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Implementation of Fast Fourier
Transform Algorithms with the
TMS32020

Abstract

Fast Fourier Transforms (FFT), containing a class of
computationally efficient algorithms implementing the Discrete
Fourier Transforms (DFT), are widely used in DSP applications. In
this report on FFT, the development of the FFT from the
continuous Fourier Transform and DFT is first presented. Issues
regarding the implementation of the FFT with the TMS32020
processor are then discussed, such as scaling, special FFT
structures, and system memory and I/O considerations. The report
also includes the TMS32020 code for 256-point and 1024-point
FFT algorithms.
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INTRODUCTION

The Fourier transform converts information from the time
domain into the frequency domain. It is an important
analytical tool in such diverse fields as acoustics, optics,
seismology, telecommunications, speech, signal processing,
and image processing. In discrete-time systems, the Discrete
Fourier Transform (DFT) is the counterpart of the
continuous-time Fourier transform. Since the DFT is
computation-intensive, it had relatively few applications,
even with modern computers. The Fast Fourier Transform
(FFT) is the generic name for a class of computationally
efficient algorithms that implement the DFT and are widely
used in the field of Digital Signal Processing (DSP).

Recent advances in VLSI hardware, such as the Texas
Instruments TMS320 family of digital signal processors, have
further enhanced the popularity of the FFT. This application
report describes the implementation of FFT algorithms using
the TMS32020 processor, which has features particularly
suited to digital signal processing. This report begins with
a discussion of the development of the DFT algorithm,
leading to the derivation of the FFT algorithm. Special
attention is given to various FFT implementation aspects,
such as scaling. Although this report refers to radix-2 and
radix-4 FFT only, the implementation techniques described
are applicable to all FFT algorithms in general.1-3 Specific
examples of FFT implementations on the TMS32010
processor are contained in the book by Burrus and Parks.4
To expedite TMS32020 FFT code development, two macro
libraries are included in the appendices for both the direct
and indirect memory addressing modes. TMS32020 source
code examples are also given for a 256-point (both radix-2
and radix-4) and a 1024-point complex FFT, along with some
system memory considerations for implementing large FFTs.
The FFT source code can be found in Appendices A through
G.

DEVELOPMENT OF THE DFT ALGORITHM

The Discrete Fourier Transform (DFT) is the discrete-
time version of the continuous-time Fourier transform. The
continuous-time Fourier transform or frequency spectrum
of an analog signal x(t) is

o
X(w) = j X(t)e —jwtdt )]

— 0o

where, in general, both x(t) and X(w) are complex functions
of the continuous-time variable t and the frequency variable
w, respectively. The continuous-time signal x(t) is converted
to a discrete-time signal x(nT) by sampling it every T
seconds. When there is no ambiguity, the sampling period

T notation is dropped and the discrete signal is represented
by x(n). The Fourier transform of the discrete signal is given
by

oo

Xw) = ¥

n=-—oo

x(n)e —jwn ?)

where w represents normalized frequency and takes on values
between 0 and 27. X(w) is periodic with period 27 and, as
a result, it is sufficient to consider its values only between
0 and 27.2 The periodicity of X(w) is a direct result of the
sampled nature of x(n). In general, sampling in the time
domain is associated with periodicity in the frequency domain
and, conversely, sampling in the frequency domain is
associated with periodicity in the time domain. This property
is a basic result in Fourier theory, and forms the foundation
of the DFT.

Assume that a signal x(n) consists of N samples. Since
no restriction is imposed on what happens outside the interval
of N points, it is convenient to assume that the signal is
periodically repeated. Under this assumption, and because
of the above correspondence of sampling and periodicity,
the Fourier transform becomes discrete with the distance
between successive samples equal to the fundamental
frequency of the signal in the time domain. This distance
is 2/N in normalized frequency units. The result is the DFT,
given by

N-1
XM= Y x(n) Wi k=0,1,...
n=0

N-1 3

where WN = €327/N, and Wy is known as the phase or
twiddle factor. Equation (3) is generally referred to as an
N-point DFT. Because the number of complex
multiplications and additions required is approximately N2
for large N, the total number of arithmetic operations
required for a given N increases rapidly with the value of
N. In fact, the excessively large amount of computations
required to compute the DFT directly when N is large has
directly prompted alternative methods for computing the DFT
efficiently. Most of these methods make use of the inherent
symmetry and periodicity of the above twiddle factor, as
shown in Figure 1 for the case where N=8.

Figure 1 shows that the following symmetry and
periodicity relationships are true:

Symmetry Property: W%I = —erf{"(N/z) 4)

Periodicity Property: Wlﬁ =W§ +k )
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Figure 1. Symmetry and Periodicity of the Twiddle
Factor for N=8

In the next section, these relationships are utilized in
the derivation of the radix-2 FFT algorithm.

DERIVATION OF THE FFT ALGORITHM

A more efficient method of computing the DFT that
significantly reduces the number of required arithmetic
operations is the so-called decimation-in-time (DIT) FFT
algorithm.2 With the FFT, N is a factorable number that
allows the overall N-point DFT to be decomposed into
successively smaller and smaller transforms. The size of the
smallest transform thus derived is known as the radix of the
FFT algorithm. Thus, for a radix-2 FFT algorithm, the
smallest transform or *‘butterfly’’ (basic computational unit)
used is the 2-point DFT. Generally, for an N-point FFT,

there are N resultant frequency samples corresponding to N
time samples of the input signal x(n). For a radix-2 FFT,
N is a power of 2.

The number of arithmetic operations can be reduced
initially by decomposing the N-point DFT into two N/2-point
DFTs. This means that the input time sequence x(n) is
decomposed into two N/2-point subsequences (hence the
name, decimation-in-time), which consist of its even-
numbered and odd-numbered samples with time indices
expressed mathematically as 2n and 2n+ 1, respectively.
Substituting these time indices into the original DFT equation
gives

N/2-1 N/2-1
X(k) = E Xx(2n) W%Ink + E x(2n+1) Wgn+l)k
n=0 n=0

)
N/2-1 N/2-1
= ¥ xeyWik+wk ¥ x@n+1) wik
n=0 n=0
Since
W = [emi@EN)2 = [e—in/NDI2 = Wyp,
equation (6) can be written as
N/2-1
XK = ¥ x@n wik,
n=0
N/2—-1

+ wk }:0 x(2n+1) WK,
n=

= Y() + WK Z®



where Y (k) is the first summation term and Z(k) is the second
summation term.

Y (k) and Z(k) are further seen to be the N/2-point DFT's
of the even-numbered and odd-numbered time samples,
respectively. In this case, the number of complex
multiplications and additions is approximately N +2(N/2)2
because, according to (7), the N-point DFT is split in two
N/2-point DFTs, which are then combined by N complex
multiplications and additions. Thus, by splitting the original
N-point DFT into two N/2-point DFTs, the total number of
arithmetic operations has been reduced. This reduction is
illustrated in Figure 2.

Implicit in the above derivation is the periodicity of
X(k), Y(k), and Z(k). X(k) is periodic in k with a period

N, while Y(k) and Z(k) are both periodic in k with a period
N/2. Consequently, despite the fact that the index k ranges
over N values from 0 to N—1 for X(k), both Y(k) and Z(k)
must be computed for k between 0 and (N/2)—1 only. The
periodicity of Y(k) and Z(k) is also assumed in Figure 2.

Although (7) can be used to evaluate X(k) for 0 < k
< N-—1, further reduction in the amount of computation is
possible when the symmetry property (4) and periodicity (5)
of the twiddle factor are utilized to compute X(k) separately
over the following ranges:

1st Half of Frequency Spectrum: 0 < k < (N/2)-1

2nd Half of Frequency Spectrum: (N/2) < k < (N-1)

x(2n)
X(0) i —Y(0) o¢ X(0)
N/2-POINT DFT \ / Wn
X(2) ——ip Yik) —v(1) > Xx(1)
\\ / / w!
N
X(4) i —Y(2) > X(2)
. . w2
N/2-1 N
. nk .
E xi2n) Wyio
d n=0 ¢
X(N — 2) =i —Y((N/2) - 1] XI(N/2) - 1]
(N/2) -1
Wn
x(2n + 1)
x(1) =t —2(0) X(N/2)
w2
x3) g MZPOUT OFT —2(1) -o= X[(N/2) +1]
. / / \ wiNi21+1
o p—— L —2(2) N xiN/2)+21
. JN/Z -1 ) . w23
ni
. E x(2n+1) Wle .
. n=0 .
x(N - 1) ——o —2[(N/2) - 1] & X(N-1)
: N-1
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Figure 2. First DIT Decomposition of an N-Point DFT



Equation (7), for N/2 < k < N—1, can be rewritten as

N/2-1
Xk+N2) = ¥ x(2n) WiKND)

n=0

N2

+

+ WY )
n=0

k+N/2
x(2n+1) Wﬁ(/z )

®)
where 0 < k < (N/2)—-1

Since

n(k+N/2) _ wnN/2) wik  _ .—j2an wik  _ wik
WNP2 = WR2 " Wiz =" WRjp = WRi

and

k+N2 _ wk o—jr = —WkK
WKHN2Z = Wk e-im = -Wg

equation (8) can be rewritten as

N/2-1
Xk+N2) = ¥ x(n) W,
n=0 )

N2-1
-wk Eo x(2n+1) WK,
n=

=YK - WKZK® k= 0,1,...,(N2)-1

Therefore, (7) can be used to compute the first half of the
frequency spectrum X(k) for the index range 0 < k <
(N/2)—1, while equation (9) can be used to compute the
second half of the frequency spectrum X(k +N/2).

Figure 3 depicts the situation when the symmetry
property of the twiddle factor is used to compute X(k). The
above decimation process and symmetry exploitation can
reduce the DFT computation tremendously. By further
decimating the odd-numbered and even-numbered time
samples in a similar fashion, four N/4-point DFTs can be
obtained, resulting in a further reduction in the DFT
computation. Consequently, to arrive at the final radix-2 DIT
FFT algorithm, this decimation process is repetitively carried
out until eventually the N-point DFT can be evaluated as a
collection of 2-point DFTs or butterflies.
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Figure 3. Decomposition of a DFT Using the Symmetry Property



RADIX-2 DECIMATION-IN-TIME (DIT) FFT
BUTTERFLY

In the radix-2 DIT FFT algorithm, the time decimation
process passes through a total of M stages where N = 2M
with N/2 2-point FFTs or butterflies per stage, giving a total
of (N/2)logaN butterflies per N-point FFT.

For the case of an 8-point DFT implemented using the
radix-2 DIT FFT algorithm discussed in the previous pages,
the input samples are processed through three stages. Four
butterflies are required per stage, giving a total of twelve
butterflies in the radix-2 implementation. Each butterfly is
a 2-point DFT of the form depicted in Figure 4. P and Q
are the inputs to the radix-2 DIT FFT butterfly. In general,
the inputs to each butterfly are complex as is also the twiddle
factor.

P - 10) - Pra W

Q - @ * P-a Wk

wy -1
Figure 4. A Radix-2 DIT FFT Butterfly Flowgraph

As shown in Figure 4, the outputs P’ and Q' of the
radix-2 butterfly are given by

P =P+ QWK

. (10)
Q =P - QW

While Figure 4 actually uses signal flowgraph
nomenclature, another commonly used symbol for a radix-2
butterfly is shown in Figure 5.

P P+ Wk

wk

N
Q P-a wk

Figure 5. A Simplified Radix-2, DIT FFT
Butterfly Symbol

For an explanation of the various notational conventions
in use, the reader is referred to reference [3]. Both the
flowgraph nomenclature and the butterfly symbol are used
interchangeably in this report.

Implementation of the FFT Butterfly with Scaling

In' the computation of the FFT, scaling of the
intermediate results becomes necessary to prevent overflows.
The TMS32020 processor has features optimized for digital
signal processing and a number of on-chip shifters for
scaling. In particular, the input scaling shifter, the 32-bit
double-precision ALU and accumulator, and its output
shifters are used extensively for scaling.

To see why scaling is necessary, observe that from the
general equation of an N-point DFT (3), application of
Parseval’s theorem gives

N-1 , N-1
Y 2m=— Y [X®}? an
n=0 N k=0
or
, N-i , N-1
Nl— ¥ x2®m = |— ¥ X®]2 a2
N =0 N k=0

i.e., the mean-squared value of X(k) is N times that of input
x(n). Consequently, in computing the DFT of the input
sequence x(n), overflows may occur when fixed-point
arithmetic is employed without appropriate scaling. To see
how overflows can actually occur in FFT computations,
consider the general radix-2 butterfly in the mth stage of an
N-point DIT FFT as shown in Figure 6.

:@——-———’Pm+1

@-—-.0m+1

Y

wh -1
Figure 6. Signal Flowgraph of a Butterfly
at the mth Stage

From Figure 6, the final form of the FFT can be written
as

Pm+1 = Pm + W5Qm

13)
Qm+1 = Pm - W;Qm

where Pm and Qm are the inputs, and Pm+1 and Qm +1
are the outputs of the mth stage of the N-point FFT,
respectively. In general, Pm, Qm, Pm+1, and Qm + 1 are
complex as is the twiddle factor. The twiddle factor can be
expressed as



WK = ¢ TICNK _ ooqx) — j sin(X) (14)

where X = 2x/N)kand j = v —1.

The inputs Pm and Qm can be expressed in terms of
their real and imaginary parts by

Pm = PR + jPI (15)
Qm = QR + j QI

By substituting the values from (14) and (15), equation
(13) becomes

Pm+1 = PR + j PI + (QR cos(X) + QI sin(X)

+ j (QI cos(X) — QR sin(X))

= (PR + QR cos(X) + QI sin(X))
+ j (PI + QI cos(X) — QR sin(X))
(16)

Qm+1 = PR + jPI — (QR cos(X) + QI sin(X))
— j (QI cos(X) — QR sin(X))
(PR — QR cos(X) — QI sin(X))
+ j (PI — QI cos(X) + QR sin(X))

Although the inputs of each butterfly stage have real
and imaginary parts with magnitudes less than one, the geal
and imaginary parts of the outputs from (15) can have a
maximum magnitude of

1 + 1 sin45) + 1 cos(45) = 2.414213562

To avoid the possibility of overflow, each stage of the
FFT is scaled down by a factor of 2. In this way, if an FFT
consists of M stages, the output is scaled down by
2M =N, where N is the length of the FFT. Even with
scaling, overflow is possible because of the maximum
magnitude value for complex input data. This possibility is
avoided by scaling down the input signal by a factor of
1.207106781, and then scaling up the output of the last FFT
stage by the same factor. This additional scaling is not
implemented in the code of the appendices, because the input

signal is assumed real (i.e., the imaginary part is zero), and
the above maximum value cannot be attained. The maximum
value for a real input is 2.

Using (15), the TMS32020 butterfly code is given in
Figure 7. It is assumed that all input and output data values
are in Q15 format; i.e., they are expressed in two’s-
complement fractional arithmetic with the binary point
immediately to the right of the sign bit (15 bits after the binary
point). This code incorporates one stage of scaling (i.e.,
scaling by two) for the implementation of the general radix-2
DIT FFT butterfly with the 16-bit sine and cosine values of
the twiddle factor also stored in Q15 format. Note that in
performing fractional multiplications, the product of two
16-bit Q15 fractions is a 32-bit double-precision fraction in
Q30 format with two sign bits. This result is illustrated in
Figure 8, where S stands for sign bit.

The code for a general radix-2 DIT FFT is given in
Figure 7. In the comment section, ACC, P-REGISTER, and
T-REGISTER represent the on-chip 32-bit accumulator,
32-bit product register, and 16-bit temporary register of the
TMS32020 processor, respectively. For more information
about the TMS32020 processor and its architecture, see the
TMS32020 User’s Guide.5

The first block in the butterfly code of Figure 7 (starting
with the label INIT) is for general system initialization. The
second block of code (starting with the label BTRFLY) takes
advaptage of the double sign bits to provide a ‘‘free’’ divide-
by-2 scaling in calculating the term (1/2)(QR COS(X) + QI
SIN(X)), which is the scaled real part of the product of the
twiddle factor and Qm. In addition, since the current contents
of memory location QR are no longer required for subsequent
calculations, QR is also used as a temporary storage for this
term.

The third block of code calculates the term (1/2)
(QI COS(X) — QR SIN(X)), which is the scaled imaginary
part of the product of the twiddle factor and Qm. By
completing this calculation, QI is also freed as a temporary
storage for this term.

The fourth block of code calculates the real parts of
Pm+1 and Qm + 1 and provides the divide-by-2-per-stage
scaling function to avoid signal overflows. To perform this
function, the input binary scaling shifter of the TMS32020
is used.
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*

* EQUATES FOR THE REAL AND IMAGINARY PARTS OF Xm(P) AND Xm(Q).
* THE LOCATIONS PR, PI, QR, AND QI ARE USED BOTH FOR THE INPUT

* AND THE OUTPUT DATA.

*

0
1
2
3

Re(Pm) STORED IN LOCATION O IN DATA MEMORY
Im(Pm) STORED IN LOCATION 1 IN DATA MEMORY
Re(Qm) STORED IN LOCATION 2 IN DATA MEMORY
Im(Qm) STORED IN LOCATION 3 IN DATA MEMORY

* EQUATES FOR THE REAL AND IMAGINARY PARTS OF THE TWIDDLE FACTOR.
*

* INITIALIZE SYSTEM.
*

PR EQU
PI EQU
QR EQU
QI EQU
*
COSX  EQU
SINX  EQU
*
AORG
INIT  SPM
SSXM
ROVM
LDPK

*

* CALCULATE
*

BTRFLY LT
MPY
LTP
MPY
APAC
MPY
LT
SACH

CALCULATE

* %

PAC
MPY
SPAC
SACH

* CALCULATE

LAC
ADD
SACH
SUBH
SACH

4
5

>20
0

4

COS(X) STORED IN LOCATION 4 IN DATA MEMORY
SIN(X) STORED IN LOCATION 5 IN DATA MEMORY

NO SHIFT AT OUTPUTS OF P-REGISTER
SELECT SIGN-EXTENSION MODE

RESET OVERFLOW MODE

CHOOSE DATA PAGE 4

(QR COS(X) + QI SIN(X)); STORE RESULT IN QR.

QR
COSX
QI
SINX

COSX
QR
QR

LOAD T-REGISTER WITH QR

P-REGISTER = (1/2) QR COSX

ACC= (1/2) QR COSX ; LOAD T-REGISTER WITH QI
P-REGISTER = (1/2) QI SINX

ACC= (1/2)(QR COSX+QI SINX)

P-REGISTER = (1/2) QI COSX

LOAD T-REGISTER WITH QR

QR = (1/2)(QR COSX+QI SINX)

(QI COS(X) - QR SIN(X)); STORE RESULT IN QI.

SINX
QI

ACC= (1/2) QI COSX

P-REGISTER = (1/2) QR SINX
ACC= (1/2)(QI COSX - QR SINX)
QI = (1/2)(QI COSX - QR SINX)

Re(Pm+1) AND Re(Qm+1); STORE RESULTS IN PR AND QR.

PR,14
QR,15
PR,1
QR
QR,1

ACC= (1/4)PR

ACC= (1/4)(PR + QR COSX + QI SINX)
PR = (1/2)(PR + QR COSX + QI SINX)
ACC= (1/4)(PR - QR COSX - QI SINX)
QR = (1/2)(PR - QR COSX - QI SINX)

| Figure 7. TMS32020 code for a General Radix-2 DIT FFT Butterfly



* CALCULATE ImfPm+1] AND Im[Qm+1]; STORE RESULTS IN PI AND QI.
*

LAC PI,14 ACC= (1/4)PI

ADD QI,15 ACC= (1/4)(PI +
SACH PI,1 PI = (1/2)(PI +
SUBH QI ACC= (1/4)(PI -
SACH  QI,1 QI = (1/2)(PI -

QI cosx
QI COSX
QI COSX
QI cosx

QR SINX)
QR SINX)
QR SINX)
QR SINX)

+

Figure 7. TMS32020 Code for a General Radix-2 DIT FFT Butterfly (concluded)

Q15 Q15 Q30
S. «— 15 BITS —® l x [ S. @«— 15 BITS —» | = l S§S. @«— 30 BITS —» I
MULTIPLICAND MULTIPLIER PRODUCT

Figure 8. Multiplication of Two Q15 Numbers

Initially, the contents of PR are scaled down by a factor
of 4 (equivalent to a 14-bit left-shift). Note that the shift or
scaling function is being performed while the contents of PR
are being loaded into the 32-bit accumulator. Since the
TMS32020 has a 32-bit double-length accumulator, no
accuracy is lost in this binary scaling process. To generate

the final result of Re(Pm + 1), the contents of QR must be .

added to the contents of the accumulator with a 1-bit right-
shift (equivalent to a 15-bit left-shift). This means adding
(1/4)(QR COS(X) + QI SIN(X)) to (1/4)PR, which is the
current value held in the accumulator. The upper-half of the
accumulator is then stored in PR with a 1-bit left-shift to yield
the term (1/2)(PR + QR COS(X) + QI SIN(X)), which is
precisely Re(Pm + 1) scaled down by 2. This shift or scaling
function is being performed while the contents of the upper
half of the accumulator are loaded into PR. At this point,
the accumulator still has a value equal to (1/4)(PR + QR
COS(X) + QI SIN(X)). Hence, to obtain the final result of
Re(Qm + 1), the unscaled contents of QR must be subtracted
from the accumulator. The upper-half of the accumulator is
again stored in QR with a 1-bit left-shift to yield the term
(1/2)(PR + QR COS(X) + QI SIN(X)), which is precisely
Re(Qm + 1) scaled down by 2.

In a similar fashion, the fifth block of code calculates
the imaginary parts of Pm + 1 and Qm + 1. Note that all the
scaling functions performed so far have come *‘free’’ with
the architecture of the TMS32020.5

In summary, the data values are scaled down by right-
shifting the 16-bit words as they are loaded into the 32-bit
accumulator. In this way, full precision is still maintained
in all calculations. The right-shifts are implemented by a
corresponding number of left-shifts into the upper half of
the accumulator. On the other hand, if the accumulator had

been single precision or 16 bits wide, all scaling operations
would have resulted in a loss of accuracy.

In-Place FFT Computations

In the butterfly implementation, the set of input
registers in data memory (PR, PI, QR, and QI) for the two
complex inputs Pm and Qm are used for holding the two
complex outputs Pm + 1 and Qm + 1, respectively. When the
same set of input registers is used as output registers for
holding the FFT results, the FFT computation is said to be
performed in-place. Therefore, FFTs implemented on the
TMS32020 using the general butterfly routine are performed
in-place.

As a general rule, an in-place FFT computation means
that a total of 2N memory locations are required for an N-
point FFT since the inputs to the FFT can be complex. On
the other hand, a total of up to 4N memory locations is
required for not-in-place computations.

Another attractive feature of the butterfly routine is that
temporary or scratch-pad registers are not needed for
intermediate results or calculations. Where coefficient
quantization and other finite wordlength effects are not
critical, 13-bit sine and cosine values can be used instead
of 16-bit values addressed by the MPY instruction. In this
way, the registers COSX and SINX for the twiddle factors
can be dispensed with altogether. For this purpose, the
MPYK instruction, which has a 13-bit signed constant
embedded in its opcode, can be employed instead of the MPY
instruction in the butterfly code. In Appendix A, two FFT
macros (NORM1 and NORM?2) illustrate the use of the MPY
and MPYK instructions, respectively. Appendices A and B
contain macro libraries that perform the same tasks, but in
Appendix A they use direct addressing while in Appendix
B they use indirect addressing.



Bit-Reversal/Data Scrambling
As shown in Figure 9, the input time samples x(n) are
not in order, i.e., they are scrambled. Such data scrambling
or bit reversal is a direct result of the radix-2 FFT derivation.
On closer inspection, it is seen that the index of each input
sample is actually bit-reversed, as shown in Table 1.
Therefore, the input data sequence must be

prescrambled prior to executing the FET in order to produce
in-order outputs. To perform bit reversal on the 8-point FFT,
shown in Figure 9, the pairs of input samples, [x(1) and x(4)]
and [x(3) and x(6)], must be swapped. On the other hand,
Figure 10 has in-order input samples by rearranging the
ordering of all the butterflies. However, the outputs are now
bit-reversed.

Table 1. Bit-Reversal Algorithm for an 8-Point Radix-2 DIT FFT

INDEX BIT PATTERN BIT-REVERSED PATTERN BIT-REVERSED INDEX

1] 000 000 1]

1 001 100 4

2 010 010 2

3 011 110 6

q 100 001 1

5 101 101 5

6 110 011 3

7 111 111 7

STAGE 1 STAGE 2 STAGE 3

x(0) X(0)
x(4) X(1)
x(2) X(2)
x(6) X(3)
x(1) X(4)
x(5) X(5)

x(3)

x(7)

X(6)

X(7)

LEGEND FOR TWIDDLE FACTOR: WO =W§ W1=W] W2=W2 W3=W}

Figure 9. An In-Place DIT FFT with In-Order Outputs and Bit-reversed Inputs

STAGE 1
x(0)

x(1)

x(2)

STAGE 2 STAGE 3

X(0)

X(4)

X(2)

X(6)

X(1)

X(5)

X(3)

X(7)

LEGEND FOR TWIDDLE FACTOR: WO =WJ W1=W§ W2=W3 W3=W3

Figure 10. An In-Place DIT FFT with In-Order Inputs but Bit-Reversed Outputs



In general, bit reversal or data scrambling must be
performed either at the input stage on the time samples
(Figure 9) or at the output stage on the frequency samples
(Figure 10). Bit reversal can be performed in-place. Such
a process generally requires the use of one temporary data
memory location.

Because of its double-precision accumulator and its
versatile instruction set, the TMS32020 processor can
perform in-place bit reversal or data scrambling without the
use of a temporary data memory location. For example, the
TMS32020 code for swapping input data locations x(1) and
x(4) is given in Figure 11.

Although bit-reversal can be regarded as a separate task
performed either at the input or output stage of an FFT
implementation, some FFT algorithms exist with bit reversal
as an integral part.5 Such algorithms are said to be in-place
and in-order, and they tend to have higher execution speeds
than that of the FFT and bit-reversal algorithms executed
separately.

A Numerical Example: 8-Point DIT FFT

To illustrate the concept of the FFT, a numerical
example of an 8-point, decimation-in-time FFT is presented.
The input signal is a square pulse with four samples equal
to 0.5 and four samples equal to zero, as shown in Figure
12(a). The broken line in Figure 12 represents the envelope
of the plotted signal. Figure 12(b) plots the magnitude of the
computed FFT, where the number next to each sample
indicates its magnitude. The choice of the amplitude for this
example is arbitrary, but it is restricted to be less than 1 since
it assumed that the numbers handled by the processor are
in Q15 format.

& x(n)

>

0 12 3 4586 7 n

- (a) TIME-DOMAIN SIGNAL

X(k)
29~,1.3066 1.3066 7
\ 0-5412 0.5412//
NN L
012 3 456 7 Kk

(b) FOURIER TRANSFORM MAGNITUDE

Figure 12. Time-Domain Signal and the Magnitude
of Its FFT

The FFT of this time signal is computed by an 8-point
DIT FFT as shown in Figure 13. On the left side, the samples
x(n) of the time signal are arranged in their normal order.
On the right side, the computed samples X(k) of the FFT
are in bit-reversed order. Since the computation produces
complex numbers, all the numerical values are presented as
(R, I), where R is the real part and I is the imaginary part
of the complex number. Figure 13 shows also the numerical

« values computed in the intermediate stages.

% % Y % % e Je A K %k e 3k Kk Kk Kk Kk K ok ke sk kK ke ke ke e ke e sk ok 3k ok vk 3k ke ke K 9k ke ok e 3k ke ok ke ke ke K ke ke 3k 3k gk K ok 3k Kk Kk ok

* TMS32020 CODE FOR THE BIT REVERSAL OF x(1) AND x(4) *

% % % % A K 3k Kk 3k % Kk ke e vk ek ke vk ke ke gk ke ke ok 3k gk ke gk Kk ek ke ke 3k kK gk ke vk kK 3k vk kK sk ke 3k ke 3k kK ke 3k ok Sk ok ok %k %k Kk

*

BITREV ZALH  RX1

ADDS  RX4
SACL  RX1
SACH  RX4
ZALH  IX1
ADDS  IX4
SACL IX1
SACH  IX4

LOAD REAL PART OF x(1) IN UPPER ACCUMULATOR
LOAD REAL PART OF x(4) IN LOWER ACCUMULATOR
STORE REAL PART OF x(4) IN REAL PART OF x(1)
STORE REAL PART OF x(1) IN REAL PART OF x(4)
LOAD IMAG PART OF x(1) IN UPPER ACCUMULATOR
LOAD IMAG PART OF x(4) IN LOWER ACCUMULATOR
STORE IMAG PART OF x(4) IN IMAG PART OF x(1)
STORE IMAG PART OF x(1) IN IMAG PART OF x(4)

Figure 11. TMS32020 Code for the Bit Reversal of x(1) and x(4)



x(0)=(0.5,0) O- D X(0)=(2,0}

x{1)=(0.5.0) O X(4)=(0.0)

x(2)=(0.5.0) X(2)=1(0.0)

x{3)=(0.5.0)

X(6)=(0.0)

x(4)=(0.0)Q X(1)=(0.5,-1.2071)

(0.5.-0.5)
Wa -1
x(5)=(0,0) X(5) =(0.5,0.2071)
(0.5, -0.5)
x(6)=(0,0)Q > X(3)=(0.5,-0.2071)
10.5,0.5)
w3 1
x(7)=1(0.0) > X(7)=(0.5,1.2071)

Figure 13. Numerical Example of an 8-Point DIT FFT without Scaling

Table 2 shows the values of the twiddle factor W; in the FFT. The other four are related to them through the
fori = 0,1,...,7. Of these factors, only the first four are used symmetry property (see equation (4)).

Table 2. Numerical Values of W is, wherei =0, 1, ..., 7

TWIDDLE FACTOR VALUE
0
w3 1
wi=e "4 0.7071-j0.7071
w§=°—1rI2 -
W3 =e 34 -0.7071-j0.7071
4 _ T_ _ o0 .
Wg=e "= -w3 1
wg=e75"4= _w] ~0.7071+j 0.7071
W8 —e—37/2_ wg j
wi=e 774 w3 0.7071+j0.7071




Figure 13 has demonstrated the need for scaling.
Without scaling, the intermediate results can attain values
greater than or equal to 1. This would cause overflows in
an implementation that uses Q15 numbers. Therefore, scaling
is applied as mentioned earlier. Figure 14 shows exactly the
same example, but now every stage is scaled by 1/2. No
overflows occur with this implementation. The final output
is the same as in Figure 13 but scaled by 1/8.

Special Butterflies
Although any N-point FFT (where N is a power of 2)

(0.25,0)
x(0) =(0.5.000—12

4

x(1)=(0.5,0)0

x(2)=(0.5,0)0

x(3)=1(0.5,0)

x(7)=10.00Q

(0.25,0)

can be directly implemented with the general butterfly only,
special butterflies are normally used in order to increase the
FFT execution speed.

Special butterflies can be coded by taking advantage
of certain sine and cosine values of the twiddle factor. For
instance, when the angle X takes on values such as 0, 90,
180, and 270 degrees, butterflies require much less code.
Other special butterflies can also be coded for angles such
as 45, 135, 225, and 315 degrees. Examples of these special
butterflies can be found in nine macros located in Appendix
A.

(0.25,0)
D

P X(0)=(0.25.0)

O X(4)=1(0.0)

O X(2)=(0.0)

RO X(6) =(0.0)

) X(1)=(0.125, - 0.3018)

RO X(5)=(0.125,0.0518)

X(3)=(0.125,-0.0518)

2 p X(7)=(0.125.0.3018)
(0.125,0.125) -1

Figure 14. Numerical Example of an 8-Point DIT FFT with Scaling



An interesting point to be noted is that the first two
stages of an N-point radix-2 FFT can be performed
simultaneously with a special radix-4 butterfly to enhance
execution speed. This special radix-4 butterfly is depicted
in Figure 15 with the corresponding code (MACRO9) listed
in Appendix A.

The special radix-4 butterfly actually consists of four
separate radix-2 butterflies. The radix-4 butterfly is further
seen to be a 4-point DFT.

Together with the general butterfly, these special
butterflies greatly improve the execution speed of an FFT
algorithm. An example of the use of such butterflies for an

A A B1
B B’ B2
c c’ B3
D D’ B4

8-point DIT FFT is given in Figure 16. Since the FFT
implementation is, in general, highly modular, the code in
Figure 16 has been structured into a number of macro calls,
including a macro for bit reversal.

During assembly time, the TMS32020 Macro
Assembler fully expands these macros into in-line code.5 The
first two stages of the 8-point DIT FFT are implemented by
the special radix-4 DIT FFT macro COMBO. The last stage
consists of the special radix-2 DIT FFT macros ZERO,
PIBY4, PIBY2, and PI3BY4. These macros can be found
in Appendix A. The difference from the general radix-2 DIT
butterfly is that the angle X of the twiddle factor takes on
the values 0, 45, 90, and 135, respectively.

A B1
B B2
Cc ~ B3
D B4

Figure 15. The Equivalence of Four Radix-2 Butterflies to one Radix-4 Butterfly

TAAKKKIAKAKKAKAKKKAKKKAAKKKAKRKKAKKKKKAKAKKKKKRKARKAKKRARKKA KKK AKKRAKR KK

* AN 8-POINT DIT FFT

*
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*

XOR EQU 00
X0I EQU 01
X1R EQU 02
X1I EQU 03
X2R EQU 04
X21 EQU 05
X3R EQU 06
X31I EQU 07
X4R EQU 08
X41 EQU 09
X5R EQU 10
X51 EQU 11
X6R EQU 12
X61 EQU 13
X7R EQU 14
X71 EQU 15
W EQU 16
AORG  >20
WTABLE DATA  >5A82

VALUE FOR SIN(45) OR COS(45)

Figure 16. TMS32020 Code for an 8-Point DIT FFT Implementation



*

* INITIALIZE SYSTEM
*
INIT  SPM 0

SSXM

ROWM

LDPK 4

LALK  WTABLE
TBLR W

*

* MACRO FOR INPUT BIT REVERSAL
*
BITREV $MACRO PR,PI,QR,QI

ZALH :PR:

ADDS  :QR:
SACL  :PR:
SACH  :QR:
ZALH
ADDS :QI:
SACL :
SACH :QI:
$END

*

NO SHIFT AT OUTPUTS OF PR
SELECT SIGN-EXTENSION MODE
RESET OVERFLOW MODE

CHOOSE DATA PAGE 4

GET TWIDDLE FACTOR ADDRESS
STORE SIN(45) OR COS(45) IN W

* FFT CODE WITH BIT-REVERSED INPUT SAMPLES
*

FFT8PT BITREV 2,3,8,9
BITREV 6,7,12,13

*

* FIRST & SECOND STAGES COMBINED WITH DIVIDE-BY-4 INTERSTAGE SCALING
*

COMBO XOR,XOI,X1R,X1I,X2R,X2I,X3R,X3I
COMBO X4R,X4I,X5R,X5I,X6R,X6I,X7R,X71

* THIRD STAGE WITH DIVIDE-BY-2 INTERSTAGE SCALING
*

ZERO  XOR,XOI,X4R,X41
PIBY4 X1R,X1I,X5R,X5I,W
PIBY2 X2R,X2I,X6R,X61
PI3BY4 X3R,X3I,X7R,X71,W

Figure 16. TMS32020 Code for an 8-Point DIT FFT Implementation (concluded)

RADIX-4 DECIMATION-IN-FREQUENCY (DIF)
FFT

The implementation described thus far is that of a
radix-2 FFT using Decimation In Time (DIT). The
decimation-in-time FFT is calculated by breaking the input
sequence x(n) into smaller and smaller sequences and
computing their FFTs. In an alternate approach, the output
sequence X(k), which represents the Fourier transform of
x(n), can be broken down into smaller subsequences that are
computed from x(n). This method is called Decimation In
Frequency (DIF). Computationally, there is no real
difference between the two approaches. DIF is introduced
here for two reasons: (1) to give the reader a broader

understanding of the different methods used for the
computation of the FFT, and (2) to allow a comparison of
this implementation with the FORTRAN programs provided
in the book by Burrus and Parks.4 The programs from that
book were the basis for the development of the radix-4 FFT
code on the TMS32020.

In a radix-4 FFT, each butterfly has four inputs and
four outputs instead of two as in the case of radix-2 FFT.
As shown in the following equations, this is advantageous
because the twiddle factor W has special values when the
exponent corresponds to multiples of #/2. The end result is
that the computational load of the FFT is reduced, and the
radix-4 FFT is computed faster than the radix-2 FFT.



To introduce the radix-4 DIF FFT, equation (3) is
broken into four summations. These four summations
correspond to the four components in radix-4. The choice
of having N/4 consecutive samples of x(n) in each sum is
dictated by the choice of Decimation In Frequency (DIF).

N-1 (N/4)—-1
X = ¥ x@Wk = ¥ x@owk
n=0 n=0
(N/2)—1 (3N/A4)—1
+ Y  xm) Wr'f]k + Y xm) W'I}Ik
n=N/4 n=N/R2
N-1 (NA)-1
+ L xm WX = ¥ xmWk
n=3N/4 n=0
(N/4)—1
+ WRK4 3 xn+Nd) WhK
n=0
amn
(N/4)—1
+ WX L x@+N2) Wik
n=0
~ (N/4)-1
+ WK 7 x(n+3N/d) Wik
n=0
k =01l,.N-1

From the definition of the twiddle factor, it can be shown that
WK = ik, WRKZ = (— 1)k, and w3NKA = Gk

where j is the square root of —1. With this substitution, a7
can be rewritten as

(N/4)-1
Xk = ¥
n=0

+(= 1)k x(n+N/2)+ (K x(n+3N/4)] WK

[x(n)+(—j)k x(n+N/4) (18)

Equation (18) is not yet an FFT of length N/4, because
the twiddle factor depends on N and not on N/4. To make
it an N/4-point FFT, the sequence X(k) is broken into four
sequences (decimation in frequency) for the cases where
k = 4r,4r+1, 4r+2, and 4r+3.

Introducing this segmentation, and remembering that

nr _ nr
W = W,

the following four equations (19) are derived from (18)

(N/4)-1
X@dr = Y}

n=0

[x(n) + x(n+N/4)
+ x @ +N/2) + x(@+3N/4)] W WA,

(N/4)—-1
X@r+) = ¥

n=0

[x(n) — j x(n+N/4)

x(n+N/2) + j x(n+3N/4)] WY, Wi,

(N/4)-1
X@r+2) = Y [x(n) — x(n+N/4) 19)
n=0
+ x(+N/2) — x(n+3N/4)] WI wir,
(N/4)—-1
X@4r+3) = Y [x(n) + j x(n+N/4)
n=0

: 3
x(n+N/2) —j x(n+3N/4)] WN" Wllllr/4



Each one of these equations is now an N/4-point FFT
that can be computed by repeating the above procedure until
N=4. Note that the factors W, W, W, and Wi
are considered part of the signal. In general, an N-point FFT
(where N is a power of 4) can be reduced to the computation
of four N/4-point FFTs by transforming the input signal x(n)

into an intermediate signal y(n), as suggested by (19). Figure
17 shows the corresponding radix-4 DIF butterfly, which
generates one term for each sum in (19).

For simplicity, the notation of Figure 18 is often used
instead of that of Figure 17 for the butterfly of radix-4 DIF
FFT.

N
Wh =0,1...., - -1
ere n vy

Figure 17. Radix-4 DIF Butterfly

x(n)

x(n+%)
x(n +g)

x(n+¥

0 0O yn)

20 v(r+)

2
< v(n+d)

3n
y(n +%

N
Wi =0,1,...=-1
here n=0,1 ry

Figure 18. Alternate Form of the Radix-4 DIF Butterfly

.



Figure 19 shows an example of a 64-point, radix-4 DIF
FFT. .

Note that the inputs are normally ordered while the
outputs are presented in a digit-reversed order. The principle
of digit reversal is the same as in radix-2 FFT, but now the
digits are 0, 1, 2, and 3 (quaternary system) instead of 0 and
1 (binary system). The code for digit reversal is the same
as that shown in Figure 11. For example, the datapoint
occupying location 132 (quaternary number corresponding
to decimal 30) exchanges positions with the datapoint at

©CEONONHAWN=SO

location 231 (corresponding to the decimal 45).

Another important point of the radix-4 algorithm
regards scaling. Since each stage of the radix-4 algorithm
corresponds to two stages of the radix-2 algorithm, equivalent
results are obtained by dividing the output of each stage of
the radix-4 algorithm by 4.

Appendix E contains the implementation of a 256-point,
radix-4 DIF FFT on the TMS32020. This implementation
follows the one described in FORTRAN code in the book
by Burrus and Parks.4
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Figure 19. A 64-Point, Radix-4 DIF FFT



SYSTEM MEMORY AND I/O
CONSIDERATIONS

Unlike non-realtime FFT applications where data
samples to be transformed are assumed to already be in data
memory, realtime FFT applications demand careful
considerations of data input/output and system memory
utilization.

The TMS32020 has 544 words of on-chip data RAM,
organized into two 256-word blocks (B0 and Bl) and one
32-word block (B2) that can be used as scratch-pad
locations.5 In non-realtime applications, this memory
configuration allows a 256-point complex FFT to be easily
performed (see Appendix C). However, for realtime FFT
applications, input/output data buffering is generally
required.

For small transform sizes, up to 128-point complex (or
256-point real) FFTs, the double-buffering technique, shown
in Figure 20, can be used for realtime applications without
the need of any external data memory. The on-chip RAM
blocks BO and Bl are organized into Buffer A and Buffer
B, respectively.

BUFFER A: BUFFER B:
INPUT : x(n) | $-1 INPUT : x(n)
OUTPUT : X(k) OUTPUT : X(k)

INPUT/OUTPUT

DATA CHANNELS

Figure 20. Input/Output Double-Buffering

Consider a 128-point complex FFT. Realtime input data
to be transformed can be grouped into ‘‘frames’ of 256
words (128 complex inputs) read into either Buffer A or
Buffer B, depending on which one is not currently being used
by the FFT program. The idea is to use the two on-chip RAM
blocks B0 and B1 alternatively as I/O and transform buffers.

Assuming that the frame of data in Buffer A, the current
transform buffer, is being transformed in-place, a software
flag is then set to indicate that Buffer B can now be used
as the current I/O buffer. This means that while time-domain
data is read into Buffer B, the current I/O buffer, previous
transformed data in Buffer B must be transferred out at the
same time to make room for the incoming data. This can
be acomplished efficiently if the I/O transfers are sequential
and organized in a back-to-back manner (i.e., an output
operation followed by an input operation).

Resetting the flag indicates that the roles of Buffer A
and Buffer B are now reversed. In this case, Buffer B now
has a full frame of input data ready to be transformed while
Buffer A has a full frame of transformed data (spectral
samples) ready to be transferred out to make room for more
incoming time-domain data. The setting of the software flag
is often implemented as an I/O device service routine (DSR)
or as an interrupt handler in the case of interrupt-driven I/O.

Although this double-buffering technique is also
applicable to larger transforms with the use of external
memory, the actual memory required can be optimized if
the transform time for an N-point FFT is shorter than the
time to assemble a frame of N complex input data samples.
For this purpose, the circular-buffer technique, shown in
Figure 21, can be used.

Instead of a double-buffer size of 2N, a circular-buffer
size of N+M < 2N can be used where M < N and M
depends on the system input data rate in general. For
example, M is chosen to be no less than 8T for an 8-kHz
input sampling frequency and an N-point complex FFT with
a transform time of T ms.

1/0 CHANNELS |4 >

[N +M] COMPLEX-WORD CIRCULAR BUFFER

START POINTER

!

END POINTER

Figure 21. Input/Output Circular-Buffering for Large FFTs



A set of pointers is used to manage the data in the
circular buffer. The start pointer is set at the beginning of
the current frame, whereas the end pointer always indicates
the current input data position in the circular buffer. Both
pointers ‘‘wrap around’’ at the end of the circular buffer.

When a complete frame of input data has been
collected, the set of pointer values is passed to the FFT
program to transform the frame of data. For the next frame
of input data, the start pointer points to the location
immediately following the last location of the previous frame.
As before, the end pointer for the current frame tracks the
location of the next input data, and the whole process is
repeated.

To decrease execution time, a large N-point FFT can
be divided into smaller 256-point complex FFTs and executed
256 complex points at a time utilizing the on-chip RAM, as
shown in Figure 22. Note that the system is still collecting
incoming time-domain data samples and storing them in the
external circular buffer while the FFT program is executing
with internal data RAM. When 256 complex points have been
processed, the FFT program returns them to the external

buffer while fetching the next set of 256 samples for
execution.

This scheme takes advantage of the fact that off-chip
data accesses take two cycles each while on-chip data
accesses take one cycle each. Certain instructions (e.g.,
SACL and SACH) even take three cycles to execute when
operating on external RAM. To speed ex&cution, off-chip
data blocks can be efficiently moved into on-chip data
memory via the BLKD (block move from data memory to
data memory) instruction, which executes in a single cycle
when used in the repeat mode with the repeat counter having
a maximum count of 256.

IMPLEMENTING LARGE FFT’S

Figure 23 shows the memory configurations and
transfers for a 1024-point complex FFT computed as four
256-point complex FFTs. A kernel 256-point complex FFT
can operate on a group of 256 complex points at one time
using on-chip RAM. Data transfers between on-chip and off-
chip RAM are efficiently performed via the RPTK and
BLKD instructions.

CIRCULAR BUFFER

START POINTER——]
. °°2"";';E;iu BLOCK ON-CHIP DATA
1/0 CHANNELS  |@———P~ "A"'T o BE < »{ MemoRy oF
512 WORDS
TRANSFORMED MOVES

END POINTER ———

Figure 22. Use of On-Chip Memory to Speed FFT Execution

2K-WORDS OFF-CHIP RAM

-512-WORDS ON-CHIP RAM

256 COMPLEX POINTS ¢
KERNEL 256-POINT
MPLEX POINTS |4
266 €O i g | compLex FFT
256 COMPLEX POINTS | ¥ EXECUTED 4 TIMES
256 COMPLEX POINTS TO FORM
BLOCK 1024-POINT
MOVES COMPLEX FFT

Figure 23. Execution of a 1024-Point Complex FFT with On-Chip RAM



Figure 24 shows a more detailed block diagram of a
1024-point radix-2 complex FFT. It can be seen that 512
butterflies must be performed at each stage. The first eight
stages have a total of 4096 butterflies computed by four
256-point FFTs. The 256-point FFT in Appendix C is used

STAGES 1-8

x(0) —»
.
L]

x(255)=—

x(256)—p|
L]
.

x(611)~]

x(512) —9
.
.

x(767) —p

x(768)—9

x(1023)=¥|

r>PoaImMm<m - -

moO>»-0n

256-POINT
COMPLEX FFT
WITH 1024

BUTTERFLIES

256-POINT

COMPLEX FFT

WITH 1024

BUTTERFLIES

256-POINT

COMPLEX FFT

WITH 1024

BUTTERFLIES

256-POINT

COMPLEX FFT

WITH 1024

BUTTERFLIES

as a subroutine for this purpose. Appendix D contains a
listing for the 1024-point complex FFT performed with the
help of on-chip RAM. However, due to the size of the
1024-point FFT program, the user may find it necessary to
subdivide the code into smaller sections prior to assembly.

STAGE 9 STAGE 10

X(0)

X(511)

v \4

512 512

BUTTERFLIES  BUTTERFLIES
PER STAGE PER STAGE

Figure 24. A 1024-Point Complex FFT Using a 256-Point Kernel for Stages 1-8



HIGHER-RADIX FFT’S

The same decomposition principle as for radix-2 FFT
algorithms applies to higher radices as well. Table 3 shows
the computation requirements’ for a 4096-point FFT using
various radices that are a power of two.

The main benefit of using higher-radix algorithms is
the reduced amount of arithmetic operations required for the
FFT computation. Beyond the use of radix-8 algorithms,
however, the point of diminishing returns rapidly approaches.
Memory addressing, data scaling, and program control
become more and more complicated. On the other hand, a
suitable combination of the radix-2, radix-4, and radix-8
algorithms becomes a flexible and efficient ‘‘mixed-radix’’
algorithm for most FFT applications. Reference [4] contains
some useful FORTRAN routines for higher-radix FFT
algorithms.

REAL TRANSFORMS VIA COMPLEX FFT’S

In practice, many signals are real functions of time,
whereas the FFT algorithm has been derived for complex
signals. This means that for real inputs, the imaginary parts
of the complex entries are simply set to zero. This results
in a certain amount of redundancy. To utilize the bandwidth
of the FFT algorithm more effectively, one can use the fact
that the frequency spectrum of a real signal is a hermitian
function (i.e., the real part is an even function while the
imaginary part is an odd function).1l For example, two
N-point real FFTs can be computed simultaneously with a
single N-point complex FFT.8.9.10 On the other hand, a
single N-point complex FFT can also be utilized effectively
to perform a 2N-point real FFT.10 Such algorithms
substantially reduce the amount of computation required for
real FFTs.

Other efficient algorithms exist that further utilize the
properties of real signals. In particular, the FFTs of four N-
point real symmetric (even) and antisymmetric (odd)
sequences can be computed with just one N-point complex
FFT.2 Alternatively, the same N-point complex FFT can be
used to compute the FFTs of four N-point real symmetric
(even) sequences simultaneously.2

INVERSE FFT
The inverse FFT is given by the equation

N-1
x(m) = (I/N) Y XK Wg“k n=0,1,...,.N-=1 (20)
k=0

where X(k) is the Fourier transform of the time-domain signal
x(n). Note that (20) is essentially the same equation as (1),
which represents the ‘‘forward’’ FFT, with two important
differences: the scaling factor is (1/N), and the exponent of
the twiddle factor is the negative of the one in equation (1).
Because of the similarity between (20) and (1), the
implementation of the inverse FFT is very straightforward.
The code can be derived from that given in the appendices
by applying the following modifications.

If the forward FFT is implemented with scaling, the
resulting values in the frequency domain are (1/N)X(k) and
not X(k). Hence, for the inverse FFT, no scaling must be
applied in order to get back the original signal. On the other
hand, if the forward FFT has not been scaled, the inverse
FFT must be scaled. This scaling can be performed all at
one point as suggested by (20), or at every stage as described
earlier in the forward FFT.

The negative exponent of the twiddle factors implies
that the values of sin(X) will have the opposite sign from
that in the forward FFT. Therefore, one way to implement
the inverse FFT is to have an additional table with the
negatives of sin(X). Another method is possible if the
complex conjugate of (20) is considered.

N-1
xm = (AN L X Wk n=01,..N-1 QI
K=0

In (21), the asterisk indicates complex conjugate. In
this form, there is no need to have an additional table for
sin(X). Instead, the inverse FFT is implemented by applying
the forward FFT on the complex conjugate of X(k) (with
appropriate scaling). The complex conjugate of the resulting
time signal is the desired result. Note that if x(n) is real, this
last step is not necessary since, in this case, x‘(n) = x(n).

Table 3. Computational Requirements for Higher-Radix FFT Algorithms

ALGORITHM NUMBER OF REAL NUMBER OF REAL
MULTIPLICATIONS ADDITIONS
RADIX - 2 (N=212) 81,924 139,266
RADIX-4 (N =46) 57,348 126,978
RADIX -8 (N=84) 49,156 126,978
RADIX-16 (N =163) 48,132 125,442




Table 4. FFT Performance for a TMS32020 Implementation

FFT EXECUTION
ALGORITHM SIZE TYPE CYCLES CLOCK TIME
RADIX-2 128-Pt Looped 21,879 5 MHz 4.375 ms
RADIX-2 256-Pt Looped 42,416 5 MHz 8.483 ms
RADIX-2 256-Pt Straight-Line 22,595 5 MHz 4519 ms
RADIX-2 1024-Pt Straight-Line 159,099 5 MHz 31.8198 ms
RADIX-4 256-Pt Straight-Line 15,551 5 MHz 3.1102 ms

FFT PERFORMANCE TIMING

Table 4 provides the FFT timing performance for the
TMS32020 code in the appendices. The source code
examples included in Appendices C through G are not
optimized for any specific application since they have been
designed to emphasize clarity rather than code optimization.
The key feature of these codes is that they do not require
any scratch-pad (temporary) memory locations.
Consequently, these codes should be useful in memory-
critical applications. For time-critical applications, the codes
can be optimized for better execution time. Higher execution
speed is achieved by using straightline instead of looped code.
The tradeoff for this optimization is the larger program
memory requirements of the straightline code.

DESCRIPTION OF THE APPENDICES

At the end of this report, there are five appendices with
TMS32020 code implementing several FFTs. The contents
of the appendices are the following:

Appendix A: N-point, radix-2, DIT FFT (9 macros)

Appendix B: N-pdint, radix-2, DIT FFT using indirect
addressing (7 macros)

Appendix C: 256-point, radix-2 DIT FFT

Appendix D: 1024-point, radix-2 DIT FFT

Appendix E: 256-point, radix-4 DIF FFT

Appendix F: 128-point, radix-2 DIF FFT (looped code)

Appendix G: 256-point, radix-2 DIF FFT (looped code)

SUMMARY

The purpose of this report has been to develop an
understanding of the underlying principles in FFT
implementations with the TMS32020 processor. The book
by Burrus and Parks4 contains examples of FFT
implementations on the TMS32010 processor, the first
member of the TMS320 family.

This report has discussed the development of the DFT
algorithm, leading to the derivation of the FFT algorithm.
The implementation of the radix-2 DIT FFT algorithm was
covered in detail, and the radix-4 DIF FFT algorithm was
also explained. Special attention was given to various FFT
implementation aspects, such as scaling, system memory,
and input/outpput considerations.

The TMS32020 digital signal processor offers many
advantages for the implementation of FFT algorithms. Its
200-ns cycle time and special features, such as the single-
cycle multiplication, allow high execution speed. The 544
16-bit words of on-chip memory permit the implementation
of a 256-point complex FFT without access to external
memory, thus further reducing execution time. Furthermore,
special instructions, such as RPTK and BLKD, allow the
quick transfer of data from external to internal memory, so
that portions of large FFTs can be implemented with the on-
chip RAM. Due to the flexibility of the TMS32020, the
designer can trade-off program memory with execution

speed.
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APPENDIX D

A 1024-POINT, RADIX-2 DIT FFT IMPLEMENTATION
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APPENDIX E

A 256-POINT, RAPIX-4 DIF FFT IMPLEMENTATION
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APPENDIX F
A 128-POINT, RADIX-2 DIF FFT IMPLEMENTATION (LOOPED CODE)
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APPENDIX G,
A 256-POINT, RADIX-2 DIF FFT IMPLEMENTATION (LOOPED CODED)
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