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A New Architecture of Twiddle Factor Generator
for Radix-2 1024-Point FFT
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Abstract: A new ROMless twiddle factor generator for radix=2 1024-point FFT is proposed. It consists of several
simple logic units and each of them synthesizes some data, which will be used to compose the twiddle factors. T he
power analysis with Synopsys Power Compiler shows that it consumes about 2mW with TSMC 0.25¢m CMOS

process at SOMHz. This twiddle factor generator is designed for the low power applications, especially for the mo-

bile communications and other portable devices.
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1 Introduction

As the development of the CM OS processes,
system-on-chip (SOC) is becoming popular in the
implementation of the mobile communication sys—
tems for the features of low-cost, low power, and
small physical size. Low power design is becoming
more and more important to the mobile communi-
cations. Fast Fourier transform (FFT) and inverse
fast Fourier transform (IFFT) are the key building
blocks for the mobile communications, especially
for the orthogonal frequency division multiplexing
(OFDM) transceiver systems'''. Although the al-
gorithms and the hardware realization techniques
of FFT are well developed, they do not perfectly
meet with the low power requisition for the mobile
communications. It is more important to modifv the

twiddle factor reading methods to further cut down
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power consumption of FFT. Besides, the algorithm
itself of FFT also needs to be optimized to reduce
the power consumption.

It is well known that the twiddle factor gener—
ating method in the traditional way is to read a
ROM lookup table that stores the twiddle factors.
But for a N -point radix-2 FFT with W-bit resolu—
tion of the twiddle factors, however, the ROM size
should be N /2 locations with each location storing
a 2W -bit data (W bits for the real part, W bits for
the imaginary part) . When the N and W are large,
for example in the applications in the OFDM sys-
tems, a large ROM is needed and there will be a
great deal of power cost in the accesses to the
ROM for the twiddle factors.

A lot of papers had been found researching on
minimizing the power cost in the accesses to the
ROM that stores the twiddlefactors bv reducing

the ROM size or decreasing the access or falling
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the power consumption for one access'” "', Even where the sign bit of the imaginary part is 17 and

with the reduced ROM size, when the N and the W
are large enough, the ROM still consumes the
largest part of the power consumed by the entire
twiddle factor generator.

FFT is a well-organized algorithm of discrete
Fourier transform ( DFT), which significantly re—
duces the number of required arithmetic opera-—

tions'”

and greatly increases the speed of data pro-
cessing. DFT of discrete signal x(n) can be directly

computed as
N=1

x(k)y = Yx(n)W¥, k= 0,1, N~ 1(1)
n= 0
where
WY = e "™ = cos(2mk/N) - jsin(2mk/N)

(2)
is known as the twiddle factor. Here x (n) and x (k)
are sequences of complex numbers.

We can see from Eq. (2) that the twiddle fac-
tor WY can be regarded as the combination of the
evenly sampled sine and cosine, where the real part
is the cosine and the imaginary part is the sine. By
making full use of the symmetric feature of a sine
wave and the relation between sine and cosine, this
design suggested a new low -power ROM less archi-
tecture for the twiddle factor generators. The pow -
er analysis with Synopsys Power Compiler shows
that the power consumed by this twiddle factor
generalor 2mW with TSMC 0.25um
CMOS process at 50M Hz.

is about

2 Algorithm

If p= nk,equation (2) can be rewritten as

21
N

» - j2m /N
W_\ = € =

X p) = jsin(AT X p)

(3)
wherep=0,1,2,++,511, N= 1024 in this proposed

design. Figure 1(a) shows the waveforms of the

cos(

twiddle factors, and Figure 1(b) shows the abso-
lute value of the real part and the imaginary part.
We can find from Fig. 1(a) that the sign bits of the

real and the imaginary parts can be easily set,

the sign bit of the real part is 07, when p= 0, 1, 2,
+,255,is 1”7 when p = 256, 257, **+, 511, so if we
ignore the sign bits of the real and the imaginary
parts, a more simple relation between the absolute
values of the real and the imaginary parts can be
found in Fig. I(b), means the former half and the
latter half of the picture composed by the two lines
of the absolute values of the real and imaginary
parts are identical to each other. When a circuit
generates one half of the picture of the absolute
values of the real and imaginary parts, the same
circuit can generate the other half of the picture of
the absolute values of the real and imaginary parts
just by exchanging the generated values. To a 9-bit
input address for 512 data, the MSB of the input
address will only be used to control whether to ex-
change the generated values and the residual bits of
the input address are fed to the generating circuit
to generate one half of the picture shown in Fig. 1
(b). There is just an exchanging operation at the
output of the generating circuit and no other addi-
tional operation, so this algorithm realizes a simple

implementation of the entire system.
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3 Architecture and operation

Figure 2 shows the architecture of the twiddle
factor generator. This proposed design generates
the twiddle factors with 16-bit resolution. The
addr[ 8: 0] is the input address.p in Eq. (3);clk is
the system clock; real[ 15: 0] and imag[ 15: 0] are
the output of the real and the imaginary parts, re-
spectively. The sign bit of the imaginary part in

Fig. 1(a) is

imag| 15], the sign bit of the imaginary part, is di-

1” to all of the 512 twiddle factors, so
rectly connected to 17 as shown in Fig. 2; the sign
bit of the real part in Fig. I(a) can be derived to e-
qual to the MSB of the input address, so in Fig. 2,
real[ 15], the sign bit of the real part, is equal to

the signal of one period delay of the addr[ 8].

part 0 part 1

part 2 pan3 pan 4

amr (g

Fig. 2

Architecture of the twiddle factor generator

Because the sign bits of the real and the imagi-
nary parts can be easily got, the function of the en-
tire architecture as illustrated in Fig. 2 mainly gen-
erates the absolute values of the twiddle factors.
The data sequence of the imaginary part is rear—
ranged as illustrated in Fig. 3, then the total 512
15-hit data are transferred to 256 30-bit data,
which as shown in Fig. 1(b), composed by the for-
mer 135-bit absolute values of the imaginary part
and latter 15-bit absolute values of the real part.
The blocks of LO to L7 are 8 separate logic circuits
and each of which synthesizes 32 30-bit data, for
256/8= 32,10 to L7 can reproduce all the 256 da—
ta.n0[ 29: 0], n1[ 29: 0], =+, n7[ 29: 0], the outputs

of LO to L7, are summed together by the block of
SUM. For simplifying the circuit of SUM, before
n0[29: 0], n1[29: 0], **+, n7[ 29: 0] are fed to SUM,
these data are processed by the AND gates, UO,
Ul, -=-, U7, each of which has one input from
pll 7: 0] . Because p[ 7: 0] is the output of 3 to 8 de-
coder, only one bit is ‘1” among the bits of the out—
put of the decoder. pl[ 7: 0] is the triggered output
of pl7:0]. The v0[ 29: 0],
y1[29:0], *=-, y7[29:0], have just one none-zero

processed data,
value and can be added easily by OR gates instead
of the large area-occupied and power-hungry

adders.
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Fig. 3 Data arrangement

arranged data

Let’s introduce the operation of the diagram
assuming addr[ 8: 0] = 9-b0 _ 0010 _ 0110, p= 38 in
Eq. (3). Because addr[ 7: 5] = 3°b001, p[ 7: 0], the
output of 3 to 8 decoder is 8°b0000 _ 0010, means
pl 1] = I'bl and the clock signal, clk, can pass
through the AND gate switched by p[ 1]. mI[ 4: 0]
can get a new value of addr[4: 0]. L1 creates a new
value to its output, nl| 29: 0], corresponding its in—
put address, m1[ 4: 0]. As mentioned above, the in-
puts of SUM has only one none-zero value, y1[ 29:
0], and out[ 29: 0] gets the new value of y1[ 29: 0].
out[ 29: 0], which is composed by the former 15-bit
absolute values of the imaginary part and the latter
15-bit absolute values of the real part as mentioned
above, is fed to the block of SWITCH, which re-
distributes its input data to real [ 14: O] and

imag[ 14: 0] according to its controlling signal,
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real[ 15]. T able 1 shows the redistribution regular,
which transfers out[ 29: 15] and out]| 14: 0] to
imag| 14: 0] and real [ 14: O], respectively, when
real[ 15] is ‘0” and transfers out [ 14: 0] and
out[ 29: 15] to imag[ 14: 0] and real| 14: 0], respec—
tively, when real[ 15] is “17. To the assuming of
addr| 8:0]= 9°b0 _ 0010 _ 0110, for addr[ 8] = 1°b0,
real[ 15], one period delay of addr[ 8],is 1°b0, then
according to Table 1, imag| 14: 0] is equal to
out| 29: 15] and real| 14: 0] is equal to out[ 14: 0].
The sign bit of the imaginary part is ‘17, and the
sign bit of the real part is real[ 15], one period de-

lay of addr[ 8], 1”.

Table 1 Characteristic value of SWIT CH
real| 15] imaginary| 14: 0] real[ 14: 0]

0 out[ 29: 15] out| 14: 0]

1 out| 14: 0] out| 29: 15]

4 Power analysis and comparison

To any portable devices, as the rapid develop—
ing of the CMOS processes, low power design is
becoming more and more critical. Minimizing the
switching activity of the logic gates in digital
CMOS VLSI is a prospective method to reduce
power consumption. By reducing the switching ac-
tivity, the design in this paper is indeed a real pow -
er-efficient twiddle factor generator. First, to de—
crease the switching of the DFFs and to reduce the
load of the clock tree, a 3 to 8 decoder is used to
generate controlling signal to select the DFFs that
transfer subaddr[ 5: 0] to LO to L7 and reduces the
load of the clock tree by clock-gating; second, only
one logic block among LO to L7 works within one
period of the clock; third, as introduced above, the
summation of the outputs of LO to L7 is realized by
OR gates instead of the power— and area-hungry
adders.

The Power Compiler of Synopsys Inc. is a tool
for power analysis and optimizations. It can analyze
the switching power and the leakage power of digi-

tal circuits. The switching power analysis is based

on the activity of the nets in the design. When ana-
lyzing a gate-evel design, Power Compiler requires
a gate-level netlist and some forms of switching ac—
tivity for the netlist. The Power Compiler tool
computes average power consumption based on the
switching activity of the nets in the design, which
is available by RTL or gatedevel simulation. As
the switching power is much larger than the leak-
age power in 0.25um CMOS technology and the
relative precision of the gatedevel power simula-

1
. We

tion by the Power Compiler is pretty accurate'®
take it as a reference to measure the power of our
design.

To get the precise power characteristic of the
design in this paper, a gate-level power analysis by
means of Synopsys Power Compiler is performed.
Table 2 shows the results of the power and area
analysis with TSMC 0.25ym CMOS process at
S0OMHz (an ordinary inverter occupies 11 in area) .
We can see from T able 2 that the total power con-
sumption at SOMHz with TSMC 0.25ym CMOS
technology is about 2ZmW and the entire area occu-
pation is about 4000 equivalent gates (4000 ordi-
nary inverters). In part0, as shown in Fig. 2, the
load of the clock tree is decreased by clock-gating
that realized by a 340-8 decoder and 8 AND gates,
which reduces the power of the clock tree to mini-
mum; in partl, which occupies 54% of the entire
area, by portioned 8 separate logic units and only
one of them works at a time, the switching activity
is very low and thus a low power consumption is
realized; part2 and part3 perform the adding func-
tion, for the low power consumption required, we
first make the outputs of LO to L7 become only one
none—zero values, which then can be summed to-
gether directly by OR gates, power synthesized re-
sults shows that part2 and part3 consume only 113
+ 213= 326uW, less than the power consumed by
LO to L7.If we sum the outputs of LO to L7 by
adders, the adding function will consume a lot of
extra power than that of partl; from Table 1, part4
should consist of 2 15-bit 2-0-1 switches and 30

DFFs and consumes 7094W as shown in Table 2,



4 1 Li Jincheng et al. :

A New Architecture of Twiddle Factor Generator for ==+ 381

more than one third of the total power consump-
tion, 1856uW.

Table 2 Synthesized results of power and area

part |1ur1U part 1 |)ur12 |)urt3 |)urt4 Total
Power 328 493 113 213 709 1856
SuW 19% | 26% 6% 119 | 38% | 100%
Area 6687 | 24099 | 5529 | 2592 | 5356 | 44263
(times to a
. 15% | 54% 12 6% 13% | 100%
certain cell)

If LO~ L7 are replaced by 8 small ROMs, each
of which is one part of an evenly divided ROM that
storing all the twiddle factors, the new circuit per—
forms the same function. Because only one small
ROM among the 8 small ROMs is accessed for one
address, the power consumption of this new circuit
is smaller than that of an entire ROM.

Obviously, the area occupation of the proposed
design is bigger than that of a ROM, so there will
be a trade—off between area and power to a certain
application. To a given FFT, it needs an optimiza-
tion among the number of the logic blocks, power,
and the area occupation. The more the logic
blocks, the smaller the power consumption of part1
in Table 2, the larger the power consumption of
part2, part3, and part4. To our knowledge, the
number of logic blocks in partl is much critical to
the optimization of the total power consumption

and the area occupation.

5 Conclusion

FFT finds its extensive applications in wire—
less OFDM transceiver systems in recent years, and
this makes it very important in design of low power
FFTs. It costs much power in an N point FFT op-
eration to read the coefficients of the twiddle fac—

tors when the data are stored in conventional ROM

for a large N. M any methods have been introduced
to solve the problem of large power consumption
caused by accessing to ROM by means of reducing
the ROM size, decreasing the memory access or
minimizing the power consumption of one access.
This paper proposes a low power twiddle factor
generator that consumes about 2mW at S0MHz
working frequency. The area occupied by this
ROMIless twiddle factor generator is about 4000
gates. Besides the features of low power consump-
tion, this twiddle factor generator is entirely real-
ized by logic gates, which can be synthesized by
EDA tools without any additional modification or
IPs from any third part. Thus it is very much suit-

able for the modern CM OS VLSI implementations.
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