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Abstract: A discrete short time Fourier transform (STFT) processor for time — frequency analysis is proposed in this paper. To overcome
the drawbacks of previous discrete STFT algorithms and architectures, a new architecture based on fast Fourier transform (FFT) array is
presented. An optimized single — path delay feedback (SDF) FFT architecture is proposed for high frequency resolution, which reduces
feedback FIFO depth and butterfly units’ number in comparison with the traditional one. Along with exploiting the symmetry of window
function and performing hardware combination, power consumption decreased by 20% . The processor has been implemented with SMIC
0. 18um standard cell library, static timing analysis and dynamic simulation with timing back — annotated show that under worst — case
conditions, 200MHz clock rate can be achieved, which means that the real ~ time time — frequency analysis demand can be fulfilled under
the same sample frequency.
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0 Introduction to be analyzed is non — stationary, such as speech, radar,

Discrete Fourier Transform (DFT) is the standard sonar signals. Applying simple DFT on the complete sig-

method for spectrum analysis in digital signal processing
field, usually implemented with Fast Fourier Transform
(FFT)M. It projects signals in the whole time domain on
& , so DFT works smoothly when employed for finite
— length signal composed of sinusoidal components as long
as each of the sinusoidal components is stationary. How-

ever, there are many practical situations where the signal
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nal will provide misleading resultst?’.

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 methods are proposed, including
Short ~ Time — Fourier ~ Transform (STFT), Wavelet
Transform( WT), Wigner — Ville Distribution ( WVD)
and Cohen’ s Class®). STFT is the most direct 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 DFT can be ap-
plied separately on these subsequences!*). STFT, also
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known as the Time ~ dependent Fourier Transform, is
defined as

Xsrer( e, n) = Zx[n + mlwlmle ™ (1)

~00

where w[m] is the properly chosen window factor.
Xsrer is a function of two separate variables, and the
display of the magnitude of the STFT is usually referred
as the spectrogram, in which time dependent spectrum of
z[n] can be easily analyzed. Usually, for digital
processing demand, the spectrum is usually calculated
discretely after sampling Xsrpr in frequency domain, and
each time ~ dependent unit can be calculated as a separate
DFT as follows:
Xsrrl ks n] = Xsr(e®* N, n) =

R-1
Z.z:[n + mJwlm e 2om/N =

m=0

R-1 ‘
Dzln+mlwlmlWp 0<E<N-1 (2)

m=0

Xsyrr can also be sampled in time domain for n = /
L, inwhich0 <L <R, - o < I <+ . Original
signal can be reconstructed uniquely provided L <C R <C
N.

STFT is the simplest time — frequency analysis
method, and has the same frequency resolution in high
frequency region as in low region which is important to
distinguish signals with constant frequency difference.
Moregver, equation of STFT is regular enough for hard-
ware implementation.

A low power STFT processor based on optimized
Radix — 2* SDF FFT processor array for high frequency
domain resolution is proposed in this paper, which can
fulfill the real ~ time processing demand for complex sig-

-nals with sample frequency the same as the system clock.
To simplify the question and not lose universality, in this
paper, these values are chosensothat N=2,R =32, L
=3 for algorithm and architecture analysis. In the follow-
ing sections, previous works are briefly reviewed and the
main drawback of them is addressed.

. Then a new architecture based on FFT arrays for
discrete STFT processing is proposed. Optimizations for
hardware efficiency and power consumption are also pre-

sented in this paper.

1. Previous Work on STFT
Before Cooley — Tukey algorithm was invented in

1965, DFT was calculated directly. The transform func-
tion of direct calculation and Goertzel algorithm for calcu-
lating the kth bin of DFT is shown as follows(®];

I (1~ Wzl
H(z) = 1- Wk 17 (1- W 1)(1 - Wi 1)
(1-weh
= - (3)
1- ZC(E(ZN”k )Z—l + 272

Block diagram for calculating one DFT bin using di-

rect DFT and Goertzel algorithm are shown in figure 1

and figure 2 respectivily. Because the multiplication on

feed forward path should be performed only once per N

cycles, the computational complexity of Goertzel algo-

rithm reduced from 3N multiplications and SN additions

to 2N + 3 multiplications and 4N + 2 additions for com-
plex input, in comparison with direct DFT calculation.

fn N (D) Fn)
fin) 7T\ Fi{n) H .
O > B

Figurel direct DFT Figure2 Goertzel algorithm
These IIR filter implementations for DFT are hard-
ware consumptive and replaced in most applications after
Cooley — Tukey algorithm invented in 1965, which is still
the dominated one for DFT implementation now!!l.
However, when the concerned frequency band is narrow
enough, the Goertzel algorithm might have computational

“advantage than Cooley — Tukey algorithm. On the other

hand, when calculating discrete STFT sample by sample
with rectangular window, Goertzel algorithm shows its
superiority. The transform function of 2th bin of discrete
STFT st}

Ho(z) = 1-2zN __(-2Ma-we)
BEIT - W T (1- WY1 - W)
- 1~z - weH (4)
1- Zm(%k )z'l + 272

Therefore, filter bank constructed with units shown
in figure 1 and figure 2 was proposed for discrete STFT
computation, and they are named Sliding DFT and Slid-
ing Goertzel DFT, as shown in figure 3 and figure 4.
Note that data from the same comb filter can be broadcast
to all N TIR filters, which means only one comb filter is
required.

Only rectangular and Hanning 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 compromised by time domain multiplica-
tions'”). However, in most cases, window functions play
critical roles to alleviate the Gibbs phenomenon, STFT
processors should work smoothly for arbitrary window
function according to the property of signals for time —
frequency analysis.

f(n) I D Fi(n)
\/ ]

~ -1 A
z z

L X

Figure3 Sliding DFT
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Figure4 Sliding Goertzel

2  FFT Processor with High Fre-

quency Resolution

Cooley — Tukey algorithm uses divide —
and — conquer scheme to convert long se-
quence’s DFT to several iterations of short se-
quence’s DFT, which reduce the computation-
al complexity of DFT from O(N?) to O(NlogN)1,
The length of the short sequence’s DFT is called the
radix of Cooley — Tukey algorithm. Large radix algorithm
means less iterations, higher data throughput and without

saying, more hardware consumption.

According to Cooley ~ Tukey algorithms with differ-
ent radix and various architectures, many FFT processors
have been proposed, as shown in table 1. Radix —2* Sin-
gle — path Delay Feedback (SDF) architecture made a
good compromise between speed, flexibility, hardware
consumption and control complexity, as shown in figure
5(8.91 in which BFI and BFII represent two different
types of butterfly units.

However, when N > R , which means resolution in
frequency domain will increase, the sliced subsequences
should be augmented with N —~ R zero — value samples be-
fore performing N - point DFT. Large amount of zero
value samples result in wasting of arithmetic operations
and moreover, hardware resources. For example, with N
= 2R , the second half samples of the sequence are zero

— value. With BFI in figure 5 performing

X(21) = Ni—:‘(:c(n) +z(n+ N2)WR,
X1 +1) = %l(x(n) + x(n + N2)) WEWR,

(5)

Figure 5 Iteration stage of Radix — 2* SDF architecture
with(a)x=1,(b)x=2

addition and subtraction operations are totally wasted,

which means the first stage of butterfly unit should be

omitted. An optimized Radix — 2% — 22 architecture for N

Table 1 Comparison of Hardware Requirement and Power Consumption

Architectures Complex Complex Memory Complex Multiplication Complex Addition | Menwory access
multiplier number adder Number size per FFT per FFT per FFT
Pipeline | R4sDCL10) logsN— 1 SlogsN 2N-2 3/4N(logsN—-1) NlogN NlogsN
R2SDF!9] logzN =2 2logzaN N-1 1/2N(logzN~2) NlogaN 2NlogaN
R4SDF{!1] logsN -1 8logyN N-1 3/4N(logsN~1) NlogaN 6NlogyN
R22SDF(8] logsN -1 4logsN N-1 3/4N(logsN~1) Nlog:N 2NlogaN
RMDC logaN~-2 2logsN 1.5N-2 1/2N(logzN—2) NlogaN 2NiogzN
RaMDl12] 3(logsN-1) 8logyN 2.5N-4 3/4N(logsN-1) NlogzN 3NlogsN
R$MDCI 13 7(logsN~—1) (24 +2T)loggN * 3N-8 7/8N(logsN—1) (24 +2T) /8NloggN 7 /72NloggN
Menory Dual - port At least 1 At least 2 N 1/2N(logzN ~2) ' NlogaN 2NlogsN
Based Memory' 14!
Ping — pong At least 1 At least 2 2N 1 2N(logyN ~2) NlogaN 2NlogaN
Mmm[ 151

* T is the corresponding additions number for multiplication with a complex constant.
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= 2R = 32 is shown in figure 6, one of the complex
multipliers is replaced by a constant multiplier in compari-
son with traditional Radix — 22 SDF architecture proposed
in reference[ 8]. The first stage of butterfly unit is re-
placed by a multiplexer controlled by the MSB of the
courtter is proposed as shown in figure 7.

¢ ]

cles. Therefore, the STFT processor needs| N/L 1 SDF
FFT units totally for real — time time - frequency analysis
demand. »

The first consideration is to parallelize all thel N/L
1=132/31=11 FFT units as shown in figure 7. Input
data come from each node of the shift register, multiply

with window factors and stream into the sepa-
rated FFT units in the dashed boxes. In figure

m WL = o 8, BFI and BFII are both represented as BF for
o T HEH—| Bl 280 Bl Bl  simplicity. Fach SOF FFT unit performs FT
y 1 y 7 for consecutive segments, which means the

—

I R . I

(=]

] overlapped segments’ FFTs are performed si-

Figure 6 Optimized Radix—2 SDF for N = 2,R =32
Generally, if N = 2'R , the first r stages of butter-
fly units can be replaced by multiplexers. The feedback
FIFO of the ith stage can be set to
D(i) = N2 ,i<r

D(i) = N2,i>=r ©)

instead of g Since multiplication operation can be

bypassed when multiplied with W, the utilization rate of
a mutltiplier can be defined as the proportion of non ~ one
value twiddle factors out of the total. Therefore, the uti-
lization rate of the multiplier cascading the ith stage but-
terfly is

bty = (1- 1) i< s
. )
U,,d(i)=1—2—1, i=r

in which 2% is the radix of Cooley — Tukey algo-
rithm. The same definition for 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 lower the utilization rate is, the more prob-

ability of removing them there would be.

3 Discrete STFT Processor Architec-
ture

: Because SDF FFT unit needs at least N cy-

cles to perfoorm N — point FFT for each subse-  No3un

quence, decimation for L. means each N ~ point

multaneously by different SDF FFT units.

A simple example for N = R = 4, L =1 discrete
STFT calculation process is shown in figure 8, in which
FFTs for each windowed segment is performed in dashed
boxes. In this architecture, each FFT unit starts to per-
form FFT at the same time, thus all the 11 FFT units can
share the uniform controller. Furthermore, window fac-
tors streamed to all the N window factor multipliers are i-
dentical in a certain cycle, which means only one access of

window factor memory is required per clock cycle. The

same situation appears at the twiddle factor memory ac-
cess in each SDF FFT unit.

d ' m) x(m)=
x(n+m)w{m)
N\
w{m) xtn+m)

FFT should be accomplished every L. sample cy-

n n+1 né2 n+3 n+d nd5  ne6  tme

Figure8 Discrete STFT calculation process
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However, as shown in figure 8, symmetry of win-
dow factors is not taken into account totally. For the nth
SDF FFT unit, the input data is
2 m] = z[n + m]wlm]
=z[(n-N+2m+1) +(N-1- m)]w[N -1
—m]

- x((n—mz,,.n)%N)[N -1-m] (8)

It is also the input data of some other SDF FFT
unit at some other time. Generally, because the win-
dow function slides with the overlapped segments,
each input data will multiply with all the N window
factors once throughout the calculation process. And
with 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. d .

Furthermore, according to equation (7), it can be
shown that some multipliers’ utilization rate in FET 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 power remains steady. When peak power
consumption is achieved, the worst case, which is more

pessimistic than the average power consumption; must be

&R

No.0 Unit w(\_": N N N N

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-.

4)x(n+5) );Twe)

x{n+m)
x"m) =
w(m)\ X(n+m)w{m)

w(m)

x(n+m)

n 1 M2 n+3 n+d4 5 n+6  time

Figure9 An alternative calculation process

- R
L BF X BF | BF
[ BF X[ BF | BF H

Z' I+ BF
1 2" b BF
1 2 || BF |

Pt : :
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Figurel0 An improved architecture

w(3)

-
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In SDF architecture, the utilization rate of all the
butterfly units is 50% as mentioned above. Therefore,
two butterfly 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.

fulfilled during power supply de-

san )| N ) L N2
In order to develop the

symmetry of the window fac- 2+ N12) [ x(m) *(nN/2)] X" ()

tors, as well as remove the si- = 7

multaneity of multipliers in FFT “n) | 2y “) iﬂ'(nﬂw:')

units, calculation process can be

changed as shown in figure 9,

and an improved architecture = *'(**N2) LX) x(n N2 b> X' (n)

based on it is proposed in figure rZ

10. Delay units between each (a) (b)

FFT units are removed, and in-

put data broadcast to N multipliers for window multiplica-
tion. Once the identical window multiplications take place
at some time, one of the multipliers with identical
operands can be bypassed to save power. Moreover, be-
cause the N FFT units start performing FFT successively,

Figurell Combination of butterfly units

4 Implementation Results
A design for N = 2R = 32 and L =3 based on fig-
ure 11 is synthesized using SMIC 0. 18um standard cell li-

brary. Because shift registers in the design are small in
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depth, it was implemented using DFFs. Appling the opti-
mized high frequency resolution Radix — 2* — 22 SDF ar-
chitecture instead of traditional one proposed in reference
[8], 11 complex multipliers converts to 11 constant mul-
tipliers for W} ,” and 11 butterflies are saved in the STFT
processor. With STFT architecture changed from figure 7
to figure 10, redundant window multiplication can be by-
passed, 17 pairs of butterflies can be combined, and half
of the constant multipliers for W} can be removed. In this
paper, only the multipliers with 50% utilization rate are
combined for switch array simplicity. Hardware and pow-
er consumption of the two of STFT processors are listed
in table 2.
Table 2 Comparison between STFT processors

STFT processor Cell area(mm?) Power(mw)
Before optimized 6.17 1.45
After optimized . 4.73 1.16

S Conclusion

In this paper, drawbacks of previous discrete STFT
architecture are addressed. To overcome these drawbacks
and make the discrete STFT processor more universal, a
new architecture is proposed. Some optimizations have
been done considering the hardware requirements and
power consumption. Adesighfor N=2R=32and L =
3 has been synthesized using Verilog model, using SMIC
0. 18um standard cell library. The synthesized design
consists of 470k equivalent logic gate, which is about
32% smaller than the traditional implementation, and the
power consumption reduces by 20% . After placed and
routed, static timing analysis and simulation with titning
back annotated shows that under worst — case conditions,
200MHz clock rate can be achieved, which means that
the real — time time — frequency analysis demand can be
fulfilled under the same sample rate.

References:

[1] * Cooley ] W, Tukey ] W. An Algorithm for Machine Compu-
tation of Complex Fourier Series[J}. Math Comput, 1965,19
(4):297 - 301.

[2] Francos A, Porat M. Non — stationary signal processing using

time — frequency filter banks[ C] // Proceedings of the 13th In-
ternational Conference on Digital Signal Processing. [s. 1. ]:
IEEE, 1997:765— 768.

[3] Cao Fan, Wang Shuxun, Wang Fei. A New Time — Frequen-
¢y Analysis Method of Multi - Component Chirp Signal[ C]1/
Proceedings of the! 8th International Conference on Signal
Processing. [s.1. ]: IEEE, 2006. _

[4] Nawab S,Quatieri T,Lim J. Signal Reconstruction from Short
— Time Fourier Transform Magnitude[]J]. IEEE Transac-
tions on Acoustics, Speech, and Signal Processing, 1983, 31
(4):986 —998.

[5] Goertzel G. An Algorithm for Evaluation of Finite Trigono-
metric Series[ ] ]. American Mathematical Monthly, 1958,65:
34-35.

[6] Farhang— Boroujeny B, Lim Y C." A Comment on Computa-
tional Complexity of Sliding FFT[J]. 1EEE Trans on Circuits
and Systems 11, 1992,39(12) :875 - 876.

[7] Jacobsen E, Lyons R. The Sliding DFT[]J]. IEEE Signal
Processing Mag, 2003, 20(2):74 - 80.

[8] He Shousheng, Torkelson M. A new approach to pipeline
FFT processor [ C] // Proceedings of the 10th International
Parallel Processing Symposium. {s. 1. ]: IEEE, 1996: 766 —
770.

[9] Wold E H, Despain A M. Pipeline and parallel ~ pipeline FFT
processors for VLSI implementation[ J]. IEEE Trans Com-
puters, 1984,C—33(5):414 - 426.

[10] Bi G, JonesE V. A pipelined FFT processor for word sequen-
tial data[J]. IEEE Trans Acoust, Speech, and Signal Pro-
cessing, 1989,37(12):1982 — 1985.

[11] Despain A M. Fourier transform computer using CORDIC it-
erations( J]. IEEE Trans Computers, 1974,C~23(10):993
-1001.

[12] Bidet E, Castelain D, Joanblang C, et al. A fast single — chip
implementation of 8192 complex point FFT{J]. IEEE ] Solid
— State Circuit, 1995,30(3):300 —305.

[13] Zhang Shiqun, Yu Dunshan, Sheng Shimin. An ultra - high

- speed Real ~ time FFT processor[ C] // Proceedings of the 6th
International Conference on ASIC. [s. 1. ]: IEEE, 2005:227
—-230.

[14] Lo Hsin— Fu, Shich Ming — Der, Wu Chien — Ming. Design
of an efficient FFT Processor for DAB system[ C] // Proceed-
ings of 2001 Symposium on Circuits and Systems. [s. 1. ]:
1EEE, 2001:654 ~657.

[15] Bass B M. A low~ power, high— performance, 1024 — point
FFT Processor[J]. IEEE Jour Solid ~ State Circuit, 1999,34
(3):380—387.


http://www.cqvip.com

