
I E E E T R A N S A C TI O N S O N I N D U S T RI A L E L E C T R O NI C S 

 

 A b str a ct — T hi s  p a p e r  pr o p o s e s  a  w ei g ht e d  hi st o gr a m  

c ali br ati o n m et h o d  a n d  a n  a ut o m ati c  c ali br ati o n  
a r c hit e ct ur e  t o  i m pl e m e nt hi g h -li n e a rit y  ti m e-t o-di git al 
c o n v e rt e r s  ( T D C s)  i n  l o w -c o st A R M -b a s e d   S y st e m-o n -
C hi p s ( S o C s) . T h e pr o p o s e d m et h o d si g nifi c a ntl y r e d u c e s 
t h e n o nli n e a rit y  i ntr o d u c e d b y  n o n u nif or m  bi n s . It  off e r s 
a ut o m ati c c ali br ati o n  wit h o ut  m a n u al i nt e r v e nti o ns u si n g 
A R M  pr o c e s s or s.  B e si d e s,  o ur  d e si g n  i s  c o st -eff e cti v e i n 
h a r d w a r e  c o n s u m pti o n . W e  i m pl e m e nt e d a n d e v al u at e d  a 
1 6 -c h a n n el  T D C  s y st e m  i n  a  l o w-c o st  Z y n q -7 0 0 0  A R M -
b a s e d S o C , i n w hi c h t h e pr o gr a m a bl e l o gi c i s e q ui v al e nt t o 
a  2 8  n m  Arti x -7  F P G A .  T h e  pr o p o s e d  T D C  off e r s  a  
r e s ol uti o n  of  9. 8 3  p s  wit h  g o o d  u nif or mit y,  a c hi e vi n g  a n  
a v e r a g e d  𝑫𝑫 𝑫𝑫 𝑳𝑳 𝒑𝒑 𝒑𝒑 − 𝒑𝒑 𝒑𝒑  of  0. 3 8  L S B, a n d a n a v e r a g e d 𝑰𝑰 𝑫𝑫 𝑳𝑳 𝒑𝒑 𝒑𝒑 − 𝒑𝒑 𝒑𝒑  

of  0. 6 3 L S B.  

 
I n d e x  T e r m s— Ti m e -t o-di git al  c o n v e rt e r  ( T D C),  c a rr y  

c h ai n s, fi el d -pr o gr a m m a bl e g at e a rr a y ( F P G A).  

I.  IN T R O D U C TI O N  

I M E r e s ol v e d m e as ur e m e nts ar e  p o p ul ar i n m a n y r es e ar c h 
fi el d s, f or e x a m pl e, li g ht d et e cti o n a n d r a n gi n g ( Li D A R) 

f or a ut o n o m o u s v e hi cl es [ 1], [ 2], 3-D r e c o n str u cti o n [ 3], [ 4], 
s ur v e yi n g [ 5], e n h a n c e d  Gi g a bit  Et h er n et  [ 6], t e m p er at ur e 
s e n si n g [ 7], q u a nt u m c o m m u ni c ati o n s [ 8], [ 9], p arti cl e p h y si cs 
[ 1 0], s p a c e s ci e n c es [ 1 1], tr u e r a n d o m n u m b er g e n er ati o n [ 1 2], 
R a m a n s p e ctr o s c o p y [1 3] , a n d m e di c al p h y si cs s u c h as p o sitr o n 
e missi o n  t o m o gr a p h y  ( P E T)  [ 1 4],  o pti c al  r efl e ct a n c e  
s p e ctr o s c o p y [ 1 5],  a n d  fl u or es c e n c e  lif eti m e  i m a gi n g  
mi cr o s c o p y  ( F LI M)  [ 1 6],  [ 1 7]. Ti m e -t o-di git al  c o n v ert er s  
( T D Cs) ar e si m pl y  hi g h -pr e cisi o n st o p w at c h es, c o n v ert i n g t h e 
ti m e i nt er v al ( TI) b et w e e n t w o e v e nts i nt o a di git al c o d e . T h e y  
ar e  g ai ni n g  att e nti o n  b ot h  i n  s ci e ntifi c  i n str u m e nts  a n d  
i n d u stri al a p pli c ati o n s [ 1 8]– [ 2 1]. 

A gr o wi n g r es e ar c h tr e n d is t o i m pr o v e t h e T D C r es ol uti o n 
( als o c all e d t h e l e ast si g nifi c a nt bit, L S B; it i s t h e  mi ni m u m 
m e as ur e d  TI ). H o w e v er, li n e arit y  a n d  pr e cisi o n  ar e  als o  
i m p ort a nt p ar a m et er s i n T D C d esi g n s a n d d et er mi n e  t h e T D C 
s y st e m’ s a c c ur a c y. T D Cs’ n o nli n e arit y  c a n b e c h ar a ct eri z e d b y 
diff er e nti al n o nli n e arit y  ( D N L) a n d i nt e gr al n o nli n e arit y (I N L). 
T h e y ar e d efi n e d  as E q s ( 1) a n d ( 2), w h er e 𝑊𝑊 [𝑘𝑘 ] is t h e k- t h 

 
M a n u s cri pt r e c ei v e d A pril 1 9, 2 0 2 1, a c c e pt e d A u g u st 2 9, 2 0 2 1. (Y u 

W a n g a n d W uj u n Xi e c o ntri b ut e d e q u all y t o t hi s w or k .) ( C orr e s p o n di n g 
a ut h or: D a vi d D a y -U ei Li ) 

Y . W a n g, W. Xi e, a n d D. D. -U. Li ar e wit h t h e F a c ult y of E n gi n e eri n g, 
U ni v er sit y  of  Str at h cl y d e,  Gl a s g o w,  G 4  0 R E,  U. K.,  ( e -m ail:  

bi n ’ s bi n-wi dt h , a n d Q  is t he a v er a g e d bi n -wi dt h. D N L a n d I N L 
c a n b e e v al u at e d b y c o d e d e n sit y t ests [ 2 2]. 
 

𝐷𝐷 𝑁𝑁 𝑁𝑁 [𝑘𝑘 ]  =
( 𝑊𝑊 [𝑘𝑘 ]− 𝑄𝑄 )

𝑄𝑄
, ( 1) 

𝐼𝐼𝑁𝑁 𝑁𝑁 [𝑘𝑘 ] = ∑ 𝐷𝐷 𝑁𝑁 𝑁𝑁 [𝑛𝑛 ]𝑘𝑘
𝑛𝑛 = 0 ,  ( 2) 

 

T h e pr e cisi o n  (σ ) s h o ws t h e r e p e at a bilit y of m e as ur e m e nts a n d 
c a n b e ass ess e d b y ti m e i nt er v al t ests :  
 

𝜎𝜎 2 =
1

𝑁𝑁 − 1
∑ ( 𝑥𝑥 𝑖𝑖 − 𝜇𝜇 )𝑁𝑁

𝑖𝑖 = 1 , ( 3) 
 

w h er e  𝑥𝑥 𝑖𝑖  is t h e i-t h o ut p ut’ s bi n n u m b er a n d 𝜇𝜇  is t h e a v er a g e d 
v al u e of N m e as ur e m e nts.  

T D Cs  c a n  b e  r e ali z e d  i n  a p pli c ati o n -s p e cifi c  i nt e gr at e d  
cir c uit s ( A SI Cs ) a n d fi el d -pr o gr a m m a bl e g at e arr a y s ( F P G As) . 
Wit h  r e c e nt  a d v a n c es  i n  c o m pl e m e nt ar y  m et al -o xi d e -
s e mi c o n d u ct or  ( C M O S)  t e c h n ol o gi es, b ot h  A SI C -T D Cs  a n d  
F P G A -T D Cs  c a n  a c hi e v e  pi c o s e c o n d  r es ol uti o n s.  C o m p ar e d  
wit h A SI C -T D Cs , F P G A-T D Cs ar e c h e a p er a n d h a v e s h ort er  
d e v el o pi n g c y cl es . H o w e v er, d u e t o l ar g e n o nli n e arit y a n d t h e 
l a c k of a ut o m ati c  c ali br ati o n  m et h o d s ,  th er e  ar e o nl y  a  f e w  
c o m m er ci al F P G A -T D Cs  [ 2 3]. O n t h e c o ntr a r y, A SI C -T D Cs 
d o mi n at e  c o m m er ci al ti m e-c orr el at e d  si n gl e -p h ot o n  c o u nti n g  
pr o d u cts [ 2 4] – [ 2 6], as t h e y s h o w  b ett er li n e arit y a n d pr e cisi o n 
d u e t o t h e c ar ef ul pl a c e m e nt a n d r o uti n g str at e gi es. 
 T h e  t a p p e d  d el a y  li n e  ( T D L) str u ct ur e  is  t h e  m ai n str e a m 
a p pr o a c h  t o  b uil d  T D C s i n  F P G A s  b e c a u s e c as c a d e d c arr y -
c h ai n m o d ul es ar e c o m m o n i n m o d er n F P G As, f or e x a m pl e, 
C A R R Y 4 m o d ul es i n Xili n x 6-s eri es a n d 7 -s eri es F P G As  [ 2 7] 
a n d C A R R Y 8 m o d ul es i n Ultr a S c al e a n d ot h er m or e a d v a n c e d 
F P G A s [ 2 8]. T h e T D L -T D C’ s  r es ol uti o n is d et er mi n e d b y t h e 
d el a y m o d ul e’ s pr o p a g ati o n d el a y, li mit e d b y C M O S pr o c ess es. 
W a v e u ni o n ( W U) m et h o d s [ 2 9],  m ulti c h ai n  i nt er p ol ati o n 
m et h o d s [ 3 0], v er ni er d el a y li n e s ( V D Ls) [ 3 1] a n d d el a y m atri x 
str u ct ur e s [ 3 2] h a v e b e e n pr o p o s e d t o e n h a n c e t h e r es ol uti o n .  

H o w e v er, d u e t o cl o c k s k e ws a n d pr o c ess v ari ati o n s, T D L s 
ar e  u n e v e n, r es ulti n g  i n l ar g e n o nli n e arit y . L o o k -u p t a bl e ( L U T) 
b as e d bi n -b y -bi n c ali br ati o n [ 3 3] m et h o d s  c a n r e d u c e t h e I N L. 
W o n  a n d  L e e  pr o p o s e d  t h e  t u n e d-T D L  str u ct ur e  [ 3 4] t o 
i m pr o v e li n e arit y b y c h a n gi n g t h e o ut p ut p att er n of c arr y -c h ai n 

y. w a n g. 1 0 0 @ str at h. a c. u k ; w uj u n. xi e @ str at h. a c. u k ; 
d a vi d.li @ str at h. a c. u k ). H. C h e n i s wit h t h e Fr a u n h of er U K R e s e ar c h Lt d 
( e-m ail: H a o c h a n g. C h e n @fr a u n h of er. c o. u k ). 

M ulti c h a n n el ti m e -t o-di git al c o n v ert er s wit h 
a ut o m ati c c ali br ati o n i n Xili n x Z y n q -7 0 0 0 

F P G A  d e vi c e s  
Y u W a n g, W uj u n Xi e, H a o c h a n g C h e n, a n d D a vi d D a y -U ei Li  
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m o d ul e s  a n d  s u g g est e d  a  p att er n ‘ S C S C’ f or  Ki nt e x-7  a n d  
Virt e x -6 d e vi c es a n d ‘ S C S S’ f or t h e S p art a n-6 d e vi c es.  A bl o c k 
r a nd o m  a c c ess  m e m or y  ( B R A M)  b as e d  mi x e d  c ali br ati o n  
m et h o d [ 3 5] i m pr o v es T D Cs’ li n e arit y  b y a t w o-st e p c ali br ati o n , 
i n cl u di n g  bi n c o m p e n s ati o n  a n d  wi dt h  c ali br ati o n .  Wit h  t h e  
mi x e d  c ali br ati o n  m et h o d,  a  5. 0  p s  9 6 -c h a n n el  T D C  w as  
pr o p o s e d  [ 3 5] ,  a c hi e vi n g  a n a v er a g e d p e a k -t o-p e a k  D N L 
(𝑫𝑫 𝑫𝑫 𝑳𝑳 𝒑𝒑 𝒑𝒑 − 𝒑𝒑 𝒑𝒑 ) = 0. 2 7  L S B a n d p e a k -t o-p e a k I N L ( 𝑰𝑰𝑫𝑫 𝑳𝑳 𝒑𝒑 𝒑𝒑 − 𝒑𝒑 𝒑𝒑 ) = 

0. 5 9  L S B , c o m p ar a bl e  wit h  A SI C -T D C s . T h e B R A M -b as e d 
str u ct ur e  is effi ci e nt  a n d  fl e xi bl e . A 1 2 8 -c h a n n el  r es ol uti o n -
a dj u st a bl e T D C f or Li D A R a p pli c ati o n s w as i m pl e m e nt e d [ 3 6] 
u si n g  B R A M -b as e d  mi x e d -bi n ni n g  m et h o d s.  H o w e v er, 
c ali br ati o n c o effi ci e nts st or e d i n B R A M s ar e pr e -c al c ul at e d o n  
P Cs b as e d o n  c o d e  d e n sit y  t ests,  m a ki n g  it  ti m e-c o n s u mi n g, 
es p e ci all y  f or  m ulti c h a n n el d esi g n s . D u e  t o  n o nli n e arit y  a n d 
ti m e-c o n s u mi n g  c h a n n el -b y -c h a n n el  or  c hi p -b y -c hi p 
c ali br ati o n , F P G A-T D Cs r e q uir e pr o p er c ali br ati o n al g orit h m s 
f or  br o a d c o m m er ci al a p pli c ati o n s  t h at  f or c e  a  tr a d e-off 
b et w e e n t h e n u m b er of c h a n n els a n d ar e a o c c u p a n c y  [ 3 7], [ 3 8]. 
T his w or k ai m s t o t a c kl e t his pr o bl e m.  

T h e m ai n c o ntri b uti o n s of t his w or k s ar e: 
1)  W e  pr o p o s e d  a  si n gl e -st e p  w ei g ht e d  hist o gr a m  

c ali br ati o n m et h o d  t h at c a n e as e ultr a -wi d e bi n pr o bl e m s 
c a u s e d b y bi n s w h o s e wi dt h is l ess t h a n 5 L S B , w hi c h is 
m or e  effi ci e nt  t h a n  t h e  pr e vi o u sl y  r e p ort e d  mi x e d  
c ali br ati o n m et h o d [ 3 5]. 

2)  W e pr o p o s e d a n a ut o m at i c c ali br ati o n  ( A C) ar c hit e ct ur e 
u si n g  A R M -b as e d S y st e m -o n -C hi p s  ( S o Cs) , wit h o ut  
m a n u al c ali br ati o n .  

3)  W e  i m pl e m e nt e d a n d t est e d a 1 6 -c h a n n el A C -W U T D C 
i n a n A R M -b as e d  S o C  d e vi c e:  t h e  Xili n x  Z y n q -7 0 0 0 
S o C ( Xili n x X C 7 Z 0 2 0 ). 

II.  AR C HI T E C T U R E  A N D D E SI G N   

T h e T D L ar c hit e ct ur e is t h e b a c k b o n e f or t h e pr o p o s e d T D C, 
i m pl e m e nt e d wit h C A R R Y 4 s i n a l o w-c o st  Xili n x Z y n q -7 0 0 0 
S o C  ( X C 7 Z 0 2 0, Z e d B o ar d d e v el o p m e nt b o ar d). Fi g. 1 a is t h e 
s y st e m ar c hit e ct ur e of t h e pr o p o s e d T D C. T h e w h ol e s y st e m is 
c o m p o s e d of a pr o gr a m m a bl e l o gi c ( P L, e q ui v al e nt t o Arti x 7 
F P G A ) a n d a pr o c essi n g s y st e m ( P S, d u al -c or e A R M C ort e x -9 
i n si d e) [ 3 9]. P L  is  f or i m pl e m e nti n g T D Cs, i n cl u di n g T D L s, 
e n c o d er s , a n d c ali br ati o n  m o d ul es.  Hist o gr a m mi n g   mo d ul es  
w er e als o  i m pl e m e nt e d  i n  P L  t o  c orr e ct  bi as e d ti m est a m p s 
c a u s e d b y b a c k gr o u n d n ois e a n d d e vi c e jitt er  [ 3 6]. P S is f or 
c al c ul ati n g c ali br at i o n c o effi ci e nts . T h e c h a n n el s el e ct or i n P L 
is f or m ulti c h a n n el a p pli c ati o ns, tr a n sf erri n g d at a b et w e e n  t h e 
T D C  c h a n n els  a n d  t h e  A R M  c or e.  T h e  a d v a n c e d  e Xt e n si bl e 
int erf a c e ( A XI) is t h e d at a b u s f or c o m m u ni c ati o n s b et w e e n P L 
a n d P S  [ 4 0]. 

T o  f urt h er  i m pr o v e  T D C ’ s  p erf or m a n c e,  t e c h ni q u es,  li k e  
W U  m et h o d s [ 2 9], s u b -T D L  str u ct ur es  [ 3 5] a n d t u n e d  T D L  
m et h o d s [ 3 4], w er e als o a p pli e d i n o ur st u d y.  

A.  W a v e U ni o n M et h o d a n d S u b -T D L Ar c hit e ct ur e  

T h e c o n c e pt of t h e W U m et h o d is s h o w n i n Fi g. 1 b. W h e n a 
hit  si g n al  arri v es  at  t h e  T D C’ s  i n p ut  p ort,  a  l o o k -u p  t a bl e  

( L U T)-b as e d  W U  l a u n c h er  g e n er at es  a  risi n g  a n d  a  f alli n g  
tr a n siti o ns s e p ar at el y.  T h es e  t w o  tr a n siti o n s ( 0- 1 a n d  1 - 0) 
pr o p a g at e al o n g t h e T D L, a n d t h e T D L’ s o ut p uts ar e s a m pl e d 
b y D- t y p e fli p-fl o p s ( D F Fs) si m ult a n e o u sl y i n e v er y t a p. Wit h 
t w o tr a n siti o n s, t h e T D C c o n d u cts t w o m e as ur e m e nts f or t h e 
s a m e TI i n o n e cl o c k p eri o d, a n d t h e W U T D C’ s r es ol uti o n c a n 
b e d efi n e d as [ 4 1]: 
 

𝑊𝑊 𝑘𝑘 𝐷𝐷 𝑁𝑁 𝑁𝑁 =
𝑘𝑘

𝑊𝑊 𝑘𝑘 + 𝑄𝑄 𝑄𝑄
=

𝐼𝐼 𝑁𝑁 𝑁𝑁 𝑘𝑘 × 𝐷𝐷 𝑁𝑁 𝑁𝑁 𝑛𝑛

𝑘𝑘 𝑛𝑛 𝜎𝜎 𝑁𝑁 + 𝑥𝑥 𝑖𝑖 𝜇𝜇 𝑁𝑁
, ( 4) 

 

w h er e T  is t h e p eri o d of t h e s a m pli n g cl o c k, 𝑖𝑖 𝑥𝑥  a n d  𝑖𝑖 𝜇𝜇  ar e bi n 

n u m b er s of t h e pl ai n T D C wit h a risi n g  tr a n siti o n a n d a f alli n g 
tr a n siti o n, r es p e cti v el y.  S e v er al  st u di es  i n di c at e t h at W U  is 
effi ci e nt  i n  e n h a n ci n g  t h e r es ol uti o n,  b ut  it als o e x a c er b at e s 
b u b bl e  pr o bl e m s ( u n e x p ect e d  tr a n siti o n s  of  l o gi c  st at es ,  f or  
e x a m pl e, u n e x p e ct e d z er o s a m o n g  a  s eri es  of o n es ), c a u si n g 
e n c o di n g f ail ur es  [ 2 9], [ 4 2], [ 4 3]. M or e o v er,  alt h o u g h t h e bi n 
r e ali g n m e nt  m et h o d  c a n  r e m o v e  b u b bl es  w h e n  o nl y  o n e  
tr a n siti o n  e xits i n  t h e T D L [ 4 4], it is diffi c ult t o a c hi e v e t h e 
s a m e r es ult i n W U T D C s d u e t o t h e s p e e d diff er e n c e b et w e e n 
risi n g a n d f alli n g tr a n siti o ns [ 4 1]. 

T h e s u b -T D L [ 3 5] m et h o d  ( or  t h e  d e c o m p o siti o n  m et h o d  
[ 4 5]) c a n r e m o v e b u b bl es . Mis m at c h es a n d l ar g e cl o c k s k e ws 
l e a d t o b u b bl e err or s [ 4 5], [ 4 6]. A st u d y [ 4 7] r e p orts t h at t h e 
l ar g est  cl o c k  s k e w  wit hi n  a  cl o c k  r e gi o n  is  ar o u n d  1 9  p s i n 
Xili n x  Ki nt e x -7  F P G As .  H o w e v er,  t h e  t y pi c al  d el a y  ti m e  
b et w e e n t w o n ei g h b ori n g d el a y c ells ( s e e Fi g. 1 c, hi g hli g ht e d 
i n y ell o w) i n 7-s eri es  F P G A s is ar o u n d 1 0 – 1 5  p s  [ 4 8], [ 4 9]. 
F urt h er m or e,  t h e s u b -T D L  str u ct ur e  el o n g at es  ti m e  i nt er v als  
b et w e e n t a p s b y d e c o m p o si n g s a m pli n g t a p s . For e x a m pl e , i n 
o ur d esi g n , t h e i nt er v al hi g hli g ht e d i n bl u e is f o ur ti m es l o n g er 
t h a n t h e i nt er v al hi g hli g ht e d i n y ell o w ( s e e Fi g. 1 c). T h er ef or e, 
t h e s u b-T D L str u ct ur e c a n mi ni mi z e  t h e i m p a ct of  cl o c k s k e ws 
a n d  mis m at c h es  a n d  r e m o v e  b u b bl es.  M e a n w hil e, 
i nt er p ol ati o n s wit h  f o ur  s u b -T D L s  m ai nt ai n  t h e T D C’ s 
r es ol uti o n.  T h er ef or e,  t h e  s u b-T D L  str u ct ur e  c a n  r e m o v e  
b u b bl es effi ci e ntl y wit h o ut tr a di n g off t h e r es ol uti o n. 

B.  C A R R Y 4 a n d T u n e d -T D L Ar c hit e ct ur e  

As s h o w n i n Fi g. 1 c , t h e T D L is c o n str u ct e d wit h c as c a d e d 
C A R R Y 4 s , a n d e a c h C A R R Y 4 c o nt ai n s f o ur c as c a d e d d el a y 
el e m e nts. E a c h  d el a y el e m e nt h as t w o dir e ct o ut p uts n a m e d C  
a n d S  p ort s,  r es p e cti v el y, a n d n ei g h b ori n g d el a y el e m e nts ar e 
c o n n e ct e d t hr o u g h i nt er n al r o uti n g r es o ur c es [ 5 0]. I n [ 3 4], W o n 
a n d L e e  r e p ort e d t h at T D Cs’ li n e arit y c o ul d  b e i m pr o v e d b y 
c h a n gi n g o ut p ut p att er n s . T o fi n d t h e b est s a m pli n g p att er n f or 
Z y n q -7 0 0 0 S o C, w e c o n d u ct e d si mil ar e x p eri m e nts.  T h e r es ults 
ar e  s u m m ari z e d i n T a bl e I , i n di c ati n g t h at t h e p att er n “ S C S C ” 
p erf or m s t h e b est li n e arit y  i n Z y n q -7 0 0 0 S o Cs . 

 
T a bl e I.  

S A M P LI N G P A T T E R N S C O M P A RI S O N  

P att er n  ( L S B = 9. 8 3 L S B) D N L  ( L S B) I N L ( L S B) 

C C C C  [-0. 9 9,  4. 3 2] , 5. 3 2 [-5. 4 4,  4. 1 7] , 9. 6 1 
S S S S  [-0. 9 1,  3. 2 6] , 4. 1 7 [-5. 3 2,  4. 7 1] , 1 0. 0 3 
C S C C  [-0. 9 8,  3. 2 5] , 4. 2 3 [-5. 2 9,  5. 1 9] , 1 0. 4 8 
C S C S  [-0. 9 5,  5. 0 7] , 6. 0 2 [-7. 4 0,  5. 2 8] , 1 2. 6 8 
S C S S  [-0. 9 7,  3. 2 6] , 4. 2 4 [-7. 1 8,  5. 2 7] , 1 2. 4 5 
S C S C  [-0. 8 9,  2. 9 4] , 3. 8 4 [-5. 7 3,  4. 9 6] , 1 0. 6 9 
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Fi g. 1 ( a) T h e bl o c k di a gr a m of t h e pr o p o s e d T D C s y st e m. ( b) T h e c o n c e pt of t h e W U m et h o d. ( c) T h e bl o c k di a gr a m of t h e t u n e d -T D L ar c hit e ct ur e a n d s u b -T D L 
ar c hit e ct ur e.  

 

C.  W ei g ht e d Hi st o gr a m C ali br ati o n M et h o d  

Alt h o u g h  t h e  t u n n e d -T D L  m et h o d  c a n  i m pr o v e  li n e arit y,  
ultr a -wi d e  a n d  ultr a -n arr o w  bi n s  still  e xist  a n d  c o ntri b ut e  t o  
n o nli n e arit y .  T o  e as e  ultr a-wi d e  bi n  pr o bl e m s,  C h e n  a n d  Li  
pr o p o s e d t h e  mi x e d  c ali br ati o n  m et h o d  [ 3 5] t o  a c hi e v e  
e x c ell e nt  li n e arit y, c o m p ar a bl e wit h A SI C -T D Cs. T h e  mi x e d 
c ali br ati o n m et h o d c o nt ai n s t w o st e p s: bi n c o m p e n s ati o n a n d 
wi dt h c ali br ati o n . C o d e d e n sit y t ests ar e r e q uir e d f or e a c h st e p 
t o c al c ul at e c orr e cti o n f a ct or s. I n th e bi n c o m p e n s ati o n , s m all 
bi n s ar e c o m p e n s at e d b y l ar g e bi n s b y a d dr ess  f a ct or s (𝑫𝑫 𝑫𝑫 𝑳𝑳 𝒑𝒑  
a n d 𝒑𝒑 𝒑𝒑 𝒑𝒑 𝑰𝑰 ) ( s e e Fi g. 2 a). Th e wi dt h c ali br ati o n p erf or m s li k e t h e 
bi n -b y -bi n  c ali br ati o n  [ 3 3] a n d  f u rt h er  e n h a n c es li n e arit y. 
H o w e v er, t h e mi x e d c ali br ati o n m et h o d c a n n ot e as e ultr a -wi d e 
bi n pr o bl e m s c a u s e d b y bi n s wit h a bi n wi dt h > 2 L S B . Wh e n 
d e ali n g wit h  ultr a -wi d e bi n s  ( e. g., Bi n [ n ] hi g hli g ht e d i n bl u e i n 
Fi g. 2 a ), t h e mi x e d c ali br ati o n m et h o d i ntr o d u c es missi n g c o d es, 
li k e Bi n [M + 1 ] hi g hli g ht e d i n r e d i n Fi g. 2 a, a n d  d e gr a d es t h e 
r es ol uti o n. M or e o v er, t h e t w o-st e p mi x e d c ali br ati o n m et h o d is 
u n s uit a bl e  f or a ut o m ati c c ali br ati o n. T h er ef or e, w e pr o p o s e a 
n e w  c ali br ati o n  m et h o d,  t h e  si n gl e-st e p  w ei g ht e d  hist o gr a m  
c ali br ati o n m et h o d . U nli k e t h e mi x e d c ali br ati o n m et h o d, t h e 
pr o p o s e d m et h o d  ( Fi g. 2 b) c a n e as e  ultr a -wi d e bi n pr o bl e m s , 
d et ail e d b el o w .  

Fi g ur e 3 s h o ws t h e h ar d w ar e i m pl e m e nt ati o n of t h e pr o p o s e d 
w ei g ht e d  hist o gr a m  c ali br ati o n  m et h o d.  T o  a c hi e v e  t h e 
hist o gr a m mi n g  f u n cti o n,  t h e a d d er s  i n  Fi g.  3  p erf or m  li k e 
a c c u m ul ati o n s. Li k e  t h e  mi x e d  c ali br ati o n  m et h o d,  t h e  
pr o p o s e d m et h o d c o nt ai n s t w o p arts (t h e bi n c o m p e n s ati o n a n d 
wi dt h  c ali br ati o n).  In  t h e  pr o p o s e d  m et h o d,  t hr e e  p air s  of  

a d dr ess f a ct or s ( A d d r L , A d d r M , a n d A d d r R ) a n d wi dt h f a ct or s 
(C o e L , C o e M , a n d C o e R ) ar e st or e d i n a c ali br ati o n B R A M 
m o d ul e , a n d t h e r es ults ar e st or e d i n t hr e e Hist o gr a m  B R A M 
m o d ul es . T h er e ar e t hr e e p o ssi bl e c as es f or bi n c o m p e n s ati o n 
i n t h e pr o p o s e d c ali br ati o n m et h o d, as s h o w n i n Fi gs 4 a- c :  

C as e A:  𝑫𝑫 [𝑳𝑳 ] ≤ 1  L S B ,  
C as e B: 1 L S B < 𝒑𝒑 [𝒑𝒑 ] ≤ 2  L S B , 
C as e C: 2 L S B < 𝒑𝒑 [𝒑𝒑 ] ≤ 3  L S B.   

𝑊𝑊 [𝑘𝑘 ] is t h e bi n wi dt h of t h e k -t h a ct u al bi n. Fi g ur e 5 s h o ws t h e 
p s e u d o -c o d es f or c al c ul ati n g a d dr ess f a ct or s. I d e all y, wit h t hr e e 
p air s of f a ct or s, t h e pr o p o s e d m et h o d c a n e as e ultr a-wi d e bi n 
pr o bl e m s c a u s e d b y bi n s w h o s e wi dt h is l ess t h a n 5 L S B. Fi g ur e 
2 b is a n e x a m pl e of t his s c e n ari o : Bi n [ n ] is t h e ultr a -wi d e bi n 
(𝐷𝐷 [𝑁𝑁 ] ≤ 5  L S B)  n ei g h b or e d b y t w o wi d e bi n s , Bi n [n- 1] a n d 
Bi n [ n + 1] . Bi n [ n ] c a n b e o nl y r e m a p p e d t o t hr e e i d e al bi n s ( Bi n 
[M- 1 ],  Bi n  [M ],  a n d  Bi n  [M + 1] ).  H o w e v er,  wit h  t h e  f a ct or s 
A d d r R [n - 1] a n d A d d r L  [n + 1] , th e i d e al bi n s (Bi n [ M- 2] a n d 
Bi n [ M + 2] ) ar e f ulfill e d b y t h e a ct u al bi n s ( Bi n [n- 1] a n d Bi n 
[n + 1]) . T h er ef or e, t h e ultr a -wi d e bi n pr o bl e m c a u s e d b y Bi n [ n ] 
( 𝑁𝑁 [𝑘𝑘 ] ≤ 5  L S B) c a n  b e  e as e d wit h  t h e  pr o p o s e d  m et h o d , 
w hi c h is m or e effi ci e nt t h a n t h e mi x e d c ali br ati o n m et h o d i n 
[ 3 5]. 

C al c ul ati o n s f or wi dt h f a ct or s f oll o w si mil ar r ul es s h o w n i n 
Fi g. 4. I n C as e A, o nl y C o e L  is v ali d a n d c a n b e e x pr ess e d as: 
 

𝑊𝑊 𝑘𝑘 𝑄𝑄  𝑄𝑄 [𝐼𝐼 ] =
𝑁𝑁 𝑁𝑁𝑘𝑘 𝐷𝐷 ℎ [𝑁𝑁 ,𝑁𝑁 ]

𝑛𝑛 [𝑘𝑘 ]
, ( 5) 

w h er e  𝑛𝑛𝜎𝜎 𝑁𝑁 𝑥𝑥 ℎ [𝑖𝑖 ,𝜇𝜇 ] is a p orti o n of Bi n [k ] i n  t h e a ct u al T D L 
w hi c h s h o ul d b e i n Bi n [ n ] i n t h e i d e al T D L ( hi g hli g ht e d i n r e d 
i n Fi g. 4 a).  
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Fi g. 2. E x a m pl e s of bi n c o m p e n s ati o n i n a) t h e mi x e d c ali br ati o n m et h o d [ 3 5] 
a n d b) t h e pr o p o s e d w ei g ht e d hi st o gr a m c ali br ati o n m et h o d.  
 

 
Fi g. 3. H ar d w ar e i m pl e m e nt ati o n of w ei g ht e d hi st o gr a m c ali br ati o n.  

 
I n C a s e B, Bi n [k ] is r e m a p p e d t o t w o i d e al bi n s ( s e e Fi g. 4 b). 

T h er ef or e, C o e L a n d C o e M c a n b e d efi n e d as:  
 

𝑫𝑫 𝑫𝑫 𝑳𝑳  𝒑𝒑 [𝒑𝒑 ] =
𝒑𝒑 𝒑𝒑𝑰𝑰 𝑫𝑫 ℎ [𝑳𝑳 ,𝒑𝒑 − 1 ]

𝒑𝒑 [𝒑𝒑 ]
, ( 6) 

𝒑𝒑 𝑊𝑊 𝑘𝑘  𝐷𝐷 [𝑁𝑁 ] =
𝑁𝑁 𝑘𝑘𝑊𝑊 𝑘𝑘 ℎ [𝑄𝑄 ,𝑄𝑄 ]

𝐼𝐼 [𝑁𝑁 ]
, ( 7) 

 

I n C a s e C, all wi dt h f a ct or s ar e v ali d a n d c a n b e c al c ul at e d 
as:  

 

𝑁𝑁 𝑘𝑘 𝐷𝐷  𝑁𝑁 [𝑁𝑁 ] =
𝑛𝑛 𝑘𝑘𝑛𝑛 𝜎𝜎 ℎ [𝑁𝑁 ,𝑥𝑥 − 1 ]

𝑖𝑖 [𝜇𝜇 ]
, ( 8) 

𝑁𝑁 𝑖𝑖 𝑥𝑥  𝑖𝑖 [𝜇𝜇 ] =
𝑊𝑊 𝑖𝑖𝑊𝑊 𝑊𝑊 ℎ [𝑘𝑘 ,𝑛𝑛 ]

𝑊𝑊 [𝑘𝑘 ]
, ( 9) 

𝐵𝐵 𝐶𝐶 𝐶𝐶  𝑅𝑅  [𝑘𝑘 ] =
𝑊𝑊 𝑖𝑖𝑊𝑊 𝑊𝑊 ℎ [𝑘𝑘 ,𝑛𝑛 + 1 ]

𝑊𝑊 [𝑘𝑘 ]
. ( 1 0) 

 

C o m p ar e d wit h t h e mi x e d c ali br ati o n m et h o d i n [ 3 5], w hi c h 
n e e d s  t w o -r o u n d  c o d e  d e n sit y  t ests,  t h e  pr o p o s e d  w ei g ht e d  
hist o gr a m c ali br ati o n m et h o d c a n c al c ul at e b ot h a d dr ess f a ct or s 

a n d wi dt h f a ct or s i n a si n gl e r o u n d ( s e e t h e diff er e n c e b et w e e n 
Fi g.  6 a  a n d  Fi g.  6 b,  hi g hli g ht e d  i n  y ell o w),  w hi c h  is  m or e  
s uit a bl e f or a ut o m ati c c ali br ati o n.  
D.  A ut o m ati c C ali br ati o n  

T h e  pr o p os e d  A C  f u n cti o n  is  b as e d  o n  Z y n q  S o C  
ar c hit e c t ur es. T h e  w or kfl o w  of  t h e  pr o p os e d  f u n cti o n  is  
s h o w n i n Fi g. 6 c a n d c a n b e di vi d e d i nt o t w o p arts: t h e i niti al 
a n d t h e m e as ur e m e nt st a g es.  Aft er p o w eri n g u p t h e b o ar d, 
t h e A R M c or e i n P S c al c ul at es c ali br ati o n f a ct ors a n d l o a ds 
t h e m  t o  B R A Ms  i n  P L  i n  t h e  i niti al  st a g e.  I n  t h e  
m e as ur e m e nt  st a g e,  i n d e x e d  b y  r a w  d at a,  t h e  c ali br at e d  
r es ults  will  b e  d eli v er e d  fr o m  t h e  c ali br ati o n  m o d ul e  a n d  
st or e d i n t h e hist o gr a m mi n g m o d ul e. T hr o u g h t his pr o c e d ur e, 
r e al-ti m e a n d a ut o m ati c c ali br ati o n c a n b e a c hi e v e d wit h t h e 
A R M c or e a n d B R A M m o d ul es.  

T h e  s y st e m is fr e e fr o m m a n u al or offli n e c ali br ati o n s  wit h 
t h e  pr o p o s e d  a ut o m ati c  c ali br ati o n  f u n cti o n,  s uit a bl e  f or  
br o a d er c o m m er ci al m ulti c h a n n el F P G A -T D C a p pli c ati o n s.  

 

 
Fi g. 4. Bi n c o m p e n s ati o n  w h e n a) 𝑊𝑊 [𝑘𝑘 ] ≤ 1  L S B , b) 1 L S B < 𝑊𝑊 [𝑘𝑘 ] ≤ 2  
L S B, a n d c) 2 L S B < 𝑊𝑊 [𝑘𝑘 ] ≤ 3  L S B.  
 

 
Fi g. 5 . T h e p s e u d o-c o d e s f or a d dr e ss f a ct or c al c ul ati o n s . 
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Fi g. 6. Fl o w di a gr a ms of ( a) t h e pr o p os e d w ei g ht e d hi st o gr a m c ali br ati o n 
m et h o d, ( b) t h e mi x e d c ali br ati o n m et h o d i n [ 3 5]. ( c) t h e w or kfl o w of A C 
T D C s . 

III.  EX P E RI M E N T A L R E S U L T S  

W e  c o n d u ct e d  e x p eri m e nts  t o  e v al u at e  t h e A C -W U T D C. 
T w o  as y n c hr o n o u s cl o c k s fr o m i n d e p e n d e nt l o w -jitt er cr y st al 
o s cill at or s  ( F o x -7 6 7)  w er e  u s e d  as t h e  s y st e m  cl o c k  a n d  t h e 
r a n d o m i n p ut f or c o d e d e n sit y t ests. T h e t e m p er at ur e a n d t h e 
o p er ati o n v olt a g e w er e m ai nt ai n e d i n t h e e x p eri m e nt . 

A.  Li n e arit y a n d Bi n Wi dt h Di stri b uti o n  

T h e T D C’ s  li n e arit y is m ai nl y e v al u at e d b y D N L, I N L a n d 
t h eir st a n d ar d  d e vi ati o n s  ( 𝑫𝑫 𝑫𝑫 𝑳𝑳 𝒑𝒑  a n d 𝒑𝒑 𝒑𝒑𝒑𝒑 𝑰𝑰 ).  B e si d e s,  t h e  
e q ui v al e nt  bi n -wi dt h 𝑫𝑫 𝑳𝑳 𝒑𝒑  a n d  its  st a n d ar d  d e vi ati o n  𝒑𝒑 𝒑𝒑 𝒑𝒑  w er e 

als o pr o p o s e d  t o  e v al u at e  T D C ’ s li n e arit y [ 5 1].  T h e y  ar e  
d efi n e d as:  
 

𝑊𝑊 𝑘𝑘 𝐷𝐷
2 = ∑ �

𝑁𝑁 [𝑁𝑁]2

1 2
×

𝑘𝑘 [𝑊𝑊]

𝑘𝑘 𝑄𝑄 𝑄𝑄 𝐼𝐼 𝑁𝑁𝑁𝑁
�𝑘𝑘

𝐷𝐷 = 1 , ( 11) 

w h er e  
𝑁𝑁 𝑁𝑁 𝑛𝑛 𝑘𝑘 𝑛𝑛𝜎𝜎 = ∑ 𝑁𝑁 [𝑥𝑥]𝑖𝑖

𝜇𝜇= 1 , ( 12 ) 
a n d  

𝑁𝑁 𝑖𝑖 𝑥𝑥 = 𝑖𝑖 𝜇𝜇 𝑊𝑊 √ 1 2 = � ∑ (
𝑖𝑖 [𝑊𝑊 ]3

𝑊𝑊 𝑘𝑘 𝑛𝑛 𝑊𝑊 𝑘𝑘𝐵𝐵
)𝐶𝐶

𝐶𝐶 = 1 . ( 13) 

 
T h e  A C -W U  T D C’ s  D N L  a n d  I N L  ar e  i m pr o v e d  

si g nifi c a ntl y  c o m p ar e d  wit h  t h e  u n c ali br at e d  T D C.  T h e  
e x p eri m e nt al r es ults ar e s u m m ari z e d a n d s h o w n i n T a bl e II a n d 
Fi g. 7 .  Aft er  t h e  c ali br ati o n,  𝑅𝑅 𝑘𝑘 𝑊𝑊 𝑖𝑖 𝑊𝑊 − 𝑊𝑊 𝑘𝑘  a n d 𝑛𝑛𝑊𝑊 𝑘𝑘 𝑊𝑊 𝑘𝑘 − 𝑊𝑊 𝑘𝑘  ar e 

i m pr o v e d b y 1 3-f ol d (fr o m 3.9 1 L S B t o 0. 3 0 L S B) a n d 1 8 -f ol d 
(fr o m 1 2. 0 5 L S B t o 0. 6 7 L S B), r es p e cti v el y. 𝑊𝑊 𝑘𝑘 𝑁𝑁 𝐿𝐿  is e n h a n c e d 
b y 2 1 -f ol d (fr o m 0. 8 6 L S B t o 0. 0 4 L S B), a n d 𝜎𝜎 𝐼𝐼𝑁𝑁 𝐿𝐿  is e n h a n c e d 
b y 2 1 -f ol d (fr o m 2. 7 9 L S B t o 0. 1 3 L S B). B esi d es, 𝜔𝜔 𝑒𝑒 𝑒𝑒  a n d 𝜎𝜎 𝑒𝑒 𝑒𝑒  

ar e i m pr o v e d fr o m 1 9. 7 6 p s t o 9. 8 5  p s a n d fr o m 5. 7 0 p s t o 2. 8 4 
p s,  r es p e cti v el y.  M e a n w hil e,  t h e  A C -W U  T D C’ s  bi n -wi dt h 
distri b uti o n is s h o w n i n Fi g. 8 a. T h e c ali br at e d T D C s h o ws a 
m u c h  m or e  c o n c e ntr at e d  bi n -wi dt h  distri b uti o n  t h a n  t h e  
u n c ali br at e d T D C, as s h o w n i n Fi g. 8 b. 

B.  Ti m e I nt er v al T e st s  

T h e  st a n d ar d  d e vi ati o n  of  r e p e at e d  m e as ur e m e nts  c a n  
e v al u at e  t h e  pr o p o s e d  T D C’ s  R M S  r es ol uti o n.  T h e  b uilt -i n 
pr o gr a m m a bl e d el a y m o d ul es, I D E L A Y E 2 a n d I D E L A Y C T R L, 
c a n  g e n er at e a c o ntr oll a bl e d el a y b et w e e n t h e s a m pli n g cl o c k 
a n d  t h e  hit  si g n al  [ 5 2]. B e n efiti n g  fr o m  t h e  d el a y e d  si g n al  
g e n er at e d i n si d e t h e F P G A d e vi c e, e xt er n al m e as ur e m e nt err or s 
a n d jitt er s  ar e mi ni mi z e d. As s h o w n i n Fi g. 9 a, w e c o n d u ct e d 
3 0  m e as ur e m e nts  c o v eri n g  o n e  s a m pli n g  cl o c k,  a n d  e a c h  
m e as ur e m e nt  c a pt ur es  1 0 0  0 0 0  s a m pl es.  T h e  st a n d ar d  
d e vi ati o n s  of  e a c h  m e as ur e m e nt  w er e  c al c ul at e d,  a n d  t h e  
a v er a g e  v al u e  ( 1 3. 8 6  p s)  is  t h e  T D C’ s  R M S  r es ol uti o n.  
M e a n w hil e, t h e m e as ur e d hist o gr a m of a 9 8 0 p s ti m e i nt er v al is 
s h o w n i n Fi g. 9 b, a c hi e vi n g 1 4. 1 6 p s R M S r es ol uti o n.  
 

T A B L E II  
L I N E A RI T Y C O M P A RI S O N B E T W E E N T H E U N C A LI B R A T E D T D C  A N D 

C A LI B R A T E D T D C  

 
T u n e d & S u b -

W U  
A C - W U 

L S B ( p s)  9. 8 3  
D N L ( L S B)  [-0. 9 3, 2. 9 8]  [-0. 1 4, 0. 1 6]  

𝐷𝐷 𝑁𝑁 𝑁𝑁 𝑝𝑝 𝑘𝑘 − 𝑝𝑝 𝑘𝑘 ( L S B) 3. 9 1  0. 3 0  
𝜎𝜎 𝐷𝐷 𝑁𝑁 𝐿𝐿  ( L S B) 0. 8 6  0. 0 4  
I N L ( L S B) [-6. 5 2, 5. 5 3]  [-0. 2 5, 0. 4 2]  

𝐼𝐼𝑁𝑁 𝑁𝑁 𝑝𝑝 𝑘𝑘 − 𝑝𝑝 𝑘𝑘  ( L S B) 1 2. 0 5  0. 6 7  
𝜎𝜎 𝐼𝐼𝑁𝑁 𝐿𝐿  ( L S B) 2. 7 9  0. 1 3  
𝜔𝜔 𝑒𝑒 𝑒𝑒  ( p s) 1 9. 7 6  9. 8 5  
𝜎𝜎 𝑒𝑒 𝑒𝑒  ( 𝑝𝑝 𝑝𝑝 )  5. 7 0  2. 8 4  

 

 
Fi g. 7 ( a) D N L a n d ( b) I N L pl ot s of t h e c ali br at e d a n d u n c ali br at e d T D C s. 

 

 
Fi g. 8. Di stri b uti o n of ( a) c ali br at e d bi n -wi dt h s a n d ( b) u n c ali br at e d bi n -wi dt h s. 
L S B = 9. 8 3 p s . 
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Fi g. 9 ( a) Ti m e i nt er v al m e a s ur e m e nt r e s ult s a n d ( b) Ti m e i nt er v al hi st o gr a m 
at t h e ti m e i nt er v al a b o ut 9 8 0 p s.  
 

 
Fi g. 1 0. I m pl e m e nt ati o n l a y o ut s of ( a) a si n gl e c h a n n el a n d ( b) 1 6 c h a n n el s.  

 
T a bl e III  

L o gi c R e s o ur c e s Utili z ati o n   
 C A R R Y 4  L U Ts  D F Fs  B R A M  

A v ail a bl e  1 3 3 0 0  5 3 2 0 0  1 0 6 4 0 0  1 4 0  
S i n gl e-
c h a n n el  

5 0   
( 0. 38 %)  

7 6 4  
(1. 4 4 % ) 

1 0 9 5  
( 1. 0 2 %) 

2   
( 1. 4 2 %) 

1 6- c h a n n el  
8 0 0  

( 6. 0 2 %) 
9 6 8 1  

( 1 8. 1 9 %) 
1 5 1 4 1  

( 1 4. 2 3 %) 
3 2  

(2 2. 8 5 %)  

A XI B u s  0 
7 9 7  

( 1. 4 9 %) 
1 2 7 8  

( 1. 2 0 %) 
0 

 

C.  M ulti c h a n n el  I m pl e m e nt ati o n  a n d  L o gi c  R e s o ur c e s 
C o n s u m pti o n  

W e h a v e i m pl e m e nt e d a n d t est e d a 1 6 -c h a n n el A C -W U T D C 
i n  Z y n q-7 0 0 0  S o Cs.  T o  a v oi d  si g nifi c a nt  cl o c k  s k e ws,  e a c h  
T D L ( c o nt ai ni n g 5 0 C A R R Y 4 s) is pl a c e d wit hi n a cl o c k r e gi o n. 
E v er y  W U  l a u n c h er  is  c o n str ai n e d  n e ar  t h e  c orr es p o n di n g 
T D L’ s fir st C A R R Y 4 t o mi ni mi z e jitt er s i ntr o d u c e d b y r o uti n g 
r es o ur c es ( s e e Fi g. 1 0 a). T o s h o w t h e effi ci e n c y of t h e pr o p o s e d 
w ei g ht e d  hist o gr a m  c ali br ati o n  m et h o d,  1 6  c h a n n els  ar e  
distri b ut e d i n t h e t est e d c hi p r a n d o ml y  ( s e e Fi g. 1 0 b ).  

T a bl e III s u m m ari z es t h e r es o ur c e c o n s u m pti o n f or t h e 1 6 -
c h a n n el d esi g n.  E a c h c h a n n el c o sts 7 6 4 L U T s, 1 0 9 5 D F Fs, a n d 
2  B R A M s.  T h e  u s a g e  r e p ort  s h o ws  t h e  pr o p o s e d  T D C  
ar c hit e ct ur e  h as  gr e at  p ot e nti al  i n  m ulti c h a n n el  a p pli c ati o n s.  
M or e o v er, t h e A XI b u s is f or c o m m u ni c ati o n s b et w e e n P L a n d 
P S wit h t h e c o st of 1 2 7 8 D F Fs a n d 7 9 7 L U T s . 

C o d e  d e n sit y  t ests  w er e  c o n d u ct e d  f or  all  c h a n n els.  T h e  
li n e arit y p erf or m a n c es f or 1 6 c h a n n els ar e c o n cl u d e d i n T a bl e 
I V,  s h o wi n g  t h at  t h e  pr o p os e d  1 6-c h a n n el  T D C  h as  g o o d  
u nif or mit y .  

I V.  CO M P A RI S O N A N D D I S C U S SI O N S 

T a bl e  V  c o m p ar es  o ur  pr o p o s e d  c ali br ati o n  m et h o d  wit h 
ot h er  p u blis h e d  c ali br ati o n  m et h o d s . T a bl e  V I s u m m ari z es 
r e c e ntl y p u blis h e d F P G A-T D Cs a n d t h e pr o p o s e d T D C.  

Alt h o u g h  c ali br ati o n  m et h o ds  li k e  bi n -b y -bi n c ali br ati o n  
[ 3 3], bi n -wi dt h  c ali br ati o n  [ 5 3],  a n d  mi x e d  c ali br ati o n [ 3 5] 
m et h o d s c a n  i m pr o v e  li n e arit y  a n d  pr e cisi o n,  t h es e  m et h o d s  
r e q uir e m a n u al c ali br ati o n, w hi c h is u n s uit a bl e  f or c o m m er ci al 
pr o d u ct s. T h e g ai n a n d err or c ali br ati o n [ 5 4]  c a n c orr e ct d at a 
a ut o m ati c all y , u si n g si g n al pr o c essi n g m et h o d s ( effi ci e nt b ut 
c o m pl e x) .  H o w e v er,  t his  m et h o d [ 5 4] r e q uir es  t w o  si g n al  
i nt er p ol at or s  a n d  c o n s u m e s m or e  r es o ur c es p er  c h a n n el  t h a n 
o ur s ol uti o n  ( s e e T a bl e VI). 

U nli k e ultr a -hi g h r es ol uti o n ( <  5 p s) T D C s [ 4 1], [ 4 7], [ 5 4]–
[ 5 7], t h e A C-W U T D C ai m s t o a c hi e v e a hi g h r es ol uti o n a n d 
li n e arit y  si m ult a n e o u sl y  i n  l o w-c o st  S o C  d e vi c es.  C o m p ar e d 
wit h  pr e vi o u s l y  r e p ort e d  T D Cs wit h  si mil ar  r es ol uti o n s,  t h e  
pr o p o s e d T D Cs ar e e as y t o i m pl e m e nt i n m o d er n S o C d e vi c es 
a n d h a v e b ett er li n e arit y . C o m p ar e d wit h t h e  P L L d el a y m atri x 
T D C  pr o p o s e d  i n  [ 5 8],  o ur  T D C  h as  si mil ar  li n e arit y  
p erf or m a n c es. H o w e v er, t h e P L L d el a y m atri x T D C r e q uir es 6-
f ol d m or e L U T s t h a n o ur T D C wit h t h e A XI b u s . M e a n w hil e, 
e as y  i m pl e m e nt ati o n  is  ess e nti al  f or  br o a d er  a p pli c ati o n s.  I n  
t his as p e ct,  o ur  d esi g n  s h o ws a d v a nt a g es c o m p ar e d  wit h  t h e 
t w o-st a g e  d el a y  li n e  l o o p  s hri n ki n g  T D C  [ 5 9] a n d  t h e  
bi dir e cti o n al  R O V er ni er T D C [ 6 0] b e c a u s e m o d er n F P G As d o 
n ot  h a v e  d e di c at e d  l o gi c  r es o ur c es  t o  c o n str u ct  l o o p  
ar c hit e ct ur es.  

T h e pr o p o s e d w or k all o ws r e s e ar c h er s t o pr o d u c e r e p e at a bl e 
m e as ur e m e nts  u si n g  est a blis h e d  A R M -b as e d  Z Y N Q  d e vi c es  
e asil y . T h e pr o p o s e d  a p pr o a c h c a n als o b e i m pl e m e nt e d wit h 
o p e n -s o ur c e  s oft c or e  pr o c ess or s f or  l o w-c o st  c o m m er ci al  
d e v el o p m e nts. H o w e v er, c o m p ar e d wit h t h e pr o p o s e d T D C, t h e 
r es o ur c es  c o n s u m pti o n  of  a  s oft c or e  pr o c ess or  i n  F P G As  is 
cl o s e t o or e v e n hi g h er t h a n a si n gl e -c h a n n el d esi g n . T h e y c o st 
at l e ast t h o u s a n d s of L U T s a n d D F Fs [ 6 1], [ 6 2]. T h e R o c k et 
C hi p  G e n er at or  [ 6 3],  a  d e di c at e d o p e n -s o ur c e c or e,  a n d  its  
v ari ati o n S- RI S C - V [ 6 4] c o n s u m e  m or e  t h a n  3 0 K  L U T s  a n d  
1 5 K  D F Fs.  R es o ur c e  o pti mi z ati o n  i n  s oft c or e  pr o c ess or s  is 
c o m pl e x a n d r e q uir es e x p ertis e in i m pl e m e nti n g c o ntr ol b u s es 
a n d d at a b u s es a n d d e v el o pi n g arit h m eti c l o gi c al u nits ( A L Us) . 

G e n er all y , b e n efiti n g fr o m a ut o m ati c c ali br ati o n  wit h A R M -
c or e pr o c ess or s , o ur d esi g n d o es n ot r e q uir e m a n u al c ali br ati o n 
li k e t h e dir e ct hist o gr a m T D C [ 5 3] a n d t h e mi x e d c ali br ati o n 
T D C [ 3 5].  T his  a d v a nt a g e  wi d e n s  t h e  A C-W U  T D C’ s  
a p pli c ati o n s.  

 
T a bl e I V  

 S u m m ar y of Li n e arit y P erf or m a n c e s of 1 6 -C h a n n el T D C s ( U nit s: L S B)  
C h a n n el  0  1  2  3  4  5  6  7  8  9  1 0  1 1  1 2  1 3  1 4  1 5  A v e.  

𝑫𝑫 𝑫𝑫 𝑳𝑳 𝒑𝒑 𝒑𝒑 − 𝒑𝒑 𝒑𝒑  0. 2 1  0. 3 4  0. 3 3  0. 2 8  0. 3 0  0. 2 9  0. 5 6  0. 6 9  0. 2 5  0. 4 1  0. 2 5  0. 2 6  0. 5 2  0. 2 7  0. 4 8  0. 6 0  0. 3 8  
𝑰𝑰 𝑫𝑫 𝑳𝑳 𝒑𝒑  0. 0 3  0. 0 5  0. 0 5  0. 0 4  0. 0 4  0. 0 4  0. 1 0  0. 0 7  0. 0 4  0. 0 6  0. 0 3  0. 0 4  0. 0 7  0. 0 3  0. 0 6  0. 0 7  0. 0 5  

𝒑𝒑𝒑𝒑 𝒑𝒑 𝑊𝑊 𝑘𝑘 − 𝐷𝐷 𝑁𝑁  0. 5 2  0. 5 5  0. 5 1  0. 5 2  0. 6 7  0. 4 5  0. 9 0  0. 8 6  0. 5 1  0. 4 5  0. 5 7  0. 3 7  0. 8 7  0. 6 2  0. 8 9  0. 8 7  0. 6 3  
𝑁𝑁 𝑘𝑘𝑊𝑊 𝑘𝑘  0. 1 0  0. 1 1  0. 1 0  0. 1 2  0. 1 3  0. 0 8  0. 1 7  0. 1 8  0. 0 9  0. 0 8  0. 1 1  0. 0 8  0. 1 9  0. 1 4  0. 2 3  0. 2 6  0. 1 4  
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V.   CO N C L U SI O N  

W e  d e v el o p e d  a  m ulti c h a n n el a ut o -c ali br ati o n  ar c hit e ct ur e 
a n d a w ei g ht e d hist o gr a m m et h o d f or t h e fir st ti m e. B esi d es, w e 
c o m bi n e d t h e W U m et h o d, t h e t u n e d -T D L m et h o d a n d t h e s u b -
T D L m et h o d t o i m pl e m e nt hi g h li n e arit y, hi g h r es ol uti o n a n d 
m ulti c h a n n el T D Cs  i n a l o w-c o st A R M -b as e d S o C d e vi c e. T h e 
a d v a nt a g es ar e as f oll o ws.  
1)  S o m eti m es  c ali br ati o n m et h o d s r e q uir e off -li n e or m a n u al 

c ali br ati o n  ( c h a n n el -b y -c h a n n el  or  c hi p -b y -c hi p).  T h e 
pr o p o s e d  a ut o m ati c  c ali br ati o n  ar c hit e ct ur e  r es ol v es  t his  
pr o bl e m b y u si n g A R M pr o c ess or s i n si d e A R M -b as e d S o C 
d e vi c es. T h e  pr o p o s e d  T D C  is  m or e  s uit a bl e  f or 
c o m m er ci al pr o d u cts . 

2)  Tr a diti o n al hist o gr a m -b as e d c ali br ati o n m et h o d s [ 3 5] n e e d 
t w o  st e p s  t o  c o n d u ct  a d dr ess  r e m a p pi n g  a n d  wi dt h  
c ali br ati o n. W e p erf or m e d t h es e t w o st e p s si m ult a n e o u sl y 
f or t h e pr o p o s e d w ei g ht e d hist o gr a m c ali br ati o n m et h o d b y 
a n al y zi n g r el ati v e p o siti o n s b et w e e n i d e al a n d a ct u al bi n s. 
B esi d es,  t h e  pr o p o s e d  m et h o d  c a n  e as e  ultr a -wi d e  bi n  

pr o bl e m s c a u s e d b y  bi n s  w h os e wi dt h is l es s t h a n 5 L S B  
wit h  o nl y  a n  e xtr a  B R A M  m o d ul e,  c o m p ar e d  wit h  t h e  
mi x e d c ali br ati o n m et h o d [ 3 5], w hi c h c a n o nl y d e al wit h 2 
L S B ultr a -wi d e bi n s.  

C o m bi ni n g t h e W U m et h o d, t h e t u n e d -T D L m et h o d a n d t h e 
s u b -T D L m et h o d, a n o v el T D C w as pr o p o s e d a n d e v al u a t e d. 
T h e  bi n  si z e  ( L S B)  a c hi e v es  9. 8 3  p s,  a n d  𝑫𝑫 𝑫𝑫 𝑳𝑳 𝒑𝒑 𝒑𝒑 − 𝒑𝒑 𝒑𝒑  a n d 

𝑰𝑰𝑫𝑫 𝑳𝑳 𝒑𝒑 𝒑𝒑 − 𝒑𝒑 𝒑𝒑  ar e e n h a n c e d t o 0. 3 8  L S B a n d 0. 6 3  L S B, r es p e cti v el y, 

i n a l o w-c o st Z y n q -7 0 0 0 A R M -b as e d S o C. A 1 6 -c h a n n el T D C 
s y st e m w as al s o i m pl e m e nt e d a n d t est e d. T h e t ests r es ults s h o w 
g o o d u nif or mit y b et w e e n c h a n n els.  

 
T a bl e V  

C o m p ari s o n of p u bli s h e d c ali br ati o n m et h o d s 

R ef. - 
Y e ar  

M et h o d s  
M ulti pl e 

st e p s 
A ut o/ m a n u al  
C ali br ati o n  

[ 3 3]-1 0  Bi n -b y -bi n c ali br ati o n  Si n gl e -st e p M a n u al  
[ 5 3]-1 7  Bi n -wi dt h c ali br ati o n  Si n gl e -st e p M a n u al  
[ 3 5]-1 9  Mi x e d c ali br ati o n  T w o -st e p M a n u al  
[ 5 4]-2 1  G ai n & err or c ali br ati o n  Si n gl e -st e p A ut o  
T hi s 
w or k  

W ei g ht e d hi st o gr a m c ali br ati o n 
wit h a n A C f u n cti o n  

Si n gl e -st e p A ut o  

 
T a bl e V I 

C o m p ari s o n of R e c e ntl y P u bli s h e d F P G A -T D C s  

R ef -
Y e ar  

M et h o d s  
D e vi c e  
P r o c e ss  
(n m)  

L S B  
( p s) 

𝑊𝑊 𝑘𝑘 𝐷𝐷  

( p s) 

R M S  
R e s ol.  
( p s) 

D N L  ( L S B) I N L ( L S B) L U T  D F F  
B R  
A M  

A XI B u s  

[ 3 4]-1 6  T u n e d -T D L  
2 8  1 0. 6  N/ S  1  8. 1 3  [-1. 0 0,  1. 4 5]  [-1. 2 3,  4. 3 0]  5 7 7  1 6 4 1  0  - 
4 0  1 0. 1  N/ S  1  9. 8 2  [-1. 0 0,  1. 1 8]  [-3. 0 3,  2. 4 6]  5 7 7  1 6 4 1  0  - 
4 5  1 6. 7  N/ S  1  1 2. 7 5  [-1. 0 0,  1. 2 2]  [-0. 7 0,  2. 5 6]  2 6 1  7 8 7  0  - 

[ 5 6]-1 6  
D u al -s a m pli n g, 
Bi n R e ali g n m e nt,  
Bi n D e ci m ati o n  

2 0  3. 2 9  N/ S  1  2. 9 7  [-1. 0 0,  3. 9 5]  2  [-1. 5 0,  1. 9 5]  2  6 6 4  1 6 5 2  0 - 

[ 5 5]-1 7  M ulti c h ai n A v e.  2 8  1. 1 5  N/ S  1  3. 5 0  [-0. 9 8,  3. 5 0]  [-5. 9 0,  3. 1 0]  1 5 2 5 5  3  N/ S  1  4 3  3  - 

[ 5 3]-1 7  
T u n e d -T D L,  

Dir e ct Hi st o gr a m  
Bi n -wi dt h C ali.  

2 8  1 0. 5 0 1 0. 5 5  4. 4 2  [-0. 0 4,  0. 0 4]  [-0. 0 9,  0. 0 4]  N/ S  1  N/ S  1  0 - 

[ 5 9]-1 8  
T w o -St a g e D el a y 

Li n e L o o p 
S hri n ki n g  

1 3 0  8. 5 0 N/ S  1  4 2. 4 0 [-0. 2 2,  0. 3 6]  [-0. 6 2,  0. 9 1]  N/ S  1  N/ S  1  0 - 

[ 3 5]-1 9  

T u n e d -T D L,  
S u b -T D L,  

Mi x e d  
C ali br ati o n  

2 8  1 0. 5 4  1 0. 5 5  1 4. 5 9  [-0. 0 5,  0. 0 8]  [-0. 0 9,  0. 1 1]  1 1 4 5  1 9 1 6  1. 5  - 

2 0  5. 0 2  5. 0 3  7. 8 0 [-0. 1 2,  0. 1 1]  [-0. 1 8,  0. 4 6]  7 0 3  1 1 9 5  1. 5  - 

[ 6 0]-2 0  
Bi dir e cti o n al  
R O V er ni er  

6 5  2 4. 5 0 N/ S  1  2 8 . 0 0 [-0. 2 0,  0. 2 5]  [ 0. 0 3, 0. 8 2]  1 7 2  9 8 6  0 - 

[ 5 8]-2 0  
P L L D el a y M atri x 

wit h D D R  
4 0  1 5. 6 0 N/ S  1  1 5. 6 0 [-0. 1 8,  0. 1 8]  4 [-0. 1 6,  0. 1 4]  4  9 8 8 6  5  N/ S  1  0 - 

[ 4 7]-2 0  
P S D L 1 0  2 8  1. 1 1  1. 7 1  ＜ 5. 3 0  [-0. 9 8,  3. 7 3]  [-1 7. 4 7,  3 8. 5 6]  2 0 0  2 0 0 0  0  - 

1 0 × T C L c h o p p e d  2 8  1. 0 1  1. 3 9  ＜ 4. 5 0  [-0. 9 8,  2. 7 3]  [-1 7. 8 3,  5. 0 6]  2 0 0 0  2 0 0 0  0  - 

[ 5 4]-2 1  
Sli d e S c al e,  

G ai n  & Err or c al.,  
M o vi n g A v e.  

2 8  4. 8 8  N/ S  1  
2. 9 0 ~  
8. 0 3  

[-0. 1 0,  0. 1 5]  [-0. 2 3,  0. 2 8]  2 9 6 2  4 1 5 7  0 - 

[ 5 7]-2 1  
L ar g e S c al e 

P ar all el R o uti n g  

4 0  5. 5 0  N/ S  1  N/ S  1  [-0. 8 4,  1. 6 7]  [-3. 4 8,  3. 3 3]  4 1 4  1 0 9 0  0  - 
2 8  1. 2 9  N/ S  1  N/ S  1  [-1. 2 0 , 1. 4 0 ] [-3. 2 8,  3. 7 8]  1 0 0 2  3 9 0 0  0  - 
2 0  3. 9 5  N/ S  1  N/ S  1  [-2. 7 5,  3. 0 0 ] [-5. 7 5,  6. 0 0 ] 3 3 4  1 1 0 0  0  - 

[ 4 1]-2 1  

S u b -T D L,  
D S,  

W U -A,  
Bi n ni n g  

2 0  2. 4 8  2. 9 5  3. 6 3  [-0. 9 3,  1. 6 8]  [-1. 7 8,  2. 6 7]  2 4 6 0  3 4 6 3  7. 5  - 

T hi s  
W o r k 

W U -A,  
T u n e d -T D L,  
S u b -T D L,  
A ut o C al.  

2 8  9. 8 3  9. 8 5  1 3. 8 6  6 
[-0. 1 4,  0. 1 6],  

0. 3 8 7  
[-0. 2 5,  0. 4 2],  

0. 6 3 7  
7 6 4  1 0 9 5  2 

1 2 7 8 D F F s 
7 9 7 L U T s 

1 N/ S = n ot s p e cifi e d; 2  A p pr o xi m at e v al u e s fr o m fi g ur e s pr e s e nt e d i n lit er at ur e ; 3 C al c ul at e d v al u e s fr o m d at a pr es e nt e d i n lit er at ur e ; 4  R o u n di n g v al u e s fr o m d at a 
pr e s e nt e d i n lit er at ur e ; 5 C o m bi n ati o n al A L U Ts i n Alt er a F P G A;  6 T h e R M S r e s ol uti o n i s m e a s ur e d i nt er n all y. 7 A v er a g e d p e a k -p e a k D N L or I N L r e s ult s of t h e 
M ulti c h a n n el T D Cs.  
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Pr e vi o u sl y  p u blis h e d  F P G A -T D Cs  w er e  i m pl e m e nt e d  i n  

A R M -fr e e F P G A s i n st e a d of A R M-b as e d S o C s. T h e pr o p os e d 
ar c hit e ct ur e s h o ws t h at A R M-b as e d s ol uti o n s c a n off er o nli n e 
a ut o m ati c c ali br ati o n o v er tr a diti o n al F P G A d e vi c es, pr o misi n g 
br o a d er  a p pli c ati o n s  i n  Li D A R,  P E T -C T  or  R a m a n  
s p e ctr o s c o p y.  

A C K N O W L E D G E M E N T  

T h e  r e s e ar c h  h as  b e e n  s u p p ort e d  b y  t h e  E n gi n e eri n g  a n d  
P h y si c al  S ci e n c es  R e s e ar c h  C o u n cil  u n d er  E P S R C  Gr a nt:  
E P/ L 0 1 5 9 6 X/ 1, t h e R o y al S o ci et y of E di n b ur g h,  a n d t h e C hi n a 
S c h ol ar s hi p C o u n cil. W e w o ul d als o li k e t o a c k n o wl e d g e t h e 
s u p p ort fr o m Xili n x f or d o n ati n g F P G A d e v el o p m e nt kits t o t h e 
r es e ar c h  gr o u p a n d  t h e  v al u a bl e  i n p ut  f r o m  Z h e n y a  Z a n g  
r e g ar di n g  s ol uti o n s  u si n g  A R M  d e vi c es  a n d  o p e n-s o ur c e 
s oft c or e pr o c ess or s .  
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