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D Introduction: why the timing precision matters!

2008 Beijing Olympics, 100m results (men)

Rank Team Participant Results

Q Usain Bolt 09.690

" Richard Thompson 09.890

L
>
<

4 I
|

B E USA Walter Dix 09.91_0
4 + AHO ) Churandy Martina 09.930
5 X A & Asafa Powell 09.950
6 }:g JAM A ' Michael Frater 09.970

World records (by now), 100m: 9.58 (men); 10.49 (women) ~10 m/s Milliseconds!



D Introduction: why the timing precision matters!

Particles travelling at a speed o
Approximating the speed of light! ~3X10°m/s

* 1ms(107~-3) = ~ 300 km

e 1ns (107-9) = 0.3m (30cm)
10 ps (107-11)-> 0.003 m (3mm)

Proton

Parton
(quark, gluon)

Detectors



D Introduction: why the timing precision matters!

Magnet yoke

iqﬁ.
1
e
1

csl(Tl) calorimeter

SC magnet

RPC

At

L L L,1

1
P A

£(m22—m12)( P o, )
c (Ple)y "B+,
L (my —my)

¢ 2(P/c)

1GeV/c = 100 ps timing precision for the TOF (time of Flight)

BES Il (Beijing Spectrometer Ill) , separate K/m with 20 at %

2 2 2 2
o = O-detector + O-bunch + O-Z +

Gdetector ~ 80 Ps, O-Z ~ 10 Ps, O-bunch ~ 35pS o

o,.. <25ps

+o?

time—walk

time—walk lopS



D Introduction: why the timing precision matters!

Measuring muon momentum through its bending trajectories
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* Magnet field bends the trajectory of the muons
*  Momentum is measured through “inner-middle-outer” layers . 29.970 mm

Histogram with
rojected hit
ositions
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D Introduction: why the timing precision matters!
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) Introduction: Examples of timing techniques

See “Introduction to FPGAs” by Hannes Sakulin

-
—

WANTED

(¢] O

o>

e [
e Zedll (o)

STOPWATCH

In an FPGA

Scaled by 1/1079 A XXXXX?

»
»

A marine sandglass A stop watch
(seconds-minutes) (milliseconds)

(picoseconds)



D Introduction: essentials of timing techniques

Measuring the length of a rectangle
A

o A ©
3

youl

L

L

(4

€

S

9

14
IIII|l|l||IIlI|IIII|IIIIIIIIIIIIII|IIIIIIIII|IIIllIIII|IlII|Illl|IIII|IIII|IIII

Count at Finer Count by milliseconds
Intervals

L
0z 6L 8L ZL 9L SL L €L ZL L OL 6

So, let’s start counting, in an FPGA!




» Time Digitization in FPGAs: Counter

! DCM E
DDDDDDDD It 5::::, _:_PSDONE ]
PSCLK—!—' |I E _______
j {/L ! T Bls?rll;c\_r':'mn;-— :> CIOCk_
I N || v S N .TclockI
Time |1 | [ 2 | [ 3 |
digits

Clock Manager

Start Stop
; CLB . CLB CLB
= s8 %E% sB %EE sB %EE Logic blocks * Timing resolution corresponds to T,
= oo oo « min. period of Clock is limited in FPGAs
Js8 gﬁ% sB gEE 58 %EE typ. in nano-seconds ranges min.

i

= %Cw %CLB o If T, is 3.125 ns (320MHz), min.,

what can we do?



» Time Digitization in FPGAS : dual Counter

If T,

- Add a 180 deg (inverted) clock @ 3.125ns

lock

lllll
i

Clock Manager

is 3.125 ns, min., what can we do?

—> Equivalently, 0.5*T, resolution is

obtained, i.e., 1.5625 ns

- Pursuit in this line...

Clock
. Tcl!ockI
Time 3 [2 ][ 3
digits \ 5
Clock —
180 deg
L1912 |3 |
+1 2+3
T clock T Tclock
Start Stop

10



) Time Digitization INn FPGAS : phase interpolation

* Four phases of 320 MHz, (0, 90, 180, 270), equivalently ~780 ps resolution

Hit S ¥ . | o
—7t—D Q3D q | | ;
foo L |!ico i (320Milz, 3. 125n8) < N X N+]
| B : 0° -1 |
i D Q++—D Q | ) : § ) 5 j
| Co0 | 110 | | ) Quadrature 0 I_— I—
i 2 [i> = Clock g0’ S I N N
Vo h®) 1 : f
R L A 270° | L
1 C180 | 1 1C0 | -+ § | ; Q07Q270
& ! ' ' it 1 L 0000—1111
- QP Lnput in i | RN 0000—0111
Lol | ico : different phase 10 2 ; — | N -
! N | location  Hit 3 3 T 0000—0011
P - Hit 4 e |
Stage0) Stagel ! 5 — 1 0000—000

e Limited by number of finer clock phases (generated from clock managers)
- plus, difficulty in keeping alignment of clock edges (cons)
* Pros: simple, and easy to implement with macro blocks

* Achieved resolution: ~ 100s pico-seconds

Progress by now: ~ hundreds ps i



» Pico-seconds ?
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=, 1:identify finer time intervals

(e.g., if a “component”/unit/cell with ~50 ps delay is found, and
there are many of them to be added together uniformly)

Caggy-In Cascade-in Register Bypass Programmalve
Register . Q .
/I\ ﬁ\ i / Pioneered by Jinyuan Wu @ Fermilab

ol & 4 _ N Cascade chain (2003)
wun L:g”‘ o "Q > https://ieeexplore.ieee.org/stamp/stamp.js
p?tp=&arnumber=1352025

datat
data2
data3
datad T

Yyvyy

> Inspired by Wu'’s idea,
labetl! ————— |
Ao il B A carry-chain version was invented @ USTC
™ https://ieeexplore.ieee.org/stamp/stamp.js
bSerie \ } \ } p?tp=&arnumber=1610982
|ai:cmz4>|;
labetrd —————————— v V

Nowadays, the delay of
re— typical carry-chain cell is

i=0

e around 10s picoseconds

2: add up to a “working” range
(e.g., add as many components up to 3.125 ns, the “counter” clock period)
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» With Carry-chain as the “Delay”

COUT SLICEM | SLICEL ACOUT

SLICE(3)
Xm+1Yn+1

| SLICE(I)
. | Xm+1Yn
Switch
Matrix | | |

SLICE SLICE SLICE SLICE
- X65Y100 ) X65Y101 X65Y102 ) X65Y103 —~»

SLICE(2)
XmYn+1

SI0QYUSIAN] 0} }99UU0IIU]

SLICE(0)
XmYn

CIN CIN
a) Carry-in in a Slice

TSum[n-l] T Sum(1] T Sum[0]

<«— Adder e——=-eeeee- <«— Adder «— Adder «—

Cofn-1] Co[n-2] Co[1] Co[0] Ci=0
i Pho

c) Carry chain of a multi-bit adder b) Rout in a SLICE

13



LAB Carry-in
-In0

» Forming a chain of “Delay”
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p» Forming a chain of "Delay”

In Xilinx (AMD) FPGAs

A=
B

O e T L i e i T

15



» Principle: tapped-delay-line approach

i,

* Divide a clock period into finer slices (DELAY)
- Forming a tapped-delay line (TDL)

) L 4
HitIn C Ti
oarse Time
CLK Double Coarse
Latch Time Counters
Read
O
Step[0] Selector RUCIK
DSET Q M ,
€
Step[1
D™ o4 pl ]’ -
E Fine Time m | Out Data
Q 2 ﬁ — ﬁ
(=8
- Step|2] o 5
D" o—P——>» = ®)
| §
car Q | :-
I I Empty
| I —>
! Step[n-1] Control Full
DSET Q [, N , ; _>
CLK .3 Channel ID
N Temperature
ONT XN )} W Enable )

https://ieeexplore.ieee.org/document/5446507



) Determine delay time of “Delay”

CLK
Coarse Time | CLK
”Ra n d 0 m” > CLK Double Coarse
|:> " p|1atch Time Counters
H Xk %k
S | g n a |S )Step[O] TSelector <«
> D" o ———>
1 o
\_»DE,Q_,Steplll -
> B 5 Fine Time
» Q
N D™ Q _r\_>Step[2] g ﬁ
> B | g
car Q | =
l |
I I
| Step[n-1] Control
~» D" o t—> >
| : . : =~ > 3 Channel ID
g T Temperature
25001 4 Enable | 3
E 2000
= 1500f 1 CN
S n=N +
1000 mean
500 Average Bin size: Tclk/n
0 - . . . . . .
0 100 150 200 QOr, since bin width is proportional to i

50
Bin of Delay Chain

odI1d

Out Data

Empty
—>

Full
—>

ts

counts, calculate the bin width for each bin
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) Determine delay time of “Delay”

DNL(i) = Bini — Bin CLK
' ' ‘ «“ ” > CLK Double Coarse CoarseTinte | CLK
1 | Random |:> \»|Latch Time Counters H—*; ead
| Signa |S * K ’ TSelector <«
= D™ oL Stepl0] RACIK
= 05| n \ 1 ‘_; <«
- NI
E 0 ”‘| 1} ”M “b m \’wah \r .ILJ\ MM} W"J’ NM ’U 1 J\ ‘M L 3D o _,M -
= ( l ¥ q‘ U > B 5 Fine Time = Out Data
o5} l e sy g —> = —>
1 ' ' ‘ > ar Q ! g
o 50 100 150 200 | : = | Empty
|
Channel Code o D":‘ ! Control_ ra
(a) x; > =0 Channel ID
g Enable I Temperaturel
)
= C
-
z n=N+—L
p—(
il ] mean
15 = - - o Average Bin size: Tclk/n
Channel Code . ‘ . . . .
(b) Or, since bin width is proportional to its
INL(p) = ZizpDNL(p) counts, calculate the bin width for each bin
- “i=0
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» Timing Performance Evaluation

* Generation of a stable time interval, pico-seconds stability
—> High resolution signal generator (e.g., AWG)
— Delay line approach

Cabel Delay Test: Mean=5097 .9ps

[ data | ¢
Cable delay (5ns @1m) 000 gaussan | /% RIS=19 9ps
2500 \
£ 2000 \

Pulse !
Generator !

! : 3 1500
/ ' ' O
1000

Power
_ 500
splitter 0 ot B N et |
_ o ) 5000 5100 5200
* Power splitter splits input pulse into two branches Time Distribution(ps)

* Each branch share similar time uncertainty, thus
could be reduced by measuring their relative

Bin size (average)

difference * Nonlinearity (DNL/INL)
* A/Bare two “identical” channels in FPGA (TDC) = * Timing uncertainty (RMS)
timing uncertainty for a single channel: 1/sqrt(2) .

Progress by now: ~ 20 ps

19



» The WaveUnion Approach

* Boosting the TDL-TDC approach beyond its cell delay

—
In

CLK

»
»

width (ps)

180 1 1
160 * ‘ * *
140 | I
120 | I
100 |
80 |
60 | J|_|‘|ﬂ
o [l
20
0
0 16 32 48 64
bin
Ultra-Large Bin in the Carry-chain

\Very Small Bin Very Large Bin

Ref: https://ieeexplore.ieee.org/document/4775079

20



» WaveUnion A (Jinyuan Wu @Fermilab)

Wave Union

—1 Launcher
In

©

CLK —D

\ 4

0: Hold 1: Unleash

D

-

180

160
140 |
120
m
£ 100 |+

180

160
140
~ 120 |
0
£ 100 t+

0 16 32 48

64 80 9% 112 128
bin

21



) WaveUnion A (Jinyuan Wu @Fermilab)

1: Unleash

180
160 | | —
140 | 1 —— Plain TDC .
120 L — Wave Union TDC A Device: EP2C8T144C6
§ s I - Max. bin widfe 160 ps>
* 60 | Il Average bin width: 60 ps.
o | | ‘1 ’ “ = Wave Union TDCA:
o L I ‘ Max. bin width; 65 ps "
0O 16 32 48 64 80 96 112 128 Average bin width: 30 ps. -
bin
e et —H—t ||«
2
2| [ 00O [ [ [ I I I |
1

22



» WaveUnion A (Jinyuan Wu @Fermilab)

* Plain TDC:
e delta t RMS width: 40 ps

3500 e 25 pssingle hit
3000 | Un-calibrated .
* Wave Union TDC A:
Wawe Union TDC A

2000 c .
| «deltat BMS Wl'dth. 25ps >
1000 | * 17 ps single hit
500 |

0

1000 1100 1200 1300 1400 1500

dt (ps)

23



y WaveUnion B (Jinyuan Wu @Fermilab)

»

Wave Union - . >
Launcher B é : 3 q Oscillate

In

CLK

»
|

Does more oscillation cycles always mean better performance?



» WaveUnion B (USTC)

Principle of the 10-ps FPGA TDC

testestdtiostostslistiosfioststisfionfiontesfisfionfiosfisfionfiliefiosfionfilioies  Wave Union Launcher
| MUX :
! r ! Delay Delay Delay IINV Delay Delay
| OSC_Inv, !
1 _E_> 1 Hitj]n [ ] C——] C——] C——] | C— [ [ ]
Hit : —e— — — — —| i—o—————‘ -—
- ——=|0 ) - = -t = T - ==
| 1 1 2 3 k k+1 n-1 n
CLK
i v v v v v v v
: : o >
i SEL Y- U £ U £ g _ ___|: U c c
I:II i -] ) <l ) Ql o <l ) <l ) <l o Q| o
Delay Step[1] Step|2] Step|3] Step[k] Step[k+1] Step[n-1] Step[n]
| \ 4 \ 4 \ 4 \ 4 \ 4 \ 4 \ 4
> Selector <«— N Encoder
LeCroy

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5941022 25



» WaveUnion B (USTC)

Signal Processing of the Raw TDC time

Terk . T T T T T T T
« K, e, =t
|
CLK - J It =1, — Al
| i I
t i _ g, =t —2At
<~ ‘ t : At=Toge = Tek| (|27
LT ' tg =1, — (k= DAt
|
Osc. | | | < I
| -~ Tosc  Tosc l ty ity =ty — (N =1)At
<> L o ____
N times Oscillation %

200

1501

TDC Bin
S

wn
(=]
T

(=]

L TR R SR S S R R
1 23 45 6 7 8 91011121314151617 1819 2021222324
N
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) WaveUnion B (USTC)

Signal Processing of the multi-averaging TDC

» RMS timing precision (o, ) vs. N

e Non-uniformed distribution of the carry chain delay (o, )

e Random uncertainty of the oscillation period (o, )

e Other contributors, e.g. the steady of the clock (o,)

N _ 1 2 1 2 2
Gdelay - 4 X G ose + ﬁ X O el + O other

Three possible cases:

U

Gdelay ~ Y

® Case 1: 0., << O Nt

.. _ Oell
e Case 2: 0, = O, The best timing @ N= {2XG—}

N-1
X O

e Case3:0,, . >>0
2 0sC

cell O gelay ~

27



) WaveUnion B (USTC)

Simulation and Test

70+ iiﬁ&’; Case 1. Oosc << Ocell
oo o —20P8 Case 2: Opsc ¥ Ocell
50} Case 3: Oosc >> Ocell

Simulation

Actual implementation falls in to Case 2

1 4 8 12 16 20

N 1200
18
1000l RMS: 8pS
16f . .
Test: RMS vs. N w0
14f .
@ 5 600
&12* | 8
% lq\—/{ oo
! | I| II
6 , —-.I Il.-__,f
% 100 120 140 160 180
| Time Interval (ps)
y 8 12 16 20 24 28 32
N Progress by now: ~ 10 ps
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» WaveUnion B (USTC)

Simulation and Test

. o 100 : :
» Bin size vs. N —No Averaging
90 . — 8 times averaging
NO AVZPGQ | ng —4 times averaging

Effective Bin size: 80
70
N H

Cuwr = Z C; ) N=4

L

10 ‘,y i \ i ”HM W H}‘IIH "\ M m

LSB(ps)

Scales as 1/N

400 600 800 1000 1200 1400 1600
10000 50, w
—--BIN
N=14 —_
8000+ _ L
. N=13 §40
& o
o 6000¢ a2 30/
= £
4000 o
2 220
& ;
[t
2000 Ea‘ 10}
0 ”,ﬁ:""’ ‘ v : ' ’ ' l l l l l l
0 500 1000 1500 2000 2500 3000 01 2 3 4 5 6 7 3 9 10 11 12 13 14

Effective Fine Bin N



» WaveUnion B (USTC)

> Pros and Cons

v/ Larger N results in smaller bin size, lower timing precision

3000 T T T T Tooe 1500 T T T T T T T T T —
2500/ (B L A (B
= 'Fit of A S = Fitof A
2000} —Fit of B 1000} —Fit of B
-
[
31500} .
O
1000F . 500
500} .
: N B R
0 250 300 350 400 450 500 200 225 250 275 300 325 350 375 400 425 450 475 500

Time Inerval (ps) Time Interval (ps)

No Averaging

x Larger N results in larger dead time

~ (N+1) * TCLK ’ @ AN

SN

Trade-off should be made between TDC timing performance and N



y Outlook

* sub-10 ps resolution/precision time digitization already achieved in FPGAs (15 years ago)
- is it possible to overcome the 1 ps barrier?

 TDL approach is the most popular one in achieving sub-10 ps resolution, but not the
only one, the choice of architecture is a trade off among power, resource utilization ...

* Timing resolution/precision is just one single measure of timing performance, among
linearity, power, resource utilization...

- Nowadays, FPGAs typically not limited by configuration logic resources, thus more
attention on power efficiency might be necessary.
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» Quiz

Top secrets before class...

Shhh!

*From the makers of the original "AIRPLANE!™
[t o Wt Bt

O T
|""'¢ ?-'\f\'\-l LT '\'\ll
I A Wil L

ol

' éf"srf“"“ i
[as
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|Bin—by—Bin Code Density Calibration

= TDC digitize hits with
evenly spread arrival
times.

= A histogram is booked.

= Number of counts in each

bin is proportional to the
width of the bin.

width (ps)

THH

first booked.

= In the auto calibration process, a bin
width histogram (DNL histogram) is

m More counts are accumulated in wider

bins.

DNL

Histogram

180

160
140 |
120 |
100
80 |
60 |
40
20

In (bin)

32
bin

48 64

LUT

Out (ps)

Jun. 2021, Wu Jinyuan, Fermilab jywul68(@fnal.gov

Rethinking “Well-known” Concepts m TDC
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‘Random I= Evenly Spread

= PLL Out w/o jitter

PLL Out + jitter (1 ps pk-pk) ——— Random

200
180
160 | :
140
120 -
100 -
80 -
60 -
40 -
20 -
0 T T T T
0 20 40 60 80 100
Bin Number

16384 Events

Relative Bin Width

SR W . T S T S
Ly S AL\

= The random hits have statistical fluctuation, and the variation is large with limited calibration
events.

= Hits with evenly spread arrival times are more desirable for calibration.

Jun. 2021, Wu Jinyuan, Fermilab jywul68(@fnal. gov Rethinking “Well-known” Concepts i TDC
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‘ Generating Clocks with Smooth Phase Drift Using Cascaded PLIL

inclkd

altplio

;. Ty

CLOCK_50

= f(CK250a) = 250 MHz
f(CK251c) = 250.06 MHz

inclkD frequency : 50.000 Mz

Operation Mode: No Compensation

[c0 Jewar] 000 {5000

Cyclone 111

Two stages of PLL circuits are cascaded together.

= f(CK251¢c) = (4096/4095)*f(CK250a)
= T(CK250a) - T(CK251¢) = 0.97 ps.

e | cK250
CK_B | CK250a
X—M inclkO frequency: 152.381 NHz L=t
Operstion Mode: No Compensation
[<o [1oses] o.00 [ 5000 ]
inst25 Cyclone 11
bt CK251c
CK B | CK251c
>(—¥'1‘:--@-— inelkO frequency: 152.381 NHz <y,
Operation Mode: No Compensation
Ph {dg)| DC (%]
[co Jesras] o.00 [ so.00]
inst30 Cyclane Il |

Rethinkine “Well-known” Concents in TDC

26

Tun. 2021. Wu Tinvuan. Fermilab rwwul68(@ fnal.eov
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® What if TDL is not long enough?

e Typically it means clock period is relatively large!

Event Input —_

Event Input Delayed by 1 tap

Event Input Delayed by 2 taps

Event Input Delayed by 3 taps

Event Input Delayed by 4 taps
G : =

|

]
o

P FineDatal0]

N_FineData[0]

P FineData[l]

N FineDatal1]

----------’

b /w@//w/

—

|

P FineData[m—1]

Coarse

=

CLK Inpput °

Phase interpolation of clocks with TDL

The single channel time stamp i
measurement
Counter  mchigbis
Clear
Channel n =g
input
alle .2
P o
: ] Read
0 TTed || o
T O moww N =
. [ ] S
° Téi 0 Q = TDC Data
Al =0 151
D [ :
& 1 88} | Chamneln Full,
=]
all wT
H : Writ
Pl ‘
d :
i
T eI
wT
Clock: T
Enable
—
—
‘ —
= = =
=
o < S
5 -
a S 8
Q o) o)
S| =] a
&=l o o
= ey u‘l
=4 A =
Chain 2"
Chain 1st
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40MHz Clock

, T . ACTEL FPGA

Hit | e, o Time WRCLK|WR Enable
B““"’; )| Conrse Comnter =By = RD Enable o Flash

DT oo Step[0] M o IGLOO NN PROAISC3(E)
?7 ol T s o Anti-fuse

o Lot « AXCELERATOR. SX A.
%7 w0 7 w0 g Out Dat RTAX_SSL

t L swepi2] 8 F:,',',e FIFo;a‘l

— D" oD o PRI} (gb- _Timey . TDC

V; = « Flash Buffer

e Bin Size~440ps

i e it =1

U -
g fro—————---4¢
]} [} Q|
v
w)
Q |
-
&
=
=
1
—

Contral Empty .
"z —_— o o Anti-fuse
A > . .
Channel 1D e Bin Size ~ 80ps

o —

Enable
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200 T

A3PE1500

DNL of ACTEL-FPGA-TDC ch3

100k

50
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