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摘 要：提出了一个应用于时频分析的短时傅里叶变换处理器。为了克服已有的离散短时傅里叶变换算法和结构的缺 

点，给出了一种基于快速傅里叶变换阵列的新结构。根据实际需要提出了一种新的高频域分辨率的SDF(Single—pathDe． 

1ay Feedback)结构n 单元，和传统的SDF结构 FFT单元相比，反馈 FIFO的深度和蝶形单元的数量都有所降低。再加 

上开发窗函数的对称性和适当合并硬件资源，与原始设计相比处理器的功耗降低了20％。使用中芯国际 0．18微米工艺 

实现之后，系统工作时钟可以达到200MHz，即该处理器可以满足同样频率的采样信号的实时时频分析需求。 
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A Low Power Short Time Fourier Transform Processor 

f0r Time—Frequency Analysis 
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Abstract：Adiscrete shorttimeFouriertransform( 陌T)processorfortime—frequency analysisis proposedinthispaper．Toov~-eol'ne 

the drawbacksof previousdiscrete Talgorithmsand architectures，anew arcNtecturebasedonfastFouriertransform (FFT)arrayis 

presented．An optimized single-path delay feedback(SDF)n architecture is proposed for high frequency resolution．which reduces 

feedbackFIFD depth and butterfly units’ntnnherincomparison、̂，；ththetraditionalone．Alongwithexploiting the symmetryofwindow 

function and performing hardware emnbination，power constmaption decreased by 2O％．The processor has been implemented 、Ilrith SMIC 

0．18tan standard cell library．static timing analysis and dynamic simulation with timing back—annotated show that under worst—c8se 

conditions，20oM clockrate c8$1 be achieved，whichmeansthatthe real—time time—frequency analysisdemand C8$1 befulfilled under 

the 88me sample frequency． 
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0 Introduction 

Discrete Fourier Transform (DFT)iS the standard 

method for spectrum analysis in digital signal processing 

field，usually implemented with Fast Fo urier Transform  

( )[̈．It projects signals in the whole time domain on 

． SO DFT works smoothly when employed for finite 

—

leng th signal composedof sinusoidal componentsaslong 

as each of the sinusoidal compo nents iS stationary．How． 

ever．there are many practical situations where the signal 
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tO be analyzed is non—stationary，such as speech，radar， 

sonar signals．Applying simple DFr on the complete sIg— 

hal will provide misleading  results[21
．  

To get around the time dependent character of the 

signal， time— frequency analysis was brought up in 

1940s，and developed tremendously since 1980s．Many 

time—frequency analysis method s are proposed，including  

Short—Time—Fourier—Transform (S1 T)，Wavelet 

Transform (、VT)，Wigner—Ville Distribution(WVD) 

and Cohen’S Class[3]
．  is the most direet way tO 

adapt DFT tO non— stationary signals．It segments the 

sequence into a set of subsequences of short length，with 

each subsequence centered at uniform  intervals of time 

which approximates stationary signal，SO call be印一 

plied separately on these subsequencesN J
． S1 T．also 
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known as the Time— dependent Fourier Transforrn．is 

defined 

∞  

x ( ，n．)=∑ + ] 。] 一 ，(1) 

where t￡，[，，1]is the properly chosen window fact0r． 

Xsrvl—is a function of two separate variables，and the 

dlsplay of the magnitude of the SrFT is usually referred 

as the spectrogram．in which tim e dependent spectrum of 

[n]can be easily analyzed．Usually，for digital 

proce~ng demand， the spectrllln is usually calculated 

discretdy after sampling Xsrvrin．frequency domain，and 

each time—dependent unit carl be calculated as a separate 

DFr as follows： 

[志，n]=x ( 2de／N，n)= 

∑ [n+m]t￡，[m]P—j。 = 
搬；o 

R—t 

∑x[n+，，1]t￡，[ ] ，0≤志≤N一1 (2) 

锄 also be sampled in tim e d(~／laln for n = 

L，in which 0≤ L≤ R，一oo≤ Z≤+oo．Original 

锄 be reconstructed uniquely provided L≤ R≤ 

N ． 

T is the sim plest tim e— frequency analysis 

method，and has the same frequency resolution in hi．gh 

fmquen~ region as in low region which is im portant to 

dis耄 孽u 豳m ls、̂，ith constant frequency difference． 

Moreover,equation of Sn is rl~ llar enough for hard— 

wm'e im plementation． 

A low power Sn processor based on optimized 

Radix一2 F r array for high frequency 

d n resolution is propo~ in this paper．which can 

fulfiII the real～time processing demand for complex sig— 

rials with sample frequency the same as the system clock． 

To simflUy the question and riot lose universality，in this 

paper。these values are chosen so that N = 2，R = 32，L 

=3 for a~odthmand architectureanalysis．Inthefollow— 

ing sectiom，previous works ale briefly reviewed and the 

main drawbackofthem is addressed。 

Then a new architecmre based on FFr arrays for 

discrete SI1可 proce~ing is proposed．Optimizations for 

hardware efficiency and power cons~npdon are also pre 

sented in this paper． 

Before Cooley— Tukey algorithm was invented in 

1965，DFT was calculated directly．The transform fun c． 

tion of direct calculation and Goertzel algorithm  for calcu． 

1atiug  the kth bin of DFT is shown as followsD]： 

㈤：南 = 
一  ( = 兰： ! 
一  

一 2cos( ) (3) 
Block diagram for calculating one DFr bin di． 

rect DFT and Goenzel algorithm are shown in figure 1 

and figure 2 respectivily．Be~lllse the multiplication on 

feed forward pa th should be performed only once per N 

cycles，the computational complexity of Goertzel alg0． 

rithm  reduced from 3N multiplieations and 5N additions 

to 2N +3 multiplications and 4N + 2 additions for COITI． 

plex input，in comparison with direct DFT calculation． 

w 

Figure1 direct DFT Figure2 Goertzel algorithm  

These IIR filter implem entations for DFT afe hard． 

ware consumptive and replaced in most applications after 

Cooley—Tukey algorithm  invented in 1965，which is still 

the dominated one for DFT implementation n0 lI． 

However，when the oDncemed frequency band is narrow 

enough，the Goertzel algorithm  might have computational 

advantage than Cooley—Tukey a】嘶 thn1．On the other 

hand．when calculating discrete rI可 sample by sample 

with rectangular window．G~ xzel algorithm  shows its 

superiority。The transform  function ofkth bin of discrete 

STFT is[6· 

c = = 端  
：  (4) 一

-一2cos( )z-】一z 
Th erefore，filter bank co~tmcted with units sho wn  

in figure 1 and figure 2 was proposed for discrete S肿  

computation，and they are named Sliding DFT and S1id— 

ing Goertzd DFT，as shown  in figure 3 and figure 4。 

Note that data from the same comb filter can be broadcast 

to all N IIR filters。which me．ans only one comb filter is 

required． 

Only rectangular an d Harming window can be applied 
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efficiently under these circumstances，which is the main 

drawback of these methods，or the simplicity of these 

structure will be compronfised by time domain muhipliea— 

tions[7I
．
However，in moat cases，window functions play 

critical roles to alleviate the Gibbs phenomenon．sTFr 

processors should work smoothly for arbitrary wi ndow 

function according to the prope．rty of si8 1alS for time— 

frequency analysis． 

Figure3 Sliding DFT 

·1 

Figure~ Sliding Goertzel 

2 FFT Processor with nigh Fre· 

quency Resolution 

Cooley— Tukey algorithm useS divide— 

an d— conquer scheme to convert long  se— 

saying ，more hardware consumption． 

According to Cooley——Tukey algorithm s with differ— 

ent radix and various architectures．many processors 

have been proposed．as shown in table 1．Radix一2 Sin— 

gle—path Delay Feedback(SDF)architecture made a 

good compromise between speed，flexibility， hardware 

consum ption and control complexity，as shown  in figure 

5[8，9I
．
in which BFI and BFIl represent two different 

types of butterfly units． 

However．when N > R ，which means resolution in 

frequency domain will increase ，the sliced subsequeBces 

should be augmentedwithN ——R zero ——value samples be— 

fore performing N —point DFT．Large amount of zero 

value samples result in wasting  of arithm etic operations 

andmoreover，hardware resources．For example，withN 

= 2R ，the second  half samples of the sequence are zero 

—value．W ith BFI in figure 5 performing  

N／2一I 

fX(2／)=∑( ( )+ ( +』、，／2))w 
J =0 

N，2—1 IX(2l+1)=∑( ( )+ ( +N／2)) w 
月=0 

(5) 

quence’sDFT toseveral iterations of sho rt se— 

quence’s DFT，which reduce the computation— 

al complexity of DFT from O(N )to O(NlogN)[ ． 

The leng th of the short sequence’s DFT is called the 

radixofCooley—Tukey algorithm ．Large radix algorithm  

means less iterations ，higher data throughput and without 

【a) (b) 

Figure 5 Iteration stage of Radix一2 SDF architecture 

with(a)x=l，(b)x=2 

addition and subtraction operations are totally wasted， 

which means the first stage of butterfly unit should be 

omitted ．An optimized Radix一2’一2 architecture fclrN 

Table 1 Comparison of Hardware Requirement and Power Co nsum ption 

Complex Complex Memory Complex Muhiplicatioa Complex Additi~a Memory access A
rchitectures 

nmltiplier number adder Number perFFr perFFr perFFT 

Pipeline R4SDCtin3 嘻 一1 8_嘲 N 2N一2 3／4N(k~N—I) Nlog2N 2N N 

R2SDF(9] ke,2N一2 2logaN N—l 1／2N(Iog2N一2) Nlog2N 2Nlog2N 

RasD~1I] 10glN一1 8k~,4N N一1 3／4N(1ogaN一1) Nlog2N 6N N 

R2"-SDFCS] I嘧 N一1 4logaN N—l 3／4N(1og4N一1) Nlog2N 2r,nog2N 

I毪MDC logan 一2 21og2N 1
． 5N一2 1／2N(Iog2N一2) Nlog2N 2NIog2N 

R4MDCD2] 3(Iog4N一1) 8k】glN 2．5N一4 3／4N(1og~N一1) Nk．~N 3)~eaN 

RSlVlI~13] 7(1嘧 N一1) (24十2T)logsN 3N一8 7／SN(1ogsN一1) (24十2T)／8 Jl【 N 7／'2Nk~N 

Memory Dual—port Atleastl Atleast 2 N 1／2N(1og2N一2) N1og2N 2№ N 

Baaed Memory[14] 

Ping—pong Atleast l Atleast 2 2N I／2N(k~N一2) N％g2N 2Nlog2N 

Memory[t5] 

* T is the corresponding  additions num ber for multiplication with a complex constan t 
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= 2R = 32 is -shown in figure 6．one of the complex 

multipliers is replaced by a constant nmhiplier in compari— 

son with traditional Radix一2 SDF architecture proposed 

in reference[8]．The first stage of butterfly unit is re— 

placed by fl multiplexer controlled by the MSB of the 

O nler is proposed as shown  in figure 7． 

des．Therefore．the STFT processor needd N／L-t SDF 

FFT units totally for real—time time—frequency analysis 

demand． 

The first consideration is to parallelize all ther N／L 

]=[32／33=11 units as shown  in figure 7．Input 

data LX)iTIe from each node of the shift register，multiply 

Figure 6 Optimized Ra dix一2 SDF for N = 2．R =32 

Generally，ifN = 2 ，thefirst r stagesof butter— 

fly units can be replaced by multiplexers．The feedback 

FIFO of the ith sta~e can be set to 

{ 1 ： (6) f D( )
：N／2 ，i≥ r — 

instead 。f ， Since multiplicati0n 。perfltion can be 

bypassed when multiplied with W0，the utilization rate of 

a multiplier can be deftned as the proportion of non——one 

value twiddle factors out of the tota1．Therefore，the uti— 

lization  rate of the multiplier cascading the ith stage but— 

terfly is 

．』 =(1一 h， <r(7 } 
( )=l一 1

， ≥ r 

in which2 is the  radix of Cooley—Tukey a 一 

rithm．111e same definition fl0r butterfly utiliza— 

tion rate can be achieved with value of 50％ ． 

When the multipliers／butterflies have low uti— 

lization rate，operations performed on them can 

be combined and performed by less hardware． 

The lowertheutilizationrateis。themore prob— 

ability of removing them there would be． 

3 Discrete 瞪T Pl-ocessor Architee- 

ture 

Because SI)F FFT unit needs at leastN cy． 

cles to perform N —point FFT for each subse— 

quence，decimationforL meanseachN ～point 

should be accomplished every L sample cy— 

with window factors and stream into the sepa— 

rated FFr units in the dashed boxes．In figure 

8．BFI and BFII are both represented as BF for 

simplicity．Each SDF unit performs 

for consecutive segments， which means the 

overlapped segments’ r§are performed si— 

multaneously by different SDF FFT units． 

A simple example for N ： R ： 4．L =1 discrete 

srFT calculation process is shown  in figure 8．in which 

FFrS for each windowed segment is perform ed in dashed 

boxes．In this architecture．each FFr unit starts to per． 

form  FFT at the same tim e．thus all the 1l FFr units can 

share the uniform  controUer．Furthermore．window fac． 

tors streamed to all the N window factor multipliers are i- 

dentical in fl certain cycle，whichme~rlsonlyoneflcoE~sof 

window factor memory is required per clock cycle．The 

same situation appears at the twiddle factor memory fie— 

cess in each SDF FFT unit． 

1 ’i~ure7 Original design of the discrete rFT 

r【O) 、 ，【1) ’ ，l1) 【O) o】 I 41) ’ vO) 
xfn+l1 x(n+2】 xtn+3’ tx{n+5’ x(n+61 

l， ＼ 、 ，＼ ，＼ ＼ 

＼ ＼ 。＼ 、 ＼ ＼ ＼ 
，＼ ＼ ，＼ ，l＼ ，＼ ，＼ ＼ 

＼ ＼ ＼ ＼ ＼ ＼ 。＼ 
＼ l，＼ _，＼ ，l＼ ， ＼ l，＼ ＼ 

＼ ＼ ＼ ＼ ＼ ＼ 。＼ 
l， ＼ _，＼ ＼ I＼ ＼ l，＼ 、 

Figures Di~rete Sl、FI’calculation process 

T O 1 2 3 阡 № № № № 
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However，as shown in figure 8，syrr~netry of win— 

dow factors is not taken into account totally．For the”th 

SDF FFT unit．the input data is 

( ’[m]= [ +m]叫[ z] 

=  [( 一N+2m+1)+(N一1一m)]叫[N 一1 

一

m] №FFT
。 

=  ((”一 ” ) N [N一1一m] (8) 

It is also the inDut data of some other SDFⅣ №2 

unit at some other time．Generally，because the win· №
． 1 

dow function slides with the overlapped segments， 

朗ch input data will multiply with a11 the N window №·。 

factors once throughout the calculation process．And 

、vith the symmetry of window factors；N／2 multipli— 

cation per sample can fulfill the window multiplication op— 

eration，while N multiplications are performed per sample 

in figure 7． 。 
、 

Furthermore，according to equation(7)，it can be 

shown that some multipliers’utilization rate in FFT units 

is much less than 100％ ．However，because the parallel 

multipliers are either idle or on duty simultaneously，mul— 

tipliers can not be reduced even their utilization rate is 

50％，as the situation at constant multiplication with w{． 

Moreover，this situation causes another problem in power 

consumption．Even if the multipliers can be bypassed 

when multiplied with 1 and average power consumption is 

reduced ，peak po wer remains steady．W hen peak power 

consumption is achieved ，the worst case，which is more 

pessimistic than the average power consumption，must be 

fulfilled during power supply de— 

sign． 

In order to develop the 

symmetry of the window fac— 

tom，as well as remove the si— 

multaneity of multipliers in FFT 

un its，calculation process can be 

changed as shown  in figure 9， 

and an im proved architecture 

based on it is prorx~d in figure 

10． Delay units between each 

un its are removed ．and in— 

twiddle factor multipliers are on duty alternately．There— 

fore，twiddle factor multipliers with low utilization rate 

can be combined by cascading switches，thus resulting in 

decreased multiplier number． 

X In} x1 n+l’为 n+zlx n+3-X In+4Ix n+5-x q n+6- 

l，＼ l，＼ ＼ ，’’ ，＼ 

＼ ＼ ＼ ＼ ＼ 
，＼ ， ＼ ＼ ，I＼ ，＼ 

＼ 。＼ ＼ 。＼ 
， ＼ ，l＼ ， ＼ ， ＼ ＼ ，I＼ k  

＼ ＼ ＼ ＼ ＼ 。＼ 
， ＼ ＼ ，l＼ ， ＼ ＼ ，l 

Figure9 An  ahcrnati~ t2 calculation process 

z H BF卜 。 丑 o 

l l 1 BF BF H BF卜 叫 z H BF卜 
圣 

H 重 BF BF H BF卜 

z H毒卜 喜 

FigurelO An  improved architecture 

In SDF architecture．the utilization rate of all the 

butterfly units is 50％ as mentioned above．Therefore． 

twobutterf1y units can be combined as in figure 11 pro— 

viding s( )= s( all over the time
， Therefore，many of 

them can be omitted in the parallel FFT array． 

(a) (b) 

Figurel 1 Combination of butterfly units 

put data broadcast to N multipliers for window multiplica— 

tion．Once the identical wi ndow nmhiplications take place 

at some tim e， one of the multipliers with identical 

operands can be bypassed to cs~ve power．Moreover，be— 

cause the N FFT un its start perf()邢 ing FFT successively， 

4 Implementation Results 

A design for N = 2R = 32 and L =3 based on fig— 

ure 11 is synthesized using SM IC 0．18tan standard cell li— 

brary．I~ca1．1se slfift registers in the design are small in 
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depth，itw&simplemented usingDFFs．Applingtheopti— 

mized high frequency resolution Radix一2 一2。SDF ar— 

ehiteeture instead 0f traditional one proposed in reference 

[8】，11 complexmulfipliem converts to 11 constant mul— 

tipliers for ， and 11 butterf1ies are saved in the FT 

pl'oce~qor．With T architecture&anged from figure 7 

to figure 10，redundant window multiplicat10n can be by— 

pl ，17 pairs of butterflies can be combined ，and half 

of the o0ns乜mt multipliers for W1can be removed．In this 

paper，only the multipliers with 50％ utilization rate are 

o0nl1)inedfor switcharray s／mplicity．FI~edw85-e and pow— 

er commnption of the two of T processors are listed 

in table 2． 

Table 2 Comparison between S肿 processors 

STrr ∞ce麓Df Cell aIB&(mn2) Power(row) 

Befom oI 6．17 1．45 

After 0l h 4．73 1．16 

5 Condmion 

In this paper．drawbacks of previous discrete FT 

architecture are addressed．To ove．roorrle these drawbacks 

and nlake the cliscrete Sn processor IlK)re universa1．a 

new architecture is p|：o 礴ed．~l'ne optimizations have 

been done。c日】sidl冀iT】g the hardware requirernemts and 

power oc瑚 ，rIlpti∞ ．A design forN = 2R ： 32 and L = 

3 has been synthesized璐ing Verilog model，uSiI1g SMIC 

0．18gra standard cell library． The synthesized design 

∞瑙ists of 470k equivalent logic gate，which is about 

32％ m~tlerthanthetraditionalimplementation，andthe 

power consumption redmes by 20％ ．After placed and 

routed，static timing analysis and sim ulation with timing 

back annotated shows that under worst—oAt$e conditions， 

20om  clock rate can be achieved ，which means that 

the real——time time— frequency analysis demand Call be 

fuⅡilled under the ssl'ne sample rate。 
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