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Abstract. Digital signal processing applications are implemented in
embedded systems with fixed-point arithmetic to minimize the cost and
the power consumption. To reduce the application time-to-market,
methodologies for automatically determining the fixed-point specifica-
tion are required. In this paper, a new methodology for optimizing the
fixed-point specification in the case of software implementation is de-
scribed. Especially, the technique proposed to select the data word-length
under a computation accuracy constraint is detailed. Indeed, the latest
DSP generation allows to manipulate a wide range of data types through
sub-word parallelism and multiple-precision instructions. In compari-
son with the existing methodologies, the DSP architecture is completely
taken into account to optimize the execution time under accuracy con-
straint. Moreover, the computation accuracy evaluation is based on an
analytical approach which allows to minimize the optimization time of
the fixed-point specification. The experimental results underline the ef-
ficiency of our approach.

1 Introduction

Most digital signal processing algorithms are specified with floating-point data
types but they are finally implemented into fixed-point architectures to satisfy
the cost and the power consumption constraints of embedded systems. To reduce
the embedded system time-to-market, high-level development tools are required
to automate some tasks. The manual transformation of floating-point data into
fixed-point data is a time-consuming and error prone task. Indeed, some experi-
ments [8] have shown that this manual conversion can represent up to 30% of the
global implementation time. Thus, methodologies for the automatic transforma-
tion of floating-point data into fixed-point data have been proposed [12][26].

For Digital Signal Processors (DSP), the aim is to define the optimal fixed-
point specification which maximizes the accuracy and minimizes the size and the
execution time of the code. Existing methodologies [13][26] achieve a floating-
point to fixed-point conversion leading to an ANSI-C code with integer data
types. Nevertheless, the different elements of the target DSP are not taken into
account for the process of fixed-point data coding. The analysis of the architec-
ture influence on the computation accuracy underlines the necessity to take into
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account the DSP architecture to obtain an optimized fixed-point specification.
Particularly, the different data types supported by the latest DSP generation
offer an opportunity to make a trade-off between the computation accuracy and
the code execution time.

In this paper, a new global methodology for the implementation of floating-
point algorithms into fixed-point processors under accuracy constraint is pre-
sented, and especially, the stage of data word-length selection is detailed. Firstly,
the available methodologies for the fixed-point conversion are presented in sec-
tion two. After a review of the different datapath elements in a DSP which
influence the computation accuracy, the fixed-point conversion methodology is
presented in section four. In section five, the data word-length determination
stage is detailed. Finally, some experimental results obtained on different appli-
cations are given.

2 Related Work

In this section the different available methodologies for the automatic implemen-
tation of floating-point algorithms into fixed-point architectures are presented.
These methodologies achieve the floating-point to fixed-point transformation at
a high-level (source code).

The FRIDGE [11] methodology developed at the Aachen University achieves
a transformation of the floating-point C source code into a C code with fixed-
point data types. In the first step called annotations, the user defines the fixed-
point format of some variables which are critical in the system or for which the
fixed-point specification is already known. Moreover, global annotations can be
defined to specify some rules for the entire system (maximal data word-length,
casting rules). The second step called interpolation [25][11] corresponds to the
determination of the integer and fractional part word-length for each data. The
fixed-point data formats are obtained from a propagation rule set and the pro-
gram control flow analysis. This step leads to an entire fixed-point specification of
the application. This description is simulated to verify if the accuracy constraint
is fulfilled. The commercial tool CoCentric Fixed-point Designer proposed by
Synopsys is based on this approach.

In [26], a method called embedded approach is proposed for generating an
ANSI-C code for a DSP compiler from the fixed-point specification obtained
previously. The data (source data) for which the fixed-point formats have been
obtained with the technique presented previously, are specified with the avail-
able data types (target data) supported by the target processor. The freedom
degrees due to the source data position in the target data allow to minimize the
scaling operations. This methodology allows to achieve a bit-true implementa-
tion in a DSP of a fixed-point specification. But the fixed-point data formats are
not optimized according to the target processor and especially according to the
different data types supported by this processor.

The aim of the tool presented in [13] is to transform a floating-point C source
code into an ANSI-C code with integer data types to be independent of the target
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architecture. Moreover, a fixed-point format optimization is done to minimize the
number of scaling operations. Firstly, the floating-point data types are replaced
by fixed-point data types and the scaling operations are included in the code.
The scaling operations and the fixed-point data formats are determined from the
dynamic range information. The reduction of scaling operation number is based
on the assignation of a common format to several relevant data allowing the
minimization of the scaling operation cost function. This cost function depends
on the processor scaling capacities. For processor with a barrel shifter, the scaling
operation cost is equal to one cycle, otherwise the number of cycles required for
a shift of n bits is equal to n cycles.

In this methodology, the scaling operations are minimized. But, the code
execution time is not optimized under a global accuracy constraint. The accu-
racy constraint is only specified through the definition of a maximal accuracy
degradation allowed for each data. Moreover, the architecture model used for
the scaling operation minimization does not lead to an accurate estimation of
the scaling operation execution time. For processor based on a specialized ar-
chitecture, the scaling operation execution time depends on the data location
in the datapath. Furthermore, for processors with instruction-level parallelism
capacities, the overhead due to scaling operations depends on the scheduling
step and can not be easily evaluated before the code generation process.

These two methodologies achieve a floating-point to fixed-point transforma-
tion leading to an ANSI-C code with integer data types. Nevertheless, the differ-
ent target DSP elements are not taken into account for the fixed-point conver-
sion. Especially, the opportunities offered by DSPs, able to manipulate a wide
variety of data types, are not exploited.

3 Digital Signal Processor Architecture

DSP architectures are designed to compute efficiently the arithmetic operations
involved in digital signal processing applications. Different elements of the dat-
apath influence the computation accuracy as described in [17]. The most im-
portant element is the data word-length. Each processor is defined by its native
data word-length which is the word-length of the data that the processor buses
and datapath can manipulate in a single instruction cycle [14]. For most of the
fixed-point DSPs, the native data word-length is equal to 16 bits. For ASIP (Ap-
plication Specific Instruction-set Processor) or some DSP cores like the CEVA-X
and the CEVA-Palm [20](CEVA), this native data word-length is customizable
to fit better the architecture to the target application. The computation accuracy
is linked to the word-length of the data which are manipulated by the operations
and depends on the kind of instructions which are used for implementing the
operation.

DSPs allow through classical instructions, the achievement of a multiply ac-
cumulate (MAC) operation without lost of information, by providing a double
precision result. The adder and the multiplier output word-lengths are equal
to the double of the native data word-length. Nevertheless, the data dynamic
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Table 1. Word-length of the data which can be manipulated by different DSP for
arithmetic operations (multiplication, addition, shift).

Processor Data Types (bits)

TMS320C64x (T.I.) [23] 8, 16, 32, 40, 64

TigerSHARC (A.D.) [2] 8, 16, 32, 64

SP5, UniPhy (3DSP) [1] 8, 16, 24, 32, 48

CEVA-X1620 (CEVA) [3] 8, 16, 32, 40

ZSP500 (LSI Logic) [24] 16, 32, 40, 64

OneDSP (Siroyan) 8, 16, 32, 44, 88

range increase due to successive accumulations can lead to an overflow. Thus,
some DSPs extend the accumulator word-length by providing guard bits. These
supplementary bits allow the storage of the additional bits generated during
successive accumulations.

Many DSPs support multiple-precision arithmetic to increase the computa-
tion accuracy. In this case, the data are stored in memory with a more important
precision. The data word-length is a multiple of the natural data word-length.
Given that multiple-precision operations manipulate greater data word-length, a
multiple-precision operation is achieved with several classical operations. Conse-
quently, the execution time of this operation is greater than the one of a classical
operation.

To reduce the code execution time, some recent DSPs allow the exploitation of
the data-level parallelism by providing SWP (Sub-Word Parallelism) capacities.
An operator (multiplier, adder, shifter) of word-length N is split to execute
k operations in parallel on sub-word of word-length N/k. This technique can
accelerate the code execution time up to a factor k. Thus, these processors
can manipulate a wide diversity of data types as shown in table 1. In [6], this
technique has been used for implementing a CDMA synchronisation loop in the
TigerSharc DSP [2]. The SWP capacities allow to achieve 6,6 MAC per cycle
with two MAC units.

4 Fixed-Point Conversion

A new methodology for the implementation of floating-point algorithms into
fixed-point DSPs under accuracy constraint has been proposed in [15]. In our
methodology, the determination and the optimization of the the fixed-point spec-
ification are directed by the accuracy constraint. Moreover, the DSP architecture
is completely taken into account. The code generation and the fixed-point con-
version process are coupled to obtain an optimized fixed-point specification. The
different phases of our methodology are presented in figure 1.
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Fig. 1. Framework structure.

First, the floating-point C source algorithm is transformed with the SUIF
front-end, into an intermediate representation (IR) described as a Control Data
Flow Graph (CDFG). The first stage of the methodology, corresponding to the
data dynamic range evaluation, is based on an analytical approach. A combi-
nation of the L1 and Chebychev norms [21] and the results of the arithmetic
interval theory [9] allows to determine the data dynamic range in non-recursive
systems and in recursive linear time-invariant systems.

The results obtained are used for the determination of the data binary-point
position to avoid overflows. For the different application DFGs (Data Flow
Graph), the binary-point positions are determined during the DFG traversal
from the sources to the sinks. For each data and operator, a rule is applied for
determining the position of the binary-point. This approach enables to manage
adder with guard bits. In this stage, the scaling operations required to obtain a
valid fixed-point specification are inserted.

The third stage corresponds to the data word-length determination to obtain
a complete fixed-point format for each data. It is detailed in section five.

Finally, the scaling operation localization are optimized to minimize the code
execution time as long as the accuracy constraint is fulfilled. The execution time
is modified through the scaling operation moving. This stage aim is to find
the scaling operation location which allows to minimize the execution time and
to fulfill the accuracy constraint. Given that the instruction level parallelism
is limited for conventional DSPs, the scaling operation execution time can be
estimated from the execution time of the instructions used for implementing
this operation. For processors with instruction level parallelism, the execution
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time estimation must be coupled with the scheduling stage to take account of
the partial instructions which are executed in parallel. The back-end of the
compilation infrastructure is based on a retargetable code generation tool [4].

The determination and the optimization of the fixed-point specification are
made under accuracy constraint. The accuracy is evaluated trough the Signal to
Quantization Noise Ratio (SQNR) metric. An analytical method [18] that en-
ables to obtain automatically the SQNR expression from the application CDFG
is used in this flow.

5 Data Type Determination

In the fixed-point conversion design flow, each data type (word-length) is de-
termined to obtain a complete fixed-point format for each data of the CDFG.
This module must allow to explore the diversity of the data types available in
recent DSPs as explained in section three. To increase the computation accu-
racy, multiple-precision operations can be used. Nevertheless, the execution time
is more important. To reduce the computation execution time, data parallelism
can be exploited trough Sub-Word Parallelism operations in recent DSPs. Con-
sequently, the precision of the computation is reduced.

The main goal of the code generation process is to minimize the code execu-
tion time under a given accuracy constraint. Thus, our methodology selects the
instructions which will respect the global accuracy constraint and minimize the
code execution time. The methodology structure is presented in figure 2. Before
to start the optimization process, different stages must be achieved. They corre-
spond to the accuracy evaluation, the instruction selection and the application
execution time estimation.

SQNR
min

SQNR 
Evaluation

SQNR 
Evaluation

OptimizationOptimization

Execution Time 

Determination

Execution Time 

Determination

B

Processor 

Model

CDFG G
pv

b̂

Instruction 

Selection

Instruction 
Selection

),( mbSQNR
r

r

)(bSQNR
r

m

r

)(bT

r

Fig. 2. Structure of the data type determination process. This process is applied to
the CDFG (Gpv) obtained after the determination of the data binary-point positions.

5.1 Accuracy Evaluation

The most common used criteria for evaluating the computation accuracy is the
Signal to Quantization Noise Ratio (SQNR) [12][10]. Traditional methods [5][12]
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are based on fixed-point simulations. But these techniques lead to huge fixed-
point optimization time. Indeed, multiple simulations are needed for this opti-
mization process, since a new fixed-point simulation is required when any fixed-
point data format is modified. Thus, the methodology based on an analytical
method and proposed in [18], is used. It allows to determine automatically the
analytical expression of the Signal to Quantization Noise Ratio for a CDFG. In
a fixed-point system, the output quantization noise is due to the propagation of
the different noise sources generated during cast operations. The output noise
power expression is computed from the noise source statistical parameters and
the gain between the output and each noise source. For linear time-invariant sys-
tems, these gains are determined with the help of the transfer function concept.

The CDFG is made up of No operations oi. Let bi and mi be the word-length
and binary-point position of the operation oi operands. Let −→

b = [b1, b2, . . . , bi,
. . . bNo ] and −→m = [m1, m2, . . . , mi, . . .mNo ] be the vectors specifying respectively
the word-length and the binary-point position of all CDFG operation operands.
The SQNR expression is obtained according to the vector −→

b and −→m.

5.2 Estimation of the Code Execution Time

DSP Processor Modelization. The processor is modelized by a Data Flow
(DF) instruction set. These instructions implement arithmetic operations and
data transfers between the memory and the processing unit. The instructions
are obtained from one or several instructions of the processor instruction set.
Each DF instruction jk is characterized by its function γk, by its operand word-
length bk and by its execution time tk. This execution time is obtained from the
processor model. For SWP instructions, the execution time is set to the proces-
sor instruction execution time divided by the number of operations achieved in
parallel. For the multiple-precision instructions, the execution time is the sum
of the execution time of the processor instructions used for implementing this
operation. A processor model example is presented in figure 3.a.

Execution Time Estimation. The aim of this section is to estimate the global
application execution time according to the instructions selected for each CDFG
operation. Nevertheless, the goal is not to obtain an exact execution time es-
timation but to compare and to select two instruction series. Thus, a simple
estimation model is used for evaluating the application execution time T . This
time T is computed from the execution time ti and the number of executions ni

of each operation oi as follows

T =
∑

i

ti.ni (1)

This estimation method is based on the sum of the instruction execution
times and leads to accurate results for DSPs without instruction parallelism.
For DSPs with instruction level parallelism (ILP), this method does not take
account of the instructions executed in parallel. Nevertheless, this estimation
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gives results which allow to compare efficiently two instruction series in the case
of processor with ILP.

For classical and SWP instructions, the gains due to the transformation (code
parallelization) of the vertical code into an horizontal one are closed. Indeed, the
two instruction series use the same functional units at the same clock cycles. The
difference lies in the functionality of the processor unit. For SWP instructions,
the functional units manipulate fractions of word instead of the entire word.

A multiple-precision instruction corresponds to a serie of classical instruc-
tions. Thus, in the best case and after the scheduling stage, the multiple-precision
instruction execution time can be equal to the execution time of the classical
precision instructions. In this case, the classical operations must be favored if
the precision constraint is fulfilled to reduce the data memory size. Therefore,
the multiple-precision instruction execution time is set to the maximal value to
select these multiple-precision instructions only if the classical instructions can
not fulfill the precision constraint.

This approach for the code execution time estimation can be improved with
more accurate techniques such as those presented in [7][22].

5.3 Data Word-Length Optimization

For each CDFG operation oi, the different instructions, which allow to achieved
oi, are selected. Let Ii, be the set specifying the instructions selected for the
operation oi. Let Bi, be the set specifying all the word-lengths which can be taken
by the operation oi operands. Thus, for each operation oi, the optimal word-
length b̂i (̂bi ∈ Bi) which allows to minimize the global execution time T (−→b ) and
to respect the minimal precision constraint must be selected. Consequently, the
application execution time T (−→b ) is minimized as long as the accuracy constraint
(SQNRmin) is fulfilled as described in equation 2. This optimization process is
illustrated with a FIR filter example in figure 3.

min−→
b ∈B

(
T (−→b )

)
such as SQNR(−→b ) ≥ SQNRmin (2)

Given that the number of values for each variable bi is limited, the optimiza-
tion problem can be modelized with a tree and a branch and bound algorithm
can be used to obtain the optimized solution. This technique leads to an expo-
nential optimization time. Consequently, the success of this approach is based on
the limitation of the search space. Four techniques presented in the next section
are used for limiting the search space.

5.4 Search Space Limitation

Instruction Combination Restriction. The modelization of this optimiza-
tion problem with a tree allows to enumerate exhaustively all the solutions.
Nevertheless, all the instruction combinations are not valid. For illustrating this
problem, an example is presented in figure 4. The operation inputs and output
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are annotated with their fixed-point format. Given that the operation ol input
is the result of the operation ok, the number of bits for the fractional part of
the ol input can not be strictly greater than the number of bit for the fractional
part of the ok output. Thus, the instruction tested for the operation ol is valid
if the following conditions are fulfilled

ns
k ≥ ne

l

ns
l ≥ ne

h

(3)

If the conditions 3 are not respected, the exploration of the subtree is stopped
and a new instruction is tested for the operation ol. This technique allows to
reduce significantly the search space.

o
k

o
l

o
h

( )s
k

s

k

s

k
nmb ,,

( )e
l

e

l

e

l
nmb ,,

( )s
l

s

l

s

l
nmb ,,

( )e
h

e

h

e

h
nmb ,,

( )nmb ,,Fixed-point specification :
b : Data Word-Length (WL)
m : Integer part WL
n : Fractional part WL

Fig. 4. Data flow example.

Partial Solution Evaluation. In the branch-and-bound algorithm, the partial
solutions are evaluated to stop the tree exploration, if they can not lead to the
best solution.

At the tree level l, the exploration of the subtree induced by the node repre-
senting b̂l can be stopped if the minimal execution time which can be obtained
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during the exploration of this subtree is greater than the minimal execution time
which has already been obtained. Given that only the word-lengths b0 to bl are
defined, the minimal execution time is determined by selecting for the operation
oj (j ∈ [l + 1, No]), the instruction with the minimal execution time tj . In most
of the case, it is equivalent to select for the operation oj , the instruction with
the minimal operand word-length (bj). In this case, for each tree level l, the
following relation is obtained

T ([̂b0, . . . , b̂l−1, b̂l, bl+1, . . . , bNo
]) ≤ T ([̂b0,

. . . , b̂l−1, b̂l, bl+1, . . . , bNo ])
(4)

At the tree level l, the exploration of the subtree induced by the node represent-
ing b̂l can be stopped if the maximal SQNR which can be obtained during the ex-
ploration of this subtree is lower than the precision constraint (SQNRmin). The
SQNR maximal value is obtained by fixing the word-lengths bj (j ∈ [l + 1, No])
to their maximal values. Indeed, given that the SQNR is a monotonous and
rising function, the SQNR maximal value is obtained for the maximal operand
word-length (bj). Thus, for each tree level l, the following relation is obtained

SQNR([̂b0, . . . , b̂l−1, b̂l, bl+1, . . . , bNo ]) ≥ SQNR([̂b0,

. . . , b̂l−1, b̂l, bl+1, . . . , bNo ])
(5)

Node Evaluation Order. This optimization technique based on a tree explo-
ration is sensitive to the node evaluation order. To find quickly a good solution
for reducing the search space, the variables with the most influence on the op-
timization process must be evaluated first. The variables are sorted by their
influence on the global execution time and the SQNR.

Reduction of the Number of Values per Variable. For applications with
a great number of variables, the optimization time can become huge. To obtain
reasonable optimization time, the optimization is achieved in two steps. Firstly,
the variables corresponding to the data word-length are considered as positive
integer numbers and a classical optimization technique is used for minimizing the
code execution time under accuracy constraint. Let b̃i be the optimized solution
obtained with this technique for the variable bi. Secondly, the technique based on
the branch-and-bound algorithm presented previously is applied with a reduced
number of values per variable. For each variable bi, only the values which are
member of Bi and immediately higher and lower than b̃i are retained. Thus
only, two values are tested for each variable and the search space is dramatically
reduced.

6 Experiments

6.1 Complex Correlator

The complex correlator application is used for the de-spreading operation in
a CDMA receiver [19]. It achieves the correlation between a complex signal x
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and a complex code c. In this experiment, the complex correlator characteristic
Topt = f (SQNRmin) is determined for the TMS320C64x architecture model.
This characteristic defines the optimized execution time obtained for a given
SQNR constraint. It allows to analyse the trade-off between the execution time
and the computation accuracy offered by the processor. The results are pre-
sented in figure 5. This characteristic is obtained by applying our word-length
optimization method for different SQNR constraints. Each point (ρo, To) of the
curve Topt = f (SQNRmin) represents the optimized execution time (To) ob-
tained for the SNQR constraint ρo. This experiment has been achieved with
no constraint on the data types for the application input and output. The ex-
ecution time is normalized with the execution time obtained with a classical
implementation called implementation 2.

Fig. 5. (a) Complex correlator characteristic Topt = f (SQNRmin). For each SQNR
constraint (SQNRmin), the optimized execution time Topt is reported. (b) Data Flow
Graph for the correlator real part computation (c) Details of the different particular
implementations obtained for the complex correlator characteristic.

The curve evolves by stage. The fixed-point specifications associated with
each particular implementation are detailed in the table presented in figure 5.c.
The implementations 1, 2 and 4 are based on the same structure. The data are
stored in memory with bn bits. The multiplication leads to a result with 2.bn bits
and the addition operand word-length is equal to 2.bn. For the implementations
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1, 2 and 4, the word-length bn is respectively equal to 8, 16 and 32 bits. For the
implementation 3, the data are stored in memory with 32 bits and the addition
operand word-length is equal to 32 bits. Thus, the computations are achieved
on single precision with this implementation. It allows to reduce the application
execution time compare to the implementation 4. This characteristic underlines
the trade-off between the execution time and the computation accuracy obtained
for new DSP generation with SWP capacities. For the different implementations,
the optimization time is less than 8 seconds.

6.2 Second Order IIR Filter

The previous example underlines our methodology interest for DSPs with SWP
capacities. Nevertheless, this methodology can be used to implement applications
which require high precision into conventional DSPs. Indeed, this methodology
allows to select classical or multiple-precision instructions. For illustrating these
aspects, a second order Infinite Impulse Response (IIR) filter is implemented
into the DSP TMS320C54x.

The SQNR obtained with an implementation based on classical operations
is low (50 dB). To increase the computation accuracy, double precision oper-
ations are used. The characteristic Topt = f (SQNRmin) obtained with the
TMS320C54x architecture model is presented in figure 6. The execution time
is normalized with the classical implementation (implementation 1) execution
time.

The implementation 2 leads to an interesting trade-off. For the implemen-
tations 1 and 2, the input and output filter word-lengths are equal to 16 bits.
Thus, the input and output fixed-point specifications of implementation 1 and 2
are identical. Nevertheless, the implementation 2 allows to increase the output
SQNR of 40 dB and leads to an execution time growth of only 60% compared to
implementation 1. For this solution, the recursive part of the filter uses double
precision operations and the data zy are stored in memory with 32 bits to limit
the accuracy loss. For the different implementations, the optimization time is
less than 5 seconds.

6.3 WCDMA Receiver

A more complex application, corresponding to a WCDMA rake receiver, has been
tested. This application is integrated into third-generation radio communication
systems (UMTS) [19]. This rake receiver is made up of a symbol estimation
part and a synchronization part [16]. Before to start the fixed-point conversion
process, the minimal precision constraint (SQNRmin) must be defined. The
SQNR minimal value is obtained with the technique detailed in [16] according
to the receiver performances evaluated through the Bit Error Rate (BER).

The methodology has been used to obtain the application fixed-point specifi-
cation. The target processor is the TMS320C64x high performance VLIW DSP.
The different scaling operations are moved towards the coefficients to reduce the
code execution time. The opportunities offered by the SWP instructions allow to
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Fig. 6. (a) IIR filter characteristic Topt = f (SQNRmin). For each SQNR constraint
(SQNRmin), the optimized execution time Topt is reported. (b) Data Flow Graph for
the IIR filter (c) Details of the different particular implementations obtained for the
IIR filter characteristic.

decrease significantly the code execution time. For the symbol estimation part,
the execution time is reduced from a factor of 3.5 compared to a solution based
only on classical instructions. For the synchronization part, the execution time
is divided by a factor of 3.1. The different techniques proposed for the limitation
of the search space allow to obtain an optimization time lower than 3 minutes
for this application.

7 Conclusion

In this paper, a new methodology for the implementation of floating-point al-
gorithms into fixed-point architectures under accuracy constraint has been pre-
sented. Compared to a manual based approach, this kind of tool enables to reduce
significantly the application time-to-market. The stage for the data word-length
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selection has been detailed. The aim of this phase is to select the set of instruc-
tions which allows to respect the global accuracy constraint and to minimize the
code execution time. The different techniques used to limite the search space
to obtain reasonable optimization time have been presented. The experiment
results show the different possible trade-offs between the accuracy and the exe-
cution time. Our method underlines the different opportunities offered by DSPs
with SWP capacities.
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