FFT ARCH TECTURE AND METHOD CROSS- REFERENCES TO

RELATED APPLI CATI ONS [ 0001] This application clains
woheoslmemesit of U S. Provisional Applicati on NBCT/US2004/040498

60/ 527,196, filed Decenber 5; 2003, and entitled NOVEL

ARCHI TECTURE FOR | MPLEMENTI H GHSPEED FFTS I N

HARDWARE, whi ch is hereby incorporated herein inits

entirety. FIEgsrTQ0GHITRETURE OSprap@enes to the

field of signal processing. In particular, the

di scl osure relates to apparatus and net hods for
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[0004] A sampled data system can implement a Discrete Fourier Transform (DFT) to
allow a processor to perform the transform on a predetermined number of samples.
However, the DFT is computationally intensive and requires a tremendous amount of
processing power to perform. The number of computations required to perform an N
point DFT is on the order of N?, denoted O(N?). In many systems, the amount of
processing power dedicated to performing a DFT may reduce the amount of processing
available for other system operations. Additionally, systems that are configured to
operate as real time systems may not have sufficient processing power to perform a

DEFT of the desired size within a time allocated for the computation.



typically on the order of Nxlog r(N), denoted as

QN ogr(N)). [0006] In the past, systens inplenenting
wanoBrF74my have used a general purpose procesBOT/USR004/040498

stand alone Digital Signal Pyocessor (DSP) to perform

the FFT. However, systens are increasingly
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C

hardware can be used to implement an N point FFT, where N =1" is a function of a
radix (r). The hardware implementation includes a sample memory having N/r rows,
each storing r samples. A memory used to store twiddle factors has k twiddle factors
per row, where 0 < k<r represents the number of complex twiddle multipliers available.
An FFT module, reads r rows from memory (with the row address being a function of
the stage of the FFT), performs an in place r-point complex FFT on the samples of each

row followed by twiddle multiplication (except for the last stage) and writes the results



for n- stages to produce the N point FFT. [0009] hi
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st eps ough 'k ue of the stage )
FEDualues, ) appdyidge teiddierfactgrs to the 1* partial FET values to generate r

weighted partial FFT values, f) writing the r* weighted partial FFT values to a register

block, g) transposing the 1* weighted partial FET values in the register block to generate
transposed values, 1) writing the transposed values to the memory, j) updating the partial
FFT counter and block counter, k) repeating steps c) through j) based on the value of the

block counter and the partial FFT counter, 1) updating the value of the stage counter, m)



FFT val ues fromthe contents of nmenory. [0012] In
anot her aspect, an /-point, radix r, FFT apparatus is
wdizeisiosses. The apparatus includes a nenory coORCT@S2®@A/040498
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flowcharts of enbodi ments of an FFT process. [0017]
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systenx cyinportentsiusinigttbe FIP nedplet disdlosed hemginal | ows f or

vari ations of radi x and nunber of conplex multipliers,
depending on the particul ar design constraints. In

i npl ement ati ons t hPEEAAED PESCRIBIIONE, but are | ess
sensitive to die area, the FFT architecture can

[0038] e Hebrrdwangi arehitgeture sugable feramrEkomiayerp FFE I(H?FJ M device
1ncoﬁ>%9 t1n§%gltf?§"l" dk@dﬂl&'%ﬁ ﬁﬂétﬁ%d etrﬂ%m% rﬁﬁg{l )] eIgF T arda

e area € radi'x can an
disblesdil MierFRIf arcloitgetieXis generalized to allow for the implementation of an

FFT of any radix. The FFT architecture allows the number of cycles used to perform
the FFT to be minimized while maintaining a small chip area. In particular, the FFT
architecture configures memory and register space to optimize the number of memory
accesses performed during an in place FFT. The FFT architecture provides additional
flexibility in its implementation and allows for variations of radix and number of
complex multipliers, depending on the particular design constraints. In implementations
that are speed sensitive, but are less sensitive to die area, the FFT architecture can be

implemented with additional complex multipliers and higher radix. In implementations



mul tipliers reduced. [0020] The FFT architecture

i ncludes a sanple nenory that is configured to have a
worog720w W dth that is sufficient to store aCTwSh®r/ 040498

of sanples equal to the FFT gadix. Thus, the sanple

menory is configured to have Nr rows of r sanples per
thaCWe RS ESsMvE EPAR SR thelrfifix ShBe Rliudd¥antfe ARHbEr of complex
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the algorithns is eval uated here based on the _
algomthers beforaprage¢dingwith mdiscigsidncetithohardwar badet] tradsraffs in the

SR S T S T 0T P
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addi tions required by radix-r algorithns _can be

dejaetdrait AaeRUlR sHBetHIfgind e metresasiBY orquentintiop) gven thaugh the
T e U
[o0gd 0 dIThe complexity of the algorithms is evaluated here based on the number of
actual real multiplications and additions required. A complex multiplication is assumed
to be equal to four real multiplications and two real additions.

[0025] The number of real multiplies and additions required by radix-r algorithms can
be determined by noting that these algorithms split the computation of an " point DFT

into the computation of 7, #*"! -point DFTs at the cost of (" —1).(r—1) twiddle

multiplies and further processing by " r-point FFTs . Figure 1 is an example of signal
flow of an 8-point radix 2 FFT demonstrating this structure.



mul tiplies and further processing by r"~i r-point FFTs

. Figure 1 is an exanple of signal flow of an 8-point
woadisws225FT denonstrating this structure. [ 0028CT/US2004/040498

Denoti ng the nunber of real Itiplies required for an

rn point FFTbyWn and the number of real additions

[(g)ggr deglgﬁrtlﬁglerngglg%g(?forﬁgsl%%ﬁﬁh&gre%ﬁfml tgf%ﬁ %" rdpfht F f TbyM, and
t}}le;r'ﬂl%i)ef 011 Peafl%c{%ilt%% (%lll/_\glb A" nl‘@ ﬂ}?%ers]éslné mmﬂil&ﬁ éi(efined by

, —24l\/f MZZ:CBI\/BZ: =4, A =16,A =
tl-éfﬁ@u{é?%s_ 144 [0027] The conpl exi ty of the split

r adi x al rithmis_ eval uat edlna5|mlar manner. The
Mpﬁ”t TG’( aT]gL(f’l“ll)rﬂ‘nL%pl ts an N point FFT into one

FFT ot s Z& a -FTs of size N4 at the cost
b= d'g{l})é n@fdthplr The conplexity of the
al gor| t hm is defined by the recur sion:

Mn' = Mn
| + 2 "1-4).444 M K- + n.2n+l 2
V%t'h the 1n1t1aﬂ‘congltgons ) -

M} =0,M} =4,M° =24
M} =M}=0,M?=4
A =4,4"=16,4"=52,4° =144

[0027] The complexity of the split radix algorithm is evaluated in a similar manner.
The split radix algorithm splits an N—point FFT into one FFT of size N/2 and two FFTs
of size N/4 at the cost of some twiddle multiplies. The complexity of the algorithm is

defined by the recursion:

M =M, +2M°,+(2" -4)4+4

A =—14p2™
M =M; =
[0028] Based on these recursions, the complexity of several common FFT algorithms

can be tabulated and compared. Tables 1 and 2 compile the complexity results for the

common FFT algorithms. The table includes empty cells for those configurations that

were not evaluated.

Table 1: Real multiplications for different FFT algorithms

FFT size Radix 2 Radix-4 Radix-8 Radix-16 Split
radix
64 452 324 260 248
128 1156 660
256 2820 2052 1668 1656
512 6660 4100 3988




= M| = 0 [0028] Based on these recursions, the

conpl exity of several common FFT al gorithns can be
woatnsloates and conpared. Tables 1 and 2 conpi | BCTHS2004/040498

conplexity results for the cenmon FFT al gorithnms. The

tabl e includes enpty cells for those configurations

that MBTL not.evalLated..lable 1: Real . .
MR sigei catRatistdr |di Redizeht [FFRagigsri { nBadREI6si| ze Split
Radi x 2 Radi x-4 Radi x-8 Radi x-16 Split fadix 64 452 radix

2294 260 DAQ 120 1106 o 200 19090 SNECD ol 100 O L1

Oz—"T [~ A~4 —— s _-——J == = Av AT AV A 4 [=E"AJ [S\ =y =uv [ v g y e \"AvA>) LUIU L 7= =y A

19960 410018988FFT di1aesRadi x |2 Radi x-4 Radi x-8 9336

Radix-16/Split radilx 1024 15364 11268 9336 2048 34820

96 4096445828 571348 49156 48132 48248 8192 17203§
2%%§412 Ta%lé : Real additions for different FET 396

BB 1 A0 S0u 590 50 sdp B 2370| D10 956 §A0ALS

2 505 512 [12546 11650 11210 1094 28162 26
83%%48 2o¢é%§§§%6 54754 4096 1137218 126978 126978 17412

125442 122428 8192 299010 107412 [0029] The arithnetic
conplexity in tables 1 and 2 does not give a conplete
pi cture of the hardware cost of inp ting FFT in

di f f er ent aIgoFﬂ@%%ﬁﬁﬂ*ﬁ@m83§9ﬁ%Fm§@Eé§§mﬁﬁ data and

WAL Tk LT IR TR R TO] o
radix
64 994 930 930 892
128 2370 2122
256 5506 5122 5058 4924
512 12546 11650 11210
1024 28162 26114 25148
2048 62466 55754
4096 137218 126978 126978 125442 122428
8192 299010 107412

[0029] The arithmetic complexity in tables 1 and 2 does not give a complete picture of
the hardware cost of implementing FFT in different algorithms. The cost of accessing
data and twiddle factors from memory and writing data into memory needs to be
considered. The table below shows the number of memory accesses (only data accesses
are counted ) required by different algorithms for different radix sizes. The number of
data accesses is obtained by noting that for a radix r implementation of an N-point

FFT/IFFT, the total number of stages is log,(/N) and each stage requires 2N read and

write operations, leading to 2N log (N) memory complex sample access operations.
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clock rate of 40 MHz. Such a system may be, for example, an IEEE 802.11a system
with a clock of 40 MHz. The OFDM symbol duration of 4 ps in combination with the
40 MHz clock rate translates into 160 cycles available between symbols.

[0032]

examined. The total number of memory accesses required is 768, as shown in the table

The cost of implementing a 64 point FFT by using radix-2 algorithms is first

above. Therefore, implementing a radix-2 algorithm using memory with only one
sample read or write per cycle would cost a minimum of 768 cycles, which is about 5
times the number of cycles available for computation. Split radix-algorithms suffer
from the same problem of requiring comparable amounts of memory access as radix-2
algorithms.

[0033]

accesses required is 384. This is better but still much higher than the number of

However, for a 64 point FFT using a radix-4 algorithm, the number of memory
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sized to store the N samples in 1™ ! rows, with r samples per row. The memory 210 can

be configured to have a width that is equal to the number of bits per sample multiplied
by the number of samples per row. The memory 210 is typically configured to store
samples as real and imaginary components. Thus, for a radix 2 FFT, the memory 210 1s
configured to store two samples per row, and may store the samples as the real part of

the first sample, the imaginary part of the first sample, the real part of the second
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memory 210.

[0041] The register bank 230 can advantageously be sized to store r* values such that
a transposition of the values can be performed directly, for example, by writing values
in by rows and reading values out by columns, or vice versa. The value transposition is
used to maintain the row alignment of FFT values in the memory 210 for all stages of
the FFT.



[0041] The regi ster bank 230 can advant ageously be

sized to store r2 values such that a transposition of
woOherswataaes can be perforned directly, for exarpras200y/040498

writing values in by rows and;yeading val ues out by

colums, or vice versa. The value transposition is
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implemented, because -1 complex multipliers are sufficient to apply all non-trivial
twiddle factors to the outputs of the FFT engine 220 in parallel. As an example, an FFT
module 200 configured to perform an 8-point radix 2 FFT, such as that shown in Figure
1, can implement 2 complex multipliers, but may implement only 1 complex multiplier.
[0044] Each complex multiplier, for example 250a, operates on a single value from
the register bank 230 and corresponding twiddle factor stored in second memory 240

during each multiplication operation. If there are fewer complex multipliers than there
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8-point radix 2 FFT, such as that shown in Figure 1,
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[0053] The process 300 begins at block 302 where FFT module, using for example a

-

processor, writes the data to be transformed into memory having a width that is
sufficient to store at least a number of samples equal to the FFT radix. For example, if
the FFT module is configured to perform an 8-point radix 2 FFT, as shown in Figure 1,
the memory is configured as 4 rows of two columns and each column can be configured
to store two complex samples. The processor can, for example, write the samples into
the memory column wise starting with the first column and continuing into the second
column as the first column is filled.

[0054] Once the sample data is written into the memory, the FFT module proceeds to
block 304 where the processor initializes a stage counter. As described above and

shown in Figure 1, an N=r" point FFT includes n stages. At the start of an FFT, the
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[0059] The FFT module proceeds to block 322 and applies the twiddle factors stored

in a twiddle factor memory to the FFT output values to weight the values with the
twiddle factors. The twiddle factors can be applied using one or more multipliers, and
the multipliers can be configured as complex multipliers. After weighting with the
twiddle factors, the multipliers write the results back into the rxr register bank in step
324.

[0060] The FFT module then proceeds to step 330 and transposes the order of the
values in the register bank. In one embodiment, the processor can transpose the order of
the values stored in the register bank. In another embodiment, the transposition can
occur when values are read from the register bank. For example, the output of the

multipliers can be written in to the register bank in a row order and read from the



the nultipliers can be configured as conpl ex

multipliers. After weighting with the tw ddle factors,
woOhersmateBpliers wite the results back into tReTUSR004/040498

register bank in step 324. [Q@60] The FFT nodul e then

proceeds to step 330 and transposes the order of the
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processor can u , exa a partia
padishFETS afd bloklest havebeém caldamateé.nlﬂot all bfn&e }pantllal EFTHkEVe been

count er. incre | oc unt
d?fc?%gﬂedﬁ@ é@ﬁﬁﬁé’aﬁﬁ%mg‘e &9 5t Beietagace< ", If
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have been cal cul ated. Not of the parti al have

342 g upiatetheipadipl FETrand bllﬂf:&s:hu@fwﬁo @rocess adéﬁmnaltmmtutl HETs.

ngr arlngéﬂ?sheglﬁgo% %atcE %l'fia egté’é §<§4§It83 051‘33,8%? ﬁoéltlﬂ’lﬁ'
plfmﬁbdmg partiglefeltits fod thel redenBdkhek OFFPBRIcR. Tainddddria 343 bt a
nd bJ ock cqunters tQ process addltl onal partial FFTs.
¢ PR @ he RrAesss ﬁ@@d&“ Bigterd, 1§ psedde spmiechthe dogiBart across
Q% Qck 310 to continue processing partial FFTs for the
esent or next FFT block. Connector C 343 is not a
[Mﬂdd;t dif thed& hanotlulefat timisipm bloek 843 determhints thatsdlEsidcksi of the
’ onngct t

currergf s%age ave been ca culatedo Vﬁ:erﬁlt mo(c:iule proceeds to decision block 350 to
determine if n-1 stages have been processed. If not, the FFT module proceeds to block
352 to update the stage counter and returns, via connector B 353, to block 310.
Connector B 353 is not a substantive part of the process 300, but instead, is used to
connect the flowchart across pages.

[0065] I, at decision block 350, the FFT module determines that n-1 stages have been

processed, the FFT module proceeds to process the final stage of the FFT via connector

D 351. The FFT module may implement the final stage of the FFT in different



pages. [0064] If the FFT nodul e at decision bl ock 340

determ nes that all blocks of the current stage have
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thd FET raslisage process shown in Figure 3C, the FFT nodul e

e rom n 51 on Fi,gure 3B
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vRNe@h REYEEEed BWsPThBFET dnbRle coAPURS r dlfferent r-point partial FFT

on the retrieved rows.

[0070] The FFT module proceeds to block 368 and writes the partial FFT output

values to the register bank. The FFT module proceeds to block 370 and writes the
register block values to the sample memory rows that supplied the data to the FFT
engine. The FFT module increments the counter cn in block 370.

[0071] The FFT module proceeds to decision block 372 and determines if all of the
partial FFTs in the final block have been processed. If not, the FFT module returns to

block 362 to continue processing rows of the sample memory. If all partial FFTs in the



calculated as: ai =P +i>>=0...(r-1) _ [0069] The

FFT nodul e proceeds to bl ock 366 and conputes the
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FFT engi ne conmputes r differﬁﬁt r-point partial FFT on
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et @or SREERL At e pigsedily BLEHKCOPRB ipatis e grder of
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stage of the FFT. [0074] The FFT nodul e proceeds to
[Oﬁﬂ‘éb k TBe ¥Fdraodwe thentiieceedse hlokn 9 andgvitigs thlfférapsi?qscctvalues

[ f
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[0076] If, at decision block 396, the FFT module determines that all of the partial

FFTs in the final stage have been calculated, the FFT module proceeds to block 398 and

performs row reordering. As with the previous final stage embodiment shown in Figure
3C, the row reordering step is optional. If no row reordering is performed, or after
performing optional row reordering, the FFT module proceeds to block 399 and the FFT
is done.

[0077] Figure 4 is a functional block diagram of the memory contents and register
block contents for an 8-point radix 2 FFT embodiment performed according to the

process of Figures 3A-3B. The 8-point FFT uses a sample memory of four rows and



back to sanple nmenory. The FFT nodul e then proceeds to

deci sion block 396 to determne if all partial FFTs in
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the FFT nodul e proceeds back jgo bl ock 382 and updates

the pointer for the next partial FFT. [0076] If, at
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appropriate twiddle factors, and written into the register bank 444. The values are

transposed and rewritten into sample memory.

[0082] Sample memory 450 shows the contents after the completion of the second
stage and second transposition. From the third sample memory 450 arrangement, rows
a0 and al are initially retrieved from sample memory and FFTs performed on the values
stored in the rows. The results are weighted with appropriate twiddle factors, and the
results written into the register bank 462. The register bank values 462 are then
transposed before being written back to sample memory. Similarly, rows a2 and a3 are

retrieved from memory, processed in the FFT engine, weighted with appropriate twiddle



sanpl es that are to be processed together. [0081] Rows
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B BPG 8 StgmECsiexicacepligadiio tareilapy sapplescriiidata samples may be
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In a device or apparatus con t 0 conmuni ca
ORDM iransami tEF D00 ssisg emAnSloglio Magitd €onveatdr(d®C)udt shown)
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cq Eéipt
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[0D86 P O Esi R4 18 Wt -CHEIMYah B IcAR aS8MEE&Es QOGN T EOMNE R Aerial to
is a functional block diagramof an OFDM transmtter

p@albel whnvsrteray0 ingsiuptadite thehdatasonrem®R anddbrifs parnkel Aatarstteams

FE rocess.of. Ei A and 3 me or_all of .
e frhoRe R e Bl PR G g0 T oufig L ngforal o
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OFDM transmitter 500 includes a data source 502 that

canPHAE ¢ GOREFRAIGEN Esertof e @FDM evtaiges- devi ce
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524), whichheayba eorfigaed fivmrthaFFTanddwe of Figure 2, and which may use the
process of Figures 3A and 3B. The IFFT module 520 transforms the orthogonal

frequencies into a time domain OFDM symbol. The output of the IFFT module 520 is
coupled to a parallel to serial converter 522 to convert the parallel output to a single
serial symbol. The output of the parallel to serial converter 522 can be coupled to a
transmitter 530, which may be a wireless transmitter.

[0088] Figure 5B is a functional block diagram of an OFDM receiver 540 which is the
complement to the OFDM transmitter 500 of Figure 5A. As was the case with the



OFDM transm tter 500 using an Analog to Digital

Converter (ADC) (not shown) coupled to a nenory
wdevisps742p 0086] A single data stream can be PCT/US2004/040498
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theOFDM transm tter 500, the OFDM recei ver 540 ma

be
orthezgoeﬁleﬁ’ﬁqeqnqywoalpgnﬁgtSe 'The ogipunef e FigosoqulyAso qu)_{)Mpled toa
délﬁ&fdl%(tg{ Se 62)‘“’23’(' (%8 (ﬁn[o%ﬁﬁlté/ ?T?lﬁ gérpﬁtfre %ﬁcﬁaﬁ t%recover the

con W re €SS recer ver rec Ives t
dﬂEDM synbol S broadcast by a transmtter. The receiver
ybe configured to anplify, filter,

lQﬁ% pliel fo\3eTinbeumrgiar 3v% isbuplsd F%%\Péatpua of thedifdrgodule
5 §(') mmvéﬁgotﬁg g rgpﬁ (?eﬂacf @Q%a? Ha8 @Jcr ém STHO Hﬂﬁ Qatta%tr@am 18
seria ? I'e ﬁ

to par converter 544 that operates
couphadetota datamrsmskmlfob dgéieaprbedsieg. slfor@uaunplet vmpadeth cat be
dat r eans f essi ng. .The f the, ser
et It Feelog v 4ot aaltfieatnant Soboy Bhe o it date
29 Be fildHes PrdcBsbE atd @irkbrdd PP8lEs 9fdeb=lcsure 2 perfornng
t he process of Figures 3A and [ 0091] The FFT

(089311 ArsEU mpdws iop hsnentiag an g Tom;datqcrtlgy mperfmmmhelace

t] orth Qn equen 0 n T.

o inca b 4RR B bF N0 ERPPERE TS Brigtiif s b Bifpations.
ThEBET @Mﬁmlﬁaua& sdeipléleaioey tHae aarides ganaple vaRegsRNCiigde row.
to_recover the data. [0092] A paraIIeI to serial

The A& opeiptiosss Peeforped pe the mphes af@single 5TW apdwrtten to a register
bITRAYbSe or more complex multipliers can be used to apply twiddle factors to the

partial FFT results.

[0094] The weighted partial FFT results in the register bank are transposed and
rewritten to the sample memory. The transposition maintains the relationship of FFT
inputs for a single partial FFT in the same row of the sample memory. The process is
repeated for multiple stages of the FFT until the desired FFT is complete.

[0095] The steps of a method, process, or algorithm described in connection with the
embodiments disclosed herein may be embodied directly in hardware, in a software

module executed by a processor, or in a combination of the two.



550 and converts the parallel data to a serial data
stream The serial data streamis coupled to a data

wonosassas for further processing. For exanpl epCymiSem4/040498
data can be converted to an apalog format for
anplification and delivery to a speaker. Video data

[07B%] A §dfﬁx¥dﬂ@ﬁnoﬁhléqﬁ%§1%@1cﬁriﬁ I&NN’[ { Bach rﬁelﬁ&;ﬁxon_vobtﬂe
devi ce. [0093] An FFT nodul e i npl emenfing an

namoh% tREVimemeryn EBRON mpsraeryi RE bR@Memerrms fregistersn hard disk, a

B Raibat CORR OB b il S BPGE ind B B m ey An

eiémﬂa@rsf@@%edmhi ik eb&pl¥@td 88 pkdtedsos kit Be HEWessbR Barhedd

eration 1s gerforne on the sanples of a single row
prenafion fioan and waite dyfpapationgpodir Stocyes raedivs b1 86 f¢ragtive, the

R S BB I 6 B 5 e v
pﬁfdlinredsmtﬂe&ndiai? shbenlig giesdnafodiaaiks ar may bapsfosee with a

|tt n to the sanple nenory. The transp03|t|on
‘%é of KEPs efdeitignalky. 9ne pf mete Prepess o mithod stensgray be
ial rlgco
°%?t£e‘3e°§sn? e A R
processes. tAue adibomrad dtepHilotls, arantéremey b 80&Hs] in Thebadinpsg, ehd, or

nmet.hod rocess, a hm _ descri bed in
r@%ﬂﬂ% F’SﬁtP HREHS Ogﬂ"(?dg?th% WARCEHSed herei n may
[0v97E MIRd aBsk edick@Shtion dfthd @fs%@emlbd’ﬂnﬁeﬁt@% ﬁi@?]ﬁieméﬂaﬁle any

execut edby a processor, or in a conbination

peraen olowdepryskelbin thareet taoerkiesr wasthediscisuten wuﬁmndnﬁcatmns

&@%@ﬂ%&%}?ﬂ?ﬁngaﬁ 1?/ lgg]?z{{g% 194 ¥hqr§§cyor Iéargy glgll in %O\Qrt and

tHe%&ﬁbfﬁi}irﬁlcqjlédﬁefﬁle@lﬁe&ﬂ/inag’ beapylidt toethdr@hiBodim&itOwaBeut
medi um known in the art, exenpl ary storage nedi um

departang g dhe it sg%%%@@ disglspret Ffélubrtb% disglgpure apnot intended
td At Brtg@&hggﬁhtﬁ sh@ h\@fén% Suf 1th gg&:‘o?&dttﬁe Wﬁ%gt scope
storage ne ernative, storag
corgystane with tthgpradciples h]litbaned) fetses d1sﬂuxddh&remt he v arious

net hods may be perfornmed in the order shown in the

enbodi nents or may be performed using a nodified order

of steps. Additionally, one or nore process or nethod
steps may be omitted or one or nore process or nethod
steps may be added to the nethods and processes. An
addi ti onal step, block, or action may be added in the
begi nning, end, or intervening existing elenments of

t he nmet hods and processes. [0097] The above

description of the disclosed enbodi nents is provided

to enabl e any person of ordinary skill in the art to
make or use the disclosure. Various nodifications to

t hese enbodinents will be readily apparent to those of
ordinary skill in the art, and the generic principles
defined herein may be applied to other enbodi nents

wi t hout




departing fromthe spirit or scope of the disclosure.

Thus, the disclosure is not intended to be Iimted to
woOhersesbagi nents shown herein but is to be accectuas200he40498

wi dest scope consistent with4he principles and novel

features disclosed herein. CLAJIMS WHATI S CLAIMED I S: 1.

A nmet hod of determ ni ngan x"-point, radix r, Fast

Fourier Transform (FFT), hod conpri si ng:
witing sanples to be tra%@?%ﬂﬁ§d into a nenory havi ng

r sanples per row, reading r rows fromthe nenory;
determning r radix r partial FFTsto generate r2
Wﬁ%ﬁ@ﬂ%ﬂ%ﬂ%s; applying twiddle factors to the r2
partial FFT values to generate r2 weighted partial FFT
val ugs; WAIhiRed Bf‘@etér%ifﬁﬁ%&bi‘e-?ﬁﬁ@,rr%ﬂ&lr f{sIFéﬁ'ljléfeﬁaﬁﬁ%rm
a register block; transposing e r2 weighted partia
(HHT), thamedtsod qonmpmsingegi st er bl ock to generate

transpased val ues:; witing,the transpaosed val ues to
o WERBE 2Bt s EASIoRAL e SR aBA A s FHpIes per ow;
cont RAEM oW MBMYthe Ziemb@ Method of claim 1, wherein
witing sanples into the nmenory conprises witing

sanpfidermipingea radis i prsiehiddlsdo| gamarale & eartinl §FF vaduesy y
havi nd .r ..co S The net hod .of> cl.alm
12\ ibiding R ICr B8 ufed? B PR yBRE IT RGN FeiBhit

pakiat FRIgv4lasspl ex sanples to be transformed into the
menory.. 4. e'rl;ge met hod of claim1l, wherein reading r
r ows VifiBgthete BB FT y&duesdepaegisisr Plgcks r ow

i ndi : adi . .

oSSR PR M Bt o penri
tratsposeddialuelter ei n determining r row i ndices conprises

det er m.ni a row index correspondingto the formula

ot Syune T dpintet Rt P Simervstidge of the FRT

for aa&ﬂiﬂihgm &alluaé)fmlnfithe 168t SYfeRbryc! @i m 1,

wherein applying twiddle factors to the’r2 partial FFT

val ues conprises:retrieving at |east one conpl ex
twi ddl e f&et methodofclen duvkarehywaiting sphples into the memory

c#ﬂfaé:rgégé) wrﬂ(lﬁg ISgIﬂpl%g tot l;]eetraarlltsfolnggétco?urﬁ?n %?s@ht%xa rtn\émmgld}! l(leaving ™!

rows and r columns.

3. The method of claim 1, wherein writing samples into the memory

comprises writing complex samples to be transformed into the memory.

4, The method of claim 1, wherein reading r rows from the memory
comprises:
determining r row indices; and

reading rows from the memory corresponding to the r row indices.

5. The method of claim 4, wherein determining r row indices comprises

determining a row index corresponding to the formula a=ixr"*’

stage of the FFT, for i=0 through (r-1).

, where k represents a

6. The method of claim 1, wherein applying twiddle factors to the 1* partial

FFT values comprises:



with a corresponding one of the r2 partial FFT val ues.

7. The nmethod of claiml1, wherein witing the r2
wori@sed3 parti al FFT val ues to the register bPoThS2004/040498

conprises witing the r2 weighted partial FFT val ues

to a register block configured as r rows and r

colums. 8. The nethod of clainv, wherein transposing

t he \Wej ght [ AVE:] conpri ses:
retr %%3/%@&59% l%eglt gﬁ%ﬁé%{@gﬁ%ﬁ%%gpue correspondi ng
t o acdlovatiiyh eahplenmaftiplibatisiedf ik at lebahe conPREAFSIM factor
the row and. colum ingdices; _and witing the weighted
Wi Gogespopgting ong of ths ri pstirbBF Bivaluesl urm cor respondi ng
to the transposed indices. 9. A nethod of determ ning
an 19: POl The mifll bf Elairk 8SWhERHS bBfind HAIYS ol Subd Fubial FFT
the nmethod conprising: witing sanpres to b
valnesrtoftior register hiook somprisss yviitvg the 1f weihirdgmrtid FFTowmlues to a

initi,alizing a stage valuye; jnitializing a bl ock
f tﬁ&?o%CSnggFiﬁs%ﬁ?Wﬁﬁ‘fggtcﬁl}@?mt he processing

conprising: a) determning a nunber of blocks based on
the 8t ageTH&indmiod B clafh 7] @¥ikieh frarisp¥sing BRI rial FFT
c) determ ningr radixr partial FFTs to generate r

vl GORMPIISEST val ues; d) applying twiddle factors to the
r2 paktl - yval . te I | ght e ard i

e i SRR PSRl forl R PRl ot of
theabgister bamkt he regi ster bl ock to generate transposed
values; f). witing the transposed values to the

menmoF§HsPY Hgﬁifr?%’ﬁ@‘gf’?]ﬁﬁ‘l’sm@’;‘ﬁﬁ)an@hr ough f) based on

the Phipiak nRnekishie@Bartial F1eh valld té rsgedﬁahi fimf{ i
val ue; agpl _reﬁ%lgti% lpr oceggll ng ?ﬁe{ FT s?tgage ﬁortﬁeltsﬁ%gmgto
therdnefwised mdiveng FFT val ues fromthe contents of

menory. 10. A nethod of determ ning an rn-point, radix

, Fast F ' T, for FED) .. 1 he..net .
oy i iyt f BRERETE R P Therat, MR E TIRhEqprien Tyangform
(FRNPhY ntvhdd@ndprisiagpl es per row,

writing samples to be transformed into a memory having r samples per row;

initializing a stage value;
initializing a block value;
processing an FFT stage, the processing comprising:
a) determining a number of blocks based on the stage value;
b) retrieving r rows from the memory;
¢) determining r radix r partial FFTs to generate r* partial FFT values;
d) applying twiddle factors to the r* partial FFT values to generate r*
weighted partial FFT values;
e) transposing the r* wei ghted partial FFT values in the register block to
generate transposed values;
1) writing the transposed values to the memory; and
g) repeating steps b) through f) based on the block and stage values;
h) incrementing the stage value; and
repeating processing the FFT stage n times; and

determining FFT values from the contents of memory.



a) initializing a stage counter; b) initializing a
bl ock counter and a partial FFT counter; c) retrieving

wo 20ws78280m t he nmenory based on the stage, bl eck/uammb4/040498
partial FFT counter values; xd) determining r radix r
partial FFTs to generate r2 partial FFT val ues; e)
applying twddle factors to the r2 partial FFT val ues
to generate r2 weighted partial FFT values; f) witing

1S SN L LA e A oo

(P LS miethddhentpe@ingt er bl ock to generate transposed
values;. i) witing the transposed val yes, to the

meno ,tmé )Sa}mmlsﬂt&theﬁ@an@mms%m aMepiory MBined SARREPS BFHEIRY;
coun%)qg%ﬁa%g%]igé%fg@%g LbghtSt eps ¢) throughj) based on the

val u ock counfer and the partial FFT
counbeinjtialiyingpddedknguhtesandd patiél KHE cetrdge counter; m
repeating steps b). through k),based on fhe value of .

the SrEBEVEGATOE romige AR G StpaF ek g Retiad FE T
cSadreates.of menory. 11. An rn-point, radix r, Fast
Fourier Transform (FFT) apparatus; the apparatus

conpd] ditergriniag sreadix ypartalfiIisrte genaatstropartial BF'E aakvbs s

SR AR P GRS P

pAGMEFIOf vilhés; menory; a regi ster bank having r2
regi sters confjgured as r rows of r columms, and

conf Pguriténs the1rweightod Partiebtk T valperts 3 FeginierdogieT
tr anapsudBiid: bETSERNCN ptaTREY vRIERR kRHERRl flopc o
gtepats poisspdsedatales; to the r rows from nmenory operat ed

on by the FFT engine. 12. The apparatus of claim 11,
furt é’Ymbrk%Fg?F@?s%@@daV#%?&U?hénF ¥y menory confi gured
to S%J%ﬁ)ﬁa lgth@ﬁﬁia&qﬂ Ecﬁ%ﬁér%@@llo%kfc?j%ﬁf;; andat | east

one tipliher configured to nultiply a value froma

r egi k) epeatimgtsteps cethiraigh() trmedk ob thearalrat thabligk sofiater ard the

fr.o e twddle factor nenory, and configured to
p%“?@ﬂﬁou&\%put value to the register. 13. The

appanaipdstimf the valubbiie sBetSifert heat | east one
mul ti'pl'i er conprises
m) repeating steps b) through k) based on the value of the stage counter; and

determining FFT values from the contents of memory.

11.  Anr"-point, radix r, Fast Fourier Transform (FFT) apparatus; the
apparatus comprising:

a memory configured to store 1" samples with r samples per memory row;

an FFT engine configured to perform r r-point FFT partial FFT on samples from
r rows of the memory;

a register bank having 1° registers configured as r rows of r columns, and
configured to receive output values from the FFT engine; and

a transposition module configured to transpose the values in the register bank

and write transposed values to the r rows from memory operated on by the FFT engine.

12.  The apparatus of claim 11, further comprising:
a twiddle factor memory configured to store at least one FFT twiddle factor; and



at |l east one conplex multiplier. 14. The apparatus of

claim 12, wherein theat |east one nultiplier conprises
wo-200s0smpBex nultipliers. 15. The apparat us of PCIAiISB004/040498

12, wherein the twiddle factgy menory conprises at

| east one nenory selected fromthe group conprising

ROM RAM NV-RAM and flash nenory. 16. The apparat us

of cl g ' y . rkse r" c | £X

s anprois Bt phe IR Bortdlthed SHRHAD o SATRE fRE dres SRR B
repistarbank dyan FFEswiRAilg fabir fbhetha pprdat fistdd iméhdy Manblonfigured
wherein the FE}; engi ne conprises a pipelined FFT
tQWE o oviRrt Vel ta BIsAPE6i6s of claim 11, wherein the
transposition nodul e transposes the values in the

regi gser hapkyby.headline }’Z'J}I\x}h%feiﬁ the@t RUsHEM: Mﬁl@ﬁ\% comprises

manner and witing the values to nenory inaro
ahigasione c@opleX muiltglpar at us of claim 11, wherein the
transposition nodul e transposes the values in the

regi sy er nk_by readin regi ster | u . 1. .
corr ?s"p on Slﬁ RgP R%atgs ?&Aﬁ'&aﬁu gﬁlgﬁ‘&l &‘e @g%?ﬁﬁoqfarflﬁ]@pgf’r FqReprises
r{1eghplarmbipkerst r ansposi ng the row val ue and the

colum value; and witing the register value to the

regi ﬁr%er cgrrespondi n% to the transposed row val ue and
col uh® vallhearperatugpfeclgm 1 mherpinyihg dwidiile facter memory comprises
£RM: LA R sSH A& i 1. RARRGV_RAM

ai nstruc?ﬁoﬁ?s&enﬁ%%%)ég%g&noﬁg&&ﬁﬁg\% pr o’clg\s/sors,’ and
flpghrhempiyng t he net hod conprising: witing sanples to

be transfornmed into a nenory having r sanples per row,

readipg r.fows fromthe noLy; det erm ni r radi x,r

par 187 b BhgrajBnet I T WRkHeLh G raFbias frlbriset” complex
sapplbyi ng twiddle factors to the r2 partial FFT val ues

to generate r2 weighted partial FFT values; witing

the r2 wejghted partial FFT values to a register

bl ock?- tr Eg§ ARRar#ies @frdaipml lyathgieinetde prannewl coRPTisouR AdE.

in the register block to generate transposed val ues;

iti t . VA .
det et s ni o BRERGET CREaiPLT, FRelch BOFPTARAG ol o

pipelined FFT engine.

19.  The apparatus of claim 11, wherein the transposition module transposes
the values in the register bank by reading values in a column wise manner and writing

the values to memory in a row wise manner.

20.  The apparatus of claim 11, wherein the transposition module transposes
the values in the register bank by reading a register value corresponding to a row value
and a column value of the register bank, transposing the row value and the column
value; and writing the register value to the register corresponding to the transposed row

value and column value.

21.  One or more storage devices configured to store one or more processor
usable instructions, when executed by one or more processors, performing the method
comprising:

writing samples to be transformed into a memory having r samples per row;

reading r rows from the memory;



22. A apparatus of determning an i”-point, radix r,
Fast Fourier Transform (FFT), the apparatus

woao@rissi2eag: neans for witing sanples to be PCT/US2004/040498
transformed into a nmenory hay ng r sanples per row,
means for reading r rows fromthe nenory; neans for
determning r radix r partial FFTs to generate r2

i.al FFT val - f i Lddl e f
o ¢ Hlepbnfe iR pafROET T8 el Bl B P T B e °
par t agdlyink twidldsiors'te @ts hemtiaWFFT vABick Regdndrate’ghdigited

partial FFT values to a register block; neans for
restighBlnby¥alHes;t he r2 wei ghted partial FFT values in the

r egi : : . .. means
for urfie AP AR T e ISR EChE BBl TP
neansafisposidg tier fiweigheedfattial BFTealves ditiehegisenbiok So Sénerate

rrem)rg/.\@fs. _The apparatus of claim22, wherein the
UARSPASE B{USHr i ti ng sanpl es into the memory comprises

W T T GRing AP SRpbsRd BEIubd 1%%13@ erﬁi%?y;%ﬂh“”n W se into a

menory having r* 1 rows and r col'ums. 24. The
appadeteunsinofg  Tavalued Fronwthercentents o€ noemaory. f or writing
sanples into the nenory conprises witing conplex
sanples to be transforned into the nenory. 25. The
apparatus of claim22, wherein the neans for reading r

r OWs 25,1 OMAL dppariBikRIf Mete ORISR -poRE 1A dika! FaR P8t fakform
r_row i ndices; and neans for reading rows fromthe

(FrEhothy apparp@s soMBITE t 0 the r row indices. 26. The
appafrﬁﬁﬂssfoi)(vrﬁﬂng's{lﬁlﬁlgs tov’lﬁet;a%'sﬁﬁgc? 1 %,'}ﬁerﬁg ihr?é’ing rrsgwples

determning r row | ces conprises determ
perrdex corresponding to the fornula apzxr™ w, where k

represents a stage of .the FFT, for i=0 through (r-1).
27 Wén%%ﬁé?aé{nﬂér%ws@%thﬁ’ﬁ,m%er ein the neans for

appl ¥eask ﬁ)%&g}n%nffng(itr&fiﬁ rPQrtitahFF'f&o Rahkiaf E%ia‘f 9*# Salues;
conprises: means for retrieving at least one conpl ex
t wi duieen fac tplying tdiddiednstofsdo thzaf paitial FRE values hpg@erate r2

nul tiplication of the at | east one conplex tw ddle
ngb%e&p%a?%gv@ﬁ}e?’espondi ng one of the r2 partial FFT
val ugfansBr wiitig aRAAK! hEedYartgd] FFM Vgaguqs‘@? 8E8diftet BIBCk;

means for witing ther52 wei ghted partial FFT val ues
to tAsansigr gaesposing the rewmghtedasrtiel FFTgludsdn Hi@ register block to

g&‘ﬁeﬁ-e&@ {rgﬁgpegé’dt\iaﬂes;': FT
means for writing the transposed values to the memory; and

means for determining FFT values from the contents of memory.

23.  The apparatus of claim 22, wherein the means for writing samples into
the memory comprises writing samples to be transformed column wise into a memory

. -1
having ™~ rows and r columns.

24.  The apparatus of claim 22, wherein the means for writing samples into

the memory comprises writing complex samples to be transformed into the memory.

25.  The apparatus of claim 22, wherein the means for reading r rows from
the memory comprises:
means for determining r row indices; and

means for reading rows from the memory corresponding to the r row indices.



values to a register block configured as r rows and r

columms. 29. The apparatus of claim28, wherein the
worens®sfas transposing the r2 wei ghted parti al PEFTS2004/040498

val ues conpri ses: means fordf £trieving a weighted

partial FFT value corresponding to a row and col um of

the regi ster bank; neans for transposing the row and

colum indices; and neans for witi ng t he wei ght ed

parti,al F W ol r{es ond in

to ch§ tr g:rf];g ¥ alﬂ%l.é g%clggg‘lsf@ w%reAnﬁl nge% 1is ?o? dFF mning Fow

it e3rcompHBG d@termihigoa fow indad boxrréspoﬁcaﬁg to"_thel for@irla a==ixr" ",
Transform (FFT), the a ar at us con%r(l sing: neans for

Wb@retlfr@rf‘ssai\%wé g¢ of the [l afos i heepah(Ed)-a nenory havi ng

r sanples per row, neans for initializing a stage

val uey NMeans afhathdbs diahd szh Rehefbil tHRGKeatiS bt %Bplﬁ@%ﬁgyiﬁgge

processi p an FFT stage, e processing co

fantera $o thor” phetid B Tiwahges ompribesr  of bl ocks based on the
stage_ val s for retrieving r. rows fromthe
oo P P Al B oase b St lrg o OMechdiS By 1

FFTs niéandfn e4lad18tina BahpleR knu’ft’fp-ll_lc‘éﬁJ)ﬂJSﬁhQ it 16R8 0% é(ﬁ‘hplex
vygﬁ ying twiddle factors to the r2 partial FFT val ues

&‘eﬁa@tpawéh e zowiespghdiag oparef 1ihs1tr2 prfa\EiTesbuese) means
for transposing the r2 weighted partial FFT values in

the Kegi StI?V\llél ]@ %%pd%ﬁ’lnﬁ’ HSrd gﬂ HIIRORE ?o \éﬁ‘ktﬂl%%he f Welghted

means for ransposed val ues
partcil BT nelaastoftios regspae aldcRgospEps mtlﬁgme&gbelgﬁtecbpaﬁm FFT

t he bl ock ge val ues; nmeans for
VF‘E‘E? @r?e‘i‘?gliSW§b?’ﬁ]g 1gyEed agrgews é]i‘l%lr FRIUMESf or repeating
processing the FFT stage n tinmes; and neans for

d et enyi ni Nge kfphratad seSaify Wh'%?en? RLEhLS fdi’ftraﬂﬁﬁ%é the

An apparatus to determ ne an r”-point, radix

“Feﬁlted?{@mlal & TTrakues ComprigeBFT) , the appar at us
conpr n ans for les to be ..
Cr angi bR Rl nedth T TheB gpfedinding o a row and
column of the register bank;
means for transposing the row and column indices; and
means for writing the weighted partial FFT value to the row and column

corresponding to the transposed indices.

30. A apparatus for determining an r"-point, radix r, Fast Fourier Transform
(FFT), the apparatus comprising:
means for writing samples to be transformed into a memory having r samples
per row;
means for initializing a stage value;
means for initializing a block value;
means for processing an FFT stage, the processing comprising:
a) means for determining a number of blocks based on the stage value;
b) means for retrieving r rows from the memory;
c) means for determining r radix r partial FFTs to generate 1* partial FFT

values;



per row, a) neans for initializing a stage counter; b)

nmeans for initializing a block counter and a parti al
wORlispsunser; c) nmeans for retrieving r rows fPOmuUSh®4/040498

menory based on the stage, bypck and partial FFT

counter values; d) nmeans for determning r radix r
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means for determining FFT values from the contents of memory.

31.  Anapparatus to determine an r"-point, radix r, Fast Fourier Transform
(FFT), the apparatus comprising:

means for writing samples to be transformed into a memory having r samples
per row;

a) means for initializing a stage counter;

b) means for initializing a block counter and a partial FFT counter;

c) means for retrieving r rows from the memory based on the stage, block and
partial FFT counter values;

d) means for determining r radix r partial FFTs to generate 1* partial FFT values;

€) means for applying twiddle factors to the r* partial FFT values to generate r*
weighted partial FFT values;

f) means for writing the r* weighted partial FFT values to a register block;

g) means for transposing the r* weighted partial FFT values in the register block
to generate transposed values;

i) means for writing the transposed values to the memory;

j) means for updating the partial FFT counter and block counter;

k) means for repeating steps c) through j) based on the value of the block counter
and the partial FFT counter;

1) means for updating the value of the stage counter;

m) means for repeating steps b) through k) based on the value of the stage
counter; and

means for determining FFT values from the contents of memory.



