics for the forward
recursion of an 8-state Turbo decoder relevant for UMTS,
the path metric update can be split into four butterflies. The
used code defines the state numbers of the incorporated
states for each processed butterfly. Four different branch
metrics exist (γ0,0

k , γ1,1
k , γ0,1

k , γ1,0
k ) that are pairwise mapped

onto the parameters BM1 and BM2. With these parameters
the butterflies are processed using the LM ACS instruction:

(αk(0),αk(1)) = LM ACS(αk−1(0),αk−1(4),γ0,0
k ,γ1,1

k ) (5)

(αk(2),αk(3)) = LM ACS(αk−1(1),αk−1(5),γ0,1
k ,γ1,0

k ) (6)

(αk(4),αk(5)) = LM ACS(αk−1(2),αk−1(6),γ1,0
k ,γ0,1

k ) (7)

(αk(6),αk(7)) = LM ACS(αk−1(3),αk−1(7),γ1,1
k ,γ0,0

k ) (8)

5.2. Data-transfer issues

An appropriate addressing scheme must ensure the cor-
rect mapping of the source operands and results. The way
these parameters are transferred, highly depends on the ac-
tual processor environment, e.g. with regard to bit-widths,
addressing schemes, internal memories, size of register file,
etc. These parameters can be given either directly or im-
plicitly.

Processing the update of the forward path metrics for a
data block, equations (5) to (8) are executed in a loop. Dur-
ing each loop iteration, which is supposed to take only a
minimum number of clock cycles, a set of branch metrics
has to be read from memory and the updated path metrics
αk(0 . . .7) have to be stored. Usually, memory accesses take
more than one clock cycle to complete. Using means like
pre-fetching of values and implicit address generation even
multi-cycle memory accesses can be parallelized with the
data processing. In case of writing, the latency is hidden in
the processor pipeline. Considering these techniques we de-
fined and implemented a set of instructions, each of which
performs a different memory operation in addition to the
butterfly processing. Thus the data transfers could be to-
tally hidden in the forward recursion loop that takes only
four clock cycles, assuming zero-overhead looping.

5.3. Throughput and silicon performance

Further dedicated instructions, not explained here, are
used to support the soft-output calculation, termed LLR
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Processor clock freq. cyc/ throughput
(bit ·MAP) @ 5 iter.

Max-Log-MAP
56603 80 MHz 165 48.6 kbit/s
ST120 200 MHz 37 540 kbit/s

Log-MAP
ST120 200 MHz ≈ 100 ≈ 200 kbit/s
cust. RISC 100 MHz 33 303 kbit/s

Table 1. (Max-)Log-MAP performance

(log-likelihood ratio). We performed two independent im-
plementation studies using the previously introduced set of
application specific instructions on both ARC’s and Ten-
silica’s RISC core. Both cores showed similar silicon and
throughput performance. The synthesis results are based
on a 0.18 µm target library under worst-case conditions
(1.55 V, 125◦ C). A configured RISC core without instruc-
tion set extensions requires 48 k gates and runs at 180 MHz,
whereas this core with the application specific instruction
set extensions requires 104 k gates. Since the hardware ex-
tensions are on the critical path of the core, the maximum
clock frequency decreases to 100 MHz.

Along with the branch metric calculation and some code
overhead the total performance of the implementations is
33 cycles per bit and MAP, cf. Table 1. There is still opti-
mization potential of up to 25 %, because the calculation of
the branch metrics can also be efficiently supported by ded-
icated instructions. We expect that these instructions will
not further extend the critical path of the customized core
and thus not decrease the maximum clock frequency.

6. Conclusions

Turbo-Codes as channel coding scheme are part of the
3G cellular wireless standards. The complexity of the de-
coding algorithm and the throughput requirements pose
great demands on the computational power of the signal
processing devices. Current DSPs support the kernel oper-
ations of the Viterbi algorithm, however for the MAP algo-
rithm, used for decoding Turbo-Codes, this support is lack-
ing. To obtain efficient implementations of an algorithm
we have identified four major methodical steps which are
strongly interrelated. In this paper, we have explained those
steps in broader detail that are dependent on the target ar-
chitecture.

The signal processing power provided by 16-bit fixed
point DSPs is far below the needs of 3G wireless commu-
nications. Using VLIW DSPs one 3G data channel can be
processed, however, as long as dedicated instruction support
for Log-MAP algorithm is missing, only the sub-optimal
Max-Log-MAP algorithm can be efficiently implemented.

Application-customized RISC cores are a new promis-
ing alternative which melts the borders between hardware
and software. We have introduced tailored instructions for
supporting the Log-MAP algorithm on those RISC cores,
addressing arithmetic and data-transfer issues. The results
of these implementations show that the Log-MAP perfor-
mance is about 50 % higher than on an ST120, a cur-
rent VLIW architecture. This persuasive result of the cus-
tomized RISC cores comes along with lower power con-
sumption and device costs compared to high-performance
DSPs.
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