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Demand for PLL in 5G Application

Internet of Things B Internet of Things

A » Low power consumption
B Millimeter-wave Communication
> For 5G NR n258: 24.25GHz-27.5GHz
Smart Application _
cities HE Autonomous B Massive-MIMO
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> Ultra-low Jitter

Mobile
com.
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Prior Arts with sub-100fs Jitter
Brcen brcer

VSH,n IGM,n I VSPD,n IGM,n
Sger © "' -' SS *é_,Gm Srer SPD -Pé-VGm
= ¥

‘ SVCO

LPF/ Svco , LPF/
BUF VCO [EN~—1yco
Sub-sampling PLL Sampling PLL
[S. Lee, RFIC 19] [W. Wu, ISSCC 21]
In-band noise referred to input: In-band noise referred to input:
. IGM,n . IGM,n
P mband2REFn = <VSH,n + E>/ (Ksspp * N) P mband2REFn = <VSPD,n + g)/ Kspp

Input-referred noise of SSPD/SPD and Gm is greatly suppressed
@ Lack of frequency detection results in a limited lock acquisition performance
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Is there any way to obtain robust lock acquisition

and low In-band phase noise simultaneously?
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Review: Conventional CPPLL

SREF '

Conceptual Block Diagram of Conventional CPPLL

Freq. detection capability, avoiding potential long relock time

() CP dominates in-band noise, thus poor in-band phase noise
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Review: Noise in Conventional CPPLL

¢REF,n ¢PFD,n

B ¢prp, and ¢p,y, are negligible

B Input-referred noise of CP:

2
¢2 2 2
— I
CP2REFn CPn

Icp - Kprp
B For 1/f noise within PLL bandwidth:
Igp, < Icp
B Thus,
Pé x !
CP2REF, T
¢Dlv,n ﬁ/CO,n " ICP

i Tradeoff
Conventional CPPLL Block - -
Diagram w/ Noise Source ﬁ
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Prior Arts with sub-100fs Jitter

X18
ié,).. ié,). P- { 18 CP unit slices | el
F - unit slices in paralle
Srer D1 prp S__:{—-»@ P
(i) — Increase CP current
\ & —High Power (45mW in total)
Spiy , LPF .

[ N« vcé B 30~40ps CP deadzone pulse width
Charge Pump PLL — Minimize CP ON-state duty cycle

[D. Turker, ISSCC 18]

() — Advanced process (16nm-FinFET)

In-band noise referred to input:

= + 4
¢Inband2REF,n ¢PFD,n 18 - ICP
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Power-Noise Tradeoff in CPPLL

Conventional B ot 2x Power
PFD+CP CPZREEM ™ f ., -3dB PN
New CPPLL Suppress the Break the
Structure? CP Noise Tradeoff

How to break the power-noise tradeoff in CP?
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Outline

€ Proposed Integer-N TAPFD-based CPPLL
— The concept of TAPFD
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The Concept of Conventional PFD
¢REF,n ¢PFD,n

A @lc;l e SREF ‘4{0,_” | ‘ ‘
S o—é—» ->é——“i :

REF PFD ¥ I_I I_\
= %@ _><> SDIV

SDI c} m :} o
? - ' ? VCO . %m:ﬂ ﬂ
DIV,n co,n DN

CPPLL Block Diagram Conventional PFD
O _ _ Timing Diagram
€ PFD gain: Kppp = @out/Pin = 1 J I

2
: 2
& Input-referred noise of CP: ¢Zpypprn = ( = ) Iep
’ Icp-KpFp ’
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The Concept of TAPFD
breen Boron

bbbty e L1 L
Srer TAPFD —~ F i
- gg{)——»() SD,Vm
Jod T 1
Y up :
> Pous |
—ON—uco Y
DIV,n CO,n SDN _H—L

CPPLL with TAPFD Block Diagram Time-amplifying PFED (TAPED)
@ TAPFD gain: Ky iprp = @out/ @in > 1 Timing Diagram

2
. 2
& Input-referred noise of CP: ¢Zpypprn = ( - ) Iep
’ Icp-KTaPFD ’
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The Concept of Proposed TAPFD
¢REF,n ¢PFD,n

% % A @lc] oo Sker ‘4{0,_n ‘ ‘ ‘
Srer TAPFD —~ —P E
M %’@ Spiv | ‘ | ‘
y UP :
S ¢OU '
4?—-<—?—D' EN—@®—{ o) i ﬂ H
SDN
DIV,n CO,n

CPPLL with TAPFD Block Diagram Time-amplifying PFD (TAPFD)
Timing Diagram

Input-referred noise of CP is suppressed by Kraprp
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The Realization of Time-Amplifying

VDD —t t

—0 SW, ,

INlo— Control |—osw

Vv NRsT RsT 7, N
REF REF

Circuits —OSWzA
+_°l\/ IN2o= —O SW, o—+
OUTL . . UT?2

SWlA 2,A
o = C.
B1,A BZA BZB BlB
GND —= :

Ip1a=1p1p=K-Ipyg=K-Ipyp
A typical Time Amplifier Diagram Timing Diagram of TA
[H. Kwon, TCAS-II 14]

€ The discharging current ratio determines the amplification gain: AATT?_“t =K
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Transfer Characteristic of TAPFD

---------------------------------------------------------------------------------------------------

SSPD Conceptual
Timing Diagram

SSPD vy

" TAPFD Conceptual
Characteristic

Timing Diagram
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TAPFD maintains the frequency detection capability as PFD

TAPFD can obtain high phase-error gain at zero-crossing as SSPD/SPD
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Outline

€ Proposed Integer-N TAPFD-based CPPLL

— Challenge for the implementation of TAPFD
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Noise in TAPFD

¢REF,n ¢TAPFD,n

TA-CPPLL Block Diagram with Noise Source

€ TAPFD could contribute to input-referred noise

€ 0Once it’s too large, it can severely degrade in-band phase noise
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Noise in TAPFD

¢REF,n ¢TAP|:D,n

2 _
¢Inband2REF,n —

®

Equals to
PFD/CP
scheme
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Challenge for the Design of TAPFD
¢REF,n ¢TAPFD,n

TA-CPPLL Block Diagram with Noise Source

Challenge: Minimizing TAPFD phase noise to
achieve effective noise suppression!
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Detailed Implementation of TAPFD

Time
Amplifier
—t —
TA1 ~ -
S—-I RST | S T~ 1
S o NI .I on ouTlle—our S, VDD .
REF RST D Boost | RST " —||:I\/I
Enabler Tn.l BOOST Buffer BOOST : P
> R -l\ °—_3 L V, .--'-..;' OUT
> 3 N SN o !
RST D S BOOST S N I:M5M —||:|\/|3 TS Buffer
\_oN2 oUT2 v K
S o) ) »{oN ouT Son - .
DIV | A o .
$——>| RsT Buffer I |
TA2 \ Mej| ||:M7 _”:Ms
-------- \ 1 KTAPFD

Sgsr __Q]_C<- J GND B
CP Deadzone: ; -

Eliminator .57

€ TA1l and TA2 share the same V4
€ Thus the noise on V;,s can be cancelled by Spyr1 — SouT>2
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Simulation Results of TAPFD

Simulated KTAPFD Variation

301

=J_10-
oL i
-20 -100 0 100 200

Input Time Difference (ps)

€ 20x Phase-error gain

€ Linear range is +/- 150ps

-130
-140¢}

-170*

10 10*

Simulated Phase Noise Comparison

—XTAL

—TAPFD/CP Referred to XTAL

-150\
-160}

10° 10°

Frequency (Hz)

10’

€ Input-referred phase noise is smaller

than XTAL
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Outline

€ Proposed Integer-N TAPFD-based CPPLL

— Overall structure of the Proposed PLL
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Overall Structure

el T\
[ SEL

8 to 9.4GHz

| 24 to 28.2GHz |

, i

S wer T —>|TAPFD[—" S_,@ i |
Y Mux 5\— !
200M HZ 31),\'@ i :
T |

I |

I |

I |

I |

I |

r
|
|
|
|

o v
oY IRetimer|<— 1/N

& A class-F VCO w/ built in tripler:
— Feedback the fund. to relax divider/retimer operating frequency
— The fund. LC tank achieves a better Q-factor than 3'9 harmonic
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Implementation of VCO

: |
| The Schematic of Class-F VCO | §
: with 39 Harmonic Extraction | G
T -

: Pl B
| AO~A3 25.8GHz to GSGI E
| i X
: | %‘%\VDD : IS
| , fKm |
| B L Il |
| 0—@ N § 1 {}—o |
8.66Hz to D iAo |sscHztoasa | MKm=0.6 to tradeoff:

; |
| = | 2B = . — Qg at fund. fo_r petter PN
| "t"“e°—l ~ —Third harmonic impedance
N ) to improve output swing
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Layout of 3™ HE VCO
=

Ap
M9
M8

BFully symmetrical layout for less mismatch

Wm25.8GHz LC Tank Is placed near M1,M2 to
reduce EM loss

25.8GHz to GSG

B Transformer is made of thick metal M9 at
the same layer to maintain both high Q and
enough Km
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Simulated VCO Phase Noise

-20

— Fundamental
— 3rd Harmonic|

~40F

9.54dB (20l0g,,3)

Phase Noise (dBc/Hz)
o
o
o

103 104 10° 10° 107 108

_ Frequency Offset (Hz)
B Simulated Phase Noise:

— -118.6dBc/Hz@1MHz for fundamental
— -109.1dBc/Hz@1MHz for 39 harmonic
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Outline

€ Measurement Results
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Chip Micrograph
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Measured Phase Noise

24 to0 28.2GHz

™\

Mux

\j
ZOOMHZ 1/ SD“‘@
L1 Test-/|
:| PED ~| SEL

SDIV

Sker 1T
' =

VCo&
Tripler

8 to 9.4GHz

1/N

A

Retimer|«

Measured PN w/ Test-PFD in Charge

@ 2CIrw PN

6CIrw PN Smth 1% Spur 6dB

-100 dBc/Hz
|

=

i
-110 dBc/Hz
|

i
-120 dBc/Hz
|

i
-130 dBc/Hz
|

i
-140 dBc/Hz

\

|

|
-150 dBC/I-IIz
|

1.0 kHz

Frequency Offset 100.0 MHz

2 Integrated Measurements
Range |Trace| StartOffset | Stop Offset |
1 ] 1,000 kHz 100,000 MHz

PM
5,57 °/97.19 mrad

| mM/aMm |
80,387 kHz

| IntMNoise |
-23.26 dBc

Weighting Jitter |

599.565 f5

When TAPFD is OFF: in-band noise is dominated by charge pump
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Sper O

\
200MHz

Measured Phase Noise

Measured PN w/ TAPFD in Charge Lok e requency Offset

Signal Frequency 25.797366582 GHz RBW 2%
Signal Level -12.36 dBm  XCORR Factor 100
Att 0dB  Meas Time ~3.8s

SGL

eas: Phase Noise

1 Noise pectrum i o 1Clrw PN Smth 1% Spur 6d . I--I
N 2410282GHz  [-neen i Bt
i k | gy
_—>> TAPFD —> M SU;@ VCO& . _fDAdBC/HZi CI} dEE-rlt
tX S @i_ Tripler - d&“/m“—*v — vy " gu dBc
o Tt | % "
: P, = P
-100 dBcf!—llz : A*’"“J‘N«-@,. — 1:001 d:F_\c: E
» 1/ | ; ‘0 j' ‘0 Wi, J ORI N | Y i J]M | : § i .
L > SEL \‘ -110 dBc/I—iIz ] y X — wvi“*u'vlj]_‘ll 110 diBC' .
8 t0 9.4GHz 'lgdézd |3 C/I“l Z @ JLOk I_'I Z 0 ffS et T, o m dBC
| il n
130 dBch—!Iz 130 dbe
’ oy
_ i “m"ll\-"-l\.!‘.# Uu, 0ol -
SDIV 140 dBc/I—iIz { I‘hm{wﬂ ’#‘!‘d\u
Retimer|- 1IN | | : . i }
etimer ! I rms Jitter: 59.995fs l Mlm-

340 1000

2 Integrated Measurements

1 1 10.000 kHz 30.000 MHz -43.25 dBc

Range |Trace| StartOffset | Stop Offset | Weighting |  IntNoise |

[ Foo0 ] 10000
100.0 MHz
PM | FM/AM | Jitter |
557,18 m®/9.72 mrad 34.271 kHz 59,995 fs

When TAPFD is ON: up to 24dB suppression of in-band phase noise
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Power-Noise Tradeoff in CPPLL

Conventional 1
P¢ X —
PFD+CP CP2REFn ICP
PTAPFD = 1.07mw
TAPFD+CP H P.p = 0.82mw H

The Power-Noise tradeoff in CP is broken by TAPFD

2X Power
-3dB PN

2.3X Power
Up to -24dB PN
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Performance Comparison

. ! ISSCC18[1] | ISSCC'20[2] | ISSCC21[3] | ISSCC20[4] VLSI'21 [8]
is wor
D. Turker Y. Lim E. Thaller Y. Hu Y. Zhao
65nm 16nm 65nm 16nm 28nm 28nm
Process : -
CMOS FinFET CMOS FinFET LP CMOS CMOS
_ CPPLL Digital Charge- Double
Architecture CPPLL AD-SSPLL , _
w/ TAPFD SSPLL Sharing Lock Sampling
Type Integer-N Integer-N Integer-N Integer-N Integer-N Integer-N
Ref. Freq. [MHZz] 200 500 50 245.76 250 250
Out. Freq. [GHZ] 24 to0 28.2 741014 120t014.5 | 1211t016.6 | 21.7t026.5 19
_ 60@25.8GHz 53.6 83 499 75.9 20.3
rms Jitter [fs]
(10k to 30M) § (10k to 10M) | (1k to 100M) | (1k to 100M) | (10k to 30M) | (10k to 100M)
Ref. Spur [dBc] -47 -75.5 -75 -75.1 -45 -66
Core Area [mm?] 0.45 0.35 0.23 0.5 0.5 0.06
Power [mW] 14.48 45 6.7 56 16.5 12
FoM," [dB] -252.8 -246.8 -253.0 -249.0 -250.2 -263

*FoM; = 10log(jitter?

- Power /1mw) dB
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FoM of State-of-the-Art PLLs

Jitter Variance ¢Z (ps)?
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Outline

€ Conclusion

35 of 52



Conclusion

BA 25.8GHz integer-N PLL is prototyped in 65nm

CMOS, featuring:
— 60fs jitter, 14.48mW power and -252.8dB FoM;

BA time-amplifier based PFD iIs proposed:
— The power-noise tradeoff of CP is broken
— Frequency detection capabillity is maintained for robust
lock acquisition performance

BClass-F VCO with built-in tripler:
— Better Q-factor for fundamental LC tank, thus better PN
— Relax the operating frequency of divider
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