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ABSTRACT 

The discrete multitone @MT) modulation/demodulation 
scheme is the standard transmission technique in the application 
of asymmetric digital subscriber lines (ADSL). Although the DMT 
can achieve higher data rate compared with other modulation/ 
demodulation schemes, its computational complexity is too high 
for cost-efficient implementations. For example, it requires 512. 
point IFFUFIT as the modulation/demodulation kernel. The large 
block size results in heavy computational load in running prc- 
grammable DSP processors. It also makes the VLSI implementa- 
tion not feasible. In this paper, we derive the parallel lattice struc- 
ture for the IFFUFFI based on the time-recursive approach. The 
resulting architectures are regular, modular, and without global 
communications so that they are very suitable for VLSI implemen- 
tation. Also, the proposed structure requires only 11% number of 
multipliers and 9% number of adders compared with the direct im- 
plementation approach. 

1. INTRODUCTION 

Recent progress of Internet access has a strong demand on high- 
speed data transmission. To overcome the transmission bottleneck 
over the conventional twisted-pair telephone lines, several sophis- 
ticated modulation/demodulation schemes have been proposed, in- 
cluding carrierless-amplitude-phase (CAP) modulation [ 11, discrete 
multitone modulation @MT) [2], [3], and QAM technology [4]. 
Among these advanced modulation schemes, the DMT can achieve 
highest tmnsmission rate since it incorporates lots of advanced 
DSP techniques such as dynamic bit allocation, multi-dimensional 
tone encoding, frequency-domain equalization, etc. As a conse- 
quence, the DMT has been chosen as the physical-layer transmis- 
sion standard by the ADSL standardization committee. 

One major disadvantage of the DMT scheme is its high com- 
putational complexity. In particular, the large block size of the 
IFFT/FFI (5 12-point) makes VLSI implementation very cost- 
expensive. In this paper, we propose cost-efficient implementa- 
tions of the IFFUFFT modules based on the time-recursive trans- 
form coding lattice structures [6], [7]. We first decompose the 
IFFTm into a combination of a DCI-like and a DST-like trans- 
form functions. By making use of the symmetric property of the 
Fourier transform as well as the fast algorithms of the DCT and 
DST, we derive new schemes to replace the complex-domain IFFT/ 
FFIY The new schemes can avoid redundant operations of the IFFT/ 
FFT, and involve only real-valued operators. Then we employ 
the time-recursive parallel lattice structures [6] to implement our 
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derivation. The structure computes the transformed data from se- 
quential inputs in a time-recursive way and requires only O(N) 
hardware complexity. Due to the linear hardware complexity and 
real-valued operations, we will need only 11% multipliers and 
9% adders compared with direct butterfly implementation of the 
IFFHFFIY 

Modulator Demodulator 
~....... _ 

Figure 1: The IFFT/FFT block diagram in the DMT system. 

2. IFFTMODULE 

2.1. The KFFT Derivation 

The IFFT/FFT block diagram in the DMT system is showed in 
Fig. 1, where N=256 in the current standard. At the transmitter 
side, to ensure the EFT generates only real-valued outputs, the 
inputs of the m have the constraint [2] 

44 = x’(2N - n), for n = 0, 1, . . . . N - 1, (1) 

where x(n) = xr (n) +jxi (n) are encoded complex symbols with 

40) = x(N) = 0. As defined in [5], the IFFY of a data sequence 
of length 2N is 

2N-1 

X(k) = C x(n)Wgj, fork = 0,1, . . . . 2N - 1, (2) 
n=O 

where W&$ 
A 
= exp(-jw). By decomposing n into the first 

half and the second half and using the facts that x(0) = x(N) = 
0, (2) becomes 

N-l 2N-1 

X(k) = c x(n)W,“,k + c x(n)W,“,k. 
n=l n=N+l 



Next, by applying the conjugate-symmetric property of the input For block processing, the initial states are zeros. Hence, R,(k, t + 
data, we can simplify (2) as 1) can be simplified as 

N-l 

X(k) = 2[C X,(n) COS g + Ne Xi(n) sin g] 

V&=1 ?S=l 

= %[MDCT(k) + MDST(k)], (4) 

for k = 0, l...., 2N - 1. From (4), we can also see that the com- 
putation of the IFFT is decomposed into two real-valued opera- 
tions. One is a discrete cosine transform (DcT)-like operation 
with z?(n), n = 1, 2 ,..., N - 1, as the inputs. The other is a 
discrete sine transform (DST-like operation with xi(n), n = 1, 
2 1..*1 N - 1, as the inputs. We shall name first term modified 
DCT (UDCT), and second term modified DST (MDST). Note that 
MDCT and MDST involve only real-valued computations. Fur- 
thermore, it can be shown that 

-&(k, t + 1) = Xc(k, t) + (-l)kx,(t + N). (12) 

Similarly, we can relate d,(k, t + 1) to X,(k, t) as 

xa(k,t+l) =X,(k,t). (13) 

Based on (8), (12), and (13), we can derive the complete time- 
recursive lattice module as shown in Fig. 2. 

MDCT(k) = MDCT(2N - k), 

MDST(k) = -MDST(PN -k), (5) 

fork = 1, 2,..., N - 1. So, we can focus on computing MDCT(k) 
and MDST(k) fork = 1, 2,..., N - 1. Then, expand the results 
fork = N, N + 1, . . . . 2N - 1. This simple relationship can help 
us to save an additional 50% hardware complexity. 

2.2. Parallel Lattice Structure for the IFFT 

Next, we derive the lattice VLSI architecture of the IFFT module. 
We employ the time-recursive approach in [6] to implement the 
IFpTm modules. It is an efficient implementation of the dual 
generation of the MDCT and MDST. First, we consider the lattice 
module of the MDCT. We follow the derivation in [6] and define 
the MDCT of a sequential input data starting from xr (t) and end- 
ing with x,(t + N - 1) as follows: 

Figure 2: The lattice module (Mk,k = 1,2,..., N - 1) for the 
dual generation of the MDCT and the MDST of the IFIT, where 

r,(k) i ~0s $, I’,(k) k sin $. 

Next, we want to consider the implementation of the MDST. 
As with the derivation of the MDCT, we define the MDST as 

t+N-1 

X.(k, t) = C Xi(n) SiLl ““‘& t)k, (14) 
n=t 

fork = 0, l,..., 2N - 1. Following the derivations in (7) (IO), we 
can find t+N-I 

Xe(k, t) = c xc,(n) cos ‘“‘ii t)k, (6) 
n=t 

fork = 0, l,..., 2N - 1. After the new datum xV(t + N) arrives, 
the MDCT is updated as 

t+N 

Xe(k, t + 1) = c x,(n) cos 2’r(n ;;- l)‘, 
n=t+l 

fork = 0, l,..., 2N - 1. We can rewrite (7) as 

(7) 

Xe(k, t + 1) = xc(k, t + 1) cos 
nk 
F + xa(k, t + 1) sin $, (8) 

where 

t+N 
ZJk, t + 1) : c x,(n) coa “$, t)k (9) 

n=t+1 

t+N 
R(k, t + 1) g c x,(n) sin “‘1, t)k. (10) 

n=t+1 

On the other hand, we can relate xc (k, t + 1) to X, (k, t) by delet- 
ing the old datum x,(t) and updating the new datum z,(t + N) as 
follows: 

%(k, t + 1) = Xe(k, t) - x,(t) + (-l)‘x,.(t + N). (11) 

nk nk 
X,(k,t+l) = ~.(k,t+l)cos~ -R(k,t+l)sinw, (15) 

where 

t+N 

Xc(kyt + 1) g C Xi(n) CO9 
27r(n - t)k 

2N (16) 
n=t+l 

and 

t+N 

R(k, t + 1) i c xi(n) sin 2a(;i t)k. (17) 
n=t+1 

Note that (16) and (17) axe similar to (9) and (10) except that the 
inputs are Zi(n). Hence, the updating equations in (12) and (13), 
can be applied to (16) and (17) except that the inputs become 
xi(n). As a result, the lattice module in Fig. 2 can be used to 
generate MDCT and MDST outputs simultaneously. For k = 0 

and N, the IFFT outputs become X(0) = ~~~ol x,(n) and 

X(N) = z:$(-l)nx,(n), respectively. These two special 
cases can be implemented by using accumulators. We denote this 
special module as SCl. The complete architecture of the IFFT is 
shown in Fig. 3. The Module Arra,y consists of N - 1 lattice mod- 
ules in Fig. 2 and a special case module (SCl). The expanding 
circuit consists of N multiplexers and N - 1 adders. The mu1 
tiplexers bypass MDCT outputs when x,(n) are used as inputs 



and bypass MDST outputs when zi(n) am used as inputs. Then, 
based on Eq. (5), the MlXX outputs and the MDST outputs are 
expanded to 2N outputs. The R-registers are used to store inter- 
mediate results. From Fig. 3, we can see that the architecture is 
modular, regular, and without global communications. 

-%.(N)...X.(O) 

x.(N).--x,(O) : :!I i : ,: : : 
::’ : 

:.. .I 
Module Array 

Expanding Circuit m’” M’ m 

Figure 3: Overall IFFT architecture based on the lattice modules, 
where 1 N denotes that we pick up the MDCUMDST results at 
the time z,(N) and zi(N) finish the updating in Module Array. 

The operation of the lFFI architecture is as follows: First, 
2,(n),n = 0,1, . . . . N - 1, are. fed into the module array to com- 
pute the MDCC results, and the MDCT results are stored in the 
R-registers. Second, %i(n), n = 0, 1, . . . . N - 1, are used as the 
inputs of the module array to compute the MDST results. Third, 
we combine the MDCT and MDST results to obtain the IFFI data 
according to (4). Then the scaling operation is achieved by shifting 
left by 1 bit. 

3. FE-I-MODULE 

3.1. The FET Derivation 

At the receiver side (see Fig. l), the 512-point FFI is used to de- 
modulate the received signals, which is given by 

Z(n) = & 

ZN-1 

c mW,-,“k, (18) 
k=O 

for n = 0, l,..., 2N - 1. Note that z(k), k = 0, 1, . . . . 2N - 1, are 
real-valued numbers. Hence, (18) can be rewritten as 

ZN-1 

5(n) = &[ c 2(k) co9 

k=O k=O 

= MDCT(n) + jMDST(n), (19) 

for n = 0, I,..., 2N - 1. Eq. (19) shows that the computation of 
the FIT is decomposed into a combination of an MDCT and an 
MDST. Both MDCT and MDST use *(lc), k = 0, l,..., 2N - 1, as 
the inputs. Hence, we can employ two real-valued kernels (MDCT 
and MDST) followed by a scaling operation of & to implement 
the FIT. No complex-valued operations are required in comput- 
ing the FIT. In addition, in the DMT system, the lower N-point 
FIT outputs are conjugate-symmetric of upper N-point outputs. 
Hence, we can neglect the outputs 5(n), n = N, N+l, . . . . 2N-1, 
which can save 50% of the complexity. 

3.2. Parallel Lattice structure for the FFT 

In this section, we derive the lattice structure for the FIT at the 
receiver side. In [6], [7], it has been shown that the lattice structure 
can perform the FFT for real-valued input data. The difference is 
that, in the DMT system, the input block size is 2N while we need 
only N FIT outputs. In what follows, we briefly derive the FEi 
lattice structure for completeness of this paper. First, we consider 
the MDCT. Following the derivation in Eqs. (6) (lo), the time- 
recursive equation of the MDCI becomes 

f+.(n,i!+ 1) = qn, t + 1) cos 
7rn 
x+&(n,t+l)sinF. (20) 

Similarly, the MDST can be rewritten as 

&(n, t + 1) = &(n, t + 1) CO9 F - &(n, t + 1) sin y, (21) 

where 

t+ZN 

E,(n, t + 1) k C X(k)cos 
27rn(k - t) 

2N (W 
k=t+l 

t+ZN 

&(?I, t + 1) e C Z(k) sin 2”nrN- t, (23) 
k=t+l 

Similar to (11) - (12), we can find the updating equations for the 
&(n,t+l)and&(n,t+l)as 

and 

f,(n, t + 1) = &(?a, t) + z,(t + 2N) (241 

&(?I, t + 1) = Z;(n, t). (2% 

The complete time-recursive lattice module is shown in Fig. 4, 
which consists of 4 multipliers and 3 adders. Its operation is sim- 
ilar to the IFFT in Fig. 2 except that 2(k), k = 0, 1, . . . . 2N - 1 
am used as inputs. For n = 0, the FIT can be simplified as 

Z(0) = c:‘l,‘a%(k). Th e special case is implemented using 
an accumulator and we denote it as SC2. 

U8.bH. 
Figure 4: The lattice module (M,,n = 1,2, . . . . N - 1) for 
the dual generation of the MDCf and MDST of the FIT, where 

r,(n)~cos~,I?,(n)fsin~. 

The complete FFT architecture based on lattice structure is 
shown in Fig 5. The operations of the FIT architecture is as fol- 
lows: First, X(k), k = 0, 1, . . . . 2N- 1, are fed into the array mod- 
ule to compute the MDCT and MDST outputs. Second, perform 
the scaling of & by shifting right by log,(2N) bits. Third, corn’ 
bine the real part (MDCT outputs) and the imaginary part (MDST 
outputs) to form the complex-valued FFT results according to (19). 



Table 1: Hardware comuatison for SN-uoint IFFDFFI. 

Figure 5: Overall FFI architecture based on the lattice modules. 

4. COMPLEXITY ANALYSIS 

In this section, we compare the hardware complexity of the pro- 
posed lattice structure with the direct implementation using but- 
terfly approach [5]. In the direct implementation using butterfly 
approach, it consist log,(PN) stages in the 2N-point IFFDFFI. 
Each stage consists of N multipliers and 2N adders. Because in- 
put sequences are complex data, the IFFDFFI kernels are com- 
plex in nature. Note that it requires 4 real-valued multipliers and 
2 real-valued adders for 1 complex multiplier. Also, it takes 2 real 
adders to realize a complex adder. Hence, the direct approach te- 
quires a total of 4N log2(2N) real multipliers and 6N log,(2N) 
real adders. 

In our approach, we decompose the IFFT into the real-valued 
transform kernels (MDCT and MDST). As a result, we only need 
real operators to realize the IFFI structure in Fig. 3. There are one 
SC1 that consists of 2 adders, and N - 1 lattice modules (Mk). 
Each h& consists of 4 multipliers and 3 adders. In addition, the 
overall architecture of the IFFI needs extra 2(N - 1) adders, N 
multiplexers, and 2(N - 1) registers for combining the MDCT 
and MDST outputs. Therefore, we need a total of 4(N - 1) real 
multipliers and 5(N - 1) + 2 real adders for the implementation 
of the IFFT. 

For the FFI module in Fig. 5, we need one SC2 which is 
an accumulator, and (N - 1) lattice modules (M,). The overall 
architecture of the FFT needs a total of 4(N - 1) real multipliers 
and 3(N - 1) + 1 real adders to compute the MDCT (real part) 
and MDST (imaginary part) outputs. 

The complexity comparison for 2N-point IFFDFFT is listed 
in Table 1. The complexity ratio (CR) is defined as 

(26) 

where 01 and 0s are the number of multipliers (or adders) in the 
butterfly approach and our approach, respectively. We can see that 
the complexity ratio of the multiplier is only 11% for the N = 256 
case.. Table 1 also shows that, our approach can gain more hard- 
ware savings compared with the direct implementation as N in- 
creases. This yields a very efficient solution for the applications of 
digital audio broadcasting (DAB) and digital TV terrestrial broad- 
casting, where the problem of larger block size N of the IFFDFFT 
needs to be handled in the Orthogo~l Frequency Division Multi- 

plexing (OFDM) scheme [8]. In addition to the reduction of adders 
and multipliers, our approach also has lots of advantages in VLSI 
implementation. We illustrate these major features by comparing 
with the butterfly approach. The architectural comparison is listed 
in Table 2. 

Iv Buttemv our Rutterflv rhlr 

(01) (02) CR (01) (is, CR 
256 9216 1020 0.111 9216 1020 0.111 
512 
1024 
2048 
40% 
8192 

20480 0.100 20480 2044 0. loo 
45056 0.091 45056 4092 0.09 1 
98304 8188 0.083 98304 8188 0.083 

212992 16380 0.077 212992 16380 0.077 
458752 32764 0.071 458752 32764 0.071 

(a) Number of 2.mput mulupbm 

IFFT FFr 
N BU~~Y 0~ 

(01) (0;) CR 
BummY our 

(01) (02) CR 
256 13824 1277 0.092 13824 766 0.055 
512 
1024 
2048 
8% 

30720 2557 0.083 30720 1534 0.050 
67584 5117 0.076 67584 3070 0.045 
147456 10237 0.069 147456 6142 0.042 
688128 3 19488 40957 20477 0.060 0.064 688128 3 19488 24574 12286 0.036 o.ms 

fJ) Number of 2.Input adders 

5. CONCLUSIONS 

In this paper, we derived cost-effective VLSI architectures for the 
implementations of the IFFDFFI kernel in the DMT system. We 
reformulate the IFFDFFTfunctions so as to avoid complex-domain 
operations. We also employ the time-recursive lattice structures to 
realize the IFFDFFI in O(N) hardware complexity. The com- 
plexity ratio of the multipliers and adders is only 11% and 9%, 
respectively, compared with the direct implementation approach. 
The proposed architecture provides a good solution for the cost- 

efficient implementation of larger block size IFFUFFI in the DMT/ 
OFDM transceiver system. 

Table 2: Architectural comparison. 

Bumfly Our approach 
I/O ODerlmon PIP0 SIW 
Arcf&etun MOdUlar Modular and Regular 
Communication Olobal Local 
Hardwan cost b Small 
LatWICy log,(2N) 2N 

Ill 

PI 

I31 

141 

PI 

I61 

I71 

PI 
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