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ABSTRACT 
An improved implementation of the TDAC synthesis filter-
bank is proposed which is well suited for fixed point imple-
mentation on embedded platforms. The new implementation 
is based on computation of IMDCT by Radix-2 FFT. A new 
fast and regular structure has been derived by modifying the 
pre-processing, FFT and post-processing stages of the im-
plementation. An efficient implementation of windowing for 
embedded platforms is also suggested.  

1. INTRODUCTION 

Audio players have become ubiquitous in consumer elec-
tronics ranging from portable music/media players to mo-
biles phones. Most of these devices have software decoders 
running on DSPs or DSP enhanced microcontrollers like 
ARM cores rather than hardware decoders. Achieving real-
time software playback on such resource constrained plat-
forms calls for extremely efficient implementations. In such 
players, the contribution of the synthesis filterbank to the 
overall complexity can be as high as 70%.  

Modified discrete cosine transform/inverse modified dis-
crete cosine transform (MDCT/IMDCT) based analy-
sis/synthesis filterbanks have been adopted in state of the art 
audio compression schemes such as AC-3, AT&T PAC, 
SONY ATRAC, ATRAC2, Ogg Vorbis, and MPEG-1,2,4. 
Such filterbanks are broadly known as Time Domain Alias 
Cancellation (TDAC) filterbanks. The synthesis filter-
bank[1] in such decoders consists of IMDCT (Eq.1) fol-
lowed by windowing and overlap addition (Eq.2). 
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where w(n) is the synthesis window function, X(K) are the 
mth frame MDCT coefficients and pm(n) is the reconstructed 
mth frame. For simplicity, the factor 1/N in Eq.1 is merged 
into the window function w(n). 

Several algorithms have been suggested for their fast im-
plementation. The fastest methods either factorize the 
IMDCT computation to DCT[1,2,3,4] or FFT computed us-
ing Split Radix FFT (SRFFT)[5,6]. DCT and SRFFT based 
solutions are not suitable for embedded cores because of their 
irregular structure which results in complex data addressing 

and code size that increases rapidly with the order of the 
transform which can be as high as 8192[7]. Due to these 
problems most embedded implementations are based on 
IMDCT by Radix-2 FFT which is explained in Section 2. 
Based on this implementation, the derivation of a more effi-
cient structure in explained in Section 3. Section 4 summa-
rizes the main results of this work. 

2. TRADITIONAL FFT BASED ALGORITHM 

The following steps illustrate the fast implementation of 
TDAC synthesis filterbank (Eq.1 and Eq.2) using General-
ized DFT (GDFT)[8]. 
Step 1: Input combination 
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Step 2: GDFT 
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Step 3: Windowing and de-interleaving: 
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Step 4: Overlap and Add 
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In the traditional implementation, the GDFT (Eq.4) is modi-
fied as follows: 
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Hence, Step 2 is computed as follows 
Step 2.1: Pre-processing: 
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Step 2.2: FFT: 
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Step 2.3: Post-processing: 
1,....0;*)()( 4

8/1 −== + Nn
N nWnzny                   (10) 

where 
njn

N
NeW
π2−=  

The computational complexity for this method is given in 
Tables 1 and 2. The contribution of pre and post processing 
to the total computations in IMDCT varies from 34% to 
79% depending its order. Duhamel[5] has shown that steps 
2.1, 2.2 and 2.3 can actually be performed inside the SRFFT. 
As explained in previous section, SRFFT is not a viable op-
tion for embedded platforms. Šević[6] has proposed the 
merging of the windowing of Step 3 with the post-
processing. However this scheme is only applicable to spe-
cial windows. 

3. PROPOSED ALGORITHM 

The GDFT (Eq.4) can be alternately split as 
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Hence, Step 2 is now implemented in the following sub 
steps: 
Step 2.1: Pre-processing: 
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Step 2.2: FFT: 
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Step 2.3: Post-processing: 
1,....0;)()( 4

4/1 −== + Nn
N nWnzny                         (14) 

Novel modifications are suggested in the following subsec-
tions which results in a new structure with fewer computa-
tional requirements.  
 
3.1. Pre-processing & FFT 
 
The first stage of N/4 point FFT has been merged with the 
pre-processing stage to reduce the overall computations. Us-
ing the radix-2 decimation-in-frequency scheme[9], Step 2.2 
(Eq.13) can be split as 
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where 

[ ]
1,....0

)()()(

)()()(

8

4/82

81

−=

+−=

++=

N

k
N

N

N

k
WkZkZkG

kZkZkG
                             

(16) 
Combining Step 2.1 with Eq.16 
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The new pre-processing factors k
NW possesses the following 

property. 
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Using this property, Eq.17 can be written as 

k
N

N
j

k
N

N
j

WkYekYkG

WkYekYkG

5
8

4
2

8
4

1

)](*)([)(

)](*)([)(

+−=

++=

−

−

π

π

                    (19) 

 
Eq.19 and Eq.15 become the new Steps 2.1 (Pre-processing) 
and 2.2 (FFT Stage) respectively. The resulting computation 
structure is shown in Fig.1.  

The new pre-processing stage now has N/8 multiplica-
tions with e-jπ/4, which can be implemented using only 2 real 
mults and 2 adds, on input side and N/4-2 complex multipli-
cations on the output side. Out of the N/4-2 constants re-
quired by this stage, N/40-1 are shared between the upper 
(WN

k) and lower (WN
5k) halves. Furthermore N/64-1 and 

N/320-1 constants are shared by the upper and lower halves, 
respectively, with N/8 point FFT twiddle factors. These re-
dundancies can be exploited to reduce the ROM require-
ments at the cost of regular memory access in pre-processing 
stage.  
 
3.2. Post-processing 
 
The post-processing stage has N/4 complex multiplications. 
We propose to reduce the computations in this stage by 
modifying the windows coefficients. The post-processing 
rotation factors are given by 
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The cosine and sine values can be easily merged with the 
window coefficients without disturbing the symmetry.  

The new rotation factors are well suited for fixed point 
implementation since the tan and cot values lie between 0 
and 1 for the given range. Although complex, only two real 
multiplications are required for complex multiplications in-
volving them. The ROM requirement for storing the post-
rotation factors is halved since only the real or imaginary 
parts have to be stored.  

 
3.3. Windowing and overlap addition  
 
The Windowing (Step 3) and Overlap addition (Step 4) can 
be combined as 
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where y’ corresponds to the previous frame. This can be re-
written as  
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These real computations can be converted to complex multi-
plications as shown 
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Now it is possible to reduce the multiplications at the cost of 
additions. This technique is beneficial on platforms like 
ARM9T cores where the multiplier takes more than three 
cycles. 

4. RESULTS 

The complex multiplication can be implemented using 4 
mults + 2 adds or 3 mults + 5 adds or 3 mults + 3 adds. The 3 
mults + 3 adds scheme increases the ROM requirements for 
complex constants (c+jd) by 33% as c, c+d and c-d have to 
be stored. It also means that there is an extra load. For most 
embedded platforms, load is multicycle while add is single 
cycle. Thus, while this scheme is generally used to illustrate 
the results, it is not very suitable for an embedded scenario.  

The computational complexities are tabulated in Table 1 
for 4 mults + 2 adds and 3 mults + 5 adds schemes. The per-
centage reduction in IMDCT computation for commonly 

used orders is illustrated in Fig. 2. The method explained in 
section 3.3 provides a flexibility to use 3 mults + 5 or 3 adds 
scheme in windowing and overlap addition stage.  

The ROM requirements of the proposed method are 
compared with the traditional method in Table 2. The redun-
dancies in the pre-processing constant can be exploited to 
reduce the additional memory requirements to 10%. 

5. CONCLUSION 

The proposed structure and methods result in significant 
reduction in computations with slight increase in the ROM 
requirements. Also the advantage of the traditional method 
viz. regular structure is preserved.  
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 4 Mults + 2 Adds scheme 3 Mults + 5 Adds scheme 

 Traditional Method Proposed Method Traditional Method Proposed Method 
 Mults Adds Mults Adds Mults Adds Mults Adds 

Pre processing N N/2 5N/4-8 5N/4-4 3N/4 5N/4 3N/2-10 3N/2-6 

Post-processing N N/2 N/2 N/2 3N/4 5N/4 N/2 N/2 

FFTi (N/2)vii-
13N/8)+10 

3N/4v-
(6N/8)+4 

(N/2)v-
(17N/8)+14 

3N/4v-
(3N/2)+6 

(3N/8)v- 
(19N/16)+7 

9N/8v-
(33N/16)+13 

(3N/8)v- 
(33N/16)+14 

(9/8)Nv- 
(43N/16)+14 

Window 2N N 2N N 2N N 2N or 3N/2 N or 5N/2 

Table 1: Complexity of the traditional and proposed methods. 
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Table 2: ROM Requirements of traditional and proposed methods           Fig.1:  Proposed structure for synthesis filterbank computation 

 
 

 

            
(aiii)                                                                                                               (b) 

Fig.2: Percentage reductions in additions and multiplications for (a) 4 mults + 2 adds scheme and (b) 3 mults + 5 adds scheme. 
 
 
 
 
 
 
 

                                                           
i while computing the computations for FFT, gains due to the properties of twiddle factors 1, -j and 4

πj
e
−

are taken into account. 
ii v = log2(N/4) where N is the order of IMDCT. 
iii The number of additions for the proposed method is two less than that for traditional method for all orders. 
 

 Traditional 
Method 

Proposed 
Method % Increase 

Pre-processing N/2 or 17N/40 

Post-
processing 

N/2 
N/4 

50% or 35% 

FFT N/8 N/16 -50% 

Windowing N/2 N/2 0% 

Total 9N/8 21N/16 or 
99N/80 16.67% or 10% 
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