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® Research Background
® Integral-type TDC

- Time Hold Circuit

- Equivalent-Time Sampling

- Integral TDC

- Vernier Frequency TDC
® Delta-Sigma TDC

for Phase Noise Measurement

® Conclusion



Outline 377

® Research Background
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TDC Application Examples
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Target TDC Architectures o177

TDC architectures have been inspired by ADC architectures

Flash TDC € Flash ADC
SARTDC @  saArRADC

Integral-type TDC €= |ntegral-type ADC

A2 TDC — A> ADC

4

Slow but very fine time resolution
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® Integral-type TDC
- Time Hold Circuit

Myth : Time cannot be held.
Truth: It can be held.

Y. Ozawa, T. Ida, S. Sakurai, R. Jiang, R. Takahashi, H. Kobayashi, R. Shiota
"SAR TDC Architecture for One-shot Timing Measurement,”
IEEE International Symposium on Intelligent Signal Processing and

Communication Systems, Xiamen, China (Nov. 2017)
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Trigger Circuit

? ___ON__
Track&Hold OFF

Input b
@ﬁﬂutput .
Track&Hold —W  oOutput }
)é(j to !
Trigger Time t0

@® Output starts to oscillate at rising timing edge of input

[1] M. Nelson (Tektronics)
"A New Technique for Low-Jitter Measurements Using Equivalent-Time
Sampling Oscilloscope”
Automatic RF Techniques Group 56th Measurement (Dec. 2000)



Track/Hold Circuit
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Trigger Circuit Waveforms 10777

Sine,Cosine
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® Integral-type TDC

- Equivalent-Time Sampling

Y. Sasaki, Y. Zhao, A. Kuwana, H. Kobayashi,

"Highly Efficient Waveform Acquisition Condition

in Equivalent-Time Sampling System”

27th IEEE Asian Test Symposium, Hefei, Anhui, China (Oct. 2018)



Equivalent-Time Sampling 13/77

In a sampling oscilloscope,
a repetitive high-frequency waveform can be sampled
with low-frequency sampling clock and reconstructed.

3 time-bases
@ Coherent Sampling
for periodic waveform
@ Sequential Sampling
for repetitive waveform, w/o pre-trigger function

@ Random Sampling
for repetitive waveform, w/ pre-trigger function



Coherent Sampling 14/77

Periodic Wave

Sampling Clock

Reconstructed Waveform °. .

[ Finer time resolution than sampling clock period ]




Sequential Sampling 15/77

Trigger

Vin

No Pre-Trigger function b

Trigger



Random Sampling 16/77

Sampling clock > Time

¥
fAeynehronous to Pre-Trigger fit} F4 Measure At1, At2, At3

i ; ’ ree
input waveform Vin function : '

Trigger



Waveform Missing Phenomena 17/77

Repetitive Wave

Sampling Clock

Reconstructed Waveform

Toothless waveform appears



Waveform Sampling Condition 18/77

Tsig

Repetitive Wave N '

Sampling Clock [T/ HUULUULULUL

Tcrk

[ TCLK = 7 X Tsig J




Waveform Missing Conditions 19/77

1 112
fcik > fsin feLx = Efsin (“: 1’5’5’5""’5"") ferk = fsin

A
\
-

|

wwwwwwwwwwwwwwwwwwww

Sampling points move little == Requires long time



Our Proposed Optimal Condition

-

¢ : Golden ratio ( = 1.6180339887 ... )

fcik = @ X fsig

ck | L

{

20/77

[ Sampling points disperse uniformly through measurement
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®|nteqgral-type TDC

- Integral TDC Random Sampling

Y. Sasaki, H. Kobayashi,

“Integral-type Time-to-Digital Converter,”

IEEE 14th International Conference on Solid-State and Integrated Circuit Technology,
Qingdao, China (Nov. 2018)



Proposed Integral TDC Principle (1/3)22/77

START—

- 7 b " b T
Yy 3 ¢
K [points] 1 “—‘"

L [points] 1

STOP

v

&
<«

Sampling a square wave with input time difference 7 / reference period T duty cycle

K T
- [ fm T =7 J




Proposed Integral TDC Principle (2/3) 23/77

START—
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Square wave duty cycle depends on input time difference t J




Proposed Integral TDC Principle (3/3) 2477
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Acquiring more data improves time resolution J




Proposed Integral TDC Configuration 25/77

1
START A_ -~ D Q 21 EN To CPU
; Counter I [

. . Trigger S —(
sin wt 1 |
s@n(mt + 2m/3) ?
sin(wt + 4m/3 Trigger w2 | D2 I gy To CPU
<Top : Q .__>Counter11 )
R Optimal
Condition
w=21/T —— 7 » T » T ‘ T=0¢xTclk
< T » < T o T v
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START 1.61...
STOP
B > 0 é
D1 — '
w2
g N
; Count /
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CLK MLttt it i i L. CountZ



Proposed Integral TDC Operation (1/3) 26/77

START — wil
Trigger
sin wt
sin(wt + 2m/3) 9
sin(wt + 41/ 3 y==———-vt—— .
Trigger w2
STOP

STEP1: Holding the input time difference T as phase difference

START =— T

| .
L T T T
[ )i

]

sin a)((t —ty) —

<
N

"Il*
o
("+
[EY
[ \e]
e



Proposed Integral TDC Operation (2/3) 27/77

D1.-D2
wl D O D1 D_ ]
> .
w2 D O D2
>

STEP2: Making the square wave with ¢/ T duty cycle

T T T
: : : 1 1 1

D1 — i i b

D2




__ Proposed Integral TDC Operation (3/3) *7
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— EN To CPU
t Counter I  [rmm—p
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— EN To CPU

CLK

Count 1
‘[:
Countll

Countll [t ——————————

START —

CLK



Simulation Result 29/77
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Acquiring more data improves time resolution




Outline 30/77

® Integral-type TDC

Sequential Sampling

- Vernier Frequency TDC

Z. Pengfei, K. Machida, Y. Sasaki, Y. Ozawa, A. Kuwana, H. Kobayashi

"High Resolution Time-to-Digital Converter Using Integral Architecture
and Vernier Oscillators”

5th Taiwan and Japan Conference on Circuits and Systems,

Nikko, Japan (Aug. 2019)

K. Machida, Y. Ozawa, Y. Abe, H. Kobayashi,

"Time-to-Digital Converter Architectures Using Two Oscillators
With Different Frequencies",

27th IEEE Asian Test Symposium, Hefei, Anhui, China (Oct. 2018)
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Vernier Frequency TDC

What about using different frequencies ?

START
STOP

f1: known

f2: known

Start oscillation f1 at START edge
f2 at STOP edge
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Vernier Frequency TDC Ogeration

START |
STOP

{0 =1 (f1, 12, number of @@®. .., number of @ @...)

f1= f2 nme oy

resolution




Usage of Different but Close Frequencies™

1 1 0 O

o]

/77

time resolution = t'[s]

t' = 1x10719s]

Time[s]
am) ¢um) $um) /
et <
Equivalent
, - - - —| Different Frequencies } - -~ Sampling
L1 fi=1[MHzZ] !
! Y"=15 "7l £ =0.9999[MHz |
| ! .
; | fl = f2
\

Different frequencies —Fine time resolution <—— Long measurement time

Trade off
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Design Tradeoff /
START Tin
STOP
fl
f2
Fine t ution & = |———
Ine time resolution — fo f1
Tin = 1/f1, 1/f2 <4 Tmeas=Tin xTin/t’

Wide input time range Long Measurement time



sin(2mfit)
START "

g

Proposed TDC Architecture

STOP _ 1
sin(2nf,t)

f1: known

f2: known

Trigger
Circuit

Trigger
Circuit

Logic
Circuit

35/77




Logic Circuit for Time Measurement

Sampling
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D1 Sampling by D2 31/17
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Counter & Update
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Digital
value

=

Time[us]



Vernier Frequency TDC Simulation Result
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Integral TDC Conclusion 40777

@® Time difference can be held with 2 trigger circuits

@® Equivalent-time sampling
- Random sampling
m=) Integral TDC
- Coherent sampling
m=) Optimal sampling condition
- Sequential sampling
m=) Vernier frequency TDC

@® Oscillators can be shared among multi-channel TDCs
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Y. Osawa, D. Hirabayashi, N. Harigai , H. Kobayashi, K. Niitsu, O. Kobayashi
“Phase Noise Measurement Techniques Using Delta-Sigma TDC",

IEEE International Mixed-Signals, Sensors and Systems Test Workshop
Porto Alegre, Brazil (Sept. 2014).

® Delta-Sigma TDC
for Phase Noise Measurement
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Research Background & Objective
Delta-Sigma TDC
Phase Noise Measurement using A2TDC

with Reference Clock

Phase Noise Measurement using AZTDC
without Reference Clock

- Self-Referenced Clock Technique
Conclusion
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Outline

Research Background & Objective

Delta-Sigma TDC
Phase Noise Measurement using A2TDC

with Reference Clock

Phase Noise Measurement using A2TDC
without Reference Clock

- Self-Referenced Clock Technique

Conclusion
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Research Background 44/77

Phase noise of clock can cause malfunctions of electronic systems

Oscillator phase noise

Necessary signal

e || ije | e

A4 (0) A (T) Ag(2T)
Timing Jitter : A¢

Phase Noise

Power

frequency

Electronic system performance degradation

* RF circuit & system
« ADC

[Test & measurement for phase noise, jitter is important J




Conventional Method 45/77

Conventional Phase Noise Measurement

Expensive : Spectrum Analyzer
Long testing time: ~10 seconds

Mass production

Test cost mm) high




Research Objective 46/77

Low cost, high quality phase noise measurement

® w/o Spectrum Analyzer

® W/ BIST or BOST Simple circuit

Clock o Phase Noise
Under Test D— AS =
oc 2 FFT — s

CLKref D— f

X BIST : Built-In Self-Test
) BOST : Built-Out Self-Test
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Research Background & Objective
Delta-Sigma TDC

Phase Noise Measurement using A2TDC
with Reference Clock

Phase Noise Measurement using A2TDC
without Reference Clock

- Self-Referenced Clock Technique
Conclusion
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Phase Noise Measurement Flow 48/77

O Phase Noise
. =
Phase noise : Frequency ©
characteristics f
Time domain Freg. domain
CUT Phase noise Power
with measurement spectrum

phase noise

CUT : Clock Under Test



CUT
with
phase noise

Proposed Method

Time domain

Time resolution improved

»

49/77

Freg. domain

Phase noise
measurement

Py N

Delta-Sigma TDC

by longer measurement time

Ex: 1= 1ns, Npsra=64K

‘ T _resolution = 0.03ps

T resolution <

Power
spectrum

TDC : Time-to-Digital Converter

2T
time




Principle of AZTDC 50/77

AT AT AT

CLK1—— i<_

AZTDC Dout
O or l CLKl

CLK2

52
Ty
52

I . 2
5

CLK2 — delay: 7

Dout # of 1’s is proportional to AT

AT # of 1'’s Dout

short few ol1lo o o ol1lo o o o
_IT ol1lolzlol2lolz]ol2]o0
A 4

long many of1 1 1 1|0of1 1 1 1]o0




AZTDC Configuration

Up

51/77

INTout < 0:Dout=0
INTout > 1:Dout=1

2

Phase
—{Detector

INTout

Integrator

Down

CLK1D—e
AT

=
| NS
I -1 M
t U
11
11 X
I Pl
|

CLK2D—¢

xcz/ PRAxcz/

A

Dout

\Y

Timing

Generator
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Research Background & Objective
Delta-Sigma TDC
Phase Noise Measurement using AZTDC

with Reference Clock

Phase Noise Measurement using A2TDC
without Reference Clock
- Self-Referenced Clock Technique

Conclusion
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Principle of Phase Noise Measurement 53/77

CLK1 without phase noise

Power

AT AT AT
Slle olle olle
CLK1 | i |
CLK2 | | |
O 4
o 2| ar At AT 4T
c 0 |—= = = =
= 2
e >
Time

G-

A
g DC component due to AT

Noise shaping

DC

-
Frequency

CLK1 with phase noise

CLK1

CLK2

Time
Difference

Power

AT+t AT+1, AT+t,
e Dle S«

m Time
DC component due to AT
Phase noise

Noise shaping

-
Frequency



Mathematical Analysis 54/77
Clock | | |

4
f
b
;

}

Under .: il i

Test ‘ 5I\ : R —

[CuT] | | Zero-Crossing Point |
O T 2T oo mT

CUT(t) ~ sin(2mfi,t + ¢(t))

T(m)' m-th zero-crossing point variation function (noise component)

s~ p(mT) = —2nf;,t(m) : phase noise (time domain)
In case of sinusoidal phase fluctuation
tm)=T"aq;- sin(wjmT) 0<a;<1
([)(mT) = —2May - Sin(wlmT) . phase noise (time domain)

1
P(wq) = > (2maq)? : phase noise (freq. domain)



MATLAB Simulation >5/77

w/ Phase Noise

% VTD llll 001001 -
(Variable Time Delay) ‘l,
- / cut N

Clock Under Test
\ ( | AX D Dout
N TDC

CLK D \ \ 27 REF

w/o Phase Noise

CLK D

74 7] 73 74 s v
> —= — = -> < <
73
r'y TZ T4
o
o © 1 75
£
- 4 -
'E Time




Simulation Conditions 56/77

"\

v
VTD

CUT

cLk D

CLK D

® CLK:

REF

Input freq. =1 MHz (T =1 ps)

Phase variation (sinusoidal)

® Phase noise frequency :

E:> varied

® Jitter variation :

—0.1ps < 79 < 0. 1ps (= %)

® Number of data;:

4096

AXTDC
7:200ns

001001 «--

D Dout




Simulation Conditions 57/77

"\

v
CUT
cLk D VTD
LK D
c REF
® CLK:

Input freq. =1 MHz (T =1 ps)
Phase variation (sinusoidal)

® Phase noise frequency :

fi = varied {EE——

® itter variation :
—0.1pus <75 < 0.1ps (= %)

® Number of data;:
4096

AXTDC
7:200ns

001001 «--

D Dout

® Single sine wave

® fl =10 kHz
@ f1=50kHz
® Multiple sine waves
@ fl =10 kHz
f2 = 50 kHz



Simulation Results D 58/77

W/O Phase Noise

0
_ =20
al
5 40
. -60
(D)
% -80
D_ -100
-120
-140

0
-20
-40
-60

Power [dB]

-80
-100

0.1 1 10 100
W/ Phase Noise:10kHz  Frequency [kHz]
.. |-13.7d8 | {EEE) |-13.1dB
I phase noise Theoretical
value
0.1 1 100

10
Frequency [kHz]



Simulation Results @

W/ Phase noise:50kHz

0

59/77

40
60 }

Power [dB]

80 |}

-100

20 } Phase noise — 3

0.1 1 10
Frequency [kHZz]

100



Power [dB]

Simulation Results @)

Phase noise:10kHz & 50kHz

20 }

40 F

60 }

-80 F

-100

““““
** .

Phase noise

13.2dB}-"13.8dB-{-

0.1

1 10
Frequency [kHZz]

Theoretical value
Power =-13.1[dB]

100
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Research Background & Objective
Delta-Sigma TDC
Phase Noise Measurement using A2TDC

with Reference Clock
Phase Noise Measurement using A>TDC

without Reference Clock

- Self-Referenced Clock Technigue

Conclusion
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Problem of Proposed Method |

w/ Phase Noise

JUL

/

001001 «--

CUT D

AX
TDC

REF D—

\

D Dout

w/o Phase Noise

A

Difficult to implement

62/77



Self-Referenced Phase Noise Measurement Method 63/77

w/ Phase Noise

IIII 001001 ---
/

CUT D AS \
D D Dout

BT-delay

* No need for jitterless reference clock
* BT-delay: B is not required to be an integer.



Proposed Methods I & II 64/77

T[n-1] Tin]
T > Tn+1] T[n+2]
Reference '
clock
""'- Atn -4— Atn+1 Atn+2§—>§

Jittered :
clock J

tin] t[né—:i]é ét[f:+2]
: - ;—EAtn ;—;At:nﬂ
BT-delay BT ' :
clock _=
tin] t[n+1] - t[n+2]
Method 1 Method I

Timing jitter measurement |:> Period jitter measurement
Jper(m) = [At(n) — At(n —1)] =T
~Jper(m) =J(n) —J(n—1)
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T[n-1] Tn]
— T Tin+1]  Tin+2]

Reference
clock

Jittered
clock J

Ath e Atn+1Atne2—

tn] tin+1] t[n+2]
¢(mT) = —2nf;,t(m) : phase noise (time domain)

® tm) =T« sin(wjmT) In case of 0<aq;<1
sinusoidal phase variation
Measurement of each period

tm+1)— t(m)+ (B —1)T
=T aq[sin(wy(m+ 1)T) — sin(w, -mT)]+ (f— 1T
= 2T - a; sin(w1T/2)cos(ws(m+1/2)T) +(f — 1T



Mathematical Analysis 66/77

® =(m) =T-a; sin(w;mT) In case of 0<a;<1
sinusoidal phase variation
phase noise (time domain)

s~ @'(mT) = 2T - a4 sin(w1T/2) cos(w, (m + 1/2)T)

phase noise (frequency domain)

- (@) = 5 (2may)? [2sin2(w; T/2)]?

T

2ra)?w’T?> (v w,T/2K1)

N | =

w1: phase noise freq. [low freq.]
T input CLK period (=1/f)

phase noise power at w1

1
D(wq) = 2 (2may)?



Simulation Conditions 67/77

/\/ w/ Phase Noise
'l'l O01001 =--

o Dy

CLK DH VID AT \
TDC D Dout
7 :100ns

BT-delay
® CLK: _ | |
Input freq. =1 MHz (T =1 ps) ® Single sinusoidal
Phase variation (sinusoidal) ® f1=1kHz
o o f @ f1 =10 kHz
Phase noise frequency : .
fi = varied (u— @ f1=100kHz
® Jitter variation : ® Multiple sinusoidal
T
® Number of data: f2 =50 kHz
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Theoretical expression  @'(wq) = > (znal)zwlsz
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/\/ w/ Phase Noise
— 'l'l 001001 +--

y
AX
TDC \ D Dout
7 :100ns

oo/
BT-delay

Input freq. =1 MHz (T =1 pus) Q]

Phase variation (sinusoidal)

. ® 3 value deviation
® Phase noise frequency :

fi = 10kHz by £5% from 1.0
® Jitter variation : > B=0.95
~0.1ps < 79 < 0.1ps (= ) > B=1.05

® Number of data;:
4096
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B =0.95 (error -5%)
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B =0.95 (error -5%)
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Outline

Research Background & Objective
Delta-Sigma TDC
Phase Noise Measurement using A2TDC

with Reference Clock

Phase Noise Measurement using A2TDC
without Reference Clock

- Self-Referenced Clock Technique
Conclusions
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B Proposal of
two phase measurement techniques with AXTDC

« Low cost testing without requiring spectrum analyzer
« On-chip high-precision phase noise measurement
* Fine time resolution measurement possible with AZTDC

« Phase noise power spectrum obtained by FFT of TDC digital output

1MHz carrier (clock), 64K TDC output data
Phase noise power spectrum of 0 to 0.5MHz away from 1MHz
with 15.2Hz resolution.

B MATLAB simulation verification
« Verified by superimposing several sinusoidal phase variation components
« Compared theoretical analysis and simulation results

« Self-referenced clock method with several 3 delay coefficient values
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® Conclusion




Conclusion 717

Time continues indefinitely

U

Dynamic range of time domain signal processing
can be very wide.
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TDC Is the key.



