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512-pt FFT: Synthesis-Time Bottleneck

e Direct-mapped architecture took 8 hours to synthesize,
retiming unfinished after 2.5 days

= Difficult to explore the design space using synthesis

SUOIIPPY |e3Y 99GET

4360 Real Multiplications
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Agenda

e FFT hardware estimation
= Structured model

e Basic FFT architectures
= Time-mux, direct-mapped
= SDF, MDC

e Architecture optimization
= Fixed FFT size
= Flexible FFT size
= CORDIC example
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FFT Model for

Hardware Estimation



Exploiting Hierarchy

Treat each stage as a group of butterfly-2 structures,
with varying twiddle factors

Stage 1 Stage 2 Stage 3
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Modeling the Radix-2 Butterfly: Area

Multiplication with CSA
Shifted version of the input
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Further Simplifications

.2ntnk
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Twiddle-Factor Area Estimation

Non-zero bits 0-8 for the sine and cosine terms | observe symmetry

Non-zero bits in the cosine term

Number of twiddle factors
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Area Estimates from Synthesis
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FFT Timing Estimation

Stage 1 Stage 2

ST

}<>{

X, ® ><. We° X;
Xg @ ® :W X3
e *4
X; @ We : ‘ X5
X; @ >{ iw X
Xy ¢ We’ 1@ :W S| W Xy

e Critical path in each stage: delay of most complex butterfly
= Varied between 1.6 ns to 2 ns per stage (90-nm CMOS)

e Inserting pipeline registers between stages reduces the delay
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FFT Energy Estimation

e Time-consuming switch-level (MATLAB) or gate-level (RC) sims

e Derive analytical expressions for each butterfly as a function of
input switching activity and nonzero bits in the twiddle factor

Xo

Stage 1 Stage 2 Stage 3
® pP1(0) _a P2(0)?
p1(4)‘>< P2(1)?
® we o1 i
p1(2); . p2(2)?
® ><D e
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FFT Architectures:
A Space-Time Tradeoff



FFT Architectures

Execution time

(~1/Throughput)

Memory-based

. SDF, MDC
time-mux

Direct-mapped
parallelism

Area
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Basic Architectures (1/2)

PU

Mem

PU

Delay

Memory-based

e One PU
e Large Mem

PU

Delay

—

—

Multipath Delay
Commutator

e 1/r utilization
e Feed-forward
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Parallel MDC FFT

STAGE1
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Also allows mix-radix implementation
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Single-Path Delay Feedback (SDF) FFT

X[0] X[0]
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FFT Design Space

1/Throughput
A
Memory-based

SDF, MDC

Most common
(best tradeoff)

P-SDF, P-MDC

| .
Area
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SDF-based FFT:

Architecture Optimization



FFT Optimization

Opt. For a given performance

Problem Minimize energy and/or area

e Radix factorization

\
\51)3)\’2»\)51h e Parallelism
OS .
&« o

e DL realization
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FFT Factorization:
N=N,xN,
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Flexible Processing Element (PE)

-

PE1

(-
-0

)

=~/

PE2 (1)

- Lol
PE4 (3/2/1)

PE3 (2/1)

O
&
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Radix Implementation

2 PE1

4 PE2+PE1

8 PE2+PE3+PE1
16 PE2+PE3+PE4+PE1
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Only 3 Constant Factors to Build PUs

R real part —>
e{x} © - x—@—» (<)
Im{x} —> X(-) Re{x} 0.9238 —>(P @ " XCs
Naga=1 0.3828 @—9 XCy
Re{x} 0.7071 @{"‘ XC1 0.3828 @_>
Im{xt L3P/ 07011 L) xe,  Im{x) 0.9238 <>/ xCs
Naga =11 Naga= 18

CSD realization

0.7071 271 4+234244264 )-8 4
0.9238 20-23 42> 426423 4
0.3828 2724234277 2
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Hardware Cost of PUs

Butterfly Const “x”
adders (equiv. “+”)

Implementation

2 PU1 4 0
2° PU2+PU1 3 1
23 PU2+PU3+PU1 12 13
24 PU2+PU3+PU4+PU1 16 43

e Normalize to an equivalent adder (of certain WL)

e Calculate relative cost for each radix
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Impact of TW Wordlength

FFT size 4 points 8 points 16 points

TW bits | 8 [10|12 [14|16| 8 |10|12]14| 16| 8 | 10|12 |14 | 16
Radix-2 58|70 82|94 |106| 87 |105[123[141[159
Radix-22 - L= -] - EERIEEY 49
Radix-23 11 13|h313 15 R
Radix-2% | - | - | - | -|-|-|-1]-1|-] -

e Complexity: the number of equivalent adders

€ Uses full
& multipliers

e Example: 16-point FFT
= Two radix 22 stages (1 add/stage)
= Inter-stage full multiplier (3 mults + 5 adds)
= Complexity (8-bit TW) =2 +(3:8+5)=31
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Radix-Optimized 1024-pt FFT

'~ Final architecture | | - Sl < s
N1 =128, N2 =8 128-pt (4/4/8) , 8 : parallel
(out of 68 arch.) : i[ pipelineFFT = —»0:0-» FET
128-pt FFT )
[ 2—64 J [ Z—32 ] [ Z—16 J [ Z—8 i| [ Z—4 i| [ Z—Z i| [ Z—1 i|
PU2 PU1l PU2 PU1 PU2 PU3 PU1
Radix 4 Radix 4 Radix 8
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Normalized Energy
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Optimization
Techniques
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Normalized Area
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Pointer-based DFF Delay Line

Lo—»zo‘l—o—>qu—o—> s

h 4
Input -e»{Cell L Cell

v v v
OR

¢«
r‘
0
® 4«

Output

e Shift DL chooses a register cell to read/write

= Remaining cells are clock-gated to save power
e DFF good for small size

= No periphery

= Can scale V,
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Optimal Delay Line Partition

(MW-mm?)
=)

Power-Area Product
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Delay Line
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27 28 29 210

D flip-flop  Register file
(128, 256) (512, 1024)
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Ping-pong Register File Delay Line

\I\/IUX/ \MUX/ \MUX/ \MUX/ \MUX/ \MUX/
"-. _____ 1024 delay buffers 512 delay buffers
—> —> —> —>
o . =l o
b mje z _ Mmile
)t § Length-256 S| (= Length-256 <|
P . Cle x| .| Ping-Pong RF Cle
—| " }»| Ping-Pong RF | | JIX<]| N — <[,
f Clk e f Clk
40MHz Input e 80MHz
SN
Length-128 SP RF
> —>
WEN Addr
LSB* 7* = L[z output
P
Length-128 SP RF
_>
WEN Addr |
Lsgy 7}
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Normalized Energy
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Normalized Energy
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Optimization
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Normalized Energy

O
[T

=

Min EAP
AmW, 0.75mm?

(@ 200MS/s)

Normalized Area

15.34



Energy/FFT [nJ]

Mix-Radix vs. Sub-V Circuits
1024 points, 240 MS/s

} Radix 4 @ 0.27 V
Sub-V; circuits
17.2 b
Mix-radix @ 0.46 V
Logic synthesis ook et
145 ISSCC 2011,
C.-H. Yang, et al.,
= JSSC 3/2012.

N\

5.5
Area [mm?]
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Flexible FFT:
LTE Example



3GPP-LTE Specifications

Parameter Configuration
FFT size 128 256 512 | 1024 | 1536 | 2048
BW (MHz) | 1.25 2.5 5 10 15 20

e Consider all configurations to find best architecture

e 15 MHz band requires support for radix 3
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Flexible FFT (128-2048 pts) for 3GPP-LTE

16-256-pt
SDF FFT

................................

8/6-pt
parallel
FFT

MUX

PU2

PU3 PU4

PU1

Flexible FFT:
N, =16 to 256
N,=8o0rb6

BW FFT Optimal
(MHz) size Factorization
20 | 2048 | (16x16)x8
15 1536 | (16x16)x6
10 1024 (8x16)x8
5 512 (8x8)x8
2.5 | 256 (4x8)x8
1.25 | 128 (16)x8

16-pt FFT
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Flexible FFT — Chip Layout

3.16 mm

EEERNEEEREEENERENESAEERN
1.1 mm —>|

Reg. File Bank

128-2048 pt
FFT

FEEEBYARENEEEEE R B EENEENEEREERREE
IR JEENNENEEENENENENENEENRENENENEEEREED

C.-H. Yang, et al., VLSI 2011.
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Energy of Flexible FFTs

Energy/FFT (norm. to baseline)

5
Power-f, N o
4 || E/FFT=
L. /65nm
3 112n) @ 0.27V € Y.Chen, etal,
TCAS-II, 2/2008.
AW d
s\ 0 pwrend
2 JSSC, 1/2005.
0 O Qri@ 0.42V
1$ Q o o © Baseline: C.-H. Yang and
D. Markovié, VLSI 2010.
0

129 150 512 1026‘ 1536 206,8
6.7 13.3 27 53 80 106

FFT size, Baseline Energy (nJ/FFT)
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CORDIC

Example



Generalized CORDIC Architecture

N, N, (if =1 : fully folded) 1/G
——

.é’ ‘é’ 6’& (x)
aeoa | I BDEANE |
N, (if =1 : fully pipelined) |

Design Variable m Depending on

Iteration per Pipeline Stage N, Operating Frequency
Number of Pipeline Stage N, Throughput, Area, Power
Folding Factor \'H Throughput, Area, Power
Total Number of Iterations N (=N;N,N;) Accuracy
Gain-factor Normalization 1/G Accuracy & Application
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System Requirements Affect Implementations

e Accuracy vs. lteration
£ 920 -_9::@, ! ! :
&, s = -y ; Phase Err. < 0.2%
0 B SARLESS g
w g
c 2 S T | 12 CORDIC
72 lterations
-5 : : : : ! |
g 2° .. Phase Error | L ; : @
O 27| — Magnitude Error '--* ------ e § .
5-15 ; ; ; ; ; 18 Different
0 2 4 6 8 10 12 14 16 ||mplementations
Total Number of Iterations
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Normalized Performance

Design for Power, Area, or Throughput?

Design Number

Design| Ny | N, | Ns | Design| N, | N, | Ny

DI 1 2 6 D10 1 3 4

D2 1 6 D11 1 4 3

D3 2 1 6 D12 3 1 4

DA 2 6 1 D13 3 4 1

D5 6 1 2 D14 4 1 3

D6 6 2 1 D15 4 3 1

D7 2 2 3 D16 1 1 12

i O D8 2 3 2 D17 1 12 1

0 2 4 6 8 10 12 14 16 18 D9 3 2 2 D18 12 1 1

Select suitable design based on requirements
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Blind Parameter Estimation

e Cognitive radio (CR): opportunistic spectrum sensing,
classification and utilization

e Cyclic auto-correlation (CAC): universal way to extract
signal features without prior knowledge (i.e. blindly)
= Modulation-type classification (PSK, QAM, MSK, AM...)

= Symbol rate (F and carrier frequency (F_. ) estimation
sym car
I:sym 4Fcar
r —j27aT,n o L0 O ' ' O ' '
Foym =argmax Z Ml et Zosp T @‘findspéctralj #0123 e |
(Eg. 1) > 0.7
QU |
Ny -1 S g'g '
. - 0. : .
4F, =argmax| Y x[n]*e > %" & 0. E—
ZE '® 0.3 : 3 3
(Eq. 2) " | n=0 £ ! : :
{A} = 0.2
] 2 0.1 iUkl bbbl ML A
need CORDIC here % 10 20 30 40 50 60 70 80
Frequency (MHz)



Blind Parameter Estimation

e Implementation considerations

= No gain-factor normalization: argmax doesn’t care

= Medium precision on magnitude: 6 iterations enough
= Low throughput: frame sizes (N; and N;) always >> iter. latency
= Low leakage (area): only active every N; and N; clock cycles

1.0
[ =

©
e 0.8

Design Configurations (N;,N,,Ns)

[
-979
'1“5_-‘ " ~
—

40nm Result

Area = 300pum?
Edyn + EIeak = Zp'l
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FFT Architecture: Takeaways

e FFT hardware model has to consider the use of
constant multipliers for twiddle factors

= Such model guides selection of radix

e Radix factorization is essential for low energy & area
* Proper radix granularity from 2 to 16

e Flexible processing element allows radix factorization
= |t also supports flexible number of FFT points

e DFF and RF should be carefully implemented
= DFF up to 256 points, RF for 512 and above
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