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What is Metastability?

 Buridan’s donkey

* In alatch, hesitating decision between 0 and 1.

Meta-stable

Energy |Stable A=1

Voltage
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Sampling Asynchrounous Signals

« Signal from external world is asynchronous with CIk
« Asynchronous sampling occurs for the signal
generated from different clock

— Inputs to FFs must be stable when sampled by clkB
— Sampling at aperture or keep-out region must be avoided

 D-FF has setup and hold times

transition

Module A X Module B CUkA

X

CIkA ClkB

CIkB
FIGURE 10-4 Crossing Clock Domains

aperture time
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Synchronizer

* Inputs to synchronous systems must be synchronized
- qualified in value and time.

* Inputs to synchronous systems must be synchronized
- qualified in value and time.

A synchronizer is similar to D-FF with sufficient delay

« Xis sampled on the falling edge of clk and waits half
cycle to decide and then asserts result at the rising
edge of clk.

—I XS

X
| Sync
Clk

FIGURE 10-3 Sampling Asynchronous Signals

Xs o -/
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Synchronization Failure

 When input level is close to the threshold, the
decision can take longer than allotted time, which is
called synchronization failure.
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Synchronizer Dynamics

 Initially both inputs are low and both outputs are high.
— When A rises first, Afirst’goes low and Bfirst’remains at high.
— When A and B rise nearly at the same time, during At,
— AV, = K;At where K,=1/C
— When B arrives, NAND gates become cross-coupled inverters.
— AV(r) = AV, exp(t/1,) where 7 IS regeneration time constant
— Decision time t, required for AV to reach unit voltage is

ts = —1, log (AV))

A AFirst’ A __/

+ At =

AV [ —
- AV
BFirst’ L /
B Lry
AV _r/‘_ ‘

FIGURE 10-5 Synchronizer Dynamics
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(Ref) Basic Model of Synchronizer

— Same function as positive-edge triggered D-FF
» clk=0: outputs old data and tracks new data
« clk=1: samples new data, regenerates, and outputs result

— The data is regenerated in synchronization core through a
positive feedback loop

D— bpFfF [—Q

T

clk

clk
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(Ref) Synchronization Core

 Pair of inverters connected back to back

— Positive feedback loop of two inverters with unity-gain
bandwidth f; and time constant 7. 1

271

f=—"

— Two time constants in the small-signal equivalent circuit

+

C.

nv

ot 7,

— Thus, metastability regeneration time constant is

T =

C

inv

T,

, |

1=—
27T

1

Va ‘> Ve
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(Ref) Clock to Q Delay

Metastability appears as increased clk-to-Q delay, T,
when setup or hold time is violated
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Forbidden sampling window \
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(Ref) Metastable State

D « At sampling time At=ty-tye 1y from
threshold crossing time tp¢ 1
Dcore _ At 1
AV =Vp, t’ AVp core = 2 AoVip AtA
clk  Intheregeneration phase
T Vo, t
clkcore K_)I VQ,CORE (t)_ 2 +AVD CORE 4
. AV core V At /
Qeone : j_\{//—:'ﬂﬂm VQ(t‘l‘TQ):AQ CORE(t)_ s AbADVDD /
—F\’; oDD i .
. i Za,  * Regenerationtime
° TSN V(rg ) =V In(——)
. Y0 To+7 T, =71IN .
i Q R DD R
1 &y ool
> 2: At,, 5
ArCD -
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(Ref) Measurement of t

* Metastability resolving time constant t

[
I'(At) =7, +1,+max {rln( ), 07\ In case of none-metastable state

A, A A1

tr
T(AY) =17, +T+7 In( ADAtl) =1,

tr
T(At,) =7, +74 +7In( ADAtZ) =15,

From {15, At AL,

tDl _tDZ
T =
At,
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(Ref) Calculation of Error Probability

* Probability of clk-to-Q delay exceeding wait time T

T(At,) =70+ 7y +7IN(—T ) =T,

Ao AL,
(e +70—Tw)

At SELTIP a

Ao A
Error probability
(o +70=Tw)

2, )

Prob(T, ) = Mo

period

TCD
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(Ref) Error Probability

 Timing window expands due to sampling.
- Error occurs when clock to Q delay exceeds T i + (7 —7p)

2t e(Tck +79 _(Tperiod +Tek — 7D % 2t e(TD +7g _Tperiod%

r r

Prob(erroratQ) = oo _ M

Tperiod Tperiod
O e set before hore
/ occurs here \/

D X X

Cl’kcoi | -1 ! viod _/i\_

C]k 7] . <k o ' :

Q X__ ) 4

Q >< N4

clk
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(Ref) Error Probability

« Cascaded Synchronizer
- Error probability at A = Prob(C2Q delay exceeds (T ;g + 7o — 75))

- Error probability at B 2 prop(c2Q delay exceeds (T serioa + T + 70))

1
1 1 ™
=&, > —
1 T~
1 7% 2%
SRR N e ] ]
D S —
A B
clk i i i

© 2020 DK Jeong Topics in IC Design 14



(Ref) Error Probability

. Stacked synchronizer 2 *" ™%
- Error probability at A 2>

T

period

2r (+QTpd/

- Error probability at B = Mok .{ADlAQ e“‘“”“’“’““’"%}

2tr ( 1 JZ (TD ek —2(Tperiod ~Telk —70 )%
Ao A

period

penod

- Error probability at N'th stage

N
(TD ~Te —N (Tperiod “Telk — T ))
2tr [ 1 j . )/
Ao Ay

penod
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Metastability

* If the two inputs rise exactly at the same time, 4V, Is
zero and no signal to amplify.
AV (1) = AV, exp(t/ts)
« The circuit with AV(t)=0 is in a metastable state.

« Tiny amount of perturbation (noise) will drive the
circuit into either one of the two stable state.
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Probability of Sync Failure

« Wait time is the cycle time of A

BBS
A

FIGURE 10-6 Example Synchronizer

* Prob (B rises/falls during aperture time) = t_/t

cyA
{1 [
B [T
)

e i
t«—ﬂ’ﬁ— L
"Ech !
2‘4_7}':

'=l
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Probability of Sync Failure

 Initial condition of 4V that grows exponentially and
reaches 1 after wait time of t,, = 4V, = 1.exp(-t,,/t.)

|
V4
)

(s )
AV, L
e NGB

ré_‘JCw""?

]

* Prob (Edge of B causes metastability after t,)
=t f,4V, =t f,exp(-t,/t)

* Frequency of synchronization failure
=t f,fgexp(-t,/ty)
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Example Sync Calculation

« Synchronized signal BS has a very low probability of

failure 5 - BX - 55
A

FIGURE 10-6 Example Synchronizer

Regeneration time constant t, = 200ps

TABLE 10-1 Example Synchromzer Calcuiatlon

Symbol Qgscrtptaan o S | Value

_ Units

fa Eventfrequéncyon._}ineA - 1000
fa Event frequency on B~~~ - SRR
ta Aperture time ufﬂqa ﬂop g 20() o

tw Waiting time w B Con ok ";10

Pl

. MHz
Mz :
E. pS L

| for each eventon B o
f& = Frequency of SYnchromzatlon faﬂures -3, 86 X 10‘18

MTBF '_Tnne between synchromzatton faﬁures '; G2 59 % 107 .

Pg Probability of synchmmzauon fallure e 3 86 >< 10_24 j

| 1:a'fA'eXp ('tw/ts)
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Completion Detection

« During metastability (decision time), outputs are not
validated

— Only after the outputs diverge beyond decision voltage Vg,

completion sianal Done is asserted.
A

BFirst

+ —
AV
- Va :D Done
B m_D AFirst

Va

FIGURE 10-7 Completion Detection

— Asynchronous circuit following arbiter operates only after
Done is asserted. No sync failure!

— Done is arequest signal for the next stage

— Less latency, no worst-case waiting time.
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Common Sync Mistakes

* Properly designed synchronizer exhibits very low
probability of failure

« Common errors in synchronization
— Using dynamic latch w/o regeneration
— Load cap inside regeneration loop

Cik’ Clk’
D —@Po—¢
Cik D 0 D
(a) Dynamic Latch c
Clk ? load Clk 0
C
(b) Loaded Feedback v foad
(c¢) Correct Circuit
FIGURE 10-8 Common Synchronizer Errors
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StrongArm Latch(schematic)

SR

Latch —oD°“t

When CLK=L (precharge), both sb and rb are H.
When CLK=H (evaluation), one goes down to L and the other remains H.

When CLK=L, data must be held. Both s and b are L. So SR-latch with NOR
gates must be used.
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StrongARI\/I Latch t

0.8 (lin)

0.7

0.5

(1in}

0.8
CI k 0.6

0.4

0.2

Setup time

setup/thold Sim.

______________________ .63________
Decision|{Threshold

. On input 0->1 transition,
* 1 sampled at output (0->1)

“* No transition at out (0->0)

For hold time, apply 1->0 at input
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StrongARM Latch tee,p/thoq SIM.

 Decision takes longer due to setup/hold time violation.
« Metastable point is varied with PVT variation.

Metastable Point

l4p

120 1->0 sampling

sb and rb 1ip
10p

0->1 sampling

Setup tim Hold time

9p

8p

‘15p  -1lp ' 5p 0 ' 5p
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Offset of StrongARM Latch

« “Offset” is due to mismatch in the supposedly
Identical matched pair.

 From process variations:
- Random dopant fluctuations
- Interface-state density fluctuations

- Mask misalignment, W and L variations

« Offset voltage is determined by mismatch of
- Threshold voltage, transconductance, capacitance
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Offset of StrongARM Latch

« Different discharge rates at P and Q

_ ~gm(Vini —Vin2) . Icu CLK -J':l- -|;|H ,—c"El- )L-FCLK
Vr=Vbp 2Cr t Cr t C

VQ:VDD+ ng(VinI —Vin2) f— Icm { —O0 Vout 0—

2Cqo Co ! >< :
P Q

VP_VQ:_ g!;l,2 : Cg-'_gQ (‘/irll _‘/in2) t ‘ IN+_I[ Om,in+ Om,in- ]I_ IN- |
L= Cagy . ’
CrCa CM CLK -||i
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What Is a serializer?

« Takes n-bits of parallel data changing at rate y and
transforms into a stream at a rate of n*y

« Converts input parallel data-bits into serial for inter-
IC transmission across lossy channel

« Serial link reduces the number of required pins

Transmitter output data Channels Receiver input data
Channel 1 |A1|A2JA3|A4]AS|A6[A7|--C———---- |A1|A2]A3[A4|AS|A6|A7| Channel 1

Channel 2 (81|B2|B3|B4|B5|B6|B7)-- T3 ---(B1|B2|B3|B4|B5|B6|B7| Channel 2
channel 3 [c1[c2c3]c4]cs|cs|cr|-- ——------ [c1|c2|cs]ca]cs|cslc?] channel 3

Channel 4 [D1|D2D3|D4|D5|D6|D7]-- C———3--|D1|D2|D3|D4|D5|DE|D7| Channel 4
(a) Data skew caused by channels in multi-channel transmission

Deserialized data

Channel 1 [a1]a2]as]as]as]as]a7] [a1a2]a3]Ad]as]asfa7] channel 1

Channel 2 [B1]B2]B3[B4[B5[B6[E7] Sierimizecdata B1[BZB3[B4[B5[B6[B7] Channel 2
----- o X

Channel 3

[c1]cZfcz]c4]cs[ce]cT] [ci]cz[ca]calcs]ce[cT] channei 3
Channel 4 [D1]D2]D3[D4JD5]DE[D7] [D1]02]o3[pa]ps]oe[7] Channet 4
(b) Data skew is eliminated through serializer/deserializer
Figure 1-1 Data skew elimination with SerDes

[3] ‘A high speed serializer deserializer design’, Y. Luo, 2010
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Serializer for high-speed links

* In serializing data, clock rate is important

« Usually uses half-rate clock (2:1) / quarter-rate clock
(4:1) depending on the process, power, and speed.

Din X X X X X } Full
CK_| _L rate
Din X X X X X }Half
CK_| |_ rate
D'NX X X X X }Quarter
cKl | rate

© 2020 DK Jeong
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Typical Serializer Architecture

Multiplexer

Lokt datsa 31258 Hz

0

- _'EEHIII ‘EEHHI __I-IE(:II.: _'_.I_'i[:HI —_—
Clock ZX A A / \
Generator 2l o el 2 | vCo
_h. _h.“p Charge ‘ -
:-Ll::renﬂ FFD dow ]‘umLP _* LPF :,w'l.:::"w. .
1.' li:.[I:h _.. —b- differemial !

‘Development of A 16:1 serializer for data transmission at 5 Gbps’, Gong et al
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2.1 Serializer Using MUX

048

2610

159

3711

2:1
EVE

CLK2 opp

2:1

CLK/2

(a) Schematic

© 2020 DK Jeo

ng

2:1

CLK

ouT

EVEN

DO

OoDD

CLK/2 €-Div by 2

LATCH LATCH 1
’ 1 } out
LATCH LATCH LATCH D1 0
CLK
(b) Block diagram of 2:1 Serializer
5
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2.1 Serializer Using MUX

DO

EVEN LATCH LATCH 1
T i ? ouT
D1
ODD LATCH LATCH LATCH 0

CLK/2 €Div by 2 |-

CLK

CLK/2|7
cen (XX )
COXEDX OO
CLK |
w (O
o1 COX OO
our N EEEEEROEEEE
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ODD 5 7

(b) Timing diagram of 2:1 Serializer




Timing Constraints for N:1 MUX

tov
CKon<t:M> ————  CKin<1:\>
+2 < a
VT % I
' -
tcomux | yCKw<ip] |
AY )
| 1
! FF ,
D<1:N> 5 ;
W \
(a)
——N/fo—> N[ f—»
CKin<1> 1 1 f 1 I CKin<1> 1 1 f 1 |
__tgrv ,4 2N fs " tow * 2Nif, g
CKon<t> L ¥ L F L. CkKew®_ §{ L FF 1
 tic-amux  fc-amux
D<1> X X X X D<1> ) ¢ X X X
_Lsu thold _:
N/21TT, Nol2rrf, '
CKin<i> | £ 1 f 1 CKin<j> ] 1 ¥ 1 I =
(b) (c)

Fig. I. Timing constraints for an N:1 MUX. (a) Block diagram (b) Setup time. (c) Hold time.

[7] ‘A 32-48 Gb/s Serializing Tx using Multiphase Serialization in 65nm CMOS Tech.’, JSSC,2015, UCLA
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Timing Constraints for N:1 MUX

e Setup time
— N:1 stage driven by N-phase input clock of f,/N
(f,= output bitrate)
— CK,\<1>triggers transition at CK,,<1> after delay ty,,
— Triggers a transition after delay tc qwux

N

6
> 1 + 1o + 1g
| o f, = DIV (C-Q)MUX SU
t,,= set up time
0 : phase shift between CK<1> and CK<i>

"—N”o_"

G L .
o B 2Nif, -

CKon<t> i §& L 5 1
érgc-omux

D<1> X X X >
iN6/2mT,

elsbl__ 3 L_F L _F
[7] ‘A 32-48 Ghls Seriaﬁ%hg Tx using Multiphase Serialization in 65nm CMOS Tech.’, JSSC,2015, UCLA
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Timing Constraints for N:1 MUX

* Hold time

— Delay from CKIN<1>to the last sampling edge, CK<]> has
to be short enough to avoid data switch

o N
(2— — 1) X _tDI‘u’ + t(C—Q}MUX o thﬂld
m 0

t,,iq= hold time
¢ : phase shift between CKy<1> and CK\<j>

:‘—leo_’:

CKust> & L_§&F L L I
How - 2NIfs »

CKon<1> __§ § —— e
Ertl‘c-o)uux

D<1> X X X X
: thoid i
i Nol2mf, :
lr'_*

CKin<]> I._f ;} L

()
[7] ‘A 32-48 Gb/s Serializing Tx using Multiphase Serialization in 65nm CMOS Tech.’, JSSC,2015, UCLA
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Conventional half-rate 4:1 Serializer

(PRBS)
Pseudo
Random 140 Gh's
Bit Chatput
Sequence
(35-Gb/s) Should place clock source
very close to the last stage
T0GHz
T Clock / glml‘.

1 Dhst. Input
Clock Dhstrnibution — 1 |

Conventional 4:1 half-rate serializer architecture

Ex) For 140Gbps serial output, 70 GHz clock is required
- Hard to implement such high-speed clock
- Problems with PLL, clock distribution

[8] ‘140 Gb/s Serializer Using Clock Doublers in 90 nm SiGe Technology’, JSSC,2015, Rensselaer Polytechnic

Institute .. .
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Example (1) MUX-based triple stack

HVDD (1.5V)

Up: .,

4 [}
Replica; . *

12| ‘
:II - Segment H [Spaapapa e - i
; + + | Segment Salacti S I ielelleeetetuiel el -
1 + l| Selection 4/1 Rem chen E- : : E
" Pre-emp. i e
jmrmmmmm bbbt bbb bbb bbbt by Salef.tinnﬁii i
- ! i i
T - al w " o
i H :
i ¥ (R
[ L
i H
o s )| T
. vDDe(1.1v) i | § ———b
: | E I ¥
: 2-stage F || B | o S, S
' ring PLL | Buffered 1!
' = Pre-Driver o elocks ;
: b bereereseereseenearreee et ennanana ' | S N P
: 4 DH> : i 4 ! Multiplexed |
- a
: \ H VM Driver :
: - clk0/90/180/270 QDLL 1/G Phase lecccnsmcnnsmennnns -
: CLK Buffer | Calibration

[5] ‘A Supply-Scalable-Serializing Transmitter With Controllable Output Swing and Equalization
for Next-Generation Standards’, Transactions on Industrial Electronics ,2018, WRBae
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Example (1) MUX-based triple stack

.
_________________ \ S
-":":::":":::::::::::::::::::::"EiéE Main
sef-:N-f:ﬂ:-—f—:l = .‘E' ! Driver
c/k0,90, 180,270 | .y HE PMOS
' i Network
D<3:0>—p= /0 — T VL7 (N Slices)
., ..........
,,,,,,,,,,,,,,,,, A
SosIIIIIIIIIIIIIIIIIIIIIIIIIIIILLN Main
SeI<N-1:0> —f— .' E::E ﬁ:‘;\gsr
' 58l — e e o
clk0,90, 180,270 ' ¢k }—DDDO—:::: Network
De3o0> —t :“J :'. (N Slices)
besssssssessesesessnesesesesesesseesesesssss

Pre-driver aligns data with the clock using
NAND gate and inverter chains

[5] ‘A Supply-Scalable-Serializing Transmitter With Controllable Output Swing and Equalization
for Next-Generation Standards’, Transactions on Industrial Electronics ,2018, WRBae
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Example (1) MUX-based triple stack

E—

D0-D2-D2°DT DO D3 D2-DT- DO D2

« Aligned-data is then MUXed with clocks (4:1 MUX)
 Has issues with ISI

[5] ‘A Supply-Scalable-Serializing Transmitter With Controllable Output Swing and Equalization
for Next-Generation Standards’, Transactions on Industrial Electronics ,2018, WRBae
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Examples (2) 2-step time multiplexing

1" step : Generating 2-Ul pulse in PDRV

1* step 2" step o :X X X
Data , 4 TXour cLKso —— —
[>—+| PDRV [ Pj;.::ﬁ X X X X
— ill—

%_H Vi / 14 1 “\ BW relaxation (2-Ul pulse)

i
/ BW relaxation  CLK180 j __L
{doubly stacked CMOS)
2-Ul Pulse Gen. ouT

2" step : 2:1 serializing DRV
(a) (b)

* Create 2-Ul RZ data and MUX it with clock
 Timing relaxation
 Reduced ISIs compared to example (1)

[4] ‘A 2.5-28 Gb/s Multi-Standard Transmitter With Two-Step Time-Multiplexing Driver’,
TCAS-II, 2018, M. Choi
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Example (3) Unstacked 4:1 MUX

I"‘.‘l:.'rI:i VDD vDD

—g—r Doe %00" Dge
; 04.'|E 04045‘54‘;'554055, oo, o1, o2 o3
(b

Cll-m;l = Cd‘l—l *E4Q—| *Cl'-'lm DO“l *D1y_| DZ’-I D3"' }
C4|‘1 i C4u'| *C4IB—| Ed.uﬂ'l = @) D1 Y i
po{L D14 bp2{[ bD34 D1 X X G | [T i
Ch TR L SRR o o o I I oy
or X ot X
Cdq : Dee X X XX XX
el % T X X K el
(d)

Triple-stacked 4:1 MUX  double-stacked 4:1 MUX unstacked 4.1 MUX

 Nodes highlighted with * indicates undriven nodes, which results in ISls

[6] ‘A 128-Gb/s 1.3-pJ/b PAM-4 Transmitter With Reconfigurable 3-Tap FFE in 14-nm CMOS’,
JSSC, 2020, IBM
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Example (3) Unstacked 4:1 MUX

Tap Delay 1Ul-wide Pulse Gen. :
mq_m Gen. |, - C4, |
L :
21| | Clasy DOP! - ] C4Q :
cd'l c"ﬂ’-ﬂu =1 v, -
TA, D1 Voo e DN, to C4,, !
TILML P Céysg v Termination B !
al La " D1P, v, sEQ DP & T-coll v V
C4 Cdg | C4apsa L o L C4QB L AU
TAY| - °% porA, DR AL 027 3Ry | DOUTP = |fi - : 1 20 % ] ;
i 4:1 MUX / Pre-Driver Driver I = 1 ‘ RO 4 T SN ;
C4y Cdjg Ip3 DaP (half circuit) (half circuit) : & DO | X :‘ - 0o - X -~
TA 3, i v , Y TR ‘
HiHL [ 2][] e ! = D1 X e N
(.‘-4::9,,“‘ F olrouio) i Q 8 . : :
| ag alf circuit)| :\\ E D2 X < == = =N :____,X
I SaN— Cdig, Cdgae, |Segment (x12) = ‘ . X : : = X
C4 | i - N
CAIQ | C4 Phase Selector I ] DB .

« AND 2 clocks to create 1-Ul wide pulse and then AND it with data
 Reduced un-driven nodes for ISl reduction

[6] ‘A 128-Gb/s 1.3-pJ/b PAM-4 Transmitter With Reconfigurable 3-Tap FFE in 14-nm CMOS’,
JSSC, 2020, IBM
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Applications

« Examples of widely used serial links

» Memory Bus (Single-ended, Parallel) > Cable (Differential, Serial)

DDR (4.266 Gbps) USB (4.266 Gbps)
LPDDR4 (4.266 Gbps) HDMI (4.266 Gbps)
GDDR (7 Gps) Firewire: Cat 5, Cat 5e, Cat 6
XDR (differential, 4.8 Gbps)
Wide 102, HBM » Storage (Differential, Serial)
eMMC, UFS (6 Gbps)
» Front Side Bus (Differential, Parallel) SAS, STATA (6 Gbps)
QuickPath Interconnect (6.4 Gbps) FiberChannel (10 — 20 Gbps)

HyperTransport (6.4 Gbps
P port ( Ps) » Ethernet (Differential, Serial)

XAUI (10 Gbps)
» Computer IO (Differential, Parallel) XFI (10 Gbps)
PCle (8 Gbps) CEI-6GLR
InfiniBand (10 Gbps) SONNET (10 Gbps)

10GBase-x, 100GBase (25 Gbps)

© 2020 DK Jeong Topics in IC Design
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Phase Interpolator

 Phase interpolator mixes between input phases to
produce a fine sampling phase
— Ex) Quadrature 90° Pl inputs with 5 bit resolution provides
sampling phases spaced by 90°/(2>-1) =2.9°

Q os51+1550
1.51+14.5Q

-0.51+15.5Q
-1.51+14.5Q

14.51+1.5Q
o ’ | 15.51+0.5Q
—— —
\ -1-Q +,-Q 15.51-0.5Q
x\\ 14.51-1.5Q

[J. Bulzacchelli, JISSC 067]
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Phase Interpolator(Pl) Based CDR

« The D/PLL and Pl combination produces adjustable
clock phase clock generator

[h
e oh

| Reference
PLL clock gen.
] |
Clock PLL
Distribution |:|}—| |
]!4 Clock
Reference etrib
™ JFwd CK ) (I;Ii(:tc:bution clock gen. Dlstrltllutlon
] : DLL
DLL/PLL PLL T T
Clock [ [ 1 T ‘_‘

Distribution PI 0—1
b (Joata ) b CoR

Fig. 3. DLL/PLL-based forwarded clock architecture. Fig. 5. Pl-based (or mixer-based) embedded clock architecture.

[B. Casper, TICAS1 097]

CDR
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Operation Principle

- R. Krei ’
Vin1 = Asin(wt) [R. Kreienkamp, JSSC 05]

Vinq = Asin(wt — m/2)

Vout = Asin(wt — )
= c0os(¢) Vi1 + sin(d) Vinqg = a1Ving + a2Ving

a?+as=1

© 2020 DK Jeong Topics in IC Design 5



Linearity

* Pllinearity is a function of the phase spacing, At, to

output time constant, RC, ratio

I

t— At

V (1) = VL_C+R-I-[(1—a)-u(t)-(e RC-l) +af-u(t—At)-(e_ RC -1)}, (3.1)

© 2020 DK Jeong
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3 PRI
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R
XYL
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-/"
’ AVRC from 0.5 to 2 in linear steps
0 . \ . .
0 0.2 0.4 0.6 0.8 1

Interpolator weight (o)

[Weinlader, PhD Thesis]
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Non-Linearity Parameter

 INL : suppressed by the large feedback gain
 DNL : severely degrades the recovered clock jitter

Doyt
A
360°+
~ Non-ideal Ideal i i i i i i
— 0 20 40 60 80 100 120
PR code word, 1-128
a
AMAx
7]
o
|
a
A
o )
0 I‘ <l 1 'y 2 3 2
D|N 0 20 40 60 80 100 120

PR code word, 1-128
b

[H. Kim, EL 207]

Fig. 3. Representative phase interpolator transfer function.

[P. Hanumolu, JSSC 08’]
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Pl structures

« Voltage-mode[CMOS] PI
« Current-mode[CML] PI

sel

1 current
DAC leg

selopp j t

Voltage-mode Current-mode

[B. Casper, TICAS1 09']
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Comparison of Pl

Type-| Pl Type-ll PI
I
%
q}r unitCell[15:0] _'[I]' w’; unitCell[15:0] _1P-
16 16
Ictl J—— Ictl
g = leali] ——HE———
Ven ©
T vene—i
Does not satisfy seamless Seamless boundary switching
boundary switching (Cgp) (input is isolated from output)

[S. Sidiropoulos, JSSC 977]
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Simulated Pl transfer function

40

w 30}

Q

&

o

Q{

T . .

— interpolation
£ 20 boundary -
L

0

Q

o

£

o 10} : JE—

A [ e type-=l
i | = type-l-unbuf
N type-ll
u 1 1 1 I
0 4 8 i2 16 20

code #

« Type-I Pl: Maximum step of 3.8° due to C
 Type-ll Pl: large area, more nonlinear characteristics

due to data-dependent loading
[S. Sidiropoulos, JSSC 977]
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Case Study: Pl [1/5]

« 1/Q polarity selection (POL)
« Slew rate control @ input nodes

32

ool SYTY | EWJ}T

soer T ol [LP] [

POL| 4

CK‘H@A M 2 I 3 |

w| | E| r E| o [h'I)J
SLEW 4 SLEW DAC I:I. 1 '11 12 '115
Fixed oell 15-cell current-steering DAC

ZP
ZN
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[J. Bulzacchelli, JISSC 067]
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Case Study: Pl [2/5]

« Cap @ output nodes for slew rate control

Phase (degrees)
@
(-

0 16 32 48 64
Code

[S. Joshi, VLSI 097]
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Case Study: Pl [3/5]

« Two step PI (TSPI): trigonometric Pl (TPI) + linear PI (LPI)
 Tunable LPF for wide-range operation (4-8GHz)

,E:Wﬂ_mﬂ:ﬂj
_ m
! D S n/4 " LPI Buffop—
—_—
4-8GHz LPF\\ TP >— ]
> - e
Q Q
+ n/2
Q
'E:_TP' /2 ?l Lpi Buffe
M+ 3/
TR Ctrl_Q[63:0]

« TPSI achieves high bandwidth & linearity
[B. Wu, T-VLSI 16']
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Case Study: Pl [3/5]

Trigonometric Pl (TPI) Linear PI (LPI)

One
Unit Cell % R R2 %
s

A,
-
/l/ y ) /y
f J' i‘ \\"
s - M
/ | Sl | <15>
/ | 2= I"I [ <10=
| | || | ]
INz- : <0> | 8
I +
1,, INT _l I IN2 __|
V(o) I (i) -
\ 8 , ||}
|/ = a
CtritT:0 @ ’ Ciri<15:8> @

« TPl generates middle phase

 LPImixes the phases between 0 & n/4
[B. Wu, T-VLSI 16']
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Case Study: Pl [4/5]

e« 4-16 GHz CMOS-based PI w/ slew rate controller

Pl Dual Core (A)

Pl Core (X slice)

Clk T BiGore Dsiice) |
Clk45 i .
CIk90 — Mt
' _Dt*[ | I :
o— ; !
8 1] | <T5:05
- — 1P
Clk225 —— e
Clk315 Ph_sel Band_sel Mixer wt
<7:0> <1:0> <15:0>
FMux~ Slew  Mixer 4
rate ctrl
<3:0> Band sel b
_ <1:0>
t: Enb
——
In |_| -I_f Qut
L“;, 0 Band_sel
En <1:0>
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ck180
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[S. Chen, ISSCC 18]
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Case Study: Pl [4/5]

 Plsupports awide frequency range (4-16 GHz)
— Slew rate needs to be adjusted and optimized for target bands

— Achieve better linearity without significant RJ increase
—with slew control

without slew control

CMOS PIINL

1.0

0.8

imwiwi

Clock Edges

T 0.6

Too Sharp:

Linearity Degrades K
< Too Weak:
0.0

RJ increases
-0.2

/\ /\
A M A A l A
00" " " ’

-0.4

[S. Chen, ISSCC 18]
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Case Study: Pl [4/5]

 Measured Pl linearity

2.0 15
- 4GHz @ Band 0
18 | + 76Hz @Band 0
1.6 | =12GHz @ Band 1
14 ~16GHz @ Band 2 At 16GHz
5’.1 ) 1. DNL: 0.87 LSB
g 15 INL: 1.44 LSB
A 1.0 20
3 08 ' Worst Case INL:
e 2.0 2.58LSB at 7GHz
2 0.6 =10
= 7]
=00
04 —
=10
0.2 20
0.0 3.0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Pl Code Pl Code

[S. Chen, ISSCC 18]
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Case Study: Pl [5/5]

* Tournament-based PI

Pl

Pl
Phase Selectors

= PIH |-
e ANS
Pl 0°,

== : &
%0 Pl Pl Pl
_—-E 180°

270°

_—-E SW[4:3] SW[2] SW[1] SW[0]

__-E | Level-1 | Level-2 | Level-3 |

—{PIH

SW[4:0]

| Level-1 | Level-2 | Level-3 | [A Narayanan, JSSC 2016]

uﬂ
90°

=
‘5 ml::-ut

270°
180°

Pl
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