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Demand for PLL in 5G Application
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5G

Application

Internet of Things

Massive-MIMOMillimeter-wave

Smart

cities

Smart

home

Autonomous

driving

Cloud

server

Mobile

com.

◼ Internet of Things

➢ Low power consumption

◼ Millimeter-wave Communication

➢ For 5G NR n258: 24.25GHz-27.5GHz

◼ Massive-MIMO

➢ Ultra-low Jitter



Prior Arts with sub-100fs Jitter

In-band noise referred to input:

𝝓𝑰𝒏𝒃𝒂𝒏𝒅𝟐𝑹𝑬𝑭,𝒏 = ൗ𝑽𝑺𝑯,𝒏 +
𝑰𝑮𝑴,𝒏
g𝒎

𝑲𝑺𝑺𝑷𝑫 ∙ 𝑵

SS
PD

Gm
×N

 REF,n

SH,nV GM,nI

REFS

VCOS LPF/
VCO

BUF

FLL

[S. Lee, RFIC 19]

Sub-sampling PLL

SPD Gm

 REF,n

SPD,nV GM,nI

REFS

VCOS LPF/
VCO

FLL

÷N

[W. Wu, ISSCC 21]

Sampling PLL

In-band noise referred to input:

𝝓𝑰𝒏𝒃𝒂𝒏𝒅𝟐𝑹𝑬𝑭,𝒏 = ൗ𝑽𝑺𝑷𝑫,𝒏 +
𝑰𝑮𝑴,𝒏
g𝒎

𝑲𝑺𝑷𝑫

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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PFD

LPF/
VCO

÷N

UPS

DNS

CPI

REFS

DIVS

Review: Conventional CPPLL

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

PFD

LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n  PFD,n
CP,nI

DIVS

 VCO,n DIV,n

Conventional CPPLL Block

Diagram w/ Noise Source

◼𝝓𝑷𝑭𝑫,𝒏 and 𝝓𝑫𝑰𝑽,𝒏 are negligible

◼ Input-referred noise of CP:

𝝓𝑪𝑷𝟐𝑹𝑬𝑭,𝒏
𝟐 =

𝟐𝝅

𝑰𝑪𝑷 ∙ 𝑲𝑷𝑭𝑫

𝟐

𝑰𝑪𝑷,𝒏
𝟐

◼ For 1/f noise within PLL bandwidth:

𝑰𝑪𝑷,𝒏
𝟐 ∝ 𝑰𝑪𝑷

◼ Thus,

𝝓𝑪𝑷𝟐𝑹𝑬𝑭,𝒏
𝟐 ∝

𝟏

𝑰𝑪𝑷

Power Noise
Tradeoff
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Prior Arts with sub-100fs Jitter

[D. Turker, ISSCC 18]

Charge Pump PLL

PFD

LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n  PFD,n
CP,nI

DIVS

X 18

◼18 CP unit slices in parallel

─ Increase CP current

─ High Power (45mW in total)

◼ 30~40ps CP deadzone pulse width

─ Minimize CP ON-state duty cycle

─ Advanced process (16nm-FinFET)
In-band noise referred to input:

𝝓𝑰𝒏𝒃𝒂𝒏𝒅𝟐𝑹𝑬𝑭,𝒏 = 𝝓𝑷𝑭𝑫,𝒏 +
𝟐𝝅 ∙ 𝑰𝑪𝑷,𝒏
𝟏𝟖 ∙ 𝑰𝑪𝑷
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Power-Noise Tradeoff in CPPLL

Conventional

PFD+CP
𝝓𝑪𝑷𝟐𝑹𝑬𝑭,𝒏
𝟐 ∝

𝟏

𝑰𝑪𝑷

2x Power

-3dB PN
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New CPPLL 

Structure?

Break the 

Tradeoff

Suppress the 

CP Noise

How to break the power-noise tradeoff in CP?
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LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n
 PFD,n

CP,nI

DIVS

 VCO,n DIV,n

PFD

in

out

REFS

DIVS

UPS

DNS

The Concept of Conventional PFD

◆ PFD gain: 𝑲𝑷𝑭𝑫 = Τ𝝋𝒐𝒖𝒕 𝝋𝒊𝒏 = 𝟏

◆ Input-referred noise of CP: 𝝓𝑪𝑷𝟐𝑹𝑬𝑭,𝒏
𝟐 =

𝟐𝝅

𝑰𝑪𝑷∙𝑲𝑷𝑭𝑫

𝟐

𝑰𝑪𝑷,𝒏
𝟐

Conventional PFD

Timing Diagram

CPPLL Block Diagram
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LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n
 PFD,n

CP,nI

DIVS

 VCO,n DIV,n

TAPFD

in

out

REFS

DIVS

UPS

DNS

The Concept of TAPFD

◆TAPFD gain: 𝑲𝑻𝑨𝑷𝑭𝑫 = Τ𝝋𝒐𝒖𝒕 𝝋𝒊𝒏 > 𝟏

◆ Input-referred noise of CP: 𝝓𝑪𝑷𝟐𝑹𝑬𝑭,𝒏
𝟐 =

𝟐𝝅

𝑰𝑪𝑷∙𝑲𝑻𝑨𝑷𝑭𝑫

𝟐

𝑰𝑪𝑷,𝒏
𝟐

Time-amplifying PFD (TAPFD)

Timing Diagram

CPPLL with TAPFD Block Diagram
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LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n
 PFD,n

CP,nI

DIVS

 VCO,n DIV,n

TAPFD

in

out

REFS

DIVS

UPS

DNS

The Concept of Proposed TAPFD

Time-amplifying PFD (TAPFD)

Timing Diagram

CPPLL with TAPFD Block Diagram

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

◆The discharging current ratio determines the amplification gain: 
∆𝑻𝒐𝒖𝒕

∆𝑻𝒊𝒏
= 𝑲

VDD

REFV

VDD

GND

VDD

GND

IN1 IN2

 inT

 outT

AV
BV

OUT1 OUT2

Reset

B1,A

L

I
SR =

C

B2,A

L

I
SR =

C

B2,B

L

I
SR =

C

B1,AI B2,AI B1,BIB2,BI

REFV RST
REFVRST

OUT1 OUT2

VDD

GND

LC LC

Control
Circuits

IN1

IN2

1,BSW

1,ASW

2,BSW

2,ASW

1,ASW 2,ASW 1,BSW2,BSW

=B1,A B1,B B2,A B2,BI = I = K I K I

AV
BV

A typical Time Amplifier Diagram

[H. Kwon, TCAS-II 14]

Timing Diagram of TA

𝑰𝑩𝟏,𝑨 = 𝑰𝑩𝟏,𝑩 = 𝑲 ∙ 𝑰𝑩𝟐,𝑨 = 𝑲 ∙ 𝑰𝑩𝟐,𝑩
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Transfer Characteristic of TAPFD

SSPD Conceptual 
Timing Diagram

TAPFD Conceptual 
Timing Diagram

VCOS

REFS

VCO
A err

out

REFS

DIVS

UPS

DNS

TAPFD out err
K = φ φ

SSPD VCO
K = A

sam
VSSPD

Characteristic

TAPFD
Characteristic


out

PFD

TAPFD

High gain at 
zero-crossing

High gain at 
zero-crossing 

for TAPFD

Phase Error

Phase Error

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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Noise in TAPFD

◆TAPFD could contribute to input-referred noise

◆Once it’s too large, it can severely degrade in-band phase noise

TAPFD
LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n  TAPFD,n
CP,nI

DIVS

TA-CPPLL  Block Diagram with Noise Source 
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Noise in TAPFD

TAPFD
LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n  TAPFD,n
CP,nI

DIVS

TA-CPPLL  Block Diagram with Noise Source 

For example, if 𝝓𝑻𝑨𝑷𝑭𝑫,𝒏
𝟐 = 𝑲𝑻𝑨𝑷𝑭𝑫

𝟐 − 𝟏 ∙
𝟐𝝅

𝑰𝑪𝑷∙

𝟐

𝑰𝑪𝑷,𝒏
𝟐 , then

𝝓𝑰𝒏𝒃𝒂𝒏𝒅𝟐𝑹𝑬𝑭,𝒏
𝟐 = ൘

𝟐𝝅

𝑰𝑪𝑷

𝟐

𝑰𝑪𝑷,𝒏
𝟐 +𝝓𝑻𝑨𝑷𝑭𝑫,𝒏

𝟐 𝑲𝑻𝑨𝑷𝑭𝑫
𝟐 =

𝟐𝝅

𝑰𝑪𝑷

𝟐

𝑰𝑪𝑷,𝒏
𝟐

Equals to

PFD/CP 

scheme
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Challenge for the Design of TAPFD 

TAPFD
LPF/
VCO

÷N

UPS

DNS

CPI

REFS

 REF,n  TAPFD,n
CP,nI

DIVS

TA-CPPLL  Block Diagram with Noise Source 
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Challenge:Minimizing TAPFD phase noise to 

achieve effective noise suppression!



Buffer

Buffer

Delay

 

Time 
Amplifier

CP Deadzone
Eliminator

Boost 
Enabler

TA1

TA2
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Q
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S
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S
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T
S

RST
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BOOST

OUT

BOOST
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VDD

RST

ON

BOOST

TAPFD1 : K

LC

biasV

OUT

GND

1M 2M

5M
3M

6M 7M 8M

LV

4M

Detailed Implementation of TAPFD

◆ TA1 and TA2 share the same 𝑽𝒃𝒊𝒂𝒔
◆ Thus the noise on 𝑽𝒃𝒊𝒂𝒔 can be cancelled by 𝑺𝑶𝑼𝑻𝟏 − 𝑺𝑶𝑼𝑻𝟐
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Simulation Results of TAPFD

◆ 20x Phase-error gain

◆ Linear range is +/- 150ps

-200 -100 0 100
Input Time Difference (ps)

0

10

20

30

K
T

A
P
D

Simulated KTAPFD  Variation 

200 103 104 105 106 107

Frequency (Hz)

-170

-160

-150

-140

-130
Simulated Phase Noise Comparison

XTAL
TAPFD/CP Referred to XTAL

◆ Input-referred phase noise is smaller 

than XTAL
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Overall Structure

◆ 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 3rd harmonic
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Implementation of VCO

◼Km=0.6 to tradeoff:

─ Qeq at fund. for better PN

─ Third harmonic impedance

to improve output swing

T
a
n

k
 I

m
p

e
d

a
n

ce

Rp1

Rp3

ωosc 3ωosc 

Higher Q

Higher Impedance

BF

8.6GHz to Div

VB

VDD

A0~A3

B0~B3

C1 C1
BF

8.6GHz to GSG

BF

25.8GHz to GSG

Vtune

The Schematic of Class-F VCO 
with 3rd Harmonic Extraction

Km
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Layout of 3rd HE VCO

Vctrl

Vb

B0~B3 BF

8.6GHz to GSG

BF

25.8GHz to GSG

C1 C1

Ap

M9

M8

BF

8.6GHz to Div

A0~A3

M1 M2

Supply

◼Fully symmetrical layout for less mismatch

◼25.8GHz LC Tank is placed near M1,M2 to

reduce EM loss

◼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

◼Simulated Phase Noise:

─ -118.6dBc/Hz@1MHz for fundamental

─ -109.1dBc/Hz@1MHz for 3rd harmonic

9.54dB (20log103)
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Chip Micrograph

◼ 65nm CMOS

◼ Ref. Freq.:

200MHz

◼Out. Range：
24 to 28.2GHz

◼ Core Area：
0.45mm2

◼ Power:

14.48mW
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Measured Phase Noise

TAPFD VCO&
Tripler

1/N

200MHz

24 to 28.2GHz

REFS

VCOS

DIVS

8 to 9.4GHz

Test-
PFD

Mux
UPS

DNS

CPI

Retimer

SEL

Measured PN w/ Test-PFD in Charge

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

-74dBc/Hz@10kHz offset
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TAPFD VCO&
Tripler

1/N

200MHz

24 to 28.2GHz

REFS

VCOS

DIVS

8 to 9.4GHz

Test-
PFD

Mux
UPS

DNS

CPI

Retimer

SEL

Measured Phase Noise

Measured PN w/ TAPFD in Charge

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

-98dBc/Hz@10kHz offset

rms Jitter：59.995fs
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Power-Noise Tradeoff in CPPLL

Conventional

PFD+CP
𝝓𝑪𝑷𝟐𝑹𝑬𝑭,𝒏
𝟐 ∝

𝟏

𝑰𝑪𝑷

2x Power

-3dB PN

TAPFD+CP
𝑷𝑻𝑨𝑷𝑭𝑫 = 𝟏. 𝟎𝟕𝒎𝒘
𝑷𝑪𝑷 = 𝟎. 𝟖𝟐𝒎𝒘

2.3x Power

Up to -24dB PN

The Power-Noise tradeoff in CP is broken by TAPFD
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Performance Comparison
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Conclusion

◼A 25.8GHz integer-N PLL is prototyped in 65nm

CMOS, featuring:
─ 60fs jitter, 14.48mW power and -252.8dB FoMJ

◼A time-amplifier based PFD is proposed:
─ The power-noise tradeoff of CP is broken

─ Frequency detection capability is maintained for robust

lock acquisition performance

◼Class-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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