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Ob'!ective of This Paper

@ Review the research results of authors’ group

in the area of | DWA: Data Weighted Averaging

ADC/ DAC performance improvement
with simple digital techniques

@ Consider their application to TDC

@ Consider to unify the DWA algorithms and
establish their design methodology.
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Calibration Techniques Classification

ADC/DAC/TDC digital calibration techniques
prevail in nano-CMOS era.

@ Error Correction

- No measurement of errors
- Redundancy usage

@ Self-Calibration
- Error measurement
- Compensation
- Reference
Voltage
Current
Time (frequency)
Linearity
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DWA Techniques

@® Error Correction
- No measurement of errors DWA: Data Weighted Averaging
- Redundancy usage

Time averaging of errors
Spectrum shaping of errors

DEM: Dynamic Element Matching

Signal
5] /
3 Errors
e W/O DWA
Fs/2
hA 1S
o (]
s ‘ %
o. o
] Fsi2 Fs/2
LP DWA BP DWA HP DWA
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Segment DAC with Redundancx
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Unit Cell Mismatches

Current
mismatches D‘+ jr L
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Vout
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A> Modulation and DWA

6 Nonlinearity
DAC I

Integrator Differentiator

Vin 1 Vs Vad -1 Vout
T - 1-z- ——
1-z

Gain ™M Y

|
c
©
O]

Power
Power
Power

Freq Freq Freq Freq

Vout(z) = Vin(z) + (1 — z1)-8(2)

DAC nonlinearity 0(z) is first-order noise-shaped.
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A> Modulation and DWA

Infinite I & Nonlinearity
DC input Integrato\r\ DAC Differentiator
Vin 1 Vs Vad ] Vout
> T > — 1-z° —
s| 1-Z
.EI Eq c I
Freq
o) o) @
= = =
g £ £
Freq Freq Freq A Freq

This configuration can NOT be implemented !
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Equivalent Operation Using DWA
to A2 Modulation

Normal DAC DWA DAC
DAC input DtACt
. outpu
DAC input DAC output 1 DAC ——
— > DAC > I— pointer >
Current Cell Current Cell

3

ynduj jeubia

3nduj jeubig

Time
——

“Infinite” is equivalently realized
with wrap-around 12/56
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® LP HP DWA

LP: Low Pass
HP: High Pass
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LP A2AD Modulator

Analog Quantization noise E(z) Dicital

input H(2) iga
e _+)Q_ Filter ADC — Y(2)
DAC
- ( . . 1 cTa A Output power spectrum
=.: : = Signal band
M T )+:1+H(z) S E — . |
l : E l = A X ADC noise
1 E . 0 T e —
: > f
LY esmEEEESm | LesEEEEEE N
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Varieties of AZAD Modulators

H(z)

Y(z)

*( { Lp —HADC
L_{pAC
@y H:(Z) Y@
] DAC
B:(Z) ADC 2

DAC
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Multi-bit DAC Nonlinearity

Digital

¢

Z
N H(Z) ()‘1 THO -

Filter

Dout
ADC >
Multi-bit
DAC

[

H(2)

E(z)
( ) _Y(2)

QST.

® :Single-bit Output

6(z) is NOT noise-shaped

O :Multi-bit Output
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Why Multi-bit ADC/DAC

inside A2 AD Modulator ?

Single-Bit Multi-Bit
A

g
MO

) (.

\ uu

I X, M S
WWM \||\||| HH)“III

"l? II||||\|m||\|unu|u||\|||||

- High slew-rate of opamp - Low slew-rate of opamp
—) Large power —) Small power
- Problem:

- Multi-bit DAC nonlinearity

18



Unit Cell Mismatches

Segment DAC

Errors of specific current cells
1 are accumulated

Current Cell Mismatch
(e0,e2,e3,"="e7)

Current Cell

R ) DAC nonlinearity

S S S S,
I+&, [+p, [+ 2---1%

!;lme
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Equivalent LP DWA Algorithm
DAC nonlinearity
0 (z)
DAC input_i)@ DAC +§; ___DAC output
+ Z-1 Z-1 -
Digital integration Analog differentiation

* Signal - Integration x Differentiation=Flat
* DAC Nonlinearity > Differentiation (High Pass)

DAC nonlinearity effects at DAC output

t™

3

o

0 Fs/2 f
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LP DWA Algorithm Realization

DAC input_

DAC nonlinearity

6 (z)

+
==

Digital integration

DAC

Analog differentiation

H(z)=1/(1-Z1)

Current Cell

3ndui 9

Time

+§; ___DAC output
11— "

21/56



Let’s Consider HP DWA Algorithm

DAC nonlinearity

é‘E)

DAC input_l)@

4

DAC :'9—
7 71| £+

| DAC output

Digital differentiation Analog integration

* Signal - Differentiation x Integration=Flat

* DAC Nonlinearity >Integration (Low Pass)

DAC nonlinearity effects at DAC output
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HP DWA Algorithm Realization

DAC no‘nlﬁirifarity
6 (z
DAC input |+ + DAC output
1=

-+ 7-1

Digital differentiation Analog integration

H(z)=1/(1+Z")

Current Cell

ejeq ynduj

Time
<—

Back and forth 23/56
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@ Multi-Bandpass DWA

[1] A. Motozawa, H. Kobayashi, et. al.,
"Multi-BP AZ Modulation Techniques and Their Applications",
IEICE Tran, J90-C(Feb. 2007).
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Multi-Bandpass DWA

DAC nonlinearity shaping

Type | DWA

Power

*N pointers

N-channel interleave
of LP DWA algorithm

0 1/N 2/N 3/N 4/N f

Type 1l DWA

DAC nonlinearity shaping

Power

*N pointers
N-channel interleave

of HP DWA algorithm

12N 3/2N 5/2N 7/2N

f
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Type !

LP = Multi-BP
— LP Algorithm —

N=4

LP Pointer
— LP Pointer—
O— LP Pointer—°

O— LP Pointer—°

o= LP Pointer—°

H(z)=1/(1-Z-1) H(z)=1/(1-Z-4)

Current Cell Current Cell

induj [e}81g
induj |ens8ig

Time

h
Time
h
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Type I

HP = BP = Multi-BP

— HP Algorithm BP Algorithm —
N=2 N=4

——HP Pointer— f—HP Pointer—O\ fHP Pointerl
- o—
Cc—HP Pointer—°

O—HP Pointer—°

H(z)=1/(1+2Z1) >~{HP Pointer}<
c—HP Pointer—
Back and forth H(z)=1/(1+Z2) H(z)=1/(1+Z4)

Current cell

ejep ynduj

Time
——




Multi-BP Type II N=4

H) H(D l E(z)
X(2) Multi Multi Y(z)
Bandpass|[T|Bandpass ADC -é—%
_ Filter Filter
DWA DAC
Type I
H(z) ]
24 STF = -Z24 Signal Bands

1+z+ | NTF = (14Z4)2  1/8,3/8
X Fs
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Power [dB]

Multi-BP Type I N=4
Simulation Results

Qutput Spectrum

1 T T

w/o DWA DAC
w/ DWA DAC
ideal DAC

o

015

nz

025 03 035 04 044

Frequency(Fin/Fs)

Multi-BP DWA algorithm is effective

SNR [dB]
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@ Multi-Bandpass Complex DWA

[1] M. Murakami, H. Kobayashi, et.al.,
"I-Q Signal Generation Techniques for Communication IC Testing and
ATE Systems", IEEE International Test Conference (Nov. 2016).

[2] H. San, H. Kobayashi, et. al., "A Second-Order Multi-bit Complex
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Necessity of |,Q signal

RF analog front-end of Receiver IC

cos(Wwiot)
Lr

AN 1 In-phase
mixer ADC DSP
—

1 Quadrature-phase

-sin(Wot)

r

Need testing!




Power

Necessity of Multi-Tone Signal

Linearity testing of

v/ Mixer
v/ Up/Down converter
v/ Radio communication system , etc.

~

Noise Power Ratio  (NPR)
Need| Distortion

NPR by DUT
- ) 8 | .\: I il
DUT : Device Under Test a0 1K
w ‘% HEI

Power




2nd-order Complex Multi-BP Az DAC

Iin p>

Digital
Input H(Z) H(Z)

Qin —PH D> B B>

Output spectrum .
0 0
.20 -20
m -40 m -40
2 a0 S,
c - _ 601
} @
g BO 2 80
o -100 ug_-‘lﬂﬂ
120 - i
20 Multi-band
140 140 :
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Principle of Complex BP Noise Shape

l Complex by |
L. _ resonator J, Lot
e: S | o DA(}—TL

H(z)
= —> _,.rrr DA(>—>
Qiﬂ a T Quut
Lq
Power Signal Transfer Function =1

Quantization noises
-

Iaut + onut — 1 (I*m + JQin)

w

H 0 [(Er+jEg)

Noise Transfer Function =0



Complex Resonator

N Q out

Output spectrum

pole pole pole pole pole

Power
Power

05 Win/ Ws 0.5 05  wn/ws 05
N=1 Single-band N=4 Multi-band




Output spectrum

Complex Resonator

Asymmetric

Asymmetric

pole

Power

-0.5
N=1

Win/ Ws
Single-band

0.5

pole

pole

Power

-0.5
N =4

| (Il)in/(l)lsl o 05
Multi-band




Equivalent Circuit of Complex DWA

Complex Complex
resonator

O notch filter

o1, 6q affected by only complex notch

____________________

DAC input can be co _A
» Can’t be realized directly



Equivalent Circuit Implementation

..1010
 ——
Digital
input
—_—
..0101

Digital Analog

Complex Bandpass

Complex

A> Modulator Bandpass Filter

—_—

Analog
output

—

\y

CLKT

CLE1

|in

n}LMjT”E

CLE2

Fointers

CLKI1L
cLkz _[ L1

EL;E;/
Qin oo

CLEA

>

Pointers

" |out

DAG

ELH1

—

HP algn:mthm

- Qout

4+ Attach pointers

4+ Exchange upper-path and lower-path every N clock

# Complex DWA is realized.




Complex Multi-Bandpass DWA Algorlthm
= 4 (four zero points)

O O 0 O

DAC:+ (LP operation) DAC, (HP operation)

lin [Qinllo 1 112 I3 |14 |Is |I6 |17
2

— OO

— | DD ININ]|W PS>

TIME

s DAC Input:

ol |

Wb~ |]O |




Simulation Result ~ldeal Linear DAC™

Digital Analog
..1010 [ ) (
— —|DAC
Digital | Complex Bandpass Complex
input AZ Modulator Bandpass Filter
— —|DAC
..0101 | )
O
-20
m -40
=
= 80 A
g -B0 '.'1.
& -100
-120

140 : : : :
0.5-0.4-0.3-0.2-0.1 0 0102030405

Win /ms




Simulation Result ~Actual Non-Linear DAC~™
O

Digital Analog
..1010 [ ) ¢ (
— —|DAC
Digital| Gomplex Bandpass Complex
input A2 Modulator Bandpass Filter
— —|DAC
0101 | )

Oq

Notches filled with noise



Simulation Result

~Actual Non-Linear DAC + DWA~™
O

Digital Analog

1010 [
—

Digital| Gomplex Bandpass
input A2 Modulator

Complex
Bandpass Filter

—
0101 |

Notches filled with noise



Simulation Result
~Actual Non-Linear DAC + DWA~™

6' [l L — / Gomp\e"D\NA
Digital Analog &0 | W g
1010 [ ) \/ —_ DWA
e , % 50
Digital | Complex Bandpass Complex Analog ‘' 40
input A3 Modulator Bandpass Filter | output % 30 W/ O Complex DWA
— — Z
..0101 | /\/ o 20
10 |
D L
1 2 3 “ 5] 5]
QSR {2”}
0 0
20 -20
% -40 DWA % -40
fn" -B0O P EJ—- -B0
g -80 g -BO
D_-ma D_-‘IDG
120 120
140 — : : : : 140 — - - : :
0.5-0.4-0.3-0.2-0.1 0 0.10.2030.40.5 0.5-0.4-0.3-02:01 0 0.10.203040.5
W, /g Wi, / g

Notches filled with noise # Steep Notches
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@® Second-Order DWA

[1] H. Hagiwara, H. Kobayashi, et. al.,

“DA Converter Circuit Provided with DA Converter of

Segmented Switched Capacitor Type”,

US Patent Application, Pub. No.: US 2005/0285768 A1 (Dec. 29, 2005).
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2nd_order DWA

Y(2)=X(2) + %‘1 —z7H25 (2)

'

DAC

+
1/z 1/2
2 integrators
o Quiput Spectrum
| e e
olinearity
-1 : ;:tdun':::ruﬂ'.:&
4501
E-ﬂlﬂ
E =250
& 300
=350 .
=400 :
=450 =
10 10 10 10

SNR [dB]

1/z 1/z

2 differentiators

SNR-O5R

—*—  ldeal
=  DAC Molinearity
*= 1st order DWA

—— 2nd order DWA #,J“

@® 2 d-order DWA is more effective
@ But its circuit/operation become complicated
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@ Application to Multi-bit A TDC

[1] T. Chujo, H. Kobayashi, et. al.,
“Timing Measurement BOST With Multi-bit Delta-Sigma TDC”,
20th IEEE International Mixed-Signal Testing Workshop (June 2015).
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A2 TDC Features

Timing T measurement between CLK1 and CLK2

P
A2 Time-to-Digital Converter (TDC)

CLK1 D
A TDC D Dout
CLK2 D
E A

T T T o

i i i e i e EJ

oLkt L L P

CLK2 | | i 5

. . o X
-

« Simple circuit

« High linearity

« Measurement time — longer = time resolution — finer
47/55
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Principle of A2TDC

AT AT AT
CLK1—— > e > e > e
AZTDC Dout M r M
CLK2—| delay: Oor1 CLKI—i =i
CLK2 . i |
Dout # of 1's is proportional to AT
AT #of1's Dout
short few 0o(1/0 o o o|1]/0 0 0 o
—l[ O (1]0]1]0 (|1 ‘ oO|1101|1 I 0 ‘
h 4




A

>TDC Configuration

Dout

CLK1 M INTout < 0:Dout=0
AT U INTout > 1:Dout=1
o L
1 X Z
. Up INTout
| M a
. U Phase Integrator
| X - Detector g
4 own
e "
' U
CLK2D—¢ X A
Timing
Generator

[1] T. Chujo, H. Kobayashi, "Timing Measurement BOST With Multi-bit Delta-Sigma TDC”,
IEEE IMSTW (June 2015).
[2] Y. Osawa, H. Kobayashi, “Phase Noise Measurement Techniques Using Delta-Sigma TDC”,
IEEE IMS3TW (Sept. 2014).
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Multi-Bit A2 TDC

CE

Detector ADC

« 3-bit : 7 comparators and delays
* Fine time resolution with a given measurement time

Shorter measurement time with a given time resolution

« TDC non-linearity due to mismatches among delay cells.
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Multi-bit A2 TDC with DWA

For short measurement time:

Phase

Delay Line 100  Delay Line 20 Delay Line 70 Detector CLKI

j Flash [ Doutl
3 Apc

|

DWA [

DWA: Data Weighted Averaging

DSP algorithm of compensation for mismatches among delays.

51/55



Measured Result

TDC output

70000

#of 1’s oo
50000

40000

TDC output 70000
#of1'’s

“w/oDWA T [ns]

10000
0 0
Integral Non-linearity :
S 10,000 TDC
o Y . output data
\ I\
. [\ are measured.
1 f \ / \» [
\ | \ / \\ > / \‘ ‘n
t.\ A | N\ A\ A ‘//\\ /\\
\ |/ \ \ \ 4 ll | A ‘\ ey, 1 ;| \ l
\ \ /\\ | \ \\ \o \ ‘/ AN ’ ol Al \ i
o | | | 0 w \ Xo | pe [\ N\ | || w0
‘w ll v \/ "\.‘ o ||l /' {" /" \ \ ll. T [nS]
" \ / ‘! i £ | Y ( “
l'u \‘/ 'lj 2 \\'- u‘l \l
Analog FPGA £ \ 1
Implementation \ / o«
lv/'l
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Conclusion

@ Spectrum shaping of errors is possible
with DWA algorithmes.
Their hardware implementation is simple.

@ So far, DWA algorithm derivation is based on
mathematical intuition of the researcher
as well as simulation.

There are no systematic or theoretical methods.

@ There are still possibilities of new DWA algorithms.
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Final Statement

Mathematics is the alphabet
with which God has written the Universe.

Galileo Galilei

Mathematics is the alphabet
with which the circuit designer writes his/her new idea.

Kobayashi
Laboratory
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@ Digital Dither for AY DAC
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A2 DA Converter

Digital Integrator ~ Quantizer Analogo
input |t \
D > z - 1bit utput
v ~ o
_ _-|-_/ DAC LPF
‘ Feedback ’ Analog
Y . . ’II
AY Modulator High linear,
High resolution
Digital 7
<Usage> “

* Measurement

= Audio

[ P Hi-Res
@/S&muo



Merits & Demerits of A2 DAC

Modulator

Digital jl;\ R R output 1bit
input A4 Z g __I__ — !
o \ DAC

\Y

Merit

* Mostly digital circuit

Analog
LPF

—>

Analog
output

Limit cycle

* High linear & high resolution
for low frequency signal generation

Power [dB]

Demerit

* Limit cycle problem for small input @

s

Frequency Fs/2

> Due to modulator nonlinearity by quantizer




Adding Dither at Input

Adding random signal to digital input

_|_

Random signal
1
"U

Digital input

Drawbacks

¥
C

O

Analog output

4>

\V4

* Input range sacrifice

 Random signal has to be out of signal band

» difficult to generate

Analog
LPF

—
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Our Approach

Digital dither signal

Digital input
_|_
M
O 2
E A
;
Frequency Fs/2

Limit cycle

U Analog output
” __|_— 1bit Analog
| DAC LPF
V Limit cycle reducD

with digital dither signal

Stair Smooth !
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Proposed Circuit

Dither +
input _’@__' > _’>

o Modulator Analog
Digital \V/ output output
nput | 1bit or

O— 'I > —_—l} ~J] 7T | pac >
XOR

\Y

< Features >
@ 1_b|t Output @ D|g|ta| d|ther

# NOT affect output signal,
A
0
A Y
D
i
1

thanks to feedback

Digital signal “1” reverses
comparator output with XOR 62/56
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Simulation Results

10-bit case
: Amplitude:0.094
Sine wave w2 s
M( ‘\\\\__’,/' _
Center value:-0.520 n

R

Conventional

Proposed

0

-20

&
()

Power [dB]
3

_

3

-120

0

-20

A
()

Power [dB]
a
o

-120
Frequency Fs/2

Frequency

Fs/2;



Another Configuration

Input digital signal
+

pin———¢—1H(2) b___.
- Dout

Random
LP modulator signal
L. BP modulator

200 200 <00 s00 s00 90 ; i i E E
Frequencyl[Hz] Fs/2 (R S S S

w/o dither

a T go00 12000
Frequency[Hz]

Frzcuq:ucncﬂy[Hz] ﬁlnznsf 2 -
w/ dither
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Modulator Operation
- Without dither - With dither

DC Input ‘-I_T_ 5 ?; /\/ _’T > l Dither signal
DC Input —»T—E—flb_,_l"'))—v
Time domain \

1000100010001000 1000010100000100
1 1 I 1
Period v' Ordersof ‘0’ and ‘1’ -> dlfferent Not Pe”OdiC
v’ Total numbers of 1’s -> the same
Frequency domain <

O//DC signal power -> the sam

?\.

Noise

Power [dB]

Diffusion

Frequency Fs/2 65/56



10-bitcase  SFDR Comparison

0.18 . 0 DC Input _
0.15 Amplitude 4 0520 05 1 Amplitude Digital dither
0:12 o4 +

0.09 >
0.06 206 E>
0.03 -0.8 X \/ T‘

0 1

| 14 05 0 g.‘s:mlw1t 12 CenterValue Center value , . _.))) :

- Varying DC input

SFDR [dB]

40
35
30
25

,“
“A
15 A, ~ ‘A/‘ @
4 7 4

A
1 : SFDR improvement

aA R
Susanadng X w4 X7 by more than 10dB
-1 -0.5 0 0

With dither ——
/ Without dither == gy ==

S5 1
DC Input o



10-bit case
DC=0.1 SFDR (Spurious Free Dynamic Range)

Signal Power

SFDR = Maximum Harmonics Power

SFDR=5.4dB < 22.9dB

Convewignal Power Proposed
- * \ ‘

@ @

20 t 20
o -40 o -40
B, S,
g 60 g -60
S -80 ) S 80

-100 -100

-120 Maximum Harmonics Power

Frequency Fs/2 Frequency Fs/2:



Research Obiective

® Testing the timing CLKI
between two repetitive digital signals " -
Ex. Data and clock - -
in Double Data Rate memory CLK2 __ I

ok X XX OO OO

® Short testing time command —(READ )
® (Good accuracy pas . I\ —

l' Data OO O)——

Implement BOST with small circuitry

BOST: Built-Out Self-Test
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Type I N=8
Multi-BP > AD Modulator

H(ZD) H(D l E(z)
X(2) Multi Multi Y(2)
Bandpass Bandpass‘%l‘} ADC -é—%

_ Filter Filter
DAC

Type ]

3 - : input signal STF — Z-8

3
HD 8 e NTF = (1-Z-8)2

z-® 4

1-2-8 Signal Bands :

- 0,1/8,1/4, 3/8,1/2

0 18 14 318 1/2Fin/fs
X Fs
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Power [dB]

e S S S
-40
-l
=100

120

Type I N=8
Multi-BP > AD Modulator
Simulation Results

Qutput Spectrum

SNR-OSR

] ] ] | | ] | ]
0 005 o 015 nz 025 0.3 035 04 045 05

Freguency(Fin/Fs) OSR [2"]

Modulator operation is confirmed.
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Our Work

Focus on Multi-bit A2 Time-to-Digital Converter (TDC)
+ Repetitive digital signals
mm=) SATDC can be used
Simple circuit
Fine time resolution
Testing time
Single-bit 2A TDC Long
Multi-bit ZA TDC Short
Linearity
Single-bit 2A TDC Good
Multi-bit ZA TDC Bad due to delay elements mismatches

et

For their compensation

DWA algorithm, BOST (FPGA) verification
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Conclusion

@ Spectrum shaping of errors is possible
with DWA algorithms.
Their hardware implementation is simple.

@ The algorithm derivation is based on
mathematical intuition of the researcher
as well as simulation.

There are no systematic or theoretical methods.

@ There are till possibilities of new algorithm.

@ Dither adding at the comparator is effective.
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