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Key Points and Summary

ÅTI DPLLs work by controlling APLL VCO frequency by adjusting the fractional numerator

ÅAny PLL can do jitter cleaning (or jitter adding if PLL has poor performance)
ïCleaning element isé
ÅAPLL: VCXO, VCO, or VCBO
ÅDPLL: XO, TCXO, or OCXO

ÅPhase noise and jitter are common clock performance metrics
ïWhen dealing with offsets < 10 Hz, other metrics (such as TIE, MTIE, TDEV) matter

ÅHoldover
ï Can use an averaged history value for APLL numerator

ï XO input determines long term stability

ÅHitless Switch
ï Conditions of DPLL input frequency and DPLL loop bandwidth impact frequency and phase hit

ÅDCO
ï Can be done for frequency lock or done for phase alignment as in IEEE 1588 PTP

ÅSpecial Features
ï Readback registers can be leveraged to get more information for the application
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Analog Phase Lock Loop (APLL):
High -Level Breakdown

Contents:

Å Purpose of an APLL

Å APLL Breakdown

Å APLL Frequency Planning Examples 

with BAW VCO and LC VCO
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Purpose of an APLL
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Purpose of an APLL

ÅMatch the phase and frequency between 

two oscillating signals: 

ïOscillator 1: ñreferenceò, ñinputò, or ñXOò

ïOscillator 2: ñVCOò or ñoutputò

ïThe two signals can operate at different 

frequencies

ïNote: A ñlockedò PLL means the two signals 

are phase and frequency synchronized

ÅOther purposes and features:

ïClock generation (increase or decrease the 

output frequency)

ïJitter cleaning (noisy reference becomes a 

low-jitter output)
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APLL

Reference

APLL feedback
APLL output



APLL Breakdown
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APLL Breakdown: Block Diagram Hand Drawing
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APLL Breakdown: Block Diagram Overview
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APLL Breakdown: Phase Detector (PD) Frequency

ÅPD determines the phase error between two inputs of the same frequency .

ïUse R and N dividers to bring REF and VCO down to same frequency.

ïRefer to the datasheet for PD frequency range.

ÅCharge pump converts the phase error into current .

11

Phase error PFD output = 

correction current



APLL Breakdown: Charge Pump (CP)

ÅPart of the PD

ÅSinks or sources current based on phase error

ÅProvides the information needed to adjust the VCO
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APLL Breakdown: Loop Filter (LF)

ÅConverts the PD correction current into voltage .

ÅSets the APLL loop bandwidth (LBW) for jitter cleaning the reference. 

ïCan be narrow or wide.

ïLBW is where the noise source transitions from APLL dominating to VCO dominating

ÅConsidered a low-pass filter

13

LF output = 

correction voltage



APLL Breakdown: Loop Filter (cont.)

ÅNarrow APLL LBW Ą Less XO and APLL noise, more VCO noise dominating output noise

ÅWide APLL LBW Ą More XO and APLL noise, less VCO noise dominating output noise
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Wide APLL LBW

(set to ~5 kHz)

Narrow APLL LBW

(set to ~1.5 kHz)
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APLL Output Phase Noise Plot

Checkpoint: Which curve has lowest jitter? Why?



APLL Breakdown: Loop Filter (cont.)

Narrow: 45 fs (12 kHz to 20 MHz) Wide: 58 fs (12 kHz to 20 MHz)
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LMK05318B phase noise plots (APLL1, VCBO = 2500 MHz):

Wide APLL LBW

(set to ~5 kHz)

Narrow APLL LBW

(set to ~1.5 kHz)



APLL Breakdown: Loop Filter (cont.)

Narrow: 45 fs (12 kHz to 20 MHz) Wide: 58 fs (12 kHz to 20 MHz)
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LMK05318B phase noise plots (APLL1, VCBO = 2500 MHz):

Wide APLL LBW

(set to ~5 kHz)

Narrow APLL LBW

(set to ~1.5 kHz)

This is a case example for jitter cleaning PLL loop filter. Setting the LBW less than the integration 

range of interest means best performance for a jitter cleaner.



APLL Breakdown: Loop Filter (cont.)
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Output Phase Noise Profile

Å For APLL outputs with a 

DPLL, the XO and REF 

noise dominate the 

close-in (<1 kHz).

Å For APL outputs without 

a DPLL, the XO noise 

dominates the close-in.

See app note for more details: SNAA396

https://www.ti.com/lit/an/snaa396/snaa396.pdf


APLL Breakdown: Loop Filter (cont.)

Condition LBW Why?

Noisy REF Narrow Minimize the contribution of REF 

input.

VCO noise dominates.

Use for high quality VCOs.

Clean (low noise) REF Wide REF dominates inside the LBW. 

VCO noise is suppressed inside 

the loop.

Minimize overall noise profile 

and total noise power.
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APLL Breakdown: VCO

ÅñVoltage-controlled oscillatorò

ÅUses the correction voltage to increase or decrease the VCO frequency.

ïRefer to the datasheet for the VCO tuning range.

ÅConsidered a high-pass filter

19

VCO output = Tuned oscillator for 

phase-locked output generation



APLL Frequency Planning Example With 
BAW VCO
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APLL Frequency Planning: Equations

ɆὪ
 

ɆὪ
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APLL Frequency Planning: Example 1
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APLL Frequency Planning: Example 1
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48 MHz 1
48 MHz

?

2500 MHz ?

156.25 MHz

Choose the VCO that yields at least one 

integer for ñVCO outputò:

Ą PLL1 VCO = 2500 MHz

Ą 2500 ÷ 156.25 = 16

Ą Use PLL1

ɆὪ
  

 



APLL Frequency Planning : Example 1

ɆὪ
 

) 

Ɇτψ ὓὌᾀ
 

) 

Ɇὔ 52.0833333

Ɇὔ 52

Ɇ 0.08333
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48 MHz 1
48 MHz

52 + 91625968981

 240

2500 MHz ?

156.25 MHz



APLL Frequency Planning: Example 1

ɆὕὟὝ
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48 MHz 1
48 MHz
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APLL Frequency Planning Example With 
LC VCO
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APLL Frequency Planning: Example 2

ɆὪ
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APLL Frequency Planning: Example 2
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48 MHz 1
48 MHz

?

5598.72 MHz ?

155.52 MHz

Choose the Ὢ that yields at least one integer for 

ñVCO ÷ outputò:

Ą PLL1: 2500/155.52 = 16.0751 X No solution

Ą PLL2:

Ą 5500/155.52 = 35.3652

Ą 6250/155.52 = 40.1877

Ą Choose integer between 36 and 40.

Ą 155.52*36 = 5598.72 ṉ A solution

ɆὪ
 Ȣ  

 



APLL Frequency Planning: Example 2

ɆὪ
 Ȣ  
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Ɇ πȢφτ
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48 MHz 1
48 MHz

116 + 10737418

       224

?
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5598.72 MHz



APLL Frequency Planning: Example 2

ɆὕὟὝ
ͺ
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Analog Phase Lock Loop (APLL): 
Fractional -N Divider
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Fractional -N Divider: Block Diagram Hand Drawing
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Fractional -N Divider: Block Diagram Hand Drawing
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Fractional -N Divider: Block Diagram Hand Drawing
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Fractional -N Divider: Purpose

ÅBest PLL performance with has big comparison frequency!

ÅSystems that need to change Fout by a small amount would then require a 

small comparison frequency

ïMaybe to step some small channel size.  (For example common with GSM, not so 

common with MC-GSM).

ÅHow to keep good APLL performance with big comparison frequency and small 

step size?

ïFractional N!

ïNow you can change by 0.1, 0.01, etc.  No longer limited to step of ñ1ò

ïDisadvantage?

ÅFractional spurs.

ÅDelta-Sigma Modulator noise

35



Fractional -N Divider: Example of Delta -Sigma Divider 

36

Changes integer-N 

divider value in a pattern 

to achieve fractional-N.

The pattern is set by the 

ñmashò



Fractional -N Divider: Example N variation for 
different order modulator
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Fractional -N Divider: APLL Noise Components

ÅAN-1879 (SNAA062) has more details on Frac-N Dividers

38

Measured Delta Sigma Modulator Noise

(fPD = 10 MHz, Strong Dithering,

Fraction = 1/4914303)

Integer spurs are at phase detector 

frequency

https://www.ti.com/lit/an/snaa062b/snaa062b.pdf


Fractional -N Divider: APLL Noise Components 
(cont.)

Increasing charge pump 

improves noise

Increasing comparison frequency 

improves (PLL flat) noise
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Fractional -N Divider: APLL Noise Components 
(cont.)

40

Å Randomized compared with unrandomized Fractional-N Divider

Randomized

Unrandomized



Digital Phase -Locked Loop (DPLL) 
Theory Introduction

Contents:

Å Comparison Between APLLs and DPLLs

Å DPLL High -Level Overview

Å Quiz

41



DPLL Theory: Comparison Between APLLs and DPLLs

42

Digital PLL (DPLL)Analog PLL (APLL)

PFD
Charge 

pump

Feedback

VCO

Loop 

filter

Feedback

NCO

TDC

Digital 

loop 

filter

PFD (Phase frequency detector)

Charge pump and loop filter

VCO (Voltage controlled oscillator)

TDC (Time to digital converter)

Digital loop filter

NCO (Numeric controlled oscillator)

Current Voltage ȹNumber Number



DPLL Theory: Starts with an APLL, APLL REF (XO) 
is the ñheartò

43

Pay no attention to the 

blocks behind this area

APLL REF must be present for a locked, closed-loop, PLL system.



DPLL Theory: Starts with an APLL, this is the NCO

44

Pay no attention to the 

blocks behind this area

BAW is VCBO (Voltage Controlled BAW Oscillator)

VCO tracks the APLL REF (XO) phase and frequency drift.



DPLL Theory: Starts with an APLL, this is the NCO

45

Pay no attention to the 

blocks behind this area

Current Voltage



DPLL Theory: The DPLL Steers the APLL (NCO)
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering



DPLL Theory: The DPLL reference is the ñbrainò
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

tREF ï tFB

TDC sample period
To APLL numerator

DPLL Steering

TDC converts phase difference between DPLL REF and VCO into a number. 

The number is applied to the APLL numerator.



DPLL Theory: Quiz

ÅWhich phase noise plot reflects the prior digital PLL diagram?
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DPLL Theory: Quiz: Hint

ÅWhich phase noise plot reflects the prior digital PLL diagram?
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DPLL Theory: Quiz: Result

ÅWhich phase noise plot reflects the prior digital PLL diagram?

50

B

10 

Hz

10 

MHz

100 

kHz

2

1

Plot B: Two stage PLL: 

DPLL and APLL. Two 

ñhumpsò or phase noise 

curves) observed on the 

plot. Each PLL stage 

has a loop filter which 

results in the roll-off 

(hump).



DPLL Theory: Quiz: Explanation

ÅWhich phase noise plot reflects the prior digital PLL diagram?
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Plot A: One stage PLL. (One ñhumpò or phase noise curve)

Plot B: Two stage PLL. (Two ñhumpsò or phase noise curves)

Plot C: Three stage PLL. (Three ñhumpsò or phase noise curves)



2-Loop PLL Phase Noise Profile

Contents:

Å Overview

Å Open-loop

Å Closed -loop
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2-Loop PLL Phase Noise Profile: Overview

ÅAPLL causes a change of the 
voltage on VCO, APLL 
frequency changes

ÅñVCOò of the DPLL is the APLL 
REF (XO)

ÅAPLL REF (XO) does the ójitterô 
or ówanderô cleaning

ÅThe DPLL changes the 
frequency of the APLL 
numerically, APLL frequency 
changes

ÅXO noise profile gets ñdragged 
alongò with changing frequency

Output Buffer

P
o
w

e
r 
(d

B
c/

H
z)

Carrier Offset Frequency (Hz)

B CA

DPLL

APLL

53

A. DPLL loop bandwidth can be set between 1 mHz to 4 kHz.

B. APLL loop bandwidth for VCBO can be set between 1 kHz and 10 kHz.

C. APLL loop bandwidth for LC VCO can be set between 100 kHz and 1 MHz.

2-Loop (DPLL and APLL) 

Phase Noise Profile

See app note for more details: SNAA396

https://www.ti.com/lit/an/snaa396/snaa396.pdf


2-Loop PLL Phase Noise Profile: Examples

DPLL LBW set to 10 Hz DPLL LBW set to 100 Hz

54

See app note for more details: SNAA396

https://www.ti.com/lit/an/snaa396/snaa396.pdf


2-Loop PLL Phase Noise Profile: Open -Loop

PLL REF, APLL REF (XO), or VCO
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2-Loop PLL Phase Noise Profile: Closed -Loop 
Sources
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Ref OSC PLL

VCO

Low-pass

Low-pass

High-pass

PLL Loop Bandwidth

The size of these regions change depending on LBW and performance of 

individual (REF OSC, PLL, VCO) elements  



DPLL Product Overview

Å DPLL Family

Å Product Naming

Å LMK5B33216 Overview

Å Choosing the APLLx

Å VCOx Comparison
57



DPLL Product Overview: Family
Feature LMK05028 LMK05318 LMK05318B LMK5B12204 LMK5C33216 LMK5B33216

RTM Feb 2018 Dec 2018 June 2020 May 2020 Nov 2020 Mar 2022

Target Market
Wireless

Wired
Wired Wired

Industrial

Wired
Wireless Wired

BAW No
2500 MHz

± 50 ppm

2500 MHz

± 100 ppm

2500 MHz

± 100 ppm

2457.6 MHz

± 50 ppm

2500 MHz

± 100 ppm

APLLs 2 2 2 2 3 3

DPLLs 2 1 1 1 3 3

3-Loop Yes No No No No No

Inputs 2 2 2 2 2

Outputs 8 8 8 4 16 + 2x GPIO 16 + 2x GPIO

Output Formats*
Includes 

HCSL

Includes HCSL

4 x2 LVCMOS

Includes HCSL

4 x2 LVCMOS

Includes HCSL

2 x2 LVCMOS

Includes LVPECL & CML

2 x2 LVCMOS

Includes HCSL

2 x2 LVCMOS

LDO output option No? No? No? No? Yes Yes

1-PPS Input No* No* Yes No*? Yes Yes

1-PPS Output Yes, x ns Yes, 50% Yes, 50% No Yes, 50% Yes, 50%

ZDM Yes
Psuedo (Open 

loop)

Psuedo (Open 

loop)

No (datasheet 

update)
Yes Yes

Max output 

frequency
"800 MHz" 1250 MHz 1250 MHz

2x 3-GHz CML

1000 MHz
1250 MHz

58

More parts on next slide

*Note on output formats:  All devices support ñHSDSò which is programmable level differential signaling.  Sometimes called AC-xxxx (example AC-LVPECL, which LVPECL swing 

level, but not an emitter follower output)



DPLL Product Overview: Family (cont.)
Feature LMK5B33216 LMK5B33414 LMK5B12212 LMK5C22212A LMK5C23208A

RTM Mar 2022 Sept 2022 Q2 2024 Q2 2024 May 2025

Target Market Wired Wired Wired Wireless Wireless

BAW
2500 MHz

± 100 ppm

2500 MHz

± 100 ppm

2500 MHz

± 100 ppm

2457.6 MHz

± 100 ppm

2457.6 MHz

± 100 ppm

APLLs 3 3 2 2 3

DPLLs 3 3 1 2 2

3-Loop No No No No No

Inputs 2 4 2 2 2

Outputs 16 + 2x GPIO 14 + 2x GPIO 12 + 2x GPIO 12 + 2x GPIO 8 + 2x GPIO

Output formats
Includes HCSL

2 x2 LVCMOS

Includes HCSL

2 x2 LVCMOS

Includes HCSL

2 x2 LVCMOS

Includes HCSL

2 x2 LVCMOS

Includes HCSL

2 x2 LVCMOS

LDO output option Yes Yes Yes Yes Yes

1-PPS Input Yes Yes Yes Yes Yes

1-PPS Output Yes, 50% Yes Yes, 50% Yes, 50% Yes, 50%

ZDM Yes Yes Yes Yes Yes, OUT0 only

Max output 

frequency
1250 MHz 1250 MHz 1250 MHz 1250 MHz 1250 MHz

59Duplicated from last column on previous slide, highlights are deltas from LMK5B33216



DPLL Product Overview: Product Naming

60

Clock Portfolio
Prefix Product Families Sub-Families Type Sub-family 2 (each family number of digits might vary)

LMK 5 ς DPLL B: BAW 2500 MHz
C: BAW 2457.6 MHz

# DPLLs # APLLs # of inputs # of outputs

LMK5B33414

    B = 2500 MHz

    3 = 3 DPLLs

    3 = 3 APLLs

    4 = 4 inputs

    14 = 14 outputs

LMK5C33216

    C = 2457.6 MHz

    3 = 3 DPLLs

    3 = 3 APLLs

    2 = 2 inputs

    16 = 16 outputs



DPLL Product Overview: LMK5B33216

Å3x DPLLs

Å3x APLLs

Å1x Single ended XO input

Å2x REF inputs (4x for -414 variant)
ïSingle ended or differential input

Å16x OUTPUTs (14x for -414 variant)
ïBypass, Channel Divider, 1-PPS/SYSREF 

divider

Å3x GPIO
ï 2x can be used to buffer 1-PPS/SYSREF 

continuous signals.

ÅEEPROM to configure start-up frequencies 
(partial register coverage)

ÅSPI or I2C interface

ÅSingle rail, 3.3 V supply
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DPLL Product Overview: Choosing the APLLx

ÅGenerally, BAW APLL has the best 

performance.

ÅThen APLL2

ÅFinally, APLL1*

*Not applicable to LMK5B12212 and 

LMK5C22212

62



ÅVCO1 LMK5C/5B

ïGood for simple FPGA 

clocks which donôt 

require high 

performance

ÅVCO2 LMK5C/5B

ïPerformance same as 

LMK04832.

ÅVCO3 LMK5C

ïBAW, our outstanding 

differentiating VCBO 

performance.

ïOver 10 dB improved!
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DPLL Product Overview: VCOx Comparison

12 kHz to 20 MHz
100 

Hz

1 

kHz

100 

MHz



ÅCrystal still has better 

relative phase noise 

performance vs. BAW.

ÅSome customers have 

replaced crystals with 

BAW for improved 

reliability!

ÅBecause the BAW is 

higher frequency, the 

noise floor is improved.
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122.88 MHz 

Crystek VCXO

(LMK04832EVM)

DPLL Product Overview: VCOx Comparison 
Depending on XO or TCXO

38.88 MHz 

NDK TCXO

38.88 MHz

TXC XO 12 kHz to 20 MHz
1 

kHz

100 

Hz

1 

kHz

100 

MHz



Comparison between
APLLs and DPLLs 
(APLL vs. DPLLs)
Note: DPLL contains a Fractional -N APLL.

Also comparing jitter cleaner vs. DPLL
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APLL vs. DPLLs: Integer and Fractional N Divider 
Comparison 

Integer -N

ÅAdvantage:

ïNo fractional spurs.

ïMay have higher phase detector 
frequency limit allowing for lower 
APLL noise.

ÅDisadvantage:

ïNo fine frequency adjustments.

ÅCannot be used with DPLL

ïSmaller step frequency == more 
APLL noise

Frac-N

ÅAdvantage:

ïFine frequency adjustments

ÅImportant for DCO, DPLL!

ÅAllow narrow óchannel spacingô if 
user changes Ὢ .  Not common 
for clocking.

ÅDisadvantage:

ïFractional spurs.  Although may not 
add much jitter.  May not be 
significant.

ÅOther crosstalk may still dominate!
66



APLL vs. DPLLs: Comparison

Analog PLL

ÅAdvantage:

ïInteger-N APLL

ÅNo fractional spurs.

ÅDisadvantage:

ïHoldover: must set analog voltage

ïHitless switch: cannot do phase 

buildout.

ïLoop Bandwidth: Cannot be as 

narrow

DPLL

ÅOur DPLLs still have an analog PLL!

ïIt is a fractional APLL

ïAdvantage: DPLL adds additional 

randomization to Fract-N.

ÅSupports narrow LBW for low 

frequency inputs such as 1PPS.
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APLL vs. DPLLs: Noise Sources Comparison

ÅThree regions

ï1) Below the ñjitter cleaning bandwidthò

ÅDPLL loop bandwidths can be extremely 

narrow

ï2) Between the ñjitter cleaning bandwidthò 

and the ñfrequency multiplication 

bandwidthò

ÅLMK5C33216A requires only a single 

external loop filter capacitor for its APLL.

ï3) Above the ñoutput APLL bandwidthò

ÅLMK5C33216A VCBO provides 

outstanding phase noise/jitter 

performance.
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Loop 

Bandwidth

DPLL Loop 
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APLL 

Loop 
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Three regions of noise defined by

two low -pass filters

Output APLL 

bandwidth

Jitter 

cleaning 

bandwidth

RED text are noise sources from our jitter cleaner/DPLL

BLACK text are noise sources from user selected components



APLL vs. DPLLs: Frequency Selection for VCXO or 
APLL REF (XO, TCXO, or OCXO)

ÅThe VCXO frequency is selected to have 

an integer relationship to the VCO 

frequency of PLL2.

ïSo for 2949.12 MHz, a common frequency 

selected is 122.88 MHz.

ïN = 2949.12 MHz / 122.88 MHz = 24

ÅThe APLL REF frequency is selected to 

have a non-integer relationship to the VCO 

frequency of an APLL actively used with a 

DPLL.

ïWe suggest a fraction of 0.1 to 0.9.  For 

example, with a 38.88 MHz APLL reference:

ïAPLL1 N = 5000 MHz / 38.88 MHz = 128.6é

ïAPLL2 N = 5625 MHz / 38.88 MHz = 144.7é

ïAPLL3 N = 2457.6 MHz / 38.88 MHz = 63.2é

ÅThe APLLs do support integer-N operation 

when not steered by a DPLL.

LMK0482x, LMK04832 LMK5C33216A



APLL vs. DPLLs: 2 -Loop and DPLL Comparison
(Specifically, LMK0482x/32 and LMK5C33216A)

ÅLMK04832 has two PLLs in 

cascade.

ÅLMK5C33216A has two PLLs 

in cascade, except that each 

receives feedback from VCO.

Jitter Cleaner DPLL

APLL1 DPLL

APLL1 Phase 

Detector

TDC

VCXO APLL REF 

(XO)

VCO VCO, VCBO



APLL vs. DPLLs: LMK04828 and LMK5C33216A 
Phase Noise

LMK04828, PLLatinum Sim simulation

LMK04828, PLLatinum Sim simulation

(VCBO)Å All scaled to 2457.6 MHz

Å VCO2 and VCO3 (VCBO) 

of LMK5C33216A 

outperform the LMK4828



APLL vs. DPLLs: LMK04832 and LMK5C33216A 
Phase Noise

LMK04832, PLLatinum Sim simulation

LMK04832, PLLatinum Sim simulation

(VCBO)
Å All scaled to 2457.6 MHz

Å VCO2 matches LMK04832 

VCO performance and 

VCO3 (VCBO) of 

LMK5C33216A 

outperforms



APLL Numerator Changes

74



APLL Numerator Changes

75
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APLL Numerator Changes: Frequency 
Calculations
ÅAPLL VCO Output Frequency = XO * (2x_doubler_en+1) / APLL_R * APLL_N

ÅDPLL VCO Output Frequency = IN * (2x_doubler_en+1) / DPLL_R * DPLL_N

ïAPLL and VCO Output Frequency should be nominally the same!
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This is a -0.00582 

ppt error!  Because 

APLL is using fixed 

denominator of 240!

N
Num
Den



APLL Numerator Changes: But, by how much?

77

÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

tREF ï tFB

TDC sample period
To APLL numerator

DPLL Steering



APLL Numerator Changes: APLL1 histogram for 
4000 to 5000 seconds
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APLL1 NUM STAT = ~91.63e9

APLL1/2/3 NUM ñNormalizedò to 

approximately 0.

Delta in APLL NUM = ~500 000

You might see it in histogram: reference add some digital artifacts

Any observations about these two diagrams?



DPLL LBW:
How is the DPLL loop filter designed?
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DPLL LBW: Loop Filter and Bandwidth Inputs

ÅLoop bandwidth

ïSpecifications define ranges 

for loop bandwidth

ÅTransfer function peaking

ïSpecifications limit peaking

ÅError function

80

Key

Parameters

Outputs



ÅGreen

ïForward peaking = 0.1

ïError peaking = 1

ÅRed

ïForward peaking = 0.1

ïError peaking = 10

81

DPLL LBW: Impact of increasing error peaking 
from 1 dB to 10 dB

Closed loop function Error function



DPLL LBW: Measurement

82

Peak Error = 1

Peak Error = 10

Allowed peaking = 0.1
Allowed peaking = 1

Allowed peaking = 3

Increasing error 

function peaking 

from 1 dB to 10 dB 

results in much 

sharper roll-off 

than increase of 

0.1 dB to 1 dB.



DPLL LBW: Impact of increasing error peaking 
from 1 dB to 10 dB

ÅFor all:

ïForward peaking = 0.1

ïError peaking = 1

ÅRed = 1 Hz

ÅGreen = 10 Hz

ÅPurple = 100 Hz

83

Closed loop function Error function



DPLL LBW: 2 -Loop DPLL Noise Profile
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DPLL Loop 

Bandwidth

APLL Loop 

Bandwidth

DPLL

APLL

Output



DPLL LBW: Limits of jitter cleaning set by XO
100 Hz noise wonôt be better than XO input

XO Noise

Total PLL Noise at

122.88 MHz

Region with 

significant XO 

noise contribution 

to total PLL noise



DPLL Stability
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DPLL Stability: Two Loop Bandwidths.
Two ñPLLsò changing the VCO frequency.
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering



DPLL Stability: Tracking example (errors 
exaggerated)
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XO

REF

VCO

Time

Frequency

A B C D

A. The VCO tracks the XO input. Increase in the XO frequency increases the APLL frequency

B. The DPLL corrects the phase error between the REF and XO inputs. DPLL LBW < APLL LBW. 

C. The VCO tracks the REF input.

D. The VCO tracks the REF input.



DPLL Stability: XO vs TCXO vs OCXO close -in 
noise performance

XO

TCXO

OCXO

Phase noise below 

10 Hz is considered 

wander.

Note that the XO has 

the highest close in 

phase noise, then 

TCXO, then OCXO 

as expected.  Lower 

wander provides 

better long term 

stability

An OCXO doesnôt 

necessarily have 

better phase noise 

at all offsets.



Frequency Stability Data:
Impact of REF Source

Frequency stability analysis with Calnex  Paragon T
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Frequency Stability Data: TIE from SigGen  and 
TCXO

SML03 SigGen  vs. two TCXOs
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Frequency Stability Data: TIE: SML03 Signal 
Generator

As seen in first summary plot Zoom
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Frequency Stability Data: TIE: Vendor 1

As seen in first summary plot Zoom
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Frequency Stability Data: TIE: Vendor 2

As seen in first summary plot Zoom
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Frequency Stability Data: MTIE

SML03 vs TCXO
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Vendor 1

Vendor 2



Frequency Stability Data: TDEV

ÅNote even though vendor 1 had worse 

MTIE data.  The TDEV shows better 

performance due to smaller 

adjustments.
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Vendor 1

Vendor 2



Frequency Stability Data: Two Loop Bandwidths 
and Stability Requirements
ÅFrom section ñ8.2.2 DPLLò in LMK5B33216 datasheet (9.2.2 in LMK5C).
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Frequency Stability Data: APLL LBW and DPLL LBW
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DPLL LBW 

from:

100 Hz to

.

.

.

.

.

9 kHz

Offset Frequency from Carrier

100 

Hz

1 

kHz

10 

kHz

100 

kHz

400 

kHz

40 

kHz

4 

kHz

400 

Hz

Å APLL LBW =

 8.8 kHz

Å DPLL LBW from 

100 Hz to 9 kHz

Å Impacts of 

peaking can be 

seen starting 

around 3.98 kHz
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Frequency Stability Overview
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Frequency Stability Overview:
XO,TCXO, and OCXO Close -In Noise Performance

XO

TCXO

OCXO

Phase noise below 

10 Hz is considered 

wander.

Note that the XO 

has the highest 

close in phase 

noise, then TCXO, 

then OCXO as 

expected.  Lower 

wander provides 

better long term 

stability

An OCXO doesnôt 

necessarily have 

better phase noise 

at all offsets.



Frequency Stability Overview: 
TIE (Time Interval Error)
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Frequency Stability Overview:
TIE (Time Interval Error): XO vs TCXO vs OCXO

TIE Plot

TIE Plot for

ñOCXOò, ñTCXOò, and ñXOò
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Frequency Stability Overview:
Quiz: What is the meaning of this plot?
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Frequency Stability Overview:
MTIE (Maximum Time Interval error)

TIE MTIE

104

B

A



Frequency Stability Overview: 
MTIE

ÅExample MTIE plot.

ïWander Generation 

MTIE Stratum ITU-T 

G.8262 ECC Option 2
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Frequency Stability Overview: 
More Terms

ÅADEV (Allan variance)

ïThe Allan variance is intended to 

estimate stability due to noise processes 

and not that of systematic errors or 

imperfections such as frequency drift or 

temperature effects.

ÅMVAR (modified Allan variance)

ïThe Allan variance has a drawback in 

that it is unable to separate the white 

phase modulation (WPM) from the flicker 

phase modulation (FPM).
ï Looking at their response to Power-law noise it is clearly seen that WPM and 

FPM have almost the same response to tau, but WPM is linearly sensitive to 

the system bandwidth fH whereas FPM is only weakly dependent on it. Thus, 

by varying the system bandwidth the WPM and FPM noise forms may be 

separated.

ÅTDEV (Time deviation)

ïThis is a scaled variant of frequency 

stability of Allan deviation. It is commonly 

defined from the modified Allan deviation, 

but other estimators may be used.
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Cascading APLLs

#1 use case: LMK5CA and LMK5B family method of fractional divider 

support

#2 other trade -offs for performance
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Cascading APLLs: Overview

ÅAny APLL can select XO or any other 
APLL as a reference.

ÅWhy?

ïGeneration of non-integer divider related 
frequencies.

ÅLMK5B33216 doesnôt have fractional 
dividers.

ÅGenerate another non-related frequency 
with 0 ppm error from one another.

ïPerformance

ÅBAW as APLL reference often 
outperforms XO as APLL reference 
above 10 kHz.

ÅXO as APLL reference often outperforms 
BAW below 10 kHz.

108



Cascading APLLs: BAW Cascade Performance 
Improvement (Omit Plot)

ÅWhen APLL1 takes XO as reference, 

close-in noise is good, however the 

lower Ὢ  limits overall performance, 

particularity at high offset frequencies.

ÅWhen APLL1 takes cascaded VCO3 

(BAW) as reference, close-in noise is 

impacted by close-in BAW noise, 

however APLL1 PLL noise is minimized 

due to higher APLL1 Ὢ .

ÅConfigure APLL LBW depending on the 

offset regions that are most sensitive to 

the application.
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Cascading APLLs: TICS Pro configuration of 
APLL pages

XO reference APLL3 reference
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Cascading APLLs: How

ÅMax APLL phase detector frequency 

for APLL operation in fractional mode:

ï125 MHz: APLL1 and APLL2 PDF

ï110 MHz: APLL3 PDF

ïWhen cascading disable the doubler and 

enable (uncheck bypass) divider to divide 

down to acceptable PDF frequency.

ÅChoice of frequency can impact 

spurious in frequency plan.
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Cascading DPLLs

112



ÅDPLL can select any other APLL as a reference

ï Reference valid signal is APLL locked signal

ÅWhy?  Mostly same as APLLé

ï Generation of non-integer divider related frequencies.

ÅLMK5(C|B)33216 doesnôt have fractional dividers.

ÅGenerate another non-related frequency with 0 ppm 

error from one another.

ï Except in terms of performance

ÅPerformance will be with XO as reference to APLL.  

Improve phase noise performance at low offsets.

ï XO as APLL reference often outperforms BAW 

below 10 kHz.

ÅWhy?  Unique vs. APLL casade

ï You can filter the SyncE and then feed it to the PTP 

DPLL. Additional filtering can be added on the PTP 

DPLL to limit any SyncE transients to PTP
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Cascading DPLLs: Overview



Cascading DPLLs: How

ÅIn DPLL clock input selection, 

set REF4 or REF5 as reference 

for DPLL.
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Cascading DPLLs: Use Case Comparison

Use Case APLL Cascade
APLL XO sourced from another PLL

DPLL Cascade
DPLL reference sourced from another PLL

ñFractional DivideròYes Yes

DCO of cascaded PLL Yes ï DPLL DCO if DPLL 

enabled, otherwise APLL DCO.

Yes ï DPLL DCO

Loop bandwidth of cascaded 

PLL

Set by APLL Set by DPLL

APLL in-band performance
(DPLL and APLL cascade can be used 

at same time)

When sourced from BAW 

APLL typically improved at 

offsets over 10 kHz.

APLL or XO reference may be 

selected for APLL input for 

performance as required

PTP benefit N/A PTP adjustment can be 

applied on top of the filtered 

SyncE input
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Zero-Delay Mode (ZDM)

116



ZDM: LMK5x33xxx

ÅOUT0 ZDM path toé

ïDPLL1, DPLL2, or DPLL3 TDC

ÅOUT4 ZDM path toé

ïDPLL2 TDC

ÅOUT10 ZDM path toé

ïDPLL3 TDC

ÅAll three DPLLs may operate in ZDM 
at the same time.

ïFrequency planning must take ZDM 
paths into consideration
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ZDM: Time error of DPLL Over Process, Voltage 
and Temperature Extremes
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register, 
DPLLx_PH_OFFSET



ZDM: Time error of DPLL Over Process, Voltage 
and Temperature Extremes
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Å Relative variation 
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Å Absolute time can 

be adjusted with 

register, 
DPLLx_PH_OFFSET



ZDM: Time error of DPLL Over Temperature 

120

~350 

fs/deg

~300 

fs/deg

~250 

fs/deg

Å Relative variation 

of input to output 

phase

Å Absolute time can 

be adjusted with 

register, 
DPLLx_PH_OFFSET

Å b is the slope.

Å The delta between 

DOWN and UP 

suggests more time 

could have been 

given to dwell at a 

particular 

temperature



ZDM: DPLL2_PH_OFFSET of Leader Node 
(Green Trace)
Current DPLL2_PH_OFFSET = 0 Current DPLL2_PH_OFFSET = 133333
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ZDM: Phase Offset Adjust

Description

ÅDPLLx_PH_OFFSET allows adjusting 

the input to output phase.

ÅResolution of phase adjust can be in 

the 10s of femto-seconds.

Configuration

ÅSet DPLLx_PHS1_EN=1

ÅProgram slew rate of adjust withé

ïDPLLx_PHS1_THRESH (step size)

ïDPLLx_PHS1_TIMER (step rate)

ÅTICS Pro allows you to set a slew rate 

slope by setting ppb error, the two 

slew rate adjust fields above are 

automatically programmed.

ïRecall 1 ppb == 1 ns/s slew.
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DPLL Input Validation
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DPLL Input Validation: Overview

Input compared against VCO frequency
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DPLL Input Validation: Options

125

0 ppm
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Early/late clock detect 

& phase detect

Amplitude detect*

25 MHz == 40 ns period 40 ns * n Ą ?? ms *LMK05318B only



DPLL Input Validation: Summary

1. Early/late clock detect
ïCounts input rising edge to next input rising edge using VCO (normally VCBO).

2. Phase valid detection
ïCannot be used with Frequency valid detection is enabled.

ïFor references Ò 2 kHz.

ïCompares input frequency to XO frequency. 

3. Frequency valid detect
ïCannot be used when Phase valid detection is enabled.

ïCompares input frequency to XO frequency.

ïMeasurement time depends on PPM accuracy of measurement and averaging.

4. Amplitude detect
ïChecks input clock amplitude.
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DPLL Input Validation: Early and Late 
(Missing) Detectors

Input compared against VCO frequency
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Early and Late Detectors: Overview

ÅUses VCO as reference to validate the input.

ïVCO3 BAW (default, recommended) or VCO2.

ÅResponse time to an invalid clock using early/late 

detect can be very fast because it may be much 

less than a single cycle of the clock input frequency.

ïFor low frequencies, the early/late clock detect may 

incur a ppm frequency limit.

ÅIndividual adjustment for late and early timing.

ÅEarly detector only works

if late detector is enabled!
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Early and Late Detectors: Overview (cont.)

ÅLate detect supports missing clocks.

ïBy using a bigger allowed tolerance for a ñlateò clock.

ÅMaximum input frequency for early detect (with VCBO)

ïLMK5C: 204.8 MHz

ïLMK5B: 208.3 MHz

ÅMaximum input frequency for missing (late) detect

ï400 MHz

ÅMinimum input frequency

ïLess than 600 Hz

(with VCBO)
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Input 
Clock

Early Late

Location of expected rising 
edge with missing clock = 1



Early and Late Detectors: Equations

ÅMeasure Clock Frequency

ïIf 0 == REF0_MISSCLK_VCOSEL (recommended, default)  = VCO3 Frequency / 2

ïIf 1 == REF0_MISSCLK_VCOSEL                                          = VCO2 Frequency / 5

ÅEarly Timeout = REFx_EARLY_CLK_DIV  * (1/Measure Clock Frequency)

ÅNominal Divide Value = Floor (Measure Clock / Reference Clock Frequency)

ÅMissing Timeout = REFx_LATE_CLK_DIV    * (1/Measure Clock Frequency)
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Early Timeout

Late Timeout

TEARLY

TLATE

Reference Period

Minimum divide value is 3.  

This sets maximum 

allowable input frequencies.

EARLY/MISSING_CLK_DIV 

must be Ó 3 from Nominal 

Divide Value



Early and Late Detectors: How to Select Margin

ÅFor frequencies above 5 MHz, the 

allowable ppm frequency error is very 

large, so low or no margin may be 

used.

ÅBelow 5 MHz increase margin.

ÅWhen VCO2 is used for Early and 

Missing clock detectors, more margin 

should be used.
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Early and Late Detectors: Impact of DPLL REF 
Accuracy

Å25 MHz input.  Period = 40 ns.

ï(37.6 ns ï 40 ns) / 40 ns * 1e6 = -60000 ppm

ï(42.4 ns ï 40 ns) / 40 ns * 1e6 = 60000 ppm

ïEarlyDiv = 47, MissingDiv = 53

132

Å2.048 MHz input.  Period = 488.28125 ns

ï(484.8 ns ï 488.28125 ns) / 488.28125 ns * 1e6

         = -5491.2 ppm

ï(491.2 ns ï 488.28125 ns) / 488.28125 ns * 1e6

         = 4339.2 ppm

ïEarlyDiv = 607, MissingDiv = 613



Early and Late Detectors: Lowering █╓╟╛╛ͅ╡╔╕

Å8 kHz input.  Period = 125 ɛs.

ïEarlyDiv = 156247, MissingDiv = 156253

ï(124.9976 ɛs ï 125 ɛs) / 125 ɛs * 1e6 = -19.2 ppm

ï(125.0024 ɛs ï 125 ɛs) / 125 ɛs * 1e6 = 19.2 ppm

ïEarlyDiv = 156246, MissingDiv = 156254

ï(124.9968 ɛs ï 125 ɛs) / 125 ɛs * 1e6 = -25.6 ppm

ï(125.0032 ɛs ï 125 ɛs) / 125 ɛs * 1e6 = 25.6 ppm
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Å600 Hz input.  Period = 1.666é ms

ïEarlyDiv = 2 083 330, MissingDiv = 2 083 336

ïMax divider = 221 ï 1 = 2 097 151



Early and Late Detectors: Lowering █╓╟╛╛ͅ╡╔╕ more

Å8 kHz input.  Period = 125 ɛs.

ïEarlyDiv = 156247, MissingDiv = 156253

ï(8000.1536é kHz ï 8 kHz) / 8 kHz * 1e6 = 19.2 ppm

ï(8000.9998é kHz ï 8 kHz) / 8 kHz * 1e6 = -19.2 ppm
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Early and Late Detectors: Math

ÅFor LMK5C33216/LMK5B33216:

ïMeasure clock:

ÅIf 0 == REF0_MISSCLK_VCOSEL (recommended, default)

ïMeasClock = VCO3 Frequency / 2

ÅIf 1 == REF0_MISSCLK_VCOSEL

ïMeasClock = VCO2 Frequency / 5
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Early and Late Detectors: Math (cont.)

ÅEarlyDIV = floor(MeasClock / RefFreq) 
ï RequiredMargin ï EarlyMargin

ïLimits:

ÅEarlyDIV Ó 3 [early_clk_div_min]

ÅEarlyDIV Ò 221 ï 1.

ÅMax RefFreq = MeasClock / 
(3 [early_clk_div_min] +
 3 [required margin] +
 UserMargin)

ïWhich is 204.8 MHz for LMK5C

ïWhich is 208.3é MHz for LMK5B

ÅAdd more margin if < 5 MHz. (1 MHz?)

ÅTime early = EarlyDIV / MeasClock

ÅLateDIV = floor(MeasClock / RefFreq) * 

(Late Cycles+1) + LateMargin

ïLimits:

ÅMissingDiv Ó 3

ÅLateDIV Ò 221 ï 1.

ÅMax RefFreq = 400 MHz

ÅTime late = LateDIV / MeasClock
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DPLL Input Validation: Phase Validation

Input frequency compared against XO frequency
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Phase Validation: Overview

ÅOnly for low frequency inputs, 

such Ò 2 kHz.

ÅMust account for jitter of input clock 

when setting threshold.
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Phase Validation: Overview (cont.)

ÅIn practice, with 1-PPS input and 48 MHz XO, then number of edges is 48 000 000!

ÅA tolerance ofé

ï48 gives a allowable ppm error of (48 / 48 000 000) * 1e6 = 1 ppm

ï10000 gives a allowable ppm error of (10000 / 48 000 000) * 1e6 = 208.333 ppm
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Phase Validation: TICS Pro Configuration

ÅTPHASE-VALID
 = Threshold / XO Frequency

Å10 000 / 48e6 = 208.33e-6 degrees

ï578.7 ns/s Ą 578.7 ppt

Å48 / 48e6 = 1e-6 degrees

Å1e-6 degrees / 360 * 1 s = 2.7é ns

ï2.7 ns / s Ą = 2.7 ppt
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Phase Validation: Math

ÅPhase Valid Count = (REFx_PH_VALID_CNT_MSB << 28) + REFx_CNTSTRT

ÅPhase Valid Count = int(xo_freq / ref_freq)

ÅREFx_PH_VALID_THR is allowable error.

ÅAllowable error (degrees) =

ïREFx_PH_VALID_THR / XO_FREQ
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DPLL Input Validation: Frequency 
Validation

Input frequency compared against XO frequency

Bonus: DPLLx_LOFL  which is VCO frequency compared against input 

frequency
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Frequency Validation: Overview

ÅDifferent frequency tolerance for valid 

and invalid reference.

ïMust consider the accuracy of frequency 

reference used for measurement.

ÅMay be XO reference to DPLL.

ÅMeasurement time is a function of 

frequency accuracy and averaging

ÅAveraging enables validation of 

dithered input clocks
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Frequency Validation: Overview (cont.)

ÅBoth DPLL Frequency Lock Detect and Reference 
PPM count how many cycles of the ñmeasuredò 
clock occur during a number of ñreferenceò clocks.
ï Reference validation
ÅINx clocks is ñreferenceò (because could be low 

frequency like 1-PPS)
ÅXO clocks is ñmeasuredò

ï DPLLx Lock
ÅReference divided down at TDC is ñreferenceò
ÅVCOx clocks are ñmeasuredò

ÅRegisters are programmed toé
ïassert lock when the measured clock count ñyò is 
within a valid range when the reference count ñxò 
reaches 0.

ï Deassert lock when the measured clock count ñyò 
is outside a valid range when the reference count 
ñxò reaches 0.

ï The lock and unlock ranges allows for hysteresis
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Frequency Validation: Overview (cont.)

ÅBoth DPLL Frequency Lock Detect and Reference 
PPM count how many cycles of the ñmeasuredò 
clock occur during a number of ñreferenceò clocks.
ï Reference validation
ÅINx clocks is ñreferenceò (because could be low 

frequency like 1-PPS)
ÅXO clocks is ñmeasuredò

ï DPLLx Lock
ÅReference divided down at TDC is ñreferenceò
ÅVCOx clocks are ñmeasuredò

ÅRegisters are programmed toé
ïassert lock when the measured clock count ñyò is 
within a valid range when the reference count ñxò 
reaches 0.

ï Deassert lock when the measured clock count ñyò 
is outside a valid range when the reference count 
ñxò reaches 0.

ï The lock and unlock ranges allows for hysteresis
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Frequency Validation: Example

4.17 ms 4.17 ms 4.17 ms 4.17 ms

REF good or 

bad? good

REF good or 

bad? good 

or bad.

REF good or 

bad? bad

REF good or 

bad? bad

0 ppm

-100 ppm

-30 ppm

-70 ppm

30 ppm

70 ppm



Frequency Validation: Calculations

ÅSo if TDC = 2 MHz and VCO2 = 5625 

MHz,

ÅUsing average count = 1 and 

accuracy = 1 ppm givesé
ï DPLL2_LOCKDET_PPM_CNTSTRT = 21348

ï DPLL2_LOCKDET_VCO_PPM_CNTSTRT = 1000036

ÅSoé

ï For VCO feedback

Å5625 MHz /60 /1000036 = 93.7466é Hz

ï For reference

Å2457.6 MHz /4 /307 /21348 = 93.7466é Hz

Å10 MHz /5 /21348 = 93.6855é Hz

Å10 MHz /5 /21334 = 93.7471é Hz

ÅOutput frequency from VCOx is divided 
down for comparison with TDC.
ïVCO1 = /48

ïVCO2 = /60

ïVCO3 = /24

ÅResults:
ïUsing DPLL cascade, typically measured 

error = 0, sometimes 1.
ÅExpected as frequencies are the same.

ïUsing external reference.
Å652.
Å>>> (93.74662411448807-

93.68559115608019)/93.6855911560801
9*1e6
Å651.4657980456938
Å>>>
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Register details of Phase Validation and REF PPM validation
Phase Validation and REFx PPM validation are mutually exclusive in part because they use the same register space

Phase Validation, one 31 -bit number REFx PPM validation, two 28 -bit numbers

R125[6:4] = REF0_PH_VALID_CNT_MSB

R125[3:0] = REF0_CNTSTRT[27:24]

R126[7:0] = REF0_CNTSTRT[23:16]

R127[7:0] = REF0_CNTSTRT[15:8]

R128[7:0] = REF0_CNTSTRT

R125[3:0] = REF0_CNTSTRT[27:24]

R126[7:0] = REF0_CNTSTRT[23:16]

R127[7:0] = REF0_CNTSTRT[15:8]

R128[7:0] = REF0_CNTSTRT

R129[3:0] = REF0_HOLD_CNTSTRT[27:24]

R130[7:0] = REF0_HOLD_CNTSTRT[23:16]

R131[7:0] = REF0_HOLD_CNTSTRT[15:8]

R132[7:0] = REF0_HOLD_CNTSTRT
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Å XO frequency decreases REFx_HOLD_CNTSTRT.

Å REFx_FREQ decreases REFx_CNTSTRT.

ÅWhen hit 0, then make measurement based 

on state of REFx_HOLD_CNTSTRT counter.

ÅMakes sense because REF may be low frequency 

(like 1-PPS), so you want resolution of XO 

frequency.

LMK05318B uses doubler on XO 

frequency for PH_VALID_CNT! (2024-08)
ph_valid_cnt = self.xo_freq * int(OSCIN_DBLR_EN.iValue + 1) / self.ref_freq[x]

LMK05318B uses doubler on XO 

frequency for PH_VALID_CNT!
ph_valid_cnt = self.xo_freq * int(OSCIN_DBLR_EN.iValue + 1) / self.ref_freq[x]



DPLL Input Selection

Auto revertive, Auto non -revertive

Manual holdover, Manual fallback

149



DPLL Input Selection: Options

ÅAuto revertive

ïAlways switches to be locked to the 

highest priority clock

ÅAuto non-revertive

ïSwitches only when active reference is 

lost.

ïSwitches to highest priority valid clock

ÅManual Holdover

ïSelects manually chosen reference

ÅChoice by register or pin.

ïIf reference is not available, enter 

holdover.

ÅManual Fallback

ïSelects manually chosen reference

ÅChoice by register or pin.

ïIf reference is not available, attempt to 

select clock in priority order.

ïIf not available enter holdover.
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Holdover

151



Holdover: Overview
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Two considerations:

1) Short-term holdover

2) Long-term holdover



Holdover: Short -Term Holdover Erroré

Output 
frequency

Holdover 
frequency

Time
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Reference failure

In holdover
Locked to 
reference

Input 
frequency

Enter holdover
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Approximately ±1 ppb (for full hitless switch)Small frequency delta

What about phase?

TIE plot would 

deviate based on 

frequency error.

TIE plot

Time

T
im

e
 E

rr
o

r

Enter holdover



Holdover: Short -Term Holdover Erroré (cont.)

Output 
frequency

Holdover 
frequency

Time

F
re

q
u

e
n
c
y

Reference failure

In holdover
Locked to 
reference

Input 
frequency

Enter holdover
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Phase hits for any phase relationship at 

different frequencies and DPLL loop 

bandwidths.

Reference = 1 Hz, 8 kHz, 25 MHz

DPLL LBW = 10 mHz, 100 mHz, 1 Hz, 100 Hz

Small frequency delta



Holdover: Long -term Holdover Erroré

Output 
frequency

Holdover 
frequency

Time

F
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q
u

e
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y

Long term 
holdover 
stability

Reference failure

In holdover
Locked to 
reference

Input 
frequency

Enter holdover
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ÅLMK doesnôt contribute to long term 

holdover.

ÅFunction of quality of ñXOò input to 

LMK

ïXO is worst

ïTCXO is better

ïOCXO is best

ÅTIE plot would is used by 

specification like G.8262 to 

determine holdover acceptability.



Holdover: Long -term Holdover Error and 
LMK5B or LMK5CA

ÅLMK5C33216A or LMK5B33216 do 

not contribute to long-term holdover 

error
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Holdover: Impact of Quality of
APLL REF (XO)

XO, TCXO, OCXO example TIE TIE with frequency error
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TIE plot

Time

T
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e
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Enter holdover
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APLL REF is a major contributor



Holdover: Impact of Quality of
APLL REF (XO) (cont.)

XO, TCXO, OCXO example TIE TIE with frequency error
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TIE plot
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Enter holdover
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APLL REF is a major contributor



Holdover: Diagram Breakdown
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering

Three options for holdoveré



Holdover: Diagram Breakdown (cont.)
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering

(1) Last value



Holdover: Diagram Breakdown (cont.)

161

÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering

(2) User specified value

DPLLx_FREE_RUN



Holdover: Diagram Breakdown (cont.)
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering

History
(Averaging)

(3) History



Holdover: Timing Diagram

ÅTAVG time

ÅTIGN is 2x TAVG
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DPLLx_FREE_RUN

TAVG time =

Averaging of data in window



Hitless Switching
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Hitless Switching: Overview

ÅChanging references without any change to the output
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IN0:
25 MHz

IN1:
25 MHz

OUT:
25 MHz

Phase
difference



Hitless Switching: Overview (cont.)

ÅñPerfectò hitless switching requires inputs at 
same frequency.
ïOnly the phase may differ.

ÅLMK5C33216A or LMK5B33216 always enter 
holdover then switches to new reference.

ÅExiting holdover is done usingé
ïphase cancellation for hitless switching (phase 

build-out), or

ï fast lock

ÅTerms:
ïPhase build -out
ÅDPLL builds out the phase between two 

references to lock to a new reference without any 
phase/frequency disturbance on output.

ïPhase slew
ÅDPLL slowly changes the phase between output 

and input to allow for phase alignment after a 
hitless switch achieved with phase build-out.
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Hitless Switching: Phase Build -Out (Phase Cancellation)

ÅWhat is the allowed phase and frequency variation during a clock switch event?

ÅPre-computed values control this algorithm.

ïOne value is time to spend in phase cancellation.
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Time

OUTx (25MHz)

IN1 (25MHz)

IN0 (25MHz)

A B C

Voltage

DPLL switches 

reference

A: OUTx is locked to IN0 with 

the same phase.

B: IN0 is lost and the DPLL 

switches reference from IN0 to 

IN1 without affecting the phase 

on OUTx.

C: OUTx is locked to IN1 without 

changing the phase



Hitless Switching: Phase Slew Control

ÅDoes system require output clock phase to align with input clock phase?
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Relationship of frequency 

error and phase slew rate 

of change:

1 ppm = 1 µs/s

1 ppb = 1 ns/s

1 ppt = 1 ps/s

Time

OUTx (25MHz)

IN1 (25MHz)

IN0 (25MHz)

A C D

Voltage

DPLL switches 

reference

Phase slew ra te

B

A. OUTx is locked to IN0 

with the same phase.

B. IN0 is lost and the 

DPLL switches reference 

from IN0 to IN1.

C. The phase of OUTx 

gradually changes at a 

rate defined by the 

programmed phase slew 

rate.

D. OUTx is locked to IN1 

with the same phase.

Relationship of frequency error and phase slew rate of change:

1 ppm = 1 µs/s 1 ppb = 1 ns/s 1 ppt = 1 ps/s



Hitless Switching: Example
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Hitless Switching: 
Diagram Breakdown
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Hitless Switching: Diagram Breakdown (cont.)
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering



Hitless Switching: Diagram Breakdown (cont.)

What is the allowed phase and frequency variation during a clock switch event?
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IN0:
25 MHz

IN1:
25 MHz

OUT:
25 MHz

Phase
difference

Nominal TDC error = 0, ȹNumber = 0.



Hitless Switching: Diagram Breakdown (cont.)
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering

In prior slide, before hitless switch the TDC error between 

REF and VCO is nominally 0.  The ȹNumber = 0.  DPLL 

ñfast lockedò with this phase and timing relationship.



Hitless Switching: Diagram Breakdown (cont.)

What is the allowed phase and frequency variation during a clock switch event?
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IN0:
25 MHz

IN1:
25 MHz

OUT:
25 MHz

Phase
difference

Nominal TDC error = ñ500ò

ȹNumber = ñ500ò



Hitless Switching: Diagram Breakdown (cont.)
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÷ (N +           )
num

den

ȹɆ

Current VoltageȹNumber Number

DPLL Steering

Å During or after a hitless switch, the phase buildout works by TI phase cancellation IP which measures 

and redefines the phase error between new DPLL REF and VCO feedback while in holdover.  

ÅSuppose a TDC error of ñ500ò is measured, now DPLL works to keep phase locked at TDC error of 

ñ500ò.  This means the new ȹNumber = ñ500ò. Because of this, no phase hit occurs at output. During 

a hitless switch in which the second reference is already valid, the DPLL is only briefly in holdover for 

phase cancellation.



Hitless Switching: Diagram Breakdown (cont.)
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IN0:
25 MHz

IN1:
25 MHz

OUT:
25 MHz

Phase
difference

Relationship of frequency error and phase slew rate of change:

1 ppm = 1 µs/s 1 ppb = 1 ns/s 1 ppt = 1 ps/s

Continuing example, after a switch which results in TDC error = ñ500ò/ȹNumber = ñ500,ò phase slew control allows the 

DPLL to adjust the input to output phase of the new reference back to a TDC error/ȹNumber = ñ0.ò  This can be done 

in a phase slew-controlled manner using the TICS Pro GUI.  Screenshot illustrates programming for 1 ppt slope.



Digitally -Controlled Oscillator (DCO)
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DCO: Functionality
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Logic 

Device

LMK DPLL

CLKout

CLKout

I2C/

SPI/

pins

Frequency 

Control

Ethernet/PTP

GPS

External Clock



DCO: Example of Boundary Clock System
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