Implementation of low-power FFT processor cores
using a novel order-based processing scheme

M. Hasan and T. Arslan

Abstract: The authors present a novel order-based coefficient processing scheme for the realisation
of low-power FFT processors. The scheme is based on the minimisation of the Hamming distance
between successive coefficients fed to the butterfly. A distinct feature of the scheme that
distinguishes it from conventional order-based schemes lies in the fact that either the real part of the
coefficient or its two’s complemented value is used for the minimisation of the Hamming distance
between successive coefficients and hence the switching activity. The paper describes the scheme
and its implementation, and provides results using a number of fully synthesised FFT processor
cores. The results demonstrate that the switching activity is reduced by up to 53% for different
FFT lengths compared to only 27% when conventional order-based processing is employed. This
significant reduction in switching activity leads to power savings in the range of 25% (o 1% for

different FFT processor cores.

1 Introduction

One of the fastest growing areas in the computing industry
is the provision of high throughput low-power digital signal
processing (DSP) and telecommunication systems in
portable forms. With the advent of SoC {silicon on chip)
technology, parameterisable low-power fast fourier trans-
form (FFT) cores are being prototyped which could be
embedded within the SoC platform.

It can be shown that the main source of power
conswmption in a typical CMOS logic gate is due to the
switching power, Py, given by [I]:

Psw = %kcload Vd;:j/ (l)

where Vyq is the supply voltage, fis the clock frequency,
Ciona 18 the load capacitance of the gate and k is the
switching activity factor, which is defined us the average
number of times the gate makes an active transition in a
single clock cycle. Therefore to achieve low-power in
CMOS circuits one must aim to minimise one or more of
the parameters Cigag, Vag and k. This paper primarily deals
with low-power architectures obtained by reducing the
switching activity.

The N-point discrete fourier transform (DFT) is defined
as follows:

N=1|

K

X =Y xn 7
m=0

where Wy = exp{—j2r/N) and k=0, 1,...,N—1. The
radix-2 FFT [2] is an efficient way to compute an N-point
DFT. The basic operations in an FFT are multipiication
of the complex data mputs (x,,) by the FFT coefficients
(exp(—j2mk/N) at each stage of the signal flowgraph, as
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shown in Fig. 1 for a 16-point FFT. This is followed by
their summation or subtraction and associated data and
coefficient address generation.
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Fig. 1 Signal flowgraph of a 16-point FFT as an example

A number of researchers have investigated low-power
implementation of FFT processors. In [3}, the author
implemented a low-power cache-memory architecture by
using an algorithm that offers good data locality over large
portions of the computation. This architecture is more
suitable for longer length transforms. In [4, 5], the authors
proposed a low-power architecture based on an algorithm
that effectively minimises the number of complex multi-
plications. In [6, 7], the authors investigated the realisation
of low-power FFT processors by using asynchronous
processing elements. In [8], a multiplierless DCT is proposed
by realising multiplication through shift-and-add for
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low power. The only reported work on the application of
order-based processing to FFT coefficients involves the
order-based processing of coefficients and data at the inputs
of the FFT computational units so as to minimise the
overall switching activity of successive coefficients and
data samples [9, 10]. This results in a coefficient switching
activity reduction of just 19%, whereas the data activity
increases by 1% for a 9-point FFT [10]. The authors in [9,
10] have not shown the actual power reduction obtained
by their scheme in the presence of hardware overheads in
the full FFT architecture. We have demonstrated that the
conventional order-based processing- scheme does not
lead to any power savings because of the small reduction
in switching activity and overheads required to realise the
scheme. To our knowledge, no work exists in the
literature on the development of architectures which
utilise an effective coefficient sequencing scheme in order
to improve the performance of the FFT processor in
terms of power. Our order-based processing scheme is
based only on fixed FFT coefficients, as are most other
order-based processing schemes in DSP blocks, such as
FIR filters [11]. Our method of order-based coefficient
processing in FFT processors is also based on Hamming
distance minimisation between successive coefficients fed
to the butterfly, with the difference that either the real
part of the coefficient or its two’s complemented value is
used for the minimisation of switching activity. We show
that this procedure results in a significant reduction in
switching activity of the order of 53%, compared to only
27% with the conventional order-based processing
approach in the case of FFT processors. This reduction
tn switching activity leads to power savings in the range
of 25% to 1% for different FFT processor cores.

2  Order-based coefficient processing

The conventional order-based processing approach is based
on arranging the coefficients in the FFT processor so as to
minimise the Hamming distance (bit transitions or switch-
ing activity) between successive coefficients fed to the
multipliers of the butterfly module. The basic idea is to
reduce the switching activity at the coefficient input of the
power-consuming multiplier blocks.

In an FFT processor, the positions of the real and
imaginary parts of the coefficient set cannot be changed
independently (every real part has a corresponding
imaginary part and wvice versa). The reduction in switching
activity of the coefficient set by the conventional order-
based method is insignificant because the switching activities
of the real and imaginary parts of the coefficient set are
almost complementary. For instance, if one changes the
order of only the imaginary parts of the coefficient set for
minimum switching activity, the new order of the real part
will be such that the net activity of the overall coefficient set
will not reduce substantially and vice versa.

The proposed scheme addresses the problem by either
using the real part of the coefficient or its two’s
complemented value on the basis of a minimum Hamming
distance with the preceding real part. The scheme can be
best illustrated with the help of a flowchart shown in Fig. 2.
Let Xp and X| be the N/2 element real and imaginary part
arrays respectively, for an N-point FFT. Functions vsed in
the flowchart are defined as follows:

Ham(i,j) — Hamming distance between array elements
X}(i) and X](J)

HamN (i) — Hamming distance between elements X' (/) and
XR(i — 1).
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Fig. 2 Flowchart of the order-bused pracessing scheme

HamC(i) — Hammung distance between elements —Xp (i)
and Xg(i —1).
A(X(7))- number of 1s in array element X (7).

The flow chart is divided into four sections. Section [ selects
the first imaginary part of the ordered coefficient set on the
basis of a minimum number of 1s. Section 11 arranges the
remaining imaginary parts of the coetficient set on the basis
of the minimum Hamming distance between successive
imaginary coefficients. After sections 1 and IL, the imaginary
parts of the coefficient set are ordered and are stored in
array X1. Section I1I deals with the selection of the first real
part corresponding to the already ordered first imaginary
part of the coefficient set. Either Xp(0) or its two’s
complemented value —Xg (0) is selected on the basis of a
smaliler number of 1s. A flag bit is asserted in case the
complemented value is selected. Section 1V chooses
subsequent real parts or their two’s complemented values
corresponding to their imaginary parts on the basis of the
minimum Hamming distance with the already ordered
preceding real part. As an example, Table 1 depicts the
coefficient sets obtained by application of our proposed
order-based processing scheme, and the conventional order-
based processing schemes, to a 32-point FFT processor.
The others, ordered set is obtained by using the minimum
Hamming distance approach on successive coefficients. The
ordered set for our proposed scheme is obtained by
following the procedure outlined in Fig. 2, A flag bit is
stored along with the ordered coefficients to indicate the
form of the real part of the coefficient.

The proposed scheme is most effective in the last stage of
the signal flowgraph of the radix-2 decimation-in-time FFT
algorithm, where the coefficient switching activity is most
intense; the coefficients are different for each butterfly
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Table 1: Description of the various order based processing schemes for a 32-point FFT processor as an example

Address Coefficient set 16-bit quantised Conventional order-based Proposed order-based
(real, imag) coefficient set processing schemes " processing scheme
{real, imag) ({ordered set) (real, imag) {Ordered set} (flag, real, imag)
0000 1.0, 0.0 7fff,0000 0000,8000 1,8001,0000
0001 0.98, —0.19 7d89,e706 7641,cf04 0,0000,8000
0010 0.9z, —0.38 ) 7641,cf04 7d89,e706 0,7641 cf04
0011 0.83, —0.55 6a6d,b8e3 89be,cf04 1,7642,cf04
0100 0.71, —0.71 5a82,a57d 8276,e706 0,7d89,e706
0101 0.55, —0.83 471c,9592 e706,8276 1,7d8a,e706
0110 0.38, —0.92 30fb,89be cf04,89be 1,e707,8276
0111 0.19, -0.98 18f9,8276 471¢,9592 0,e706,8276
1000 0.0, -1.0 0000,8000 71,0000 1,cf05,89be
1001 -0.19, -0.98 e706,8276 18f9,8276 0,cf04,89be
1010 -0.38, -0.92 cf04,8%be 30fb,8%be 1,471d,9592
1011 —0.55, —0.83 b8e3,9592 b8e3,9592 0,471c,9592
1100 071, 071 ab7d,ab7d 9592,b8e3 1,6a6e,bBe3
MM -0.83, -0.55 9592, h8e3 6a6d,b8e3 0,6a6d,b8e3
1110 -0.92, —0.38 89be,cfod ab7d,ab7d 0,a57d,a57d
11 -0.98, -0.19 8276,e706 5aB2,a57d 1,a57e,ab7d

unlike other FFT stages as, shown in Fig. 1. Our
investigations revealed a maximum power saving if the
scheme is limited only to the last FFT stage. The hardware
overheads to support ordering in the penultimate stages
outweigh the power saving obtained.

3 Hardware architecture and its implementation

An ordered radix-2 FFT processor core, shown in Fig. 3,
comprises the following components.
(i) a butterfly module;

(i) two dual port RAMs for holding data at each FFT
stage;

(i} a ROM for holding the fixed coefficients;

-

FSM

counter 1

! high lower section
ASEL Hs LS w SEL
A

ASEL AMUX

HS
HS ROT1| »»ROT!

PARITY_OUT

DATA_IN

X0 and YO -4

PARITY_OUT PARITY_QUT

Fig. 3 Block diagram of an ordered FFT core
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{iv) coefficient and data address generation logic;

(v) control logic in the form of a finite state machine (FSM);
and

(vi) a look up table (LUT) and a multiplexer to support
order-based processing.

A butterfly module accepts complex data at every clock
cycle in order to produce complex cutputs during the same
cycle. The in-place strategy {inputs and intermediate outputs
are stored in the same memory location after every stage) is
employed to reduce the memory size for an A-point
transform to only N locations. Each memory location is 32-
bits wide for storing both the 16-bit real and imaginary
parts of the data. The memory is organised into two banks,
based on parity of the address bits, m order to generate the
addresses of the data required at successive FFT stages. The
inputs are read from the RAMs (Both RAME and RAMO)
into the butterfly in the same cycle as the outputs are written
back to the RAMSs for minimising the number of clock
cycles [12]. The ROM block (CROM) is used to hold the
fixed 16-bit FFT coefficients. The coefficient and data-
address generation logic is based on a single counter realised
as a part of the FSM block. This counter is partitioned into
two sectiens. The more significant counter section (HS)
keeps track of the different stages of the FFT whereas the
lower significant section (LS) takes care of the butterfly
operations within every stage. The coefficient address
generation logic is based on a single multiplexer (MUXC)
[13]. The data-address generation logic comprises rotation
{ROTO and ROTY) and parity generator (PARITY) blocks,
along with interchange blocks for address (CAl) and data
(CDI and CDO) to locate the proper address and data for
the dual port RAMs {12]. The address and data interchange
blocks direct the addresses and data to the respective dual
port RAMs on the basis of address-bits parity. The order-
based processing block consists of an LUT (RROM) and a
multiplexer (RMUX). RROM stores the addresses of the
ordered coefficient set. These addresses will be active only in
the last stage of the FFT when order-based processing has
to be incorporated. RMUX is used to select between the
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ordered addresses for the coefficient and data and the
conventional addresses. The ordered addresses are used
only in the last stage, whereas the conventional addresses
are used in all the previous FFT stages. The select signal
(ASEL) for this multiplexer can be generated by using the
bits of the more significant counter section. A MUXIN
block is used for loading data (DATA_IN) into the RAM
as well as for loading processed data (XO and YO) at
successive FFT stages. The select signal (SEL) for this block
is also generated by the FSM. The FSM block controls the
loading, processing and outputting of the FFT processor
core.

The hardware overhead required to support the ordering
scheme is in the form of an additional ROM {(RROM)
having N/2 locations with word-width equal to log,(N/2), a
2:1 channel multiplexer (RMUX)} and an array of 16 Ex-
OR gates in the modified multiplier module for the real
coefficients only. It is clear that only the ROM size and the
word~width, to a lesser extent, increase with FFT size. The
ROM block consumes much less power and hence only
introduces a small overhead as compared to the conven-
tional approach. The ROM and multiplexer blocks are also
required in the conventional ordering approaches and hence
the only extra hardware overhead of the proposed approach
compared to conventional approaches is the insignificant
Ex-OR gates within the multiplier module. The butterfly
module will be discussed in the next Section.

3.1 Butterfly module

A butterfly of a radix-2 decimation-in-time FFT has two
complex inputs namely *x" (x; + jx;) and °y" (¥ +jyi) and
two complex outputs “x,’ (xro + Ixi0) and vy’ (e + J350)-
The complex FFT coefficients are represented by ‘w’
(we + jw;). The butterfly outputs and inputs are related
by the following equations:

X =X+ (yrw-r — ywi) (2)
Xio = X+ (yiwr + yowy) (3)
Yro = Xr = (JiWe = yiwi) (4)
Yo = X — (pwe + yow;) (5)

The block diagram of the butterfly hardware is shown in
Fig. 4. A dedicated multiplication module has to be used for
the real part of the coefficient (w,) instead of a two’'s
complement multiplier to support our order-based proces-
sing scheme. This will be discussed in the next Section,
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Fig. 4 Hardware block diagram of a butterfly module
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3.2 Multiplication module ,

A simple two's complement multiplier cannot be used for
the real coefficients because the real coefficients are used in
two’s complement form as well. A flag bit is also stored
along with each real coefficient to indicate the form of the
real coefficient.

152

The multiplication module corresponding to the real
coefficients 1s obtained by adding 16 contro! inverters (Ex-
Ors) to the output of a two’s complement multiplier shown
in Fig. 5. The flag bit controls the Ex-Ors and hence the
final output (FO) of the multiplication module. The FO is
the complement of the 16-bit multiplier output when the
flag bit is ‘1", otherwise it will be the same as the multiplier
output. The multiplier output is limited to only 16Dbits
instead of 32 bits. There is a difference of unity at the LSB
position between the FO and the actual multiplier’s 16-bit
output in the conventional approach. This difference arises
only in rare cases, where all the lower 15 bits of the actual
multiplier’s 32-bit output are zero and when the real
coefficient is represented in its two’s complement form. This
is because only the upper 16-bit output of the multiplier is
complemented instead of two’s complementing the whole
32-bit output. This is performed to avoid the use of a 32-bit
adder to generate the two's complement of the multiplier
output, thereby saving power. Moreover, it does not lead to
any error because the 16-bit output of the butterfly at each
FFT stage is halved to avoid overflow. This approach has
been verified extensively by comparing the outputs of
different length FFTs with random data. The hardware
overhead in the form of 16 Ex-OR gates in the multi-
plication module is insignificant when compared to the
power saving obtained, due to the reduction in switching
activity at the coefficient input of the module.

i

i
ANS0ITY two's 16

| [romplement 730 [31:010 [30:151) ex-or HNro[15:0]
5[15;0]:j multiplier gates

i

- fiag bit

Fig. 5 Mudriplier block for the real part of the coefficient

4 Implementation and results

A number of FFT cores of varying sizes have been designed
at the register transfer level (RTL) using Verilog hardware
description language. The cores were synthesised using
Synopsys  DesignCompiler  with  the 0354  Alcatel
MTC45000 CMOS technology library. In order to evaluate
the performance of the synthesised cores, netlist simulations
were performed using Cadence’s Verilog-XL simulator for
1000 FFT blocks of data samples. The switching activity
information obtained from the netlist simulations was then
fed into Synopsys DesignPower for power analysis, The
power analysis was performed at a clock frequency of
10 MHz and a supply voitage of 3.3V.

Table 2 lists the switching-activity reductions obtained
by following the conventional and the proposed order-
based processing schemes. It is clear from the Table that
the switching activity reduction is close to 50% for the
proposed scheme compared to only around 20% for
the other schemes. Table 3 depicts the power consumption
comparison for the different FFT cores, obtained by
tollowing the conventional and proposed approaches for
the non-Booth-coded Wallace tree-type multiplier. It is
evident from the Table that the power saving of our
proposed scheme ranges from 1% to 25% for 512-point to
16-point FFT processors, respectively, over the conven-
tional approaches. The percentage power savings continues
to reduce for longer length FFTs because our scheme is
directed at reducing power by lowering the switching
activity at the coefficient inputs of the multipliers in the
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Table 2: Switching activity comparisan of different schemes

FFT size Total coefficient Conventional order-based processing scheme Proposed order-based processing scheme
(points}) switching activity Switching activity Reduction (%) Switching activity Reduction {%)
16 126 120 05 68 48
32 240 204 18 126 48
64 476 368 23 222 53
128 828 672 19 424 49
256 . 1520 1196 21 780 49
512 2874 2106 27 1492 48
1K 5250 3934 25 2786 47

Table 3: Power consumption comparison of FFT cores

FFT size Conventional Conventional order-based Proposed order-based Power reduction of proposed
in (points} FFT processor processing approach processing approach based scheme over conventional
(mw) based FFT processor imW) FFT processor {mw) order-based scheme (%)
16 67.6 68.44 51.49 25
32 84.65 86.82 75.68 13
64 104.93 105.88 95.72 10
128 213.28 210.34 198.89
256 355.27 354.74 343.80
512 864.35 863.80 855.21 ‘ 1

Table 4: Power consumption of the different cells of the 32-point FFT cores along with net switching power

FFT Core Cells Conventional FFT Conventional order-hased Proposed order-based

processor in {(mW) processing approaches based processing approach
FFT processor {(mwW) based FFT processor (mwW)

Butterfly 22.4283 23.0468 17.9938

RAME 42294 42741 42573

RAMO 4.2213 42625 4.2478

MUXIN 1.2402 1.2656 1.2140

CDI 0.6959 0.7056 0.7080

CDO 0.3591 03717 0.3694

FSM 0.0472 0.0458 0.0447

RROM — 0.0256 0.0336

CROM 0.0265 0.0301 0.0193

ROT1 0.0159 0.0134 0.0128

ROTOC 0.0156 0.0166 0.0156

CAl 0.0145 0.0157 0.0158

MUXC 0.001862 0.002307 0.002313

RMUX — 0.006518 0.006317

PARITY 0.005502 0.006419 0.005869

Internal cell power (IP} 33.3 34.089 28.947

Net switching power (NP) 51.2460 52.7285 46.7331

Totat FFT core power TP = IP+NP 845472 86.8185 75.6801

butterfly structure. The butterfly complexity in an FFT
remains fixed with the FFT length, whereas the RAM size
goes on increasing. This means that the power consumed in
the butterfly increases slightly with FFT length as compared
to the power consumed in the RAM blocks. This results in
a lowering of the percentage savings in power for longer
FFTs. The conventional schemes lead to no power savings
in most cases because the switching activity reduction is
much less compared to the hardware overhead required to

IEE Proc.-Circuits Devices Syst., Vol 150, No. 3, June 2003

support the scheme. This is not true for our proposed
scheme because of the significant reduction in the switching
activity of the ordered coefficient set. Table 4 lists the power
consumed by the various blocks of the FFT processor core.
It can be concluded from the Table that the butterfly and
the RAM contribute most to the power consumption. The
ROM and other modules consume a lot less power. The
proposed scheme leads to power savings both in the internal
cells as well as on the nets.
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5 Conclusion

The paper has presented a novel order-based processing
scheme capable of reducing the switching activity of the
coefficient set by 53%. The significant reduction in switch-
ing activity leads to considerable power savings in various
successfully implemented FFT cores of different lengths.
The power savings range from 25% to 1% for 16-point to
512-point FET processor cores, respectively, over the
conventional approaches. Our scheme is more suitable for
shorter length FFTs where the contribution of butterfly
power to the overall power of the FFT core is much more
than the power consumed by the RAMs,
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