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Under Construction



Artificial Intelligent Image Sensor Yoshiaki Hagiwara

9 Artificial Intelligent Image Sensor

SON

Hagiwara joined Sonyin 1975 to work
for his dream of building an artificial
intelligent (AI) robot system with the

smart and real time vision system.
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The front page of the Sony Family
Journal of January 2003 issue
No.142/ Vol 17 shows the Atom Boy.
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Hagiwara worked on CCD image sensors
from 1975 till 1980. Then Hagiwara started
building the digital CCD camera system.

Hagiwara team in Sony in 1989 built the 25
nano sec access time 8 M bit Cache SRAM
for fast image data acquisition from CCD

image sensor signal output and reported the
resultsat ISSCC1989

Then Hagiwara started working on the
micro controller chips, SPC400 and SPC800
series for the Sony consumer products.
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In 2001 Hagiwara was invited in the International
Conference ESSCIRC2001 in Vilach, Austria to talk
about his dream on the entertainment consumer
products including the AIBO robot system which was
made possible with many important semiconductor
components including the intelligent image sensor chip.
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Yoshiaki Hagiwara

In 2008 Hagiwara was invited in the International Conference ESSCIRC2008
in Edinburgh, Scotland UK, to talk about his dream on the entertainment
consumer products including the real time fast dedicated cell processor
engines, the Cell/ B. E . and Toshiba Spurs, for the PS3 game machine.
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Sony/IBM/Toshiba Cell/B.E. and Toshiba Spurs Engine
Mitsuo Saitoat ICD-ARC Panel, May 13, 2008
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Software approach of Real Time Pattern Recognition is also one of the
AISP efforts. However, to utilize real time software approach effectively,
we need to design first a powerful hardware real time engine, which is
much more powerful than Intel processors and Cell processors.
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45 nm Cell/B.E. Die Photo by Osamu Takahashi, ISSCC2006
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A powerful hardware real time engine needs first a very fast memory
unit and a very powerful ALU unit in parallel architecture.
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45 nm Cell/B.E. Die Photo by Osamu Takahashi, ISSCC2006
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Artificial Intelligent Image Sensor needs a powerful hardware real time engine.

Prof. C. A. Mead and Yoshiaki Daimon Hagiwara
working on the silicon chip design at Caltech in 1972

4 8

128-bit Multicomparator chip, designed by Hagiwara .
in 1972-1973 and fabricated by Intel PMOS process. 128 blt Multl Comparator Chlp

128 bit Multi Comparator Chip designed by Caltech Students and fabricated by Intel Ppocess.
IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976



Artificial Intelligent Image Sensor Yoshiaki Hagiwara

9 Artificial Intelligent Image Sensor

Artificial Intelligent Image Sensor needs a powerful hardware real time engine.

; _- ,...."' ; .&
1971 Intel 1101 256 bit DRAM chip 128 bit Multi Comparator Ch|p

128 bit Multi Comparator Chip designed by Caltech Students and fabricated by Intel DRAM Process.
IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
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Artificial Intelligent Image Sensor needs a powerful hardware real time engine.
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128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
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Artificial Intelligent Image Sensor needs a powerful hardware real time engine.

%
Din DATA REGISTER Dout *2 ,
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128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
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Artificial Intelligent Image Sensor needs a powerful hardware real time engine.

Din DATA REGISTER Dout ,
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Block Diagram of 128 bit Multi Comparator
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128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
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Artificial Intelligent Image Sensor needs a powerful hardware real time engine.

Voo

Veo s R R ",
" | OATA _:"'1_.
! G NEILALRE T
_J_UI—JLIL r—4 ¥ "o
.t’ “ COMPARATOR | |
TT OYNAMIC STATIC DYNAMIC [
i _ (c) Clock Timing .
(a) Basic Shift Register ﬁ' T e
eeSren _) L 8
c° | ;
] 2 s
FX, I REGISTER .~
) l B
Vee l.'.'l e

Full Schematic of One Bit Slice
(b) Gated Exclusive Nor Gate (d) Truth Table of the Multi Comparator



Artificial Intelligent Image Sensor Yoshiaki Hagiwara

9 Artificial Intelligent Image Sensor

The output signal of an image sensor is buried in many kinds of noises
and appears only in a short time slot AT during the total cycle timeT.

_ Pre charge reset level
l VsigA(t) 1s not constant.

Vsig(t) t

VsigA(t) |-}

The output signal VsigA(t) of the Single Sample Hold Circuit still includes a lot of noise component.
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Our task is extracting the important information needed for us from
the image sensor output signal which has many kinds of noise.

_ Pre charge reset level
l VsigA(t) 1s not constant.

Vsig(t) t

VsigA(t) |-}

The output signal VsigA(t) of the Single Sample Hold Circuit still includes a lot of noise component.



Artificial Intelligent Image Sensor Yoshiaki Hagiwara

9 Artificial Intelligent Image Sensor

The effort of extracting the important information needed for us is by
definition the artificial intelligent signal processing (AISP).

_ Pre charge reset level
l VsigA(t) 1s not constant.

Vsig(t) t

VsigA(t) |-}

The output signal VsigA(t) of the Single Sample Hold Circuit still includes a lot of noise component.
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In 1972, M. White proposed Correlated Double Sample (CDS) circuit which
has three sample hold circuits and one analog subtraction circuit to delete
the undesired noise components of the output signal of CCD image sensors.

S/H pulse 1 (TD) i(’H pulse 2 (T2)
Vsig (1) % VsigA(T1) ¥ VsigA(T1)
E—— S/H o | S/H Analog

(1) | (2) | Subtraction
L :b— VsigA(T1) — VsigB(T2)
3) | VsigB(T2)

M .H. White, D. R. Lanpe, F. C. Blahaand I. A . Mack,
"Characterization of surface Channel CCD Image Arrays at Low Light Level",
|IEEE Journal of Solid State Circuits, SC-9, pp.1-13(1974)
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Only one CDS circuit was originally used in classical CCD image sensors.

VCTG(i,j) = ‘,"'rrn i (T2)
PPD (i, ] )I 4;_,:; Vsig (t) = Vsig‘\(Tl) = VsigA(T1)

&) (1) (2) Subtraction
o v :ﬁ‘ VsigA(T1) — VsigB(T2)
z 4 sm—
b= _(3) | VsigB(T2)
o
>

HCTG (j) —|T

Horizontal CCD Output RGM_
I b 5 - Circuit
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But now one CDS circuits was built in each column line.

VCTG (i,j) [2
— 1 =
[PPD (i) : e i —
g Vsig () ¥ VsigA(T1) VsigA(T1)
a S/H e S/H Anes
E (1) (2) Subtraction
5 :i)— VsigA(T1) = VsigB(T2
5 — sigA(T1) — VsigB(T2)
» S/H ——
T _(3) | VsigB(T2)
[ CDs (j) |
HCTG (j) =

Horizontal Data Output Line cDS l—] Output
I s - Circuit
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The correlated double sample (CDS) circuit needs a powerful hardware
engine to perform analog signal subtraction function which must be
implemented by a well balanced and carefully designed differential
amplifier circuit built with the CMOS process technology.

oM oulse 1 TD SH puise 2 (T2)
Vsig (t) ’ VsigA(T1) t VsigA(T1)
@

—eo— S/H S/H

(1) (2) Subtraction
— _b—- VsigA(T1) - VsigB(T2)

>

S/H —
_(3) | VsigB(T2)

Analog
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The intelligent circuit design of the correlated double sampling hold
(CDS) is alsoone of the AISP efforts.

PP e | (T2)
Vsig (t) ¢ Vsig.A(T].) VsigA(T1)

S/H S/H Analo.g
p——1 (1) (2’ Subtraction
— _b~ VsigA(T1) — VsigB(T2)
> 8

S/H —
_(3) | VsigB(T2)
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The CCD image sensors with the CCD type CTD was built with the
vertical and horizontal CCD type analog shift registers which are
made of many CCD/MOS memory capacitors acting also as the in pixel
Global Shutter Buffer Memory (GSBM).

VCTG (i, ) | =

. @

[PPD (i) 2

&

o

0
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. — et
S

>

the CCDimage sensors with the HCTG (j) _IT

Builtin Global Shutter Function | Horizontal CCD Output Register
Circuit




Artificial Intelligent Image Sensor Yoshiaki Hagiwara

9 Artificial Intelligent Image Sensor

However, the classical CMOS image sensors used the CMOS type
charge transfer device (CTD) which had a problem of image distortion
in moving objects by the rotary shutter effect.

LQ_:_|.-=> | \_!_‘!§-=>

the CCDimage sensors withthe the classical CMOS image sensors
Built in Global Shutter Function with rotary shutter effect
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" N

The in pixel Global Shutter it N_!- Bster
Buffer Memory (GSBM) was —
needed absolutelyin CMOS ~ °"¢ gfcggos T el
image sensors. Hinted by for the GSBM | L o
the CCD type CTD with the | et

: : 3 )] | Pair Generation
builtin CCD/MOS capacitor chargs ranter —pt | N f(;
type GSBM, Hagiwarain 1975 T i e 5
proposed to add one CCD/MOS : " RRCE
capacitor type GSBM in each o % o Em,',,,.&.:ha,ge Field Photo Pair
pixel with the three voltage Action Mode T T e g snerten
level CTG operation scheme. ELJ B N

o Fig. 7

Yoshiaki. Hagiwara, Japanese Patent Applications JPA 1975-127647, JPA1975-127647 and JPA 1975-134985.
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1T1C DRAM has the N+ floating source diffusion as the memory capacitor.

vdd
Metal Shield
‘ Row
dd —

PG Front Light OTG Reset

Vdd = ﬂ \%  —e
Sioz{} I i |
P+

B P T

| N | \
Floating Diffusion type
P Global Shutter Buffer Memory (GSBM)
P+

E Si02
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It is a natural choice to use also the floating diffusion for the GSBM
for CMOS type CTD image sensors.

® Vdd

Metal Shield
| [ Row
Front Light Reset |

PG
Vdd 1 |-| CrG Vdd __I_I—.

si02 L >
N+ | P+ | N+ N+
| N | '\
Floating Diffusion type
p Global Shutter Buffer Memory (GSBM)

P+

E Si02

Guang Yang, Orly Yadid-Pecht, Chris Wrigley, and Bedabrata Pain,
"A Snap-Shot CMOS Active Pixel Imager for Low-Noise, High-speed Imaging",
Technical Journal of IEDM1998, 98-45, Dec 1998.
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The intelligent device design of the Pinned Photodiode (PPD) with low
noise and very excellent light sensitivity is one of the AISP efforts.

Vpin=0 Vere  Veep

—
iy

P+ Ni ’Iwe-\\* N> /

P+

:T 8102
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Artificial Intelligent Image Sensor needs many kinds of powerful
hardware real time engines. Discrete Fourier Transformation (DFT)
Engineis one of them which is essential for voice and picture recognition.

Conventional Uniform Interval A(T/N) DFT () Sampling Scheme

1 a(t) = cos ( ant/T) for N = 8 points a[1={al[1], a[2], - »al8]}
1 » N AL1={A[1], AL2], .. , AI8]}
\ / \\\ !//'C\\\ /\ / DFT [m][n] =exp(—2mnmi/N)
\ [ ] \aw famr bt pm / t form=1,2, ceeee N andnz1, 2,eeeeeN\.
\ /o u\\ [\ )7 \ [ %= -1
__________ \/1 ?[/z/ligff A[1=DFT[I[]a[]

Sampling Points are at t[k] = kT/8 for k=1to 8;



Conventional Uniform Interval A(T/N) DFT () Sampling Scheme
Design and Performance Estimation of DFT Processing Circuits

Japanese Patent Application JPA 2014-135497
filed on July 1, 2014 by Yoshiaki Hagiwara.

“The digital circuit engine design to convert the time domain
information to the frequency domain information

Related published paper on July 4, 2014, Izumo city , Japan

Weikun Liang, Yuji Yoshida, Kishi Fukakusa, Yoshiaki Hagiwara,
"Design and Performance Estimation of DFT Processing Circuits”
Institute of Electrical Engineers of Japan (IEEJ),

Techinical Journel of IEEJ ICD ECT—14—060,
July 4, 2012, Izumo-city, Japan
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-T is essential for voice and picture recognition. Normally DFT
s processed by software, and the processing time is not negligible.

nis paper reports a challenge to design a DFT hardware engine
ircuit and estimate its performance by use of a recursive design
rocedure.
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Normally DFT is processed by software. However, the processing time
is not negligible . To build a powerful Al image sensor system,a DFT
digital circuit real time hardware engine is strongly desired.

a[] ={ 3[1], a[Z]l """" ’ 3[8] }

A a(t)=cos ( 4mt/T) for N = 8 points
1 - o Al 1={A[1], A[2], ........ , A[8] }
DFT [m][n]=exp(—2mnmni/N)
\ a[1] /3] form=1,2, == N and n=1, 2,---=-N.
AT T
T AL]1=DFT[][Ja[ ]

Sampling Points are at t[k] = kT/8 for k=1to 8;

A simple caseoftheinput signal a(t) =cos( 4nt/T) andthe N = 8 sampling points
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The frequency component vector Al ] canbe obtained by multiplying
the input signal vector a[ ] by the DFT matrix DFTS8[][] .

a[] ={ 3[1], a[Z]l """" ’ 3[8] }

A a(t)=cos ( 4mt/T) for N = 8 points
1 - o Al 1={A[1], A[2], ........ , A[8] }
DFT [m][n]=exp(—2mnmni/N)
\ a[1] /3] form=1,2, == N and n=1, 2,---=-N.
AT T
e AL1=DFT[ ][ Ja[ ]

Sampling Points are at t[k] = kT/8 for k=1to 8;

A simple caseoftheinput signal a(t) =cos( 4nt/T) andthe N = 8 sampling points
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for N =2 points

DFT2( ) circuit function matrix

A[]1=DFT2[ ][ ]a[]

al ] ={ a[1], a[2] }
Al ]1={A[1], A[2] }

DFT2( ) circuit block diagram

ADD( ) is a full adder function (circuit) and
the multiplier function x( 2 ) has the M value of ( 2 ).

j?=-1

DFT2 [m][n] = exp ( — 2XMmAi )
form=1,2andn=1,2.

DFT2() Matrix

1 1] [a(1)
1 1] ]a(2)

A(1)

_1
A(2) —2
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for N =4 points

DFT4( ) circuit function matrix

A[]=DFT4[ ][ ] a[ ]

al ] ={ a[1], a[2],a[3].a[4] }

Imaginary
J =W34

1 S T I
All all
— ; AEZ} 1|1 11|t agi
-1 =\Wa Al3)| — . . 2
J AM o I T O A Y I I Y 7Y

1 .
DFT4 [m][n] = --exp (- 2E001) 1|11 |1

form=1,2,3,4andn=1,2,3,4. DFT4( ) Matrix
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for N =4 points DFT4( ) Matrix
DFT2(1) DFT2(2)

Imaginary [A(Z)]_ 1 [ 1]fa] o oo [-1 1] a(3)
j=W4 Ad) ™ a4 |1 1 a(2) 4 |1 1(|a(4)
DFT2(3)

2 [AIH} 1[11 [-i { -a(1) +a(3) }:I
Wi = Real AB)N ™ a1 1 {-a(2)+a(4)}

-j | -1 ] 1

All all
3 AEZ} 1 |- 1 1 |-1 1 a(2)
-1 =W — a(3)
= iﬁ; uA O S U I T R O Y7

1 .
DFT4 [m][n] = --exp (- 2E001) 1|11 |1

form=1,2,3,4andn=1,2,3,4. DFT4( ) Matrix
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DFT4( ) Matrix

for N =4 points S T2 1
ﬂf%} 1 [-1 | 1]-1 |1 :Eﬂ
= a(3)
aal Al o]t
DFT4( ) circuit block diagram 1 |11 |1
DFT2(1) DFT2(2) DFT2(3)

A(2)l _ 1 |1 1]|a(n) 4 1 |1 1(fa(3)
AG) ™ 4 |1 1]la(2) a [1 1(|a(d)

A(L) _ 111 1] {-a(1)+a(3) }
[ABJ T4 [1 1][ {-a(2)+a(4) }:I
DFT2(1) .
au]lilﬂlﬁl—hnm am_ﬂl_ﬂ{_”_hnnn[aj_.x:-j;z} DFT3(1)
a(2) 2 a(2)—{2 3 ) —ln
a3)— [':;Tiz 32 a(3) =43 2| ]x(-1) | [1 1] — A (3)
a(4) [1 1] a4 ‘ADD(2]|—' x(1/2 }I—»A[dl 4 JJApD(a) [ x(1/2)

a(4) —1_4

DFT2( ) isa 2 bit DFT circuitand x(-j)( ) and x(’4)() are multipliers withthe M valuesof (-j)and () respectively.




A(1)
A(2)
A(3)
A(4)
A(5)
A(6)
A(7)
A(8)

Conventional Uniform Interval A(T/N) DFT () Sampling Scheme
DFT8( ) circuit block diagram

for N =8 points

A[ ] = DFTS

][] a[ ] matrix for N =8

Ws

]

WSE

Ws

j

8

j
-1
i
1

j

-1

7
1
Ws
j

8

]

1
j
1

i
1
j
1

i | wh
1

1 1
O N IO I U U BN

1

= =R =R R =] ==

a(1)
a(2)
a(3)
a(4)
a(5)
a(6)
a(7)
a(8)

a[ ] ={ a[1], a[2],a[3].a[4], a[5], a[6],a[7].a[8] }

A[1={A[1], A[2].A[3],A[4], A[5], A[6].A[7],A[8]}

A[]=DFT8[][]a[]

Imaginary

DFT [m][n] =5~ exp (—~ 2ZMm0i )

form=1,23,4,,8 andn=1,2,3,4,,,,,,8
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DFT8( ) circuit block diagram

A[]=DFT8[][]a[]

for N =8 points

A(1)
A(3)
A(5)
A(7)

1

8

Ala)
A(6)
A(8)

( Ws) x -1 1
[UVE} x| -1 i |-1 1
(ws)x| § |[-1[-1]1
(Ws)x| J [-i] 11
DFT4( ) Matrix

-j | -1 ] 1

1|1 ]-1 | 1
AN EYERE
1 (11| 1

- ]

j

a(1)
a(3)
a(5)
a(7)

a(1)
a(2)
a(3)
a(4)

o I O I I O I |

_|_% RN
j[-i| 1] 1

bl -il 1] 1

DFT4( ) Matrix

-j -1 ) 1
BRI 1
- P I R
1 | 1|11

a(2)
a(4)
a(6)
a(8)

a(4)
a(5)
a(6)
a(7)
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T a(t) =cos( 4nt/T)
cos( 4nt/T)

a[l]= 0
a[2])= -1
a[3]= 0
a[4]= 1
a[5]= 0
a[6]= -1
a[7]= 0
a[8]= 1

al4] a[8]

\al” A:\alsl [[:\— t
_ T
2

a[2] a[6]

Ar[1]= 0
Ar[2]= 0.5
Ar[3]= 0
Ar[4]= 0
Ar[5]= 0
Ar[6]= O
Ar[7]= 0.5
Ar[8]= 0

-1

for N =8 points t[k] = kT/N, k=1to N ;

a(t) = ZA[h] exp(2hntj) ; A[m] =;_ (1/8) DFT8 [m][k] a[k] ;



Conventional Uniform Interval A(T/N) DFT () Sampling Scheme

v | Conventional DFT Case
5 1 1 1 1 1 1 1 1 1 1 »t N
wo : : a(t) = D hm(t)A[m]
11[Tf111 111T¢111” m=1
0 2 Ll

" ] ITIF’5 ] IHJ I'IFI IHI 1 IHIF'IEI | _..[ From k=1 to N’ t[n]= kT/N and

L N
Nl o ] e alk] =a(KT/N) = § hm (KI/N) A[m]
4 12 74 P m=1

o] H[n][m] = hm (nT/N)

Hs(t)
/10 37/10 T2 7T/10
|| N 6 1 I | 1 1
s s s

Helt) W -‘ - HH ’- - Matrix H[][] with each element value H[n][m],
T/12 T/a 5T/12 TTf12 iT/a 11T/12
0 6 3 T2 3| | sie T
U i \_ W H / | ] H / L N N
" / I_alw:lla—‘wlnﬂ"'z _arf11[111;|:—‘:31f1_ a[n] =z H[n][m] A[ m ] , a( t ) = z hm ( t ) A[ m ] ,
w7 | s 7 | [s7 || T >t m=1 m=1

Hst) 1 N
T_|"16|-3U1E-‘5 16 1
| | | |
/B T4

{ HH al 1= HL 11 1A[ ] for N =8 points



Conventional Uniform Interval A(T/N) DFT () Sampling Scheme

Ha(th -
AT T | Conventional DFT Matrix > m
Ha(t) | - - 000-10001
5 lllTlJl JllellJ - 0-10 10'1 01

) 000-10001
ot e .HJ - lH. ry _q — -11-11-11-11
0 Hvs | 23 L T DFTS[][] 000-10001
Hult ”H” T H I v]| 0-1010-101
e n| ooo-10001

11111111

H[n][m] =hm ( nT/N)

He(t) T : R
i _“1‘ .W.“*’.‘“ ”"“.H.“’T P | Matrix H[ ][ ] has each element H[n][m].
0 U 6 \_ 3 H 2 2[.!1” I— T
HTT] I — — —
i 37714 —‘srmﬂ” 14 13771
1 T |
AT T

N N
LTrs aln] =2 H[nlmlf{m] ; a(t) = 2 hm(t)f[m]
L m=1

m=1

Hat) 1 ° -
Tflﬁ|—3ﬂ1f—‘5|' 16 14
| | | |
/B T/a

LA, for N=8 points
Il al 1= H[ ][ A[]
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9 Artificial Intelligent Image Sensor

Artificial Intelligent Image Sensor needs many kinds of powerful
hardware real time engines. Nonuniform T/k Sampling Scheme with the
Fast H [][ ] Transformation Matrix is also one of them.

Nonuniform T/k Sampling Scheme
with Fast H[ ][ ]Transformation Matrix

afl]= 1
af2]= 1
a[3]=- 0.5 a(t) =cos( 4nt/T)

a[4]=-1 cos ( ant/T)
a[5]= - 0.809
a[6]=-0.5

a[7]=-0.223

af2] a[1]

1

| /@\ /\_
A[l]= 1.032 /OA\a[ ! t
A[2]= 1.5 a[7]
Al3]= 0
Al4]= 0 a6 a[3]
A[5]= - 0.809

- -1
A[6]=-0.5 a[4]

Al7]=-0.223 for N =8 points
A[8]= 0

a[g8]= 0

Sampling Points are at t[k] = T/k for k=1to0 8 ;

Compute A[m]-= 5 (1/8)H[m]klalk]; Thenwe have a(t) = 3 A[m]Hm (t);

k=1



Step(1) Define Hm(t) functions  Nonuniform T/k Sampling Scheme
Step(2) Define H[m][k] with Fast H [ ][ ] Transformation Matrix

Step(3) Obtain a[m]

Step(4) Obtain A[m] T a(t) =cos ( 4mt /T)
a[1)= 1 - cos( 4nt/T)

=1 173 =3 . /L O
a[3]=-0.5
a[4]=-1
a[5]= - 0.809
a[6]=-0.5
a[7]=-0.223
a[8]= 0

A[1]= 1.032
A[2]= 1.5
A[3]= 0 e SLEL@ s
A[4]= O
A[5]= - 0.809
A[6]= - 0.5
A[7]=-0.223
A[8]= O

Compute A[m]-= §(1/8) H[m][k] a[k]; Then we have a(t) = z A[m] Hm (t);

k=1

for N =8 points

Sampling Points are at t[k] = T/k for k=1 to 8 ;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Design and Performance Estimation of DFT Processing Circuits
Japanese Patent Application JPA 2014-135497
filed on July 1, 2014 by Yoshiaki Hagiwara.

“The digital circuit engine design to convert the time
domain information to the frequency domain information

Related published paper on
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"Digita! Frequency Transformation Circgit
for Time-wise Unequally Sampled Data
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INFORMATION AND COMMUNICATION ENGINEERS,
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August 25, 2015, Kumamoto-city, Japan



Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Masaru TANAKA, Weikun LIANG, and Yoshiaki HAGIWARA,

"Digital Frequency Transformation Circuit
for Time-wise Unequally Sampled Data

THE INSTITUTE OF ELECTRONICS,
INFORMATION AND COMMUNICATION ENGINEERS,
IEICE Technical Report,
August 25, 2015, Kumamoto-city, Japan

DFT is essential for voice and picture recognition.
Normally DFT is processed for Time-wise Equally
Sampled Data. This paper reports a challenge to

design a DFT circuit for Time-wise Unequally Sampled Data.

Key Words: DFT , Recursive Procedure, Digital
Circuits Design, Circuit Simulation



Step(1) Define Hm(t) functions

a[l]= 1
al2]= 1
a[3]=-0.5
al[4]=-1
a[5]=- 0.809
a[6]=-0.5
a[7]=-0.223
a[8]= 0

Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

]

cos( 4mt /T)

a(t) =cos( 4nt/T)

A[1]= 1.032
A[2]= 1.5
A[3]= 0
A[4]= 0
A[5]=- 0.809
A[6]=-0.5
A[7]=-0.223
A[8]= 0

Compute A[m]= 5 (1/8) H[m][k]a[k]; Then we have a(t) =

k=1

Sampling Points are at t[k] = T/k for k=1 to 8 ;

for N =8 points

zﬂA[m] Hm (t) ;



Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_ (t)function ; m=1; for N = 8 points

for duty 50 % wave form

1

Case(2) M=8; d=0.25T/m ; m=1;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t)function ;m=1; for N = 8 points
T Make the pulse very narrow.
H, (‘t)1 0 |
—t—
’ T

-
i

Case(l) M=8; d=0.05T/M ; m=1;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t)function ; m=2; for N = 8 points

for duty 50 % wave form

1 2

Case(2) M=8; d=0.25T/m ; m=2;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix
Define Hm ( t ) function ;ym=2; for N =8 points

Make the pulse very narrow.

1

Case(l1) M=8; d=0.05T/M ; m=2;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t)function ; m=3; for N = 8 points

1

for duty 50 % wave form

2 3

Case(2) M=8; d=0.25T/ m ; m=3;



Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t) function ; m=3; for N = 8 points

T Make the pulse very narrow.
H; (t)
‘ 1o 1 2 3
—t-—
0 L T
2

Case(l) M=8; d=0.05T/M ; m=3;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H (t) function ; m=4; for N =8 points

H, (t) for duty 50 % wave form

‘10 1 2 3 4
\V

Case(2) M=8; d=0.25T/ m ; m=4;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_,(t) function ; m=4; for N =8 points

Make the pulse very narrow.

1 2 3 4

Case(l) M=8; d=0.05T/M ; m=4;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t) function; m=35; for N = 8 points

2

for duty 50 % wave form

3 4 5

Case(2)

M=8; d=0.25T/ m ; m=5;



Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_( t) function ; m=5; for N = 8 points

Make the pulse very narrow.

Case(l1) M=8; d=0.05T/M ; m=5;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

H_(t)function; m =6; for N = 8 points

Case(2) M=8; d=0.25T/ m ; m=6;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t) function ; m=6; for N =8 points

Make the pulse very narrow.

Case(l) M=8; d=0.05T/M ; m=6;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

H_(t)function;m=7; for N = 8 points

!

H, (t)

Jlo 1 2 3 4 5 6 7
)V

Case(2) M=8; d=0.25T/ m ; m=7;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t) function ;m=7; for N = 8 points

Make the pulse very narrow.

Case(l) M=8; d=0.05T/M ; m=7;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

H_(t)function ; m=8§; for N = 8 points

Case(2) M=8; d=0.25T/m ; m=8;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Define H_(t) function ; m=8; for N =8 points

Make the pulse very narrow.

N
g

Case(l) M=8; d=0.05T/M ; m=8;




Step(1) Define Hm(t) functions ~ Nonuniform T/k Sampling Scheme
Step(2) Define H[m][k] with Fast H [ ][ ] Transformation Matrix

T a(t) =cos( 4nt/T)
cos( 4mt /T)

a[l]= 1
al2]= 1
a[3]=-0.5
al[4]=-1
a[5]=- 0.809
a[6]=-0.5
a[7]=-0.223
a[8]= 0

A[1]= 1.032
A[2]= 1.5
A[3]= 0
A[4]= 0
A[5]=- 0.809
A[6]=- 0.5
A[7]=-0.223
A[8]= 0

Compute A[m]-= §(1/8) H[m][k] a[k]; Then we have a(t) = z A[m] Hk (t) ;

k=1 m=1

for N =8 points

Sampling Points are at t[k] = T/k for k=1 to 8 ;




Nonuniform T/k Sampling Scheme

with Fast H [ ][ ] Transformation Matrix
We only need the bit shifter circuits for the matrix calculations.

al[ ] = H[][]A[];: forN=1;

a[1] = [1]A[1]

Al 1=H[][1a[];

A[1] =(1/1)[1]a[1]



Nonuniform T/k Sampling Scheme

with Fast H [ ][ ] Transformation Matrix
We only need the bit shifter circuits for the matrix calculations.

a[ ] = H[][]A[]; forN=2;

a[ 1] 1 1 A[1]

a[ 2] -1 1| [A[2]

Al 1=H[][1a[];

A[1] 1 -1|[|a[1]
=(1/2)

A[2] 1 1|]|a[2]




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

We only need the bit shifter circuits for the matrix calculations.

al ] = H[I[]A[]l; forN=3;

a[1] 1 1 1||A[1]
a[2]]|"| -1 1 -1|]|A[2]
a[ 3] 0 0 1|]|A[3]

Al 1=H[][1a[];

A[1] 1 -1 -2|]|a[1]
Al2]1|1=(1/2)[ 1 1 o [|a[2]
A[3] 0 0 2][|a[3]




Nonuniform T/k Sampling Scheme

with Fast H [ ][ ] Transformation Matrix
We only need the bit shifter circuits for the matrix calculations.

a[ ] = H[]I[]JA[]; forN=4;

a[1] 1 1 1 1||A[1]
a[2]1]" ]| -1 1 -1 -1||A[2]
a[ 3] 0 0 1 0f|]|A[3]
a[4] 0 -1 0 1||A[4]
Al 1=H[I[1al];
Al1] 2-2 -4 0]]a[1]
A[2]]=(1/4)] 1 1 0 -2 |]|al2]
Al 3] 0 0 4 o0 |]a[3]
Al 4] 1 1 0 2 |]|a[4]




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

We only need the bit shifter circuits for the matrix calculations.

al ] = H[I[]A[]l; forN=5;

a[ 1. 111 1 1]|Are;
a[ 3] _ _ Al 3
o4l |07 g oo ||Ae
a[5] A[ 5

Al 1=H1[1[]1a[];

Al 1 a1
N | gl 20 0|
: =(1/4 - [ 2]
as] [SWAN 0 0T a[3’
Al4 110 2 0f]ara]
ALS 00 0 0 4|55




Nonuniform T/k Sampling Scheme

with Fast H [ ][ ] Transformation Matrix
We only need the bit shifter circuits for the matrix calculations.

al ] = H[I[]A[]l; forN=6;

a[1] 1111 1 1| AL

al21 | _ -1 1-1 1-1 1[[Al2]

a[3] 00 1 00 1||AI3]

a[4] 0-1 0 1 0 -1 A[4]

A[5] 000 0 1 0f]ars]

el 0 0-1 00 T[] afe]

Al 1=H1[][1al];

A[1] 2 -2 -7 (-4 7

A2 1o |a

Al 3 — =

A[4] (/78117 9 5 5 0 5 [[ars)

A5 ] 000 0 4 0]ffalal

Ale] 00 2 00 2 |lasi
a[ 6]




Nonuniform T/k Sampling Scheme

with Fast H [ ][ ] Transformation Matrix
We only need the bit shifter circuits for the matrix calculations.

a[ ] = H[][]A[]; forN=7;

a[1]
a[ 2]
a[3]
a[4]
a[5]
a[6]
a[7]

Al1]
A[2]
A[3]
Al4]
A[5]
Al6]
A[7]

Al1]
Al2]
A[3]
Al4]
A[5]
A[6]
A[7]

]
-1
]
0
0
-1
0

o T — T —
T L T i e L
|
L —t 1 1
—_— D T T ) e L

D O D 0 —t
|
oo OO —t

Al 1=H1[1[]1a[];

a[1]
a[ 2]
a[3]
a[4]
a[5]
a[6]
a[7]

=(1/4)

L - )
L - )
L Ve - o ) L
L - e - L
O e O T T
L Ve - o ) L
o T O T




Nonuniform T/k Sampling Scheme

with Fast H [ ][ ] Transformation Matrix
We only need the bit shifter circuits for the matrix calculations.

al ] = H[][]JA[]: forN=8;
a[1] A[1]
al 2] sy
al3l | =l oo 10071 00 A[3]
a[4] 0101 0-1 0 ] A[4]
al5] 000070 0f]As
a[6] 000000 10 A[6]
a[7] 00 0-1000 1 A[7]
a[8] A[8]
—u-1
Al 1=H>[][]al];
A[1] 1
A[2] 144 08 45 of]2L]
ERERRA|FH
Adl | =(1/8)F % 62070 0 1laa;
ALS] 0000800 0)]larsg
Al6] 00 400400 .
A[7] 000600 & offalé!
Al 8 1 102 000 4)fal7]
[8]
a[ 8]




Step(1) Define Hm(t) functions  Nonuniform T/k Sampling Scheme
Step(2) Define H[m][k] with Fast H [ ][ ] Transformation Matrix

Step(3) Obtain a[m]

Step(4) Obtain A[m] T a(t) =cos ( 4mt /T)
a[1)= 1 - cos( 4nt/T)

=1 173 =3 . /L O
a[3]=-0.5
a[4]=-1
a[5]= - 0.809
a[6]=-0.5
a[7]=-0.223
a[8]= 0

A[1]= 1.032
A[2]= 1.5
A[3]= 0 e SLEL@ s
A[4]= O
A[5]= - 0.809
A[6]= - 0.5
A[7]=-0.223
A[8]= O

Compute A[m]-= §(1/8) H[m][k] a[k]; Then we have a(t) = z A[m] Hm (t);

k=1

for N =8 points

Sampling Points are at t[k] = T/k for k=1 to 8 ;




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Block Diagram of (T/k) Delay Pulse Generator

Sampled Vector Data

. .. . Frequency Spectrum
Input Signal in Time Domain in time domain Output Vector
a(t) al ] . A[m]
Sampling Circuit \ H™[ 1l ] Engine
N

Start Clock Pulse

(T/k) Delay Pulse Sn(t)
Generator N

al 1 = HLI[IA[];
Al 1=H1[]1[]1al];



Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Block Diagram of (T/k) Delay Pulse Generator

Input Signal in Time Domain

Sk(t)

a(t) P

Sampling Circuit

Start CLK Pulse
(T/k) Delay EI§&
Sk(t)
| t al 1= HII[IALL
0 : T

X1 AL 1=H1[][]al];

t



Nonuniform T/k Sampling Scheme

with Fast H [ ][ ] Transformation Matrix

Block Diagram of (T/k) Delay Pulse Generator

Input Signalin Time Domain

Alt)

Sampling Circuit

Start Clock Pulse

Sk(t
Counter (k) ( )

Pulse Generator

Alk]

al 1 = HLI[IA[];
Al 1=H1[]1[]1al];



Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Block Diagram of (T/k) Delay Pulse Generator

Input Signalin Time Domain

a(t)

Start Clock Pulse

Sampling Circuit A[k]

Sk(t)

DAC & ADC (k)

Pulse Generator

al 1 = HLI[IA[];
Al 1=H1[]1[]1al];

ROM




Nonuniform T/k Sampling Scheme
with Fast H [ ][ ] Transformation Matrix

Block Diagram of (T/k) Delay Pulse Generator

a(t) Sampling Circuit Alk]
Start Clock Pulse
Sk(t)

RC Adjust Circuit (k)

Inverter 1 (k) R Inverter 2 (k)
Start Clock Pulse < Vke(t)

DAL o s
Vki(t) n Ck
L al 1= HI]I[IAL];

Al 1=H1[]1[]1al];



Step(1) Define Hm(t) functions  Nonuniform T/k Sampling Scheme
Step(2) Define H[m][k] with Fast H [ ][ ] Transformation Matrix

Step(3) Obtain a[m]

Step(4) Obtain A[m] T a(t) =cos ( 4mt /T)
a[1)= 1 - cos( 4nt/T)

=1 173 =3 . /L O
a[3]=-0.5
a[4]=-1
a[5]= - 0.809
a[6]=-0.5
a[7]=-0.223
a[8]= 0

A[1]= 1.032
A[2]= 1.5
A[3]= 0 e SLEL@ s
A[4]= O
A[5]= - 0.809
A[6]= - 0.5
A[7]=-0.223
A[8]= O

Compute A[m]-= §(1/8) H[m][k] a[k]; Then we have a(t) = z A[m] Hm (t);

k=1

for N =8 points

Sampling Points are at t[k] = T/k for k=1 to 8 ;
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9 Artificial Intelligent Image Sensor

Visitor Counter System § vea
Cd S Photo Cell IR sensor system block > cLK clock Generator |
~ . RESET —" —
£ | a | PulseGen(1) f) ' Y1 T 1 &CLK
- % _L L_ r. 1 Enjt;rl:eulse g:‘u nt;r{;) ‘ Y2 ) Coming in / Going out
o fVPuIschn{Z) L—M Circuit(1) £> Counter(Z) - l >'~\. ) s dl,ng STRinst )
= 4L 1 a ar X i 21 2 max ‘l’ ,
I _|_ IRsensor(2) @ IRsensor(1) ?\ ; b { M axAl ert(l )

Power for Display

Number of Total Visitors ... 1948
74

Current Visitors in the room...

Two Cd S Photo Cell IR Sensor System : : - =

> | B Judge (1) ] Ep q p @

S — -] V : 2\ p ! gy Y 4 '
oo

) - —
Counter System for People walking on th‘street

e . A

-~
. -

Al éam"a'i*aj-i'ﬂa‘tc_hing People
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9 Artificial Intelligent Image Sensor

Digital Circuit Design for Visitor Counter System

A visitor is A visitor is

entering Room Leaving Room [ ]
ik [ a1 Fall 3
@ ® s —JL |s 2 zB
. : . : : CASE (A)
Outdoor Sensor Signal [<=~Ti : : T = time
;oS o D P Reset
_ : = ' A An_ A 24 | ZA,
Indoor Sensor Signal : T2 -"3* L— = time a 1 L o1
Do D P P CASE (B) I g
i E _*iﬁté(_ | Cakl A st i i
IN Pulse K P time A _I'J__ A j'l_
P o o P [  — g —
—itEe— ik Lo , rn — L— A
OUT Pulse % 1 time 78 . 20

80
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9 Artificial Intelligent Image Sensor

Digital Circuit Design for Visitor Counter System

[~ | I-I -1 _I il

Reset QA ZA A A
.—.—DO-|>O-D0—.— D q )_. s —JL_ B B n
CASE (A) —‘“-It‘t—“
A -| @
® ® Di_m_ Resek
_L A M I [& 24 | ZA

L] £ 1k I_| fal b

® w
_—
[ ]
=)
]
B =
k]
= @
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9 Artificial Intelligent Image Sensor

Digital Circuit Design for Visitor Counter System

Reset I: I: D D Qq,q D_EA Judge( )

D aa 10

A —— )t
o _ I'-.-.,'_A AND(1) Q
L D7_¢>CK a P'lliﬁ]lﬂ 1 1 3 DFF(1) | 10 a x1(t)
\\ 1 =Dk Q) 13 @

7

7B ) 12 |12
QB )—o 2 13

D QF—— 13
_ Puls_ezmbz_ Z 9 D lesll S_)Q(t}

9
—-
_|aB 2 DFF(2)
D_cxﬂ Q Pcpex g

CLK(t)

82
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9 Artificial Intelligent Image Sensor

Digital Circuit Design for Home Care System

Camera 2 Camera 5
el Camera 3 P g
Cameral I Camera 4| <
T | F
‘AIPS BOX
y )t " ﬂ [ ] —
i ﬁ?‘ O‘ ‘ AIPS High Performance Hom? Server
/ 'Z AlPS=Artificial Intelligent Partner System
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9 Artificial Intelligent Image Sensor

f/_‘/ N 2 AN
Left _
Library p Sl
( 3 Memory, ,_%K// Director 7N
Left ~ ) 4 |
Actﬁators /Servo 1 Cont |< - \ ./
L | ontro > N o
’ \ Motor Center o
i S 7 .
Right <~74\Controls/ — ——— ®
Actuators = ? R‘ / —-— X \ /,.
S Right S\ \ Nllignd —
Library _
. |Memory | Director
0:".‘ \\ = \_»///
v hA51 hi54
¥ h355 K
r $h*53 ) A
5
A AIPS 80X
L1
n e .
Py A AIPS High Performance Home Server
AIPS=Artificial Intelligent Partner System
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9 Artificial Intelligent Image Sensor

Artificial Intelligent Image Sensors use many
dedicated real time hardware engines. To direct
an image sensor pin-pointed to the right object
quickly, a servomotor controlled digital feedback
system is desired and being built with many
tools including high performance CMOS digital
circuits and clever software designs.

-
L)

AIBOModel ERS-210 AIBOModel SDR-3



