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Introduction: Why FoMs?

Why define a Figure of Merit (FoM)?
• Compare relative merits

… most beautiful ….?

Challenge in defining FoMs: “fair”
• Fundamental basis?
• Help designers to approach fundamental limits
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Admittance Level Scaling
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Admittance Level Scaling

• Results:
• /n
• Power x n
• Area x n

remarks:
• same voltage, currents x n
• poles/zeros not affected
• Bias-voltage related properties don’t change

SNR improved x n, at cost of n x Power

2
vσ

FoM = SNR / PMore fair comparison:
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Oscillator Phase-noise and FoM
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RC Oscillators

Ring 
Oscillators

+   small area
+   large tuning range

Relaxation
Oscillators

…

+   small area
+   large tuning range
+   linear tuning
- poor phase-noise

performance
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theoretical limit relaxation oscillators

Typical Figures of Merit

FoM [dBc/Hz] 

[Navid, JSSC05] @ 290K

‘better’

-150 -155 -160 -165 -170

theoretical limit ring oscillators
practical ring oscillators
practical relaxation oscillators

-165 -169



10

Typical Relaxation Oscillator
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Sources of 1/ f 2 Phase-noise

1. white noise of charge mechanism

2. white noise of discharge mechanism

3. white noise of oscillator comparator
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Filtering Noise cmposc

[Underhill, TUFFC01]
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Actual Implementation
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First-order Design Choices

• process: standard 65nm CMOS (VDD = 1.2V)
• voltages: ΔV1 = ΔV2 = ΔV3 = 2VDD/3
• currents: I1 = I2/4 = 25μA
• capacitors: C1 = C2 = 2.5pF

fosc ≈ 12.5MHz
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Micrograph

active area: 200µm x 150µm

decap
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Measured Tuning Range

VDD=1.24V

fosc

KVCOfosc
[MHz]

KVCO
[KHz/mV]

Vtune [mV]
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Measured Phase-noise

VDD=1.28V, 
Vtune=1.28V, 
Icore=70.4µA, 
Ioutput=2.77mA

100KHz

12MHz

£ = -109 
dBc/Hz
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theoretical limit relaxation oscillators

Typical Figures of Merit

FOM [dBc/Hz] 

[Navid, JSSC05] @ 290K

‘better’

-150 -155 -160 -165 -170

theoretical limit ring oscillators
practical ring oscillators
practical relaxation oscillators

-165 -169

this work

-161
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RC Oscillators

Ring 
Oscillators

+   small area
+   large tuning range

Relaxation
Oscillators…

+   small area
+   large tuning range
+   linear tuning
- poor phase-noise

performance



21

Outline

• Introduction
• Admittance Level Scaling
• FoM for Oscillator Phase Noise
• Relaxation Oscillator Design
• FoM for Absolute Jitter
• Multi-Phase Clock Generator Design
• FoM for PLL Jitter
• Sub-Sampling PLL Design
• Conclusions



22

(Absolute) jitter and sampling error

A/D

Maximum Voltage sampling error around zero crossing:
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Must usually be smaller then LSB => absolute jitter requirement
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FoM for Jitter

Long term absolute jitter relevant for ADC: σt

PFoM tjitterabs ⋅= 2
. σ

Jitter Variance scales
with admittance, so: 
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What and Why of Multi-phase Clocks

T
T/8

CLK1

CLK2

CLK3

CLK4

CLK5

CLK6

CLK7

CLK8

Example applications:
- Multi-phase harmonic rejection mixers (sofware radio)
- Fast Time-interleave A/D Converters
- High-speed serial datacommunication links 
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How Create Multi-phase Clocks? 
• Delay Locked Loop

Which has better performance (in FoMabs.Jitter)?

Controlled
Delay Units (DU)

• Shift Register acting as Divider:

Clocked
D-FlipFlops (DFF)

“Flip Logic”

“Phase Detector”
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DLL Output Jitter
• Jitter Sources (thermal noise)

- Voltage Controlled Oscillator (VCO)

- Phase control loop

- Delay Units 

- Average jitter variance (all phases contribute errors):
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- (Independent) jitter contributions of cascaded DUs accumulate:

- Control loop jitter negligible, VCO and DU jitter almost un-controlled 

n

2
,, nDUtσ

• DLL output jitter is lowest for low bandwidth

N1
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Shift Register (SR) Output Jitter

• Jitter Sources

22
t,DFFt,DFF,avgN σσ =

- No jitter accumulation between DFFs
(simply select & pass one CLKref edge)

2
,

2
,, DFFtnDFFt σσ =

- VCO

- Flip Logic doesn’t add jitter

- D-flipflop chain

- VCO and DFF chain jitter un-controlled

• SR is an open-loop system for jitter
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2
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Compare VCO Phase Noise/Jitter
VCO Performance evaluated via FOM:
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For same VCO FOM and power: same transferred phase noise (jitter) 
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- LC VCO: inductor Q higher and area smaller at high fOSC
- Shift Register also more flexible and “more digital”
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Compare Generated Jitter
• Assume Current Mode Logic (CML) circuits

L
B

SW
LLd C

I
VCRt ⋅=⋅≈ 2ln2ln

VSW

CL

RL

IB

- Good supply noise rejection 
- Low generation of delta-I noise

IB

CLK CL
K

DD
Q
Q

VSW

CL

RL

IB
Simplified schematic 
at switching moment 

• CML delay unit

• CML DFF part determining jitter:



31

Power efficient low jitter: Minimize td!!

DU Noise Jitter Analysis
• Delay unit jitter due to thermal noise
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• FoM based on admittance scaling:

[Levantino,JSSC05]

• Tradeoff jitter power 
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DU and Latch Delay
• DLL based:

fNN
Tt DUd ⋅
==

1
, td,DU=T/N

Conclusions:
- Choose Shift Register and keep latch delay small
- Similar conclusion for threshold voltage-mismatch
- Benefit  strongest at low clock frequency

N
Ttt suDFFd <+,

Delay is functionally fixed to T/N

• SR based:
td,DFF <T/N

T/N

T/N

t

Delay can be small reducing jitter!!

[1] Gao, TCASII08
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Classical PLL Noise

÷N

PD/CPRef OutVCOLF

- Loop noise multiplied by N, dominates in-band

PLL phase noise

fm

)(£ mf

Bandwidth fc

Loop noise

VCO noise 2
1
fm

[1] Vaucher, Kluwer02

- In optimized PLL, Loop and VCO noise contribute equal jitter[1]
- We ignore 1/f noise as its contribution to jitter is usually negligible
- Relating long term absolute jitter with phase noise 
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PLL Benchmarking FOM
Proposed PLL benchmark Figure-of-Merit [1]

])log[( ,
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FOM PLLPLLt

PLL 11
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σ

f out and fref do not affect FoMPLL for optimized case assuming:
Long-term absolute jitter
Only dynamic loop power dissipation
No significant flicker noise
Divider power proportional to fref
Steep enough Reference clock

- Loop and VCO have equal power consumption

To optimize FoMPLL for a classical PLL:
- Loop and VCO have equal jitter contribution (optimum bandwidth)
- Design quality of Loop and VCO is equally important

[1] Gao, TCASII09

VCOloopPLL FOMFOMFOM +∝
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Classical PLL Noise

÷N

PD/CPRef OutVCOLF

- Loop noise multiplied by N, dominates in-band

PLL phase noise
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This work focuses on reducing loop noise

- In optimized PLL, Loop and VCO noise contributes equally
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CP
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- Define a CP feedback gain: 

Main loop noise sources: usually CP and divider 

Noise from CP referred to Output
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CP noise suppressed by βCP , large βCP desired

- Inside bandwidth, loop gain is big:
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Classical 3-state PFD/CP
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Sampler
VsamVCO
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Sub-Sampling PD/CP (SSPD/CP)

• Voltage controlled CP • Ideal characteristic

Detection is fairly linear once in lock

locking point 

Yes, we can get rid of N!
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SSPLL has much larger βCP to suppress CP noise!
e.g. N=50, AVCO=0.4V, Vgs,eff=0.2: 1000x bigger

CP noise

>1>>1

>>1

Divider noise

SSPLL can work without divider
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βCP and Filter Cap

Even larger βCP hardly affects overall loop noise and 
fc but requires bigger C to stabilize the loop

In SSPLL, CP noise becomes negligible

CP noise
Other Loop noise

fm

Larger βCP

Some way of βCP control is desired
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SSPD/CP with Gain Control

A proper choice of DRpul reduces Cap area while 
still making CP noise negligible

pulmVCOCP DRgA ⋅⋅=β
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Ref Out

Classical PLL with Dead Zone as FLL

Sampler VCOCP

Pulser

3-state
PFD

÷ N

CPDZ

Proposed SSPLL Architecture

1. During locking, ΔФ > DZ, FLL has large gain, brings loop to lock

2. Close to locking, ΔФ < DZ, FLL has zero gain, not injecting noise

Core loop
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Vtune

VCO & Sampler Design

Ref

VsamP
VsamN

Ref

XTAL

Differential sampling doesn’t need VDC, cancels 
clock feed-through and charge injection
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Die Photograph

0.18um CMOS

Active Area: 0.18mm2

VDD: 1.8V

- VCO 1mA
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Loop
Filter
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PD/
CP

- FLL 0.8mA (disabled
after locking)

- Core Loop 3.2mA

Power Consumption

24-pin LLP package

[Gao,ISSCC09]
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Measured Phase Noise

In-band Phase Noise: -126dBc/Hz @ 200kHz
Integrated Jitter [10k, 40M]: 0.15ps
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Conclusions
• Admittance level scaling: n x SNR at cost of n x Pdis

FoM should normalize for admittance scaling
• Useful FoMs for phase noise and jitter (low good):

• Designs stimulated by FoM Definitions:
– Relaxation oscillator with FoMosc similar to Ring Oscillators
– Smaller delay better FoMabs.jitter SR better then DLL
– Sub-Sampling PLL with 10x better FoMPLL
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