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Implementing the Radix-4 Decimation

In Frequency (DIF) Fast Fourier

Transform (FFT) Algorithm Using a
TMS320C80 DSP

Abstract

This application report describes the implementation of the radix-4
decimation in frequency (DIF) fast Fourier transform (FFT)
algorithm using the Texas Instruments (TI"™) TMS320C80 digital
signal processor (DSP). The radix-4 DIF algorithm increases the
execution speed of the FFT.

Each TMS320C80 DSP parallel processor (PP) contains four
major units operating in parallel. This parallel operation allows
each parallel processor to execute up to four instructions per
cycle. The TMS320C80 parallel processor also contains many
general-purpose registers. These registers are used for ALU
status information and to configure features such as the zero
overhead loop control units.

The units enable each parallel processor to execute a radix-4 DIF
FFT three to four times faster than other devices. For example, a
parallel processor can process a 256 complex FFT in
approximately 5k instruction cycles.

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP 7
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Product Support on the World Wide Web

Our World Wide Web site at www.ti.com contains the most up to
date product information, revisions, and additions. Users
registering with TI&ME can build custom information pages and
receive new product updates automatically via email.

8 Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
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Radix-4 FFT Algorithm

The butterfly of a radix-4 algorithm consists of four inputs and four
outputs (see Figure 1). The FFT length is 4", where Mis the
number of stages. A stage is half of radix-2.

The radix-4 DIF FFT divides an N-point discrete Fourier transform
(DFT) into four N/4 -point DFTs, then into 16 N/16 -point DFTSs,
and so on. In the radix-2 DIF FFT, the DFT equation is expressed
as the sum of two calculations. One calculation sum for the first
half and one calculation sum for the second half of the input
sequence. Similarly, the radix-4 DIF fast Fourier transform (FFT)
expresses the DFT equation as four summations, then divides it
into four equations, each of which computes every fourth output
sample. The following equations illustrate radix-4 decimation in
frequency.

X(k) = NZ_lx(n) Wy

N1 2N/ -1 3N N-1
ST AW S X S X S X)W

Vs . (ne)
= Zx(n)W,G’"+ Zx(n+%)W,£," Valk (n+/\/) Va)k

- WN"k 1)

The three twiddle factor coefficients can be expressed as follows:

W,S,%)k = [cos(%) - jsin(%)]k = (—j)k

w2 = [cos(m) - jsin(m]* = (-1)*
3% [cos(?’y) —Jsm(3§/)]

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP 9
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Equation (1) can thus be expressed as

et [+ (=) K+ )+ () (4 )

= +(j)kx(n + 3%) W,k

To arrive at a four-point DFT decomposition, let Wi = W
Equation (2) can then be written as four N/4 point DFTS, or

Vit x(n)+ x(n + %) + x(n + %)

X(ak) =% Wg/j ®3)

P +x(n + 3%)
Yor [ x(n)-ix(n+ ) -x(n e Ng) |

X(K) W, (2)

X(4k+1) = Wi w,” 4

(ak+1) F=) +jx(n+3’%) Vi )
W[ x(m) - N/ - N/

X(4k+2)='% Mm=xn+ )=o) wi" Wg/f1 (5)

%Z-l _X(n)+jx(n+%)—x(n+%) W/\3/n le (6)
n=0 __jX(n+3%) 4

- N/ _
fork—Oto%1 1

X(4K), X(4k+1), X(4k+2) and X(4k+3) are N/4 -point DFTs. Each

of their N/4 points is a sum of four input samples x(n), x(n+ N/4),
x(n+N/2) and x(n+3N/4), each multiplied by either +1, -1, j, or -j.
The sum is multiplied by a twiddle factor (Wy°, Wy", W?",or W,*").

The four N/4 -point DFTs together make up an N-point DFT. Each
of these N/4 -point DFTs is divided into four N/16 -point DFTSs.
Each N/16 DFT is further divided into four N/64 -point DFTs, and
so on, until the final decimation produces four-point DFTs. The
four-point DFT equation makes up the butterfly calculation of the
radix-4 FFT. A radix-4 butterfly is shown graphically in

Figure 1.

10 Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
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Vit x(n)+ x(n + /%) + x(n + %)

72 neaw) ", @

Let x(n)+x(n+ /%) +x(n+ %) +x(n+ 3/%) = go(n)

X(4k) =" go(n) Wl\,]/i /% -point FFT
n+go(n+N/)+qgo(n+N
then X(16K) =y g0(n) +g0(n+1})+ go(n+1%7) Wik

s+, E

/%6 -point FFT

Figure 1. Radix-4 DIF FFT Butterfly

x(n) x(4r)

x(n+,) w? X(4r +1)
W2n

x(n +%) X(4r +2)
W3n

x(n + 3’%) X(4r +3)

Based on Figure 1, assume the following:

Xx(n) = xatjya
x(n+ N/4) =xb+jyb
x(n+ N/2) =xc+yc
x(n+3N/4) = xd+j yd

Xx(4r) = xa'tj ya'
X(4r+1) = xb'+j yb'
X(4r+2) = XC'+ yc'
X(4r+3) = xd'+j yd'

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP 11
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W" =Whb = Cb+j (-Sh)
W?" =Wc = CcHj (-Sc)
W?" =wd = Cd+j (-Sd)

The real and imaginary output values for the radix-4 butterfly are
given by equations (7) — (14).

xa' = xat+xb+xc+xd (7
ya' = yat+yb+yc+yd (8)
xb' = (xa+yb—xc-yd)Cb - (ya—xb—yc+xd)(-Sb) (9)
yb' = (ya—xb-yc+xd)Cb + (xa+yb—xc-yd)(-Sh) (10)
xc' = (xa—xb+xc-xd)Cc - (ya—yb+yc-yd)(-Sc) (11)
yc' = (ya—yb+yc-yd)Cc + (xa—xb+xc-xd)(-Sc) (12)
xd' = (xa—yb—xc+yd)Cd - (ya+xb—yc-xd)(-Sd) (13)
yd' = (ya+xb—yc-xd)Cd + (xa—yb—xc+yd)(-Sd) (14)

Typically, more than one hundred operations are required to
calculate this radix-4 butterfly. Due to PP high degree parallelism,
the radix-4 DIF butterfly can be done within 22 machine cycles. It
is three or four times faster than other devices.

Radix-4 DIF FFT Implementation on C80 PP

The Advantage of Parallel Processor

12

This section describes how to implement the radix-4 FFT using
the TMS320C80 DSP parallel processor (PP). There are four PPs
in each TMS320C80 DSP. Each contains the following four major
units:

Q Data unit

Q Local address unit

Q Global address unit

Q Program flow control unit

These units operate in parallel. This parallel operation allows each
PP to execute up to four instructions per cycle. The instructions
that can be performed in one cycle include each of the following:

Q Multiply (one 16-bit*16-bit or two 8-bit*8 bit) operation

Q Three input arithmetic logic units (ALUS)

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
Algorithm Using a TMS320C80 DSP
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Three extended ALU (EALU) operations (one 32-bit, two 16-

bit, or four 8-bit)

One barrel rotator operation

One mask generator operation

Two memory operations with address update

The TMS320C80 parallel processor also contains many general-
purpose registers. These registers are used for ALU status
information and to configure certain features such as the zero
overhead loop control units. Condition and status protection
functions are also provided to allow PP to process high level
logical operations very efficiently.

These units and functions enable each parallel processor to

execute a radix-4 DIF FFT three to four times faster than other
devices. For example, a parallel processor can process a 256
complex FFT in approximately 5k instruction cycles.

Radix-4 DIF FFT Implementation

Table 1. Summary of the Characteristics of an N-Point Radix-4 FFT

Stage

Butterfly Group
Butterflies per Group
Dual Node Spacing

Twiddle leg0
Factor leg2

Exponent leg3
leg4

1 2

1 4

N/4 N/16

N/4 N/16

0 0

n 4n

2n 8n

3n 12n
n=0-N/4-1 n=0-N/16-1

3
16

N/64
N/64

0
16n

32n
48n

n=0-N/64-1

(N/4)n
(N/2)n
(3N/4)n
n=0

Note: A 256 point FFT has four stages.

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP
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Figure 2. Radix-4 DIF FFT Flow Chart

e >

4
initialization

A 4
set up for next stage |«

A\ 4
set up for next group |«

A 4
set up for next butterfly [«

A\ 4
compute butterfly scaling

Y

y  butterfly loop

more butterfly
Y y group loop
more group
\A stage loop
more stage y

A 4
digit reverse output

The core modules of the Radix-4 DIF FFT are the Butterfly loop,
scaling, and digital reverse output.

Butterfly Loop

Assume input samples with three guard bits are stored in RAMO of
PP. The output data is stored in RAML1. The real and imaginary
values are interleaved as shown in Figure 3. AO is used to store
input samples address pointers.

14 Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
Algorithm Using a TMS320C80 DSP
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Figure 3. Memory Configuration and Data Format of Radix-4

AO AS
_ N

X0 R | sGGEXXXXXXxxxxxx| | c=(a)

X() R: | Input sample data format G:guard bit N

X@)| R : | )

() A A8

input samples

Cos(0)
SFFFFFFFFFFFFFFF Cos(1)
Twiddle factors Q15 data format

Cos(3/% -1)

COS table

To conserve the amount of data memory required to store twiddle
factors, a single array of size N is used to store the real cosine
value. Using an address modified value of - N/4 (- X/2 in term of
angular displacement), the imaginary value (sin values) can be
derived from the cosine table. This is based on the following
trigonometric identity.

sin(x) = cos(x - %)

For example, W5y, =cos[256]~sin[256]
= cos[256] - jcos[0]
= cos[256] - jcos[0]

where cos[x] is defined as cos[z%]

The twiddle factor of cos is 16 bits Q15 data format as shown in
Figure 3 and is stored in memory location RAM2.

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP 15
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ALU Multiple Arithmetic Modes

Multiple arithmetic mode is a special ALU mode that allows the
ALU to operate in either a 4 byte, 2 halfword, or 1 word ALU
mode. The radix-4 FFT uses the 2 halfword ALU mode to increase

performance by a factor of 2.

For example, assume d3 = x(n) =xa:ya
d4 = x(n+N/4) =xb:yb
d5 =x(n+N/2) =xc:yc
d6 = x(n+3N/4) =xd : yd
Then use two halfword ALUs for x(4r):
D7 =m D3 + D5 = xa+xc : yatyc
where m stands for multiple arithmetic ALU.
D4 =m D4 + D6 = xb+xd : yb+yd
D6 = m D7 + D4 = (xatxc+xb+xd) : (ya+yc+yb+yd)

Only three steps x(4r) = D6 = (xa+xc+xb+xd) : (ya+yc+yb+yd)
can be obtained.

Scaling and Rounding Multiplication

A PP 16*16 multiply instruction produces a rounded 16-bit result.
The instruction adds bit 15 to bits 31-16 of the multiplier output.

The rounded result is written to bits 31-16 of the destination. Bits
15-0 of the destination are filled with bits 31-16 of scr3 as shown

in Figure 4.

Scaling with rounding enables the PP to maintain a constant
binary point while allowing constants to approach * 4 for signed
multiplies or + 8 for unsigned multiplies.

16 Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
Algorithm Using a TMS320C80 DSP
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Figure 4. Rounded Multiply

31 0

A B D4
Don't care Cc D1
Don't care Sc D2
Rounded B*Cc A D4
Rounded A*Sc Rounded B*Cc D4

For example: To get a x(4r+2) follow the steps below:
Assume: D1 = real(Wc) = Cc, D2 = image(Wc) = Sc

D7 = (xatxc): (yatyc), D4 = (xb+xd) : (yb+yd)
then:

D4 =m D7 - D4 = (xa+xc-xb-xd) : (ya+yc-yb-yd)

D6 =r (D4*D1) << 1 = ((ya+yc-yb-yd)Cc) : (xa+xc-xb-xd)
D6 =r (D6*D1) << 1 = ((xa+xc-xb-xd)Cc) : ((ya+yc-yb-yd)Cc)
(15)
D4 =r (D4*D2) << 1 = ((yatyc-yb-yd)(Sc)) : (xa+xc-xb-xd)
D4 =r (D4*D2) << 1 = ((xa+xc-xb-xd)(Sc)) : ((ya+yc-yb-yd)(Sc))
(16)

D4 and D6 through Extended ALU Operation, x(4r+2) can be
obtained.

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP 17
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Extended ALU Operation

Extended ALU (EALU) operations configure the ALU operation in
the DO register instead of specifying it directly in the opcode. This
allows more operands to be specified in the instruction and also
supports an extended number of DATA Unit operations. EALU
operations can execute halfword addition and halfword subtraction
complicated arithmetic operations to get x(4r+2).

For example:
From (15) and (16):

D6 = ((xa+xc—xb-xd)Cc) : ((ya+yc—yb-yd)Cc)
D4 = ((xa+xc—xb-xd)(Sc)) : ((yat+yc-yb-yd)(Sc))
DO = HaddHsub

then

D4 = m EALU (HaddHsub: D6 + (D4\\16 & ~%%16 | - (D4\\16) &
%%16))
= ((xatxc—xb-xd)(Cc) + (yatyc—yb-yd)(Sc)) : ((yat+yc—yb-
yd)(Cc) - (xa+xc—xb-xd)(Sc))
= Xx(4r+2)

where D4 \\ 16 = ((yatyc—yb-yd)(Sc)) : ((xa+xc—xb-xd)(Sc))
%%16 = 0000FFFF and ~%%16 = FFFFO000

(D4\\16 & 1%%16 | -(D4\\16) &%%16)) =
(ya+yc—yb-yd)(Sc) : -(xa+xc—xb-xd)(Sc)

Local and Global Address Units

The parallel execution unit lets each PP execute up to four
instructions in each cycle. A parallel execution unit consists of the
following units:

Q Multiplier

Q One ALU or EALU

Q One local access

Q One global access

For example, assume the following:

D7 = xa_xc_ybydlya yc xb_xd = xa-xc+yb-yd : ya-yc-xb+xd

D1=C0OS=Cb
D6 =tmp_xyb_c
then:

18 Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
Algorithm Using a TMS320C80 DSP
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tmp_xyb_c =r (xa_xc_ybydlya_yc xb_xd * COS) << 1]
D6 =r (D7 * D1) << 1 = (ya-yc-xb+xd) Cb : xa-xc+yb-yd a7
Assume the following:

D5 = xa_xclya_yc = (xa-xc) : (ya-yc)

D6 = xb_xdlyb_yd = (xb-xd) : (yb-yd)

D5 = xa_xc_ybydlya_ycxb_xd = (xa-xc-yb+yd) : (ya-yc+xb-xd)
DO = HsubHadd

then:

xa_xc_ybydlya ycxb xd = m EALU (HsubHadd:D5 + (-(D6\\16) &
~%%16D4\\16 & %%16))

0 D5 =m EALU (HsubHadd: D5 + (-(D6\16) &~%%16 | D6\16 &
%%316))

= (xa-xc-yb+yd) : (ya-yc+xb-xd) (18)

Equations (17) and (18) can be combined with local and global
access into a parallel instruction that can be executed in one
machine cycle.

DO = mHsubHadd
D6 =r (D7*D1) << 1 ;(ya-yc-xb+xd ) Cb : xa-
xc+yb-yd

|| D5 =m ealu( mHsubHadd: D5 + ( -(D6\\16) &
~%%16 | D6\\16&%%16 ) )

|| DO = *( EALU_TABLE + [rd_sht] ) ;load DO
for next EALU operation

|| D3 =*( AO++=[ X0]) ; load next raidx_4
butterfly input sample

Where A0 ++=[X0] means using current AO register value, but
post-dec by index register X0, where X0 is the node space. The
beginning and ending bracket symbols [ ], mean scale the index
by data size (*4 for word, *2 for halfword, *1 for byte).

The local/global address units ADDer/Subtractor can be used to
perform general-purpose addition or subtractions. That means we
can have up to three 16-bit ADD/SUB in one machine cycle by
using ALU and ADDer/Subtractor at the same time. For example,
as shown in Appendix A,

Xbxdlybyd =m xblyb + xdlyd ; data unit ALU
operation

|| LEG_SPACE = &*( GZERO + L) ; address unit
addition operation

where: LEG_SPACE=A11, GZERO=A15,L=X8

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP 19
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Zero Overhead Looping

The program flow control unit contains three compactors and

associated loop control hardware that support up to three levels of
zero-overhead looping. The three zero overhead control units can
be used to control radix-4 FFT stage, group, and butterfly looping.

For example:
Let

IsO = BUTTERFLY_LOOP_START
le0 = BUTTERFLY_LOOP_END
Ir0= &*( BUTTERFLY_LOOP -1)

Ictl = 0XBA9

INSTRUCTION_1 ; Delayed slotted
instructions

INSTRUCTION_2
BUTTERFLY_LOOP_START:
Radix-4 butterfly code segment

BUTTERFLY_LOOP_END:

Scaling: Using Condition and Status Protection Operation

20

Because the radix-4 butterfly can add three bits from input to
output, the bit growth must be monitored to avoid data overflow.
Three guard bits are left in input samples to avoid overflow as
shown in Figure 3.

When a stage is finished, the number of output data bits to be
shifted to the right depends on the maximum amount of bit growth
in this stage. In conditional block scaling, data is only shifted if bit
growth occurs. If one or more outputs grow, the entire block of
data is shifted to the right and the block exponent is updated.

For example, if the original block exponent is 0 and the data is
shifted three positions, the resulting block exponent is +3.

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
Algorithm Using a TMS320C80 DSP
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The following are code segments for conditional block scaling:

IsO = find_max_bit_growth_start
le0 = find_max_bit_growth_end
MM=N-1

sr = OxAB

DO=0

Ictl = 0x09

D5=0

D4 = *(Output_addr ++)

find_max_bit_growth_start:
D4=mD4 - 0

D4 =m (-D4 & @mf | D4 & ~ @mf);(Jreal| : |image])

find_max_bit_growth_end:

D5=D5 | D4 ; record the max number of bit growth
|| D4 = *(Output_addr ++) ; of real and image part separately
D5 =D5 | (D5\\16) ; record the max number of bit growth
D5 = Imo(D5)
D7=D5-0 ; if (D5 == [| D5 > 3) goto No_hit_growth

D7 =[u.z] 3-D5
BR = [le] No_bit_growth
; else bit growth
IsO = Scaling_start
le0 = Scaling_end
Ir0 = N-1

Ictl = 0x09
D5=D5 + 28 ; D5 = 32-max number of bit growth
D4 = *(Out_addr ++)

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
Using a TMS320C80 DSP 21
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Scaling_start:

D3 =D4 >>-D5 ; shift to right with -D5 with sign extension

D2 =D4\\16 ; halfword swap (image: real)

D6 =D2 >> -D5 ; shift to right with -d5 with sign extension
|| D4 = *(Output_addr --)

D6 = D6\\16

D2 = (D3 & ~%%16 | D2 & %%16) ;combine d3 and d2 = (real
>> d5: image >> d5)
Scaling_end:
*(Out_addr ++ [2]) = D2

Digital Reversed

Whereas bit reversal reverses the order of bits in binary (based 2)
numbers, digital reversal reverses the order of digits in quaternary
(based 4) numbers. Every two bits in the binary number system
correspond to one digit in the quaternary number system. For
example, binary 1011 = quaternary 23. The radix-4 DIF FFT
successively divides a sequence into four subsequences, resulting
in an output sequence in digital-reversal order. A digital-reversal
sequence is unscrambled by digit-reversing the data positions.

In an N-point radix-4 FFT, the number of digits needed to
represent N locations are reversed. Two digits are needed for a
16-point FFT, three digits for a 64-point FFT and five digits for a
1024-point FFT.

Table 2. Digit Reversal

Sample Binary Quaternary Digit Sample
Sequential Reversed Digit-
Order Reversed
x(0) 0000 00 00 x(0)
x(1) 0001 01 10 x(4)
X(2) 0010 02 20 x(8)
X(3) 0011 03 30 x(11)
x(4) 0100 10 01 x(1)
x(15) 1111 33 33 x(15)

A look-up table method is suitable for digit-reversed operation.

The following algorithm will show that only a N/16 halfword is
needed for a digit-reversal look-up table.

For N point FFT, the digit reversal of 0x01 is N/4 . That means
that the node space of the last stage is N/4 .

22 Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT)
Algorithm Using a TMS320C80 DSP
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The sequence of radix-4 FFT output is shown in Figure 5.

Figure 5. The Algorithm of Digit Reversal for Look-Up Table

Group O 0
Butterfly 0 /% Group
0 1 2 3
Butterfly 1 /\% 5 0 1 2 3
Me Mo+t | Mie+2 | Me+s
Butterfly | N3/ Nyt | N2 | N s
Start NNe NPt | NAe2 | Mo
address
Group 1 1

Butterfly /% 1+ /%

Group 2 2
N*2 .
Butterfly A

Group 3 3
N*3 :
Butterfly A

Output of Radix-4 FFT
Where 0’N16’ . are butterfly
address

From Figure 5, we can group the output of radix-4 FFT into four
sub groups. The starting addresses of these sub-groups are 0, 1,
2 and 3. In each sub-group, there are N/16 radix-4 butterflies and
each radix-4 butterfly start address is N/16 apart. Therefore, the
first subgroup radix-4 butterfly start address must be stored. In
processing the first subgroup, the address of the first subgroup
radix-4 butterfly will be updated by one. Using this technique, the
second subgroup address can be obtained after the first subgroup
is completed, and so on.
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Further Improvement

In the last stage, all twiddle factors are 1. Therefore, the real and
imaginary output values for the radix-4 butterfly are given by
equations (19) through (26).

xa' = xa + xb + xc + xd (29)
ya'=ya+yb+yc+yd (20)
xb' = ( xa+yb-xc-yd) (21)
yb' = (ya-xb-yc+xd) (22)
Xc' = (xa-xb+xc-xd) (23)
yc' = (ya-yb+yc-yd) (24)
xd' = (xa-yb-xc+yd) (25)
yd' = (ya+xb-yc-xd) (26)

Two 16-bit split ALUs can be used to efficiently calculate this kind
of operation.

Summary

The implementation of a radix-4 DIF FFT is based on the following
PP features:

Split ALU
Rounded and scaling operation

EALU and two address units

U O

Zero overhead looping

(W]

Condition and status protection
Q Write priority

Taking advantage of these features enables the PP to execute a
256 point complex radix-4 DIF FFT in 5k cycles. These features
allow the PP to operate three or four time faster than other
devices. The memory required to store input samples is N words,
N words for output data, N halfword for COSIN table, and N/16
halfword for digit reversal look-up table.
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Appendix A
* Title: Radix-4 DIF FFT implementation using PP of C80 *
* date: 06/30/1996 *
¥ Author:  Charles Wu *
¥ RADIX_4 FFT Butterfly: *
* *
* (1) xa'=xa + xb + xc + xd *
@ ya'=ya+yb +yc+yd *
* 3) xb' = (xa+yb-xc-yd)Cb + (ya-xb-yc+xd)(Sb) *
* (6) yb' = (ya-xb-yc+xd)Cb - (xa+yb-xc-yd)(Sb) *
* @) xc' = (xa-xb+xc-xd)Cc + (ya-yb+yc-yd)(Sc) *
* (8) yc' = (ya-yb+yc-yd)Cc - (xa-xb+xc-xd)(Sc) *
* (9) xd' = (xa-yb-xc+yd)Cd + (ya+xb-yc-xd)(Sd) *
* (10) yd' = (yat+xb-yc-xd)Cd - (xa-yb-xc+yd)(Sd) *
;¥ Assume: input samples are stored in PPO RAMO and *
* INPUT_SAMPLE_ADD is the address point. NODE_SPACE  *
* is the node-space. COS_TABLE and SIN_TABLE are the *
* address point of cos and sin of twiddle factor. *
-k *
* The following example is for 16 point FFT. For high *
* points FFT, N and stage_loop need to be modified. *
; kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkhhkhkkkkkkkkkkkkkkkkkkhkkkhkhkhkhhhkkkx
.ptext

.global _RADIX_4_DIF_FFT

N SET 16
SPACE SET N/4
STAGE_LOOP SET 0
INPUT_SAMPLE_ADD SET A0
OUTPUT_ADDR SET A10
OUTPUT_BASED_ADDR SET A9
DIGIT_TABLE SET A3
BUTTERFLY_LOOP SET Al
GROUP_START_ADD SET A3
GROUP_LOOP SET A4
EALU_TABLE SET A8
COS_TABLE SET A9
SIN_TABLE SET A10

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
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N_SPACE_TABLE
N_SPACE
LEG_SPACE
LZERO

GZERO

NODE_SPACE
NODE_SPACE_3
N_NODE_SPACE

LEG1
LEG2
LEG3

L
IDX_SPACE

COS

SIN

xalya

xblyb

xclyc

xdlyd
xaxclyayc
xbxdlybyd
0_xaya
tmp_xyc_
tmp_xyc_c
Xyc_cC
tmp_xyc_s
XyC_S
0_Xcyc
xxblyyb
xxdlyyd
Xa_xclya_yc
xb_xdlyb_yd

xa_xcyb_ydlya_yc xbxd

tmp_xyb_c

xa_xc_ybydlya ycxb_xd

xyb_c
tmp_xyb_s
xyb_s
tmp_xyd_c
xyd_c

SET
SET
SET
SET

SET

SET
SET
SET

SET
SET
SET
SET

SET

SET
SET
SET
SET
SET
SET

SET
SET

SET
SET
SET
SET
SET
SET
SET

SET
SET

SET
SET
SET

SET

SET

SET
SET
SET
SET
SET

A2
Al12
All
A7
Al5

X0
X1
X2

X8
X9
X10
X8
X8

D1
D2
D3
D4
D5
D6
D7
D4
D6
D4
D6
D6
D4
D4
D4
D7
D6
D5
D6
D7
D6
D5
D6
D7
D7
D6
D6
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tmp_xyd_s SET D7
xyd_s SET D7
o_xbyb SET D7
0_xdyd SET D7
xaxclyayc 1 SET D1
xbxdlybyd_2 SET D2
0_xaya_ 7 SET D7
0_xcyc 7 SET D7
xa_xclya yc 1 SET D1
xb_xdlyb_yd_ 2 SET D2
o0 _xbyb 7 SET D7
0 _xdyd 7 SET D7
N_DIV_4 SET N/2
RAMO SET 0X00000000
RAM2 SET 0X00008000
RAM1 SET RAMO+800H
RAM2_400H SET RAM2+400H
RAM2_100H SET RAM2+100H
EALU SET 400H
DIGIT SET EALU+40H
DIGIT_LOOP SET N/16-1
BASE SET N/16
rd_sht SET 0
addsub SET 1
subadd SET 2
maddsub SET 3
msubadd SET 4
; test
; kkkkkkkkhkkhhkkkhkhkkhkhhkkhhhkhhhikikd
.data
cosin .half 0

.half 32768*3826/10000
.half 32768*707/1000

.half 32768*9238/10000
.half 32768*9999/10000
.half 32768*9238/10000
.half 32768*707/1000

.half 32768*3826/10000

.half 0

Implementing the Radix-4 Decimation in Frequency (DIF) Fast Fourier Transform (FFT) Algorithm
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.half
.half
.half
.half
.half
.half
.half

ptext

kkkkkkkkkkkkkkkkkkhkkkkhkkkhkkkhhkkkhkkx
1

_RADIX_4_DIF_FFT:

32768%(-3826)/10000
32768%(-707)/1000

32768%(-9238)/10000
32768%(-9999)/10000
32768%(-9238)/10000
32768%(-707)/1000

32768%(-3826)/10000

kkk
)
)

* * *

SR = 0x05

*

* * * *

radix_4 dif fft loop initalization

EALU_TABLE = &*(PBA+EALU)

COS_TABLE = &*(DBA+RAM2_100H)

;table for various EALU operation

;table for cos of twiddle factor

SIN_TABLE = &*(COS_TABLE-N_DIV_4) ;table for sin of twiddle factor

le0 = move_end
IsO = move_start

Ir0= N
Ictl = 0x09

a0 = cosin
nop

move_start:

move_end:

28

d0 =h *( a0 ++)

SIN_TABLE=&*(COS_TABLE-N_DIV_4)

*(SIN_TABLE ++) = h dO

le0 =fill_digit_reversal_start
IsO = fill_digit_reversal_end
Ir0O = DIGIT_LOOP

DIGIT_TABLE = &*(PBA + DIGIT)

;table for sin of twiddle factor

;DIGIT REVERSAL LOOK-UP TABLE
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Ictl = 0x09

DO=0 i
D1=BASE ;iinnns

fill_digit_reversal_start:
*( DIGIT_TABLE ++) =h DO
fill_digit reversal_end: DO = DO0+D1

DIGIT_TABLE = & (PBA + DIGIT)  ;
DO = ROUND_SHIFT :

*(EALU_TABLE + [rd_sht]) = D ;store ROUND_SHIFT --> EALU_TABLE + [0]
DO = HaddHsub

* * * * * * * * *
)

; RADIX_4 FFT STAGE LOOP MODULE

skkkkkkkkkkkkkkkkkkhkkkkhkkhhkkkhhkkkhkk
1

Is2 = STAGE_LOOP_START ;

le2 = STAGE_LOOP_END ; set stage loop start/end address
Ir2 = STAGE_LOOP ; set loop count

*(EALU_TABLE + [addsub]) = DO ;store HaddHsub -> EALU_TABLE + [1]
DO = HsubHadd

*(EALU_TABLE + [subadd]) = DO ;store HsubHadd -> EALU_TABLE + [2]
DO = mHaddHsub

*(EALU_TABLE + [maddsub]) = DO ;store mHaddHsub -> EALU_TABLE + [3]

DO = mHsubHadd
*(EALU_TABLE + [msubadd]) = DO ;store mHsunHadd -> EALU_TABLE + [4]

NODE_SPACE = N - initial NODE_SPACE = N
GROUP_LOOP =1

Ictl = Ox0b0O
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BUTTERFLY_LOOP =N
N_SPACE =1

skkkkkkkkkkkkkkkkkkhkkkkhkkhhkkkhhkkkhkk
1

STAGE_LOOP_START:

skkkkkkkkkkkkkkkkkkhkkkkhkkhhkkkhhkkkhkk
1

DO = NODE_SPACE

D0 =D0 >> 2

NODE_SPACE = D0 ; update node_space --> node_space/4
D1=D0<<1

N_NODE_SPACE=D0 +1

NODE_SPACE_3 =D1 + DO

Is1 = GROUP_LOOP_START

lel = GROUP_LOOP_END ; set up group loop start/end address
Irl = h&*(GROUP_LOOP -1) ; set group loop count
GROUP_LOOP = GROUP_LOOP << 2

Ictl = OxOba0

GROUP_START_ADDR = &*(LZERO) ;set group start address=0

BUTTERFLY_LOOP=BUTTERFLY_LOOP>>2

kkkkkkkkkkkkkkkkkkhkkkkhkkkhkkkhhkkkhkk
1

GROUP_LOOP_START:

* * * * * * * * *
)

le0 = BUTTERFLY_LOOP_END

INPUT_SAMPLE_ADDR = &*(GROUP_START_ADDR) ;input_sample_add =
group
IsO = BUTTERFLY_LOOP_START ;set up butterfly loop start/end
xalya = *(INPUT_SAMPLE_ADDR++=[NODE_SPACE]) ;load first value of
radix_4
;butterfly (xa:ya)
Ir0 = h &(BUTTERFLY_LOOP -1) ;

Ictl = Oxba9
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xblyb = *(INPUT_SAMPLE_ADDR++=[NODE_SPACE]) ;load second value of
radix-4

|| LEG2 = GZERO ;butterfly loop
(xb:yb). zero legl

xclyc=*(INPUT_SAMPLE_ADDR++=[NODE_SPACE]) ;load third value of
radix-4

[| L = GZERO ;butterfly loop
(xc:yc). zero L

kkkkkkkkkkkkkkkkkkhkkkkhkkkhkkkhhkkkhkkx
’

BUTTERFLY_LOOP_START:

kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkkhkk
1

xdlyd = *(INPUT_SAMPLE_ADDR--=[NODE_SPACE_3]) ;load last value of
radix-4

|| xaxclyayc = m xalya + xclyc ;first + third using 16-bit ALU
|| COS = h*(COS_TABLE + [LEG2]) ; load COS(2L)

xbxdlybyd = m xblyb + xdlyd ; second + last using 16-bit ALU
|| LEG_SPACE = &*(GZERO + L) ;LEG_SPACE =0+L

0_xaya = m xaxclyayc + xbxdlybyd ; xa'=xa+xb+xc+xd;ya'=ya+yb+yc+yd
|| SIN = h*(SIN_TABLE+[LEG2]) ; Load sin (2‘_)

tmp_xyc_ = m xaxclyayc-xbxdlybyd ; temp_xyc_= xa+xc-xb-xd : ya+yc-
yb-yd

[| *(INPUT_SAMPLE_ADDR ++= [NODE_SPACE]) = 0_xaya
[| DO = *(EALU_TABLE + rd_sht) ; do=round_shift

tmp_xyc_c =r (tmp_xyc_ * COS)<<1 ;temp_xyc_c = (ya+yc-yb-yd) cos :
xa+xc-xb-xd

|| ealu(ROUND_SHIFT)
|| LEG3 = &*( LEG_SPACE + LEG2 ) ; LEG3 =L + 2L =3L

Xyc_c =r (tmp_xyc_c * COS ) << 1 ;xyc_c = (xa+xc-xb-xd)cos :
(ya+yc-yb-yd)cos

|| ealu(ROUND_SHIFT)
|| COS = h*(COS_TABLE + [LEG1]); Load cos(L)
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tmp_xyc_s =r (tmp_xyc_ * SIN)<<1;temp_xyc_s = (ya+yc-yb-yd) sin :
xa+xc-xb-xd

|| ealu(ROUND_SHIFT)
|| xxblyyb=*(INPUT_SAMPLE_ADDR++ =[NODE_SPACE]):xxblyyb = xblyb

Xyc_s =r (tmp_xyc_s * SIN) << 1;xyc_s = (xa+xc-xb-xd) sin:(ya+yc-
yb-yd)sin

[| ealu(ROUND_SHIFT)
|| DO = *(EALU_TABLE + [addsub]) ; do = HaddHsub

[| DO = *(INPUT_SAMPLE_ADDR ++ =[NODE_SPACE];input_sample +=
node_space

0_xcyc=m ealu(HaddHsub: xyc_c+(xyc_s\16&~%%16 | -(xyc_s\\16) &
%9%16))

|| xxdlyyd = *(INPUT_SAMPLE_ADDR--= [NODE_SPACE]);xxdlyyd = xdlyd

[| SIN =h *( SIN_TABLE + [LEG1]);sin =sin(2l)
5y Xcyc' = (xa+xc-xb-xd)cos+(ya+yc-yb-yd)sin : (ya+yc-yb-yd)cos-
(xa+xc-xb-xd)sin

xa_xclya_yc = m xalya — xclyc ; Xa-xc:ya-yc
[| *(INPUT_SAMPLE_ADDR-- = [NODE_SPACE ] ) = 0_xcyc

xb_xdlyb_yd = m xxblyyb — xxdlyyd ; Xb-xd : yb-yd

|| D3 = *(INPUT_SAMPLE_ADDR--= [NODE_SPACE]) ;input_sample - =node

space
|| DO = *(EALU_TABLE + [addsub])

xa_xcyb_ydlya_yc xbxd= m ealu(HaddHsub:xa_xclya_yc +(xb_xdlyb_yd\\16
& ~%%16 | -(xb_xdlyb_yd\16) & %%16))

[| DO = *(INPUT_SAMPLE_ADDR ++= [1]);just to update input_sample_add
|| DO = *(EALU_TABLE + [msubadd])
;; result = xa_xcyb_yd-ya_yc xbxd = xa-xc+yb-yd : ya-yb-xb+xd

tmp_xyb_c =r (xa_xcyb_ydlya_yc xbxd * COS)<<1

|| xa_xc_ybydlya_ycxb_xd = m ealu(mHsubHadd: xa_xclya_yc+(-
(xb_xdlyb_yd\16) & ~%%16 | xb_xdlyb_yd\16 & %%16))

|| dO = *(EALU_TABLE + [rd_sht])
|| xalya = *(INPUT_SAMPLE_ADDR ++=[NODE_SPACE])
; temp_xyb_c = (ya-yc-xb_xd)cos : xa-xc+yb-yd
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; Xa_xc_ybyd-ya_ycxb_xd = xa-xc-yb+yd : ya-yc+xb-xd

xyb_c =r (tmp_xyb_c * COS)<<1;xyb_c = (xa-xc+yb-yd)cos : (ya-yc-
xb_xd)cos

|| ealu(ROUND_SHIFT)

tmp_xyb_s =r (xa_xcyb_ydlya_yc xbxd * SIN)<<1
[| ealu(ROUND_SHIFT)
|| COS = h*(COS_TABLE + [LEG3]) : cos = cos(3l)
[| xblyb = *(INPUT_SAMPLE_ADDR)
temp_xyb_s = (ya-yc-xb+xd)sin : xa-xc+yb-yd

xyb_s =r (tmp_xyb_s* SIN)<<1
|| ealu(ROUND_SHIFT) ; using write priority
[| DO = *(EALU_TABLE + [maddsub]) ; do = mHaddHsub

[| DO = *(INPUT_SAMPLE_ADDR --=[1]) ;just to update
input_sample_add

;Xyb_s = (xa-xc+yb-yd)sin:(ya-yc-xb+xd)sin

tmp_xyd_c=r (xa_xc_ybydlya_ycxb_xd * COS) << 1

[| o_xbyb = m ealu(mHaddHsub:xyb_c+(xyb_s\16 & ~%%16 | (-xyb_s\\16)
& %%16))

[| DO = *(EALU_TABLE + [rd_sht]) ; DO = round_shift
5 tmp_xyd_c = ( ya-yc+xb-xd) cos : xa-xc-yb+yd

;; xXb'yb' = (xa-xc+yb-yd)cos + (ya-yc-xb+xd)sin:(ya-yc-xb_xd)cos -(xa-
xc+yb-yd)sin

xyd_c =r(tmp_xyd_c * COS) << 1 ;(xa-xc-yb+yd) cos: (ya-yc+xb-xd) cos
[| ealu(ROUND_SHIFT)

[| SIN = h *(SIN_TABLE + [LEG3]) ; sin = sin(3l)

[| *( INPUT_SAMPLE_ADDR ++= [N_NODE_SPACE]) = 0o_xbyb

tmp_xyd_s=r(xa_xc_ybydlya_ycxb_xd*SIN)<<1 ;ya-yc+xb-xd)sin : xa-xc-
yb+xd

[| ealu(ROUND_SHIFT)
[| L =&*(N_SPACE + L) ; | = leg_space+l

xyd_s =r (tmp_xyd_s * SIN) << 1; (xa-xc-yb+xd) sin : ( ya-yc+xb-
xd)sin

|| ealu(ROUND_SHIFT)
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|| DO = *(EALU_TABLE + [addsub]) ; DO = 16
|| xclyc = *(INPUT_SAMPLE_ADDR ++= [NODE_SPACE])

0_xdyd = m ealu(HaddHsub: xyd_c + ((xyd_s\\16) & ~%%16 | -
(xyd_s\\16) & %%16))

|| DO = &*(INPUT_SAMPLE_ADDR --)

;;xd'yd' = (xa-xc-yb+yd)cos + (ya-yc+xb-xd)sin : (ya-yc+xb-xd)cos -(xa-
xc-yb+xd) sin

kkkkkkkkkkkkkkkkkkhkkkkhkkkhkkkhhkkkhkkx
BUTTERFLY_LOOP_END:

*(INPUT_SAMPLE_ADDR ++= [1]) = 0_xdyd
||[LEG2=L<<1

DO = NODE_SPACE
DO =D0 << 2
D1 = GROUP_START_ADD

kkk * * * * * * * *
)

GROUP_LOOP_END:
GROUP_START_ADD =DO0 + D1 ; group_start_add += node_space * 4
STAGE_LOOP_END:

N_SPACE = N_SPACE << 2

kkkkkkkkkkkkkkkkkkhkkkkhkkkhkkkhkkkkhkk
’

kkkkkkkkkkkkkkkkkkhkkkhkkhhkkkhhkkkhkk
’

; LAST STAGE LOOP

Is1 =L_GROUP_LOOP_START
lel =L _GROUP_LOOP_END ; set up group loop start/end address
Irl=3 ; set group loop count

INPUT_SAMPLE_ADDR = &*(DBA);input_sample_add = ram0
OUTPUT_BASED_ADDR = &*(DBA + RAM1);
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xalya = *(INPUT_SAMPLE_ADDR ++= [1]); load first value of radix_4
xblyb = *(INPUT_SAMPLE_ADDR ++=[1]);load second value of radix-4
Ictl = Ox0a0

xclyc = *(INPUT_SAMPLE_ADDR ++= [1]);load third value of radix-4
xdlyd = *(INPUT_SAMPLE_ADDR ++=[1]);load last value of radix-4

kkkkkkkkkkkkkkkkkkhhkkkhkkkhkkkhkkkkhkk
1

L_GROUP_LOOP_START:

* * * * * * * * *
)

IsO = DIGIT_LOOP_START

le0 = DIGIT_LOOP_END ; set up group loop start/end address
Ir0O = DIGIT_LOOP ; set group loop count
Ictl = Ox0a9

DIGIT_TABLE = &*(PBA + DIGIT)
A12=1

DIGIT_LOOP_START:
IDX_SPACE =h *( DIGIT_TABLE )
xaxclyayc_1 = m xalya + xclyc ; first + third using 16-bit ALU
xbxdlybyd 2 = m xblyb + xdlyd ; second + last using 16-bit ALU
|| OUTPUT_ADDR = &*(OUTPUT_BASED_ADDR + [IDX_SPACE]))
0_xaya_7 = m xaxclyayc_1 + xbxdlybyd_2;;xa' = xa+xb+xc+xd ; ya'=
yatyb+yc+tyd;;
|| DO = h & (A12 + IDX_SPACE)
0_xcyc_7 = m xaxclyayc_1 - xbxdlybyd_2
|| *(OUTPUT_ADDR ++= [SPACE]) = 0_xaya_7
|| (DIGIT_TABLE ++) =h DO
xa_xclya_yc 1 =m xalya - xclyc ; xa-xc : ya-yc
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|| xalya = *(INPUT_SAMPLE_ADDR ++=[1])
|| dO = *(EALU_TABLE + [addsub])

xb_xdlyb_yd 2 =m xblyb - xdlyd ;;;;; xb-xd : yb-yd ;5500
|| *(OUTPUT_ADDR ++= [SPACE]) = 0_xcyc_7
|| xblyb = *(INPUT_SAMPLE_ADDR ++=[1])

0_xbyb_7 =m ealu(HaddHsub: xa_xclya_yc_1 + (xb_xdlyb_yd 2\16 &
~%%16 | -(xb_xdlyb_yd_2\\16) & %%16))

|| xclyc=*(INPUT_SAMPLE_ADDR ++=[1])
|| dO = *(EALU_TABLE + [ subadd])

0_xdyd 7 = m ealuf(HsubHadd:xa_xclya_yc_1+(-(xb_xdlyb_yd 2 \\16) &
~%%16 | xb_xdlyb_yd 2\16 & %%16))

| *( OUTPUT_ADDR ++= [ SPACE ]) = 0_xbyb_7

kkkkkkkkkkkkkkkkkkhkkkkhkkkhkkkhkkkkhkk
’

DIGIT_LOOP_END:
L_GROUP_LOOP_END:
xdlyd = *(INPUT_SAMPLE_ADDR ++=[1])
| *(OUTPUT_ADDR ++=[SPACE]) = 0_xdyd_7

* * * * * * * * *

.end
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