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ABSTRACT

This paper presents anew VLSI architecture for computing the N-
point discrete Fourier transform (DFT) of real data and the
corresponding inverse (IDFT) based on the discrete Hartley
transform, where N is a power of two. The architecture includes
two real multipliers, three real adders, six memory-based buffers,
two ROM'’s, and some simple logic circuits, making itself suitable
for single-chip implementation. It is capable of evaluating one
DFT sample or one IDFT sample every (log,N+1)/2 clock cycles
on average. Under 0.35 mm CMOS technology, the proposed
design can operate at a clock rate of 100 MHz to reach a
throughput of 20M transform samples per second for N=512. The
processing speed will be higher if more advanced CMOS
technology is adopted to implement the same circuit. Such low-
complexity and high-throughput feature supports that the
proposed design is well suited for use in discrete multitone based
very high-speed digital subscriber line transceivers.

1. INTRODUCTION

The discrete multitone modulation (DMT) is a famous form of
digital implementation of multicarrier modulation [1]. This
technology has been widely investigated for high-speed data
transmission on copper wires. For example, it has been selected by
the American Nationa Standards Institute and the European
Telecommunications Standards Institute for asymmetric digital
subscriber line (ADSL) and very high-speed digital subscriber line
(VDSL) services [2]-[5] over ordinary phone lines. ADSL service
can provide a date rate of severa megabits per second, while
VDSL service can provide a data rate up to 52 megabits per
second. For a DMT-based VDSL transceiver, the modulator and
demodulator need to respectively compute very long-length
inverse discrete Fourier transforms (IDFT) and DFT, where the
transform length may be as high as 4096 and the sampling rate
may be up to 44.16 MHz. Obviously, the DFT/IDFT computation
involved in VDSL applicationsis pretty complicated and thereis a
great need to develop fast processors for it to meet the real-time
requirements.

The discrete Hartley transform (DHT) involves only real-valued
arithmetic and has an identical inverse [6]. It is closely related to
the DFT and has become an effective tool for computing the DFT
of real data; we can evaluate the corresponding DHT first and then
convert the result into the DFT. There have been a number of fast
algorithms and architectures proposed earlier for the DHT
computation (see, for example, [7]-[10]). However, they are either
too slow to meet the speed requirement of VDSL applications or
consume too many multipliers to be realized in asingle chip.

In this paper, we propose a new DHT-based FFT/IFFT (fast Fourier
transform and its inverse) processor for DMT-based VDSL
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applications. The proposed design involves two rea multipliers,
three rea adders, two ROM'’s, six memory-based buffers, and some
simple logic circuits to achieve the throughput performance
required. This structure can be regarded as an improved version of
the single-chip FFT design for ADSL applications described in
[11], where the throughput is doubled (under the same
technology) with an increase of one rea multiplier and two N/2-
word RAM’s. The low-complexity feature makes it well suited to
single-chip implementation.

2. DHT-BASED FFT/IFFT COMPUTATION
2.1 AFast DHT (FHT) ALGORITHM [10Q]
Define the N point DHT of areal sequence by
yk—axHN k=0,1..,N-1, @
where Hy"=sin(2pkn/N)+cos(2pkn/N). Also let X=[xy X; ... Xan1] |

denote the transform input vector and Y=[y, Vi ... Yn.1] " represent
the transform output vector. Then we can express (1) as
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With the assumptions that N is a power of two and Z=[z, z ...
Zy1]" is the bit-reversed version of vector Y, the following matrix
formulation can be derived for the FHT computation [10]:
Z=Py5(2)---Py(N/2)P(N)x 4
where Pyw(M) represents the direct sum [12] of N/M P(M)’s of
size MxM given by
Py/m (M) =P(M)AP(M)A...AP(M)
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with Cy*=cos(2pk/M) and Sy*=sin(2pk/M).

2.2 FFT/IFFT Computation viathe FHT Algorithm [11]
Define the N point DFT and IDFT by
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where Wy=exp(-j2p/N). With the properties of DHT given in [6],
we can compute the DFT samples as follows:
Step 1: Forming the even and odd parts of the DHT of X

Even Part: H =(yityna)/2, for k=1, 2, ..., N/2 (10)
Odd Part: H =(yy - Yna)/2, for k=1, 2, ..., N/2 (11)
Step 2: Generating the DFT samples from the even and odd parts
fo=Yo (12)
fieH > H, for k=1, 2, ..., N/2 (13)
fueHSHHS, for k=1, 2, ..., N/i2 (19)

It should be noted that the input vector for the IDFT is symmetric
for DMT-based VDSL applications, i.e., the input vector is in a
form as F=[fo f; ... fud'=[Co Citjdi Crtdy ... CuzatjOhor Cne
Cn-17 gt - Crjdr C-jdy]", where ¢ and d; are real. Thus, the
IDFT definition given in (9) can be rewritten in matrix-vector
form asfollows:

X=(UN)W(N)F=(UN)H(N)LF (15)
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Neglecting the scaling factor 1/N, we can evauate the N-point
IDFT by computing the N-point DHT of the input vector LF=[c,
Ci-th CrOy ... Cyz1-Onza Cnz Cnz1+Oiz - G+l Crtdy]

3. REALIZATION OF THE PROPOSED
ALGORITHMS

Based on the FHT agorithm described above, we can construct a
memory-based architecture for computing the N-point DFT/IDFT
as shown in Fig. 1. The structure is mainly composed of six two-
port RAM’s, two ROM’s, two real-valued multipliers, three real-
valued adders, and eight multiplexers. Each two-port RAM
contains N/2 addresses and five types of addressing/control signals,
which are RA (“read” address), WA (“write” address), DO (data
output), DI (data input), and CK (clock signal for triggering the
“read/write” actions). Such a specid RAM is able to read-and-
then-write at the same address or to read and write independently
at different addresses in one clock cycle. The two ROM’s are used
to store al the cosine and sine coefficients for the FHT agorithm.

Initialy, the first input data vector X° of N samples enters the
system via the multiplexer MUX-1 on a sample-by-sample basis;
the first N/2 samples are loaded into RAM-1 during the first N/2
cycle periods, and the other N/2 samples are loaded into RAM-2
during the second N/2 cycle periods. Once this initial data loading
is completed, the N samples of X° will be read out from RAM-1
and RAM-2 to perform the first-stage matrix-vector multiplication
(i.e., P(N)X% of the FHT algorithm on the three adders, RAM-5,
RAM-6, and two multipliers in the subsequent N cycles. The
temporary results computed at this stage are then sent back to

RAM-1 and RAM-2 via MUX-1 for use in the second-stage
matrix-vector multiplication with coefficient matrix P,(N/2). The
second-stage matrix-vector multiplication et al. will be realized in
a similar manner to the first-stage matrix-vector multiplication,
where the main difference is in the arrangement of
addressing/control  sequences. Note that RAM-5 and RAM-6
respectively acts as afirst-in-first-out (FIFO) buffer and a first-in-
last-out-like (FILO-like) buffer with size of N/2 each. RAM-5 can
delay an N/2-point data sequence by N/2 cycle periods and RAM-
6 is used to perform the FILO-like permutation operations of those
multiplication results with sine coefficients defined by the matrix
S(M/2) in (7). If the input sequence of the FILO-like buffer is by,
by, ..., byaa, bupa, then the required output from the FILO-like
buffer iS bo, bM/2-l! bM/2»21 peny bl-

During the second N cycle periods when P;(N)X° is computed, the
second data vector X! of N samples enters the system sample by
sample; the first N/2 samples are loaded into RAM-3 via the
multiplexer MUX-2 during the first half of this time interval; the
other N/2 samples are moved directly to the adders via the
multiplexer MUX-4 during the second half of this time interval.
Once the loading operation of the first N/2 samples of X! is
completed, the first-stage matrix-vector multiplication of the FHT
agorithm for computing the transform of X* will be performed on
the three adders, RAM-5, RAM-6, and two multipliers in the
subsequent N cycles. The transform operations of data vector X*
are the same as those of data vector X° described above, except
that for X* the temporary results computed are sent back to RAM-
3 and RAM-4 via MUX-2 (instead of RAM-1 and RAM-2 via
MUX-1) for use in the second-stage matrix-vector multiplication.

It should be noted that the transform computations of X° and X*
are overlapped in the proposed architecture; those of X° are N/2
cycles ahead of those of X*, and the three adders, RAM-5, RAM-6,
and two multipliers are dternately employed for these two
transform computations. After the transform computations of X°
and X! are finished, those of X2 and X2 are overlapped in a similar
manner, and so on.

To have better understanding of the proposed architecture, let us
consider how to compute an 8-point DFT of real data and the
corresponding IDFT. For the 8-point case, (4) becomes
Z' = P,(2) P,(4) P,(8) X' = P,(2) ,(4) A’ = P,(2) 8’ (18)
where X' =[xy x---x]", Z' =[z7z---2]", and i=0, 1, 2, .... For
each RAM module shown in Fig. 1, the WA and RA signals are
both of three hits. The most significant bit (MSB) of WA will
enable or disable the “write” operation, and the two least
significant bits will be used for addressing the RAM. The three
bits of RA have similar functions to those of WA. For correct
execution, we have the following arrangements:
- When the MSB of RA of RAM-1 or RAM-2 is 0, RAM-1 or
RAM-2 is enabled for the “read” operation.
- When the MSB of RA of RAM-3 or RAM-4 is 1, RAM-3 or
RAM-4 is enabled for the “read” operation.
- When the MSB of WA of RAM-1 or RAM-3 is 0, RAM-1 or
RAM-3 is enabled for the “write” operation.
- When the MSB of WA of RAM-2 or RAM-4 is 1, RAM-2 or
RAM-4 is enabled for the “write” operation.
The operations and addressing/control sequences of this example
areshown in Table I, and they are briefly described as follows:
1) Transformsof X°, X2, X4, ..., etc.: In cycles O ~ 7, the input data
vector X° is loaded into RAM-1 and RAM-2 on a sample-by-



sample basis. After this loading operation, the first-stage
matrix-vector multiplications of the FHT algorithm, i.e,
A%=[a a,° ... a,°]"=P,(8)X", is performed during cycles 8 ~ 15,
and the second-stage matrix-vector multiplication, i.e., B°=[bg’
b? ... b,’] "=P,(4)A°, is performed during cycles 16 ~ 23, where
the generating order of A°and B® are {ay", a;°, &,°, a°, a’, as’,
as’, a;°} and {by?, b.°, b, bL, bl bP, b, b,%} respectively. In
cycles 24 ~ 31, the third-stage matrix-vector multiplication, i.e.,
Z2°%=[z° 2 ... %"= P4(2)BY, is computed to yield the transform
results of X° in the order {z°, z°, z°, z°, z°, z°, z°, z%.
During cycles 32 ~ 35, the processor carries out the transform
results of X° at Outputl and Output2. The input data vector X>
begins to be loaded into RAM-1 and RAM-2 at cycle 32. Note
that the addressing/control sequences for computing the
transforms of X2, X*, ... are the same as those for computing the
transform of X°.

2) Transforms of X!, X3 X5 ..., etc.. Except the loading
operations, the transform computations of X*, X3, ... are aimost
the same as those described above. For example, during cycles
8 ~ 11, the first four samples of the input data vector XL ie,
{xoh X\, %!, X5}, are loaded into RAM-3; then, the other four
samplesof XY, i.e, {x:, X%, X, %71}, and { X, X;%, %, Xs'} just
stored on RAM-3 are used to generate the first four results of
Al=[agt &t ... /1] =P, (8)X™.

3) Table | shows the DHT computation of an 8-point real
sequence. Note that the DHT output sequence is actually the
IDFT of the 8-point complex sequence {cy, c; +d,!, c+dy,
C3 +1d3 C4, Cg -]d3 (‘Q-]dz, c,'-jdi'} when the input sequence is
{co, ci-di', =07, c3-d, 4, '+, ¢+, ¢ +dly'}.

4) If the selection signal Is of MUX-5is {1, 0, 0, O, 2, O, O, 0}
from cycle 32 to cycle 39, the processor will evaluate the DFT
samples of X', ie, fo':yo'_zo 7=t/ =(y 4y )/2+J(y1 -y7)2=
(z+z7)12 +J(Z4 -21)12, 1" =g =(y2+ye )/ 2+](¥2 -Ye )/2=(2; +23') 12+
1(Z-23)12, 15" = T =(y3+ys)/2+j(y5-Ys )/ 2=(2s+25 ) 12+{(25 -25)/2,
and f,'=y,=z' will be computed. Table Il presents the required
addressing/control sequences for this case.

We can see from Table | that the proposed architecture realizes the
N-point FFT/IFFT algorithm in N(log,N+1)/2 cycle periods.
Moreover, the addressing/control sequences can easily be derived
from a log,N-bit counter. For N=8, the output bits of a 3-bit
counter can be used as the RA sequences of RAM-1 to RAM-4.
The control sequences of multiplexers and the WA sequences of
RAM-1 to RAM-4 can aso be derived from the output bits of a 3-
bit counter.

4. CONCLUSION

A new VLSl architecture has been proposed for the N-point
DFT/IDFT computation of real data based on the FHT, where N is
a power of two. It consumes only two rea multipliers, six N/2-
word two-port RAM’s, three real adders, two ROM'’s, and some
simple logic circuits, and is pretty suitable for single-chip
implementation. As compared to a similar approach presented in
[11] with throughput performance of one transform sample per
log,N+1 cycles, the proposed one provides a double throughput
with an increase of one multiplier and two N/2-word RAM'’s.
Based on 0.35 nm CMOS technology, the estimated gate count of
the proposed design is around 60000 for the case of N=512, and
the allowable clock rate is as high as 100 MHz, meaning a
throughput of 20M transform samples per second. The processing

speed will be higher if more advanced CMOS technology is
adopted to implement the same circuit. The low-complexity and
high-throughput feature makes the proposed architecture attractive
for usein DMT-based VDSL applications.
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Fig. 1. A memory-based FFT/IFFT processor architecture.



TABLE | Arrangement of the Control/Addressing Sequences for the 8-Point FHT Algorithm (- : means “neglected”)

RAM -1ar -3RAM 20 4 RAM-1or -2 RAM-3or -4 RAM-5 RAM-6 Output
O.llhl2IslalsRA DO|RA DO|WA DI WA DI RV DI DO RN DI DO  |Output2 Output 1
010100 1[000 000 - [000 X 100 - 00 - 00 - - - -
110100 1f001 001 001 X0 101 01 0
210100 1/010 010 010 o 110 10 10
3/01001/011 01 o1 X 1 1 il
410111 2/100 100 100 oy 000 00 00
5101112101 101 101 ¥ 001 01 0
6/01112/110 110 110 ¥e 010 10 10
70111211 - [ - i X 0w - un_ - u_ -

811000-[000 x”[000 x? |000 xorx=ag’ 000 Xt 00 (XX e 0 (txds

911000-/001 x°|001 X |00L X He=a, 001 X 01 (4%xs)Ce* 01 (x x)&°

10121000 -/010 x? |010 ¥ |100 XHxe=a, 010 ¥ 10 (x%x)Ce? 10 (’x)s2

1]1000-|011 |01 |10 X =ag on ¥ u ()@°-x7°)>CgS - U s -

1211112100 %' [100 - 010 (¥ Ce+(>xO&’=a | 000 Xox=ag! 00 (XX e (XX Ce” |00 (P& (xe™xe)&
13]1112-/100 x'|100 011 (x xe)Ca+{xa™x ) Gg'=ae’ | 001 xltxsi=agt 01 (x¥6 s (a™x6e)Cat |11 (¥ & (xex) &t
141112-/110 x' |10 10 (x >3 e+ (% %) &=a:" | 100 Yo +¥=ap! 10 (%6 )Ce (x"x)Ce’ |10 (¥ &? (X ™-%e)&
BI1112-111 6 |11 - |11 a0+ )& =a | 101 >(31+x71=a31 11 () (™% )Cs (01 (txr )&t (x™xe)&
16[21100-[000 a[000 & |000 agrag =y’ 010 (x"xPCe+(xg-x' & =ad" |00 (a-a)Ce (™-x')Cs’ |00 (an-ar )&’ (0% )&’
1701100001 a’|001 a’|100 a"ag’=h;’ 011 (xll-)gl)>Cgl+(>g1-x71)>&1=a51 01 (a%a)Cst (xi%6)Cat |01 (a-ad)8t (xatxr )&t

1811100 -/010 al|010 & |010 a+ag=hy? 10 (obxet)Ce(x¥e)82=as | 10 (a-ae)Cs® (X %6 )Ce |10 (al-ae) 8L (o-xel)&

1911100 -|011 a |01l a°[110 agtar’=he 1 (et )Ce(xtx)&=ar |11 (ae-ar)Cst (X )Ce |11 (as-a )& (xilxel)&s
20[1111-[100 a'|100 &' |001 (aa’PC, (a™a»&=h,’| 000 ag-tag'=ho! 00 (a2, ) (a-a)C |00 (o208 (a™-a)&?

2011111 -[100 at 101 &' 101 (a%a’pCs+(a™a)»si=hs’| 100 attag=hy! 01 (a™ag)Ct (a-a)Cat |01 (anas)st (arag)sst
21111-[110 a'|110 a |01l (aa)C (a™a)8=bs’| 010 ast+ag=hy 10 (a6 )C (-2, |10 (as-as)8? (a-ag)s,
B1111-/111 &' |11 &t |1 (aa’pCiH(a™aVsi=h| 110 ag-tay'=hs' 11 ()Gt (Ve |1 (ashar)st (asal)s

2411100 -/000 b”[000 b?[000 bo+b =z 001 (ag“ap)Cs™(ag-a2t)&=hyt | 00 (b )¢ (ag-a)Ci’ |00 (b™b%)&” (ac‘-ar)s’
26(1100-/001 b |001 b |00l bo2+b=20 100 (agag)Ca+(ar-as)ySii=hst |01 (0200, (rt-ag)Cat |01 (b b)Y (art-asl)s
28(1100-/010 b |010 b |010 hy"+be’=2 011 (az&-aﬁl)><:4°+(;,L,l-asl)xsﬁ-bs1 10 (b™bCY (as-a6 ), |10 (b8 (a8,
30{1100-011 b0l b on bs+b =z 11 (ashart)Ci+(as-ar ) Si=hrt | 11 (bl C, (ast-ar)Cat |11 (bb )& (as-ar) s
25(1111-[100 be'|100 b 100 (bbYC (b0 )6 =7°| 000 bol+by =z} 00 (bokbyC (b, (00 (bgt-byt)& (b>b s
701111100 bt 101 bet 101 (b bdpC+{btbe)6 =20 | 001 bol+hst=z)! 01 (by-bst P (b >b)C2 |01 (bo-bs)&° (b -be )&
29(1111-[110 bl |10 b |110 (BLbYC+{bb)6 =20 | 010 b+hs'=z" 10 (bybs e, (b2-bedC,” |10 (b41-b51)>&° (b:™bs)s?

311111 -/111 bd |11 bt 1L (bbb )e =z’ | 011 bet+hy =z 11 (bsbAC (b C,” |11 (b b71)>&° (bb)s°| - -
32(01001{000 z°|000 z°[000 X0 100 (boby e +(bt-by )&0 7' 00 (be™-br2)C | 00 (oo )80 70
3401001/00 z°|00L z° |00l ¥ 101 (bt )c2°+(b2 b31) 7 |01 (b5 |01 (bth)s°| 2 z
33101001010 z°|010 z° |010 o 110 (babs)C,  (0sbs 18" 1 10 (bsbs)c |10 (bebs)s0| %
35101001011 |01 z°|on X U1 (bekby )£2°+(bs b7)>&° 271 1 (bs™brApe | 1 (b0 )s°| % 7
3601112100 7|10 z'|100 X2 000 00 - 00 - by 7t
701112100 101 |10 ¥ 001 01 01 7 7
3801112/110 z' |10 # |10 X6 010 10 10 7 z
901112111 |1 [ X7 011 . n- - 1 - % 7
001000 -/000 x?[000 x|000 XoHx=ag? 000 ™ 00 (x>xA)Ce” 0 (xd)s - -
4111000 -1001 x?|001 x|001 XiHxeay 001 X 01 (% 2xs)Cet 01 (x’x)&°

4201000 -010 %2010 x?|100 X8y 010 X 10 (x2x6)Ce? 10 (R2x)&2

43110001011 x? |01l x?|101 xgz+x72=a32 on ¥ 1 (xZx)Ce - U (xPxA)st

411112-/100 x*|100 - |010 (xO )0+ X & =22 | 000 ¥ +x=ag 00 (*x)Ce (xexCe |00 (xS (Px) &
4501112100 x°|101 011 (x1 -¥52) e+ (s 2-x72)>&1=%2 001 xo=a 01 (x 36 PCet (i %6)Cat |11 (P& (xex) &t
4611121110 %° 110 110 (x2 -¥62)Ca+ (XX & =ag | 100 X ma 10 (x>x6)Ce? (xf-xsz)cgz 10 (xS (2D &

1112 -1 x| Ul (x> x72)£83+(x12 ¥ )& =ar | 101 o =ag 1 (xEx)CE (%= x72)£8 0l ()8t ()&

TABLE Il Arrangement of the Control/Addressing Sequencesin Cycles 32 ~ 39 of Table | to Generate the FFT’s of X%and x*

RAM-1ar -3RAM 20 4 RAM-1or -2 RAM-3or -4 RAM-5 RAM-6 Output
O.llhl2IslalsRA DO|RA DO|WA DI WA DI RV DI DO RW DI DO |Output2 Output 1
32(01001{000 z°|000 z°[000 X0 100 (bobylpC+(bt-by )&0 7' 00 (be™b,9c,” |00 b™0)s| z° z°
3401000/00 z°|00L z° |00l ¥ 101 (bt )c2°+(b2 -bel)sl=zt |01 (bb9)C |01 (00080 | @712 22 Zao)/Z
33(01000/010 z° |01l z°|010 X 110 (babs)C,  (0s-bs1)8," 1 0 - (bShdc?|10 (b 080 |@™z)2 z4 0.z
35101000011 z° |00 z |01 X U1 (bekby )£2°+(bs b7)>&° 271 1 (be>bc” [ 11 (b0 °+25°)2 150)/2
3601112100 7|10 z'[100 X2 000 00 - 00 - zt L
37|011100101 z'|101 z' |10 ¥ 001 01 01 (1+z3 )2 (z)2
38101110110 z' |11 7' |10 X6 010 10 10 (@) (@i
901110111 |10 7| X7 011 1 1 @22 (@72




