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Who are We?

= MaxLinear is a leading provider of highly
integrated radio-frequency (RF), analog and
mixed-signal semiconductor solutions for
access and connectivity, wired and wireless
infrastructure, and industrial and multi-market
applications. The company’s innovative
solutions help shape the future of networking
and communications technology

7N
MAXLINEAR
Na”



Leading Semiconductor Supplier for the Broadband, Connectivity, and
Infrastructure Markets
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MaxLinear Business Groups

= AnyWAN Gateway = xDSL/Copper

Processors = \Wi-Fi
= Cable Broadband * G.hn
= PON = MoCA
-:.3:'"" , f‘a - :-] Optlcal = Data Center = Optical
. |nterC0nnECtS Connectivity Metro/Long Haul
= Radio Head Transceivers = Microwave Transceivers
= Microwave & Millimeter = MaxLIN Linearization

Wave Modems

\ High Performance " Power Management  * Ethernet

® |nterface = \oice

%= Analog & Accelerators [FiTE——-
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MaxLinear Austria Overview

R&D

System Engineering for RF/MS

RF Design

Analog/Mixed Signal Design

Digital Systems

CAD and IT Support

= MaxLinear acquired in August 2020 the
Connected Home business from INTEL —
Product the team in Austria was part of it

Engineerin ) ..
& E = MaxLinear Austria is represented by a

team of 90 employees with excellent skills
in CMOS IC design, verification and test

= Development focus is on communication
systems, eg. Cable, Ethernet, PON, VolP,
WIFI, G.Fast

Test
Development
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Content [1h and 40min]

Part 1: Basics [45 min]
e Background
e PLL Architectures
e Fundamental Design Considerations on Transfer-functions
e Design Considerations on PLL bandwidth and Fractional-N Spur

Break [10 min]

Part 2: Wi-Fi and State-of-the-Art [45 min]
e \Wi-Fi Requirements
e State-of-the-Art
e Techniques to Advance the State-of-the-Art
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Application

Frequency Synthesizers
{ ~_ o, il Iy Offset PA
Control 5GHz s |
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p Offset
Fig. 3. Dual-band receiver block diagram. Fig. 7. Dual-band transmitter block diagram.

e A Phase-Locked-Loop (PLL) is used as a Local-Oscillator (LO) in a Wi-Fi transceiver [1]
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Wi-Fi 6 and 5G-Communication [2, 3]

Wi-Fi Generations

Maximum Radio
Generation Linkrate | Adopted Frequency
Standard 1
(Mbits) [ﬂu}[_]
WIi-FI7 | 802.11be 40000 | TBA | 2458
Wi-Fi 6E 2020 | 241306
802.11ax | 600 to 9608
Wi-Fi & 2019 I 2.4!5.‘

Modulation and coding schemes

Data rate (Mbit/s)!"!

MCS ModulatiOn Codlng - - - - - - - - - - - - - - - —

160 MHz channels

20 MHz channels 40 MHz channels

— s s mme s
1600 ns GII'"'' 800 ns GI | 1600 ns Gl | 800 ns Gl | 1600 ns GI | 800 ns GI | 1600 ns Gl | 800 ns Gl

indexl! type rate

0 BPSK 1/2 8 8.6 16 17.2
1 QPSK 1/2 16 17.2 33 34.4
2 QPSK 3/4 24 258 49 51.6
3 16-QAM 1/2 33 34.4 65 68.8
4 16-QAM 3/4 49 516 98 103.2

80 MHz channels

34
68
102
136
204

36.0
721
108.1
1441
216.2

68

136
204
272
408

72

144
216
282
432

FR1
<1GHz 3-5GHz 6-7GHz

|
I

United States 4 - o
I Europe - -
I China m - .

Korea m . —

I Japan - -
I 1 3 5 7 |

5G FR2 Band Uplink/Downlink (GHz) __Cha_nnel?andﬁznh{_MHz)_l
N257 TDD 26.5 - 29.5 1 50, 100, 200, 400 .
N258 TDD 24.25 - 27.5 I 50, 100, 200, 400 I
N259 TDD 39.5-43.5 1 50, 100, 200, 400 I
N260 TDD 37.0 - 40.0 ' 50, 100, 200, 400 :
N261 TDD 27.5 - 28.35 I 50, 100, 200, 400 I

e FR1 frequency ranges in 5G-Communication are close to those from the Wi-Fi 6 and 7
e |n the Literature, state-of-the-art PLLs can be seen as enablers both 5G-communications and Wi-Fi applications

e Frequency range 6 -7 GHz

e Fractional-N operations are most-likely required
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Let’s define “Phase”

N T 3/4 of a Cycle

DCO | i \ —

v

time

0 tlmé

Let’s define “Phase” as follows:

e Phase Integer-Part => Number of complete DCO clock cycles in the interval [0, t]

e Phase Fractional Part => Portion of the last DCO cycle that has been completed in the interval [0, t]
e Both Integer and Fractional parts are normalized to the DCO period
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Example Phase in case of Fractional Ratio Foco/Fref

1/3 Tdco 2/3 Tdco 1 Tdco 1/3 Tdco 2/3 Tdco 1Tdco
I ' I 1 I L I 1 I R
DCOO-'ii'f?'ii'i'iiliil55|gg|t.'
§ Tdeo | 12Tdco | © 3Tdco | 4Tdco, | 5Tdco i { 6Tdco ;| | 7Tdco| | 8Tdco "™M€
S R RN N TN S NS NN TN NN NN NN TN N NN SN TN NN NN NN TN N N N ,
Ref L 1 1 1 1 1 .
| Tref 2 Tref 3 Tref 4 Tref 5 Tref 6 Tref
A 3
1
DC_O - -
Fractional
Phase g ¢
. 3 >
time
A
DCO Integer 8 ¢
Phase 4 L]
tir;1e
e Time stamps on x-axis = clock rising edges
e DCO Phase evaluated at Ref edges
e Tdco = 3/4 Tref => 4 completed DCO cycles every 3 completed Ref cycles (integer part of the DCO phase)
* Fractional part of the phase signal repeats in cumulative cycles: 1/3, 2/3, 0, 1/3, 2/3, 0, ...
e Cumulative process plus wrapping can be seen as a case of “first order modulation” 7\
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Example Phase Difference when ratio Foco/Fref = 2

.................................................

Noiseless I I ! l 1 — ] 5 ] | >
DCO 0 I L texp[1] texp[2] ' texp[3] ! l texp[4] : J texp[5] : I;texp[6] : time
Noisy | I : ] | I ' ] A 1 | .
DCO 0 ' “tdco[1] §!td60[2] i " tdeo[3] !tdco[4]: " tdco[5] ! !td:po[6] : time

i . i R A

f i B = ! oy 5 o !
Re : : : : : . >

| L | o ! o !

i | Phiecl2] . phracl3] |

e We can calculate the “phase difference” in multiple ways:

(i) between Ref and noiseless DCO => not really “informative”

(ii) between noisy and noiseless DCO => we might calculate it

(iii) between Ref and noisy DCO => we can extract it with a circuit
e Integer part of the phase difference can be ignored when noise level in the DCO is small enough
e Expected fractional phase difference between Ref and noisy DCO is zero (or another constant)

12
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Example Phase Difference when ratio Foco/Fref is Fractional

phexp[1] phexp[2] phexp[3] phexp[4] phexp[5] phexp[6]
Noiseless ] L l — ] - l —] ] >
DCO 0 I I texp[il] I texp[Z] I texp[3] I texp[4] !texp[S] Iitexp[6] I texp[7] I time
Noisy —— 5 1 5 - = ) = .
DCO 0 It;dco[l]i  tdco[2] Efidco[?:o] i tdco[4] Etd;co[S] 5 tdco[6] Et;dco[7] time
: : ] ' : : i ! i ; i : : H — ! —i 1
; = i = .= = — = s
Ref — | F ] —
| tref[1] L tefl2]] tref[3] trefl4] - tefld] trefl6]
phfrac[1] phfrac[2] phtrac[3] phfrac[4] phfrac[5]
« Expected fractional phase difference between Ref and DCO is a periodic pattern
7\
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Phase Difference Accumulation and the Need for a Phase-Locked Loop

T
Noiseless I I | ] ] L L >
DCO 0" ! texp[1] Hexp[2] Hexp[3] Fterp[4] Fteip[5] Mexpl6]  time

Noisy DCO | | = — = = = ,
(free-running) 0 !tdco[l] ;'tdco[Z] ¥ tdco[3] ' taco[4] ¥ taco[5] Vtacol6] time

Transfer noise

. clk_ref
Oscillator properties Controlled Oscillator » Control |ctrl| Controlled dk-fUt
j‘> Oscillator » Loop Oscillator
High frequency ¢ |
Iow-. noise clk_div Frequency il
oscillator oscillator . Divider |

.....................

¢ In a free-running oscillator, a single cycle with perturbed duration produces a constant phase difference in all following cycles =>
phase difference (or phase noise) accumulates

» A phase-locked loop can be seen as a system to “transfer” the good phase noise properties of a low frequency oscillator (typically a
crystal-based oscillator) to a high frequency noisier (typically integrated) oscillator.

e Introducing a frequency divider with division ratio Ndiv is a simple solution to have: fout = Ndiv fref 7\
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General Phase-Locked-Loop (PLL)

Extract Phase _di ' | Analog cIk:dco

e PFD-CP PLL »  Difference i filter
e sampling PLL

e subsampling PLL | Frequency |
Divider |

clk_ref .
—> Extract Phase |Ph_diffa| pigitize Phase Digital

o PFD—pIus-TDC—based PLL |  Difference Difference filter
e digital sampling PLL

e digital subsampling PLL ' Frequency |
{  Divider |

clk_ref e
- Produce Target Digital
DCO Phase filter

e TDC-plus-counter-based

PLL Digitize DCO . Frequency |
Phase : Divider

*VCO = Voltage Controlled Oscillator. It can be also a CCO = Current Controlled Oscillator

**DCO = Digitally Controlled Oscillator. 7N
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PLL Architectures
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Programmable Integer Frequency Dividers [4]

CLKyD—»{Fn  Four Fy »1Fn  Four iﬂ :D_ R a Qp, b a Qy1
+2/3 | 213
CLKQUTG Mo Mour My yﬁ@ My ‘_-l- T GLP1 GNLN1
I
5 ] o "

A
P P, |P J J
PDIV 3 g 1 2 GN G
3 I

e Multi-Modulus-Dividers (MMDs) based on “Dividers by 2/3” are very popular

e Dividers by 2/3 are compact and suitable for RF-frequencies

e Alternative: Injection-locked frequency dividers with division by 2 or 3 [5]

Reload Register | LN2 Mour LP2
Q" Qt__°
P M

State = [Qu1Qnz,Qp1 Qp2]

CLKy |2,u 0,0{0,2 2.2|z‘1|1,1

F, 11 2,0 00 | o2 F, 11 10

CLK,, |2,1 1,1 1.u|u,0|0,2 2,2] 21 1,1|
CLKou‘rl +3 |

M,

F, u 1,0 00 | o2

CLKwn |2,1 01{0,2 z,zlz,olo,u 02 2.z|2‘1|1.1
CLKoy| +4 |

F1M 10 | oo [ oz | 22 | 21 | 1|

Lo 7] —
F, L’ 0,2 |i| 21 |L| F, u 0,2 |LI 21 m

Timing diagrams of the two-stage MMD for different division operations from 2 to 7.
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Programmable Fractional Frequency Dividers (Examples)

skip skip
_ _ 1/3 Tin 2/3Tin 1Tin @ 1/3 Tin 2/3 Tin 1Tin @
Clkin Clock Div X , / \ ,
T P e i —————
ctrl 0; Cobmnl 4 i2Tin f i 3Tin i 4Tin | | STih | | 6Tin\ | | 7Tin " | 8Tip time
yy : ; ; i | i ! : | | ! : i i ; | P ; i P PN !
v | oo ' :
NdivFrac First-Order ) .
—>  psm+ err— MO Div 5 I —— | F— o
skip logic  skip Tdiv 2 Tdiv 3 Tdiv 4 Tdiv 5 Tdiv 6Tdiv ¢
Clkin Div Clkin | ] ] = = ] ] ] —
> Multi-Modulus-Divider |—» 0 Tin 2 Tin 3 Tin 4Tin 5 Tin 6 Tin 2 Tin 3 Tin 9Tin time
e | | | | |
. i l i I I I I I .
. Y <M:0> Div 0 1 i ] | | | —
NdivFrac | girst Order OV Ny
> psm oW N Tin Tin 2 Tin Tin Tin 2 Tin Tin

e DTC = Digitally-Controlled Delay; DSM = Delta-Sigma-Modulator
e Target ratio: Tin = 3/4 Tdiv => Tdiv = 4/3 Tdiv
e DTC-based Frequency Divider produces exactly the ratio Tdiv =3/4 Tin
e Fractional and integer phase definitions are obviously applicable
e Duty cycle is distorted (typically)
* MMD-based Frequency Divider produces on average Tdiv = (Tin + Tin + 2Tin)/4 = 3/4 Tin 7\
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Architecture of a PFD-CP-based PLL

______________________ ' - -

| Extract Phase Difference : up
: (on Average) ! time
clk_ref | up | y =
: PFD p —> . » VCO > >
Ly » Pump | filter time
| dwn |
. , | Div >
i CIk_le D|V|de|" < : 0 " tdl\."[l] Itd[v[Z] : td V[3] time
1 1 1 | I
i v X | : : :
'NdivFrac !
: —>| DSM TNdivInt | Ref 0 : : ! —
: : tref[l]: tref[Z]: :tref[3] time
: Fractional Divider (on Average) i Pl . Lo
phfrac[1] phfrac[2] phfrac[3]

e Phase-Frequency-Detector (PFD) => extracts the phase difference => phase error encoded in average duration of
up-dwn pulses

e Charge-Pump (CP) => converts the logic pulses into current pulses

e Loop filter => 1) extracts the average level from the current pulses and 2) defines loop noise transfer functions
 VVoltage-Controlled Oscillator (VCO)

e DSM (Delta-Sigma-Modulator) + Divider = Fractional Frequency Divider “on average”
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Architecture of Sampling/Subsampling PLLs

clk_vco

clk_vco

cIk_E’ Slope clk_slp , vsmp Loop |ctrl VeOo
Generator Filter* e
Sampling PLL
clk_ref
/o VSMP | Loop [ctrl veo
Subsampling L | Filter*
T
PLL
clk_slp
Buffer |e

* In many cases, a Gm-stage is associated at the input of the Loop-filter

Operation of a sampling PLL

clk_slp
VDD =

vSMp =

clk_ref T

e The sampled voltage vsmp is proportional to the DCO fractional phase (and hence to the phase difference)

e Elegant, minimalistic PLL
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General Topologies of Digital PLLs

PFD-plus-TDC-based PLL TDC-plus-counter-based PLL

Produce Target

Digitize Phase

o : :
| Difference : ! Difference : : DCO Phase
clk ref ! :u ! ! .: ' - clk_dco
— Lup ! I Ndiv ., ctrl —
— —— | Digital [ctr] clk_dco Yyl Accumulator D!gltal » DCO >
PP TRC P figer [ PO [T ’ filter
: > :dwn: - i S— A______.
st ! clk_ref : i
i clke_div Divider : i= TDC plus I
i ! i | Counter I
' NdivFrac | I : Ndiv = Ndivint + NdivF
| DSM TNdivInt i ' Digitize DCO Phase v vint+ Rdivirac
1 |

Fractional Divider on Average

* In PFD-plus-TDC-based PLLs, the TDC (Time-to-Digital-Converter) digitizes the duration of the up/dwn pulses from
the PFD => phase difference digitization

e In TDC-plus-counter-based PLLs, the signals ph_ref and ph_dco are digital phase signals.

e The phase difference is calculated by means of a simple subtraction A~

MAXLINEAR
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Digital Sampling PLL or TDC-based PLL?

Just a particular case of a TDC

clk_slp
__________________________________ ,
: TDC - Digitize Phase Difference ! VDD
| : VSmp =
clk_ref Fixed-slope |clk_slp ~ vsmp : Digital |ctrl
- _ | 1 .
| Buffer 1 ADC I filter bCo
B I B el i
clk_div P i :
. Divider clk_ref 1
B ‘Ik time
clk_dco 1
time

e A digital sampling/subsampling PLL can be seen as a case of a TDC-based PLL
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PLLs with DSM- and DTC-based Frequency Dividers

clk_ref i i trl
clk_ref Digital |ctr = e Apc — DB 5L 5o
= > > filter
T ADC filter % DCO g
I I S
cli_div_ < Divider |«
= ; Divider |«
v A
H A |
NdivFrac! i . i ,
—*| DSM out TNdivInt NdivFrac | pom = 4~ Ndivint |

clk_ref Eclk_ref_frac ioi trl
— DTC <o ADC Df;lgt';f' > pco
A I j:‘_
NdivFracE err :
—> DSM _ § cli_div Divider |«

DTC- : Divi
TC-based Fractional Frequency Divider .\ f Ndivint
- +

* Both analog and digital sampling/subsampling PLLs often include DTC-based fractional dividers in order to build a Fractional-N PLL
e “DTC plus DSM error” can also be seen as a mechanism to “cancel” the quantization error from the sigma-delta modulation of the “Divider” 7\
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Simplest Delay-Line-based (Flash) TDC

N Inverters
\
[

clk_ref refl ref2 ref3 refd
\4 A\ 4 A\ 4 \ 4 \ 4
D D D D D
FF FF FF FF FF

A A A A

A A A A A

clk_dco M M M M

A\ 4 \ 4 \ 4 A\ 4

ff1 ff2 ff3 ff4

Decoder
l out<N-1:0>
e Advantages:

¢ Very simple implementation (digital-like circuit)
e Fast conversion time
e Disadvantages:

e Quantization step limited by fastest inverter

e Large kick in the supply when many stages are used
e Flip-flops are always clocked

e Note: clk_ref and clk_dco can be swapped
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Delay-Line-based and “Slope-generator plus ADC”-based TDCs

Delay-Line-based TDC

Quantization Intervals

112131415 Slope-generator-plus-ADC
ref5 :
| >
time A
| clk_slp ph_frac
oo >
ref4 ' - VDD :
| . |
| time |
1 I
ref3 I | vsmp
# I
‘ I time |
|
ref2 T | |
1 » |
| I time [
] | >
refl T I : time
I |-
I ] . |
| time clk_ref T ] :
clk_ref T 2 I | ; >
| : — A | time
A time clk_dco 1
clk_dco 1 -
> time
time

e In the sake of simplicity, refl, ref2 ... are the outputs of buffers (not inverters)
e Delay-Line-Based TDC => digitization process includes many fast charge/discharge consecutive processes

* Slope-generator-plus-ADC => digitization process includes a single slow charge/discharge process A~
MAXLINEAR
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Phase difference, Phase Noise, Integrated Jitter

Voltage ?t
. Spectrum 4 A N
Noisy (dB) N S N
© NANANANANM, — 1
/ I
L L L B | | I | e D B | > I
time Calculate FFT |
| >
Extract Phase : ' | Frequency
Difference compared slgna
to a noiseless DCO or
a Ref clock
1 + A ',I
ph_diff o Phase N :
[seconds] * . Noise =~ ~ : N\ N Free-running
0 (dBc/Hz) S o ! o DCO
(] 1 1 (] (] (] 1 1 (] 1 » ~ v
| ] ] | | | ] ] | ] g ~
0 . o ° o, DCO Cycle Calculate Power S '
° index spectral Density ‘
(normalized to Area = Integrated Jitter
carrier power >
and frequency) Frequency
Offset

* Phase noise is the normalized Power-Spectral Density of the DCO phase difference signal calculated with respect to a noiseless DCO or a reference clock
* Phase noise is a measure of how much the voltage spectrum of a noisy voltage signal deviates from that of an ideal pulse
e Integrated jitter is obtained by integrating the phase noise over a given frequency range
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Referring Phase Noise to a given Carrier Frequency

Phase Noise fcarrier_new ~10
(dBC/HZ) fcarrier_old
-80 =
i f carrier_new __ 1
fcarrier new ? -100 = i fcarrier_old -
ScaleFactor = 10logg ; =
carrier_old
- -120 =

fcarrier_new —01

' / f carrier_old
I :
10 kHz 100 kHz

Frequency
Offset

e Phase noise is normalized to a carrier frequency
* In a PLL, the normalization frequency is often the DCO/VCO frequency
e Nevertheless, a phase noise can be normalized to any frequency
e When the new carrier frequency decreases the phase noise decreases
e The integrated jitter is independent on the carrier frequency when the integration bandwidth is fixed
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Short Introduction to Spurs

A
Phase ¢+ Scaled Spur Voltage
Noise - Level™, Spectrum
(dBc/Hz) 3 (dB) | Actual Spur
1\ v 4 Level
.................. I [ | ] [
I
Area = Integrated Jitter :
Frequency Frequency
Offset

e Spurs are periodic perturbation in the frequency and phase of the VCO/DCO
e Spur actual level is obtained from the voltage spectrum of the VCO/DCO voltage signal

Main spurs:

e Reference spur => related to the activity of the PFD or the TDC at Fref (hence it appears at frequency Fref)

e Fractional-N spurs => related to nonlinearities in a Fractional-N PLL or to internal coupling
1) Example nonlinearities: dead-zone and mismatch in PFD-CP, Differential- and Integral-Nonlinearities in a TDC
2) Internal supply/ground spurs => related to coupling between internal PLL blocks => might become
contributor to the reference spur

e Internal supply/ground spurs => related to coupling to circuitry external to the PLL
e Example components in the output of DC-DC converters used to generate supplies

VR
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Fundamental Design Considerations on PLL noise
Transfer Functions
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PLL Model with Quantization Errors from Phase Digitization

Extract Phase

Digitize Phase

DCO

n_dco

Difference Difference Quantization
ph_ref +: S ph_diffal |<% ph_diff | pigital |ctrl hfdco . %+ f deo | Kdco ph:dco
A At filter ctrl + S
ph_div
Ndiv |«
Frequency
Ref clock domain Divider DCO clock domain
Extract Phase Digitize Phase DCO n deco
Difference Difference Quantization T
ph—ﬂ;"@,{g ph_diffal + — ph_diff | Digital |ctrli + %"’ f_dco | Kdco | Ph_dco
i | filter '; + S -
4 "%q_tdc *t4eq_dco
ph_div
Ndiv |«
Frequency
Divider

e eq_tdc and eq_dco => TDC and DCO quantization errors

7\

® n_dco =>random noise in the DCO (thermal plus flicker) MAxL®R



PLL Noise Transfer Functions (TFs)

PLL Reference-Noise Transfer Function PLL DCO-Noise Transfer Function

> ——— Increasing PLL 'm
bandwidth | 0

-30 [

(7]
=

Increasing PLL
“r bandwidth

]
(=]
T

20 dB/dec

o
Transfer-function Modulus [dB]

=10 -

Transfer-function Modulus [dB
=

=20

-100 - - B L Y
103 10* 10° 108 107 108
Frequency [Hz]

-30 1 1 1
10° 10* 10° 10° 107 10® 10°
Frequency [Hz]

¢ Design Trade off (PLL-bandwidth: in-band noise suppression vs VCO/DCO noise suppression)
* In-band noise sources: TDC quantization, TDC random noise, PFD-CP random noise
e In this example, the loop filter includes a zero plus a pole at the origin

31
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Trade off between Steeper Ref-noise Transfer Functions and Loop Stability

PLL Reference-Noise Transfer Function PLL DCO-Noise Transfer Function

L]
[=]

=20 -

[=]
T

40 dB/dec

Transfer-function Modulus [dB]

Transfer-function Modulus [dB]

20 - 140 dB/dec
-40
-60 |
' ' ' 3 4567 ”B
104 o 10° e 10° 10 10 10 10 10 10
Frequency [Hz] Frequency [Hz]

® Design Trade off (extra-poles: extra-attenuation vs phase-margin): extra poles in the loop filter add
extra attenuation in the ref-clock noise transfer function at the cost of lower phase margin
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Approximations

e Bilinear-transform in order to right transfer-functions from z- to s- domain
e Sampling from DCO-clock domain to Ref-clock domain is associated with an additional sinc(e) transfer function
e Loop latency can be modelled with transfer functions of the kind e/®?

e Interesting material available from M. H. Perrott’s slides [6]
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Example DCO Phase Noise after PLL noise Transfer Functions

Extra pole and good phase margin Extra pole and poor phase margin
S | N
-90 N | ~
_;J N -100 Y
-100 ol | N
<10 |4 [,.«v il | §-120| i
T = M A l
g -120 - 3 ' I," .'-,,*' | ,‘:l i l‘lw l"..l' y
3. .130 240 7| |' M |
® 9 el o
2] a—
5 140 - o
- —Phase Noise zZ -160
© 150 | e PLL TF i 4 |
5 160 - Expected Phase Noise ‘ g ::tis_;:“oise
Q- .180 — -
170 === Expected Phase Noise
-180 .200
-190 L " M L M | i P | " M| i b ied bl
104 10° 10® 10° 10* 10° 10° 107 108
Offset Frequency [Hz] _ _ Offset Frequency [Hz]

e Fcarrier = 6GHz

e Loop filter includes a zero, an integrator and an extra pole, in both figures

e The example transfer-function with the extra pole includes a peak of resonance => DCO noise is magnified by the
resonance

e In both figure the dashed red line indicates the free-running DCO
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Total Noise: Two Extreme Cases

Phase noise dominated by DCO noise Phase noise dominated by in-band noise

-100 -120 -

-110
N # —
T 120 | mm 5 180
= 4
a1} — [a1]

- = ©
= .m0l Uikt
& 40| & ' “'”'
=]
Z 150 |—Phase Noise %
% Ref Noise-TF g -150 [ Phase Noise
© 160 [ DCO Noise-TF = Ref Noise-TF
= : o DCO Noise-TF |
o ====Expected Phase Noise )

-170 160 === = Expected Phase Noise

-180

[
“m] _170— o e —
10 10° 10° 104 10°
Offset Frequency [Hz] Offset Frequency [Hz]

e Fcarrier = 6GHz
e Phase noise = low-pass-filtered in-band noise + high-pass-filtered DCO noise
* In extreme cases, only the low-pass-filtered in-band noise or the high-pass-filtered DCO noise dominate the PLL phase noise
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Total Noise: a Balanced Example

TR
azo | o\ Ly
= "
S -130 |
m
= i
% -140
) —Phase Noise
Z -150 r Ref Noise-TF
% we= DCO Noise-TF
_‘CU -160 - == == Expected Phase Noise
o

-170

104 108 108
Offset Frequency [Hz]

e Fcarrier = 6GHz
e \Very common case: balanced phase noise with DCO noise dominating at higher frequencies and in-band noise
dominating at low frequencies

e Design Trade off (bandwidth: DCO-noise vs inband-noise): increasing the bandwidth reduces the impact of the DCO

noise but increases that of the inband-noise
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Oversimplified: Maximum Bandwidth for Integrated Jitter

PLL Bandwidth = fopt

Phase a
Noise

DCO noise Phase A

. Noise
=== |n-band noise

»

fopt = fcut

PLL Bandwidth < fopt

»

Frequency
Offset

fcut  fopt

»

Frequency
Offset

PLL Bandwidth > fopt

Phase
Noise

»

»

Frequency

fopt feut Offset

e When the DCO noise and in-band noise floor are fixed, there’s an optimum bandwidth for the lowest integrated

jitter
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Impact of DSM and Reference Noise

clk_ref up
—» > o ctrl Ik _d
Reference PED Toc s DB T peg b
noise path — dwn fiiter
% DSM
lk_di i
A N Divider |« noise
! path
MNdivFrac
—| DSM °“t~u TNdivInt

e DSM noise in “Divider plus DCM” are low pass filtered by the PLL ref-noise transfer function

msbs
—>(
ctrl /

vy

Isbs

DCO
out
=
clk
L S

up
—> q ..
> Digital
PFD TDC ‘s
> > filter
dwn
Ik di ..
ik dwv Divider [«
y 7'y
NdivF ¢
55| DSM out TNdivlnt

DSM
noise
path

e When a DSM is added to the DCO input (in order to improve the DCO frequency accuracy on average) the DSM noise is

integrated into phase noise and added directly to the PLL noise output (high pass)

e Reference noise is low-pass filtered by the PLL ref-noise transfer function (obviously)
e |n state-of-the-art PLLs the reference noise is actually a significant contributor to the PLL performance

7\
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Design Considerations on PLL bandwidth and
Fractional-N Spur
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Model of a Fractional-N PLL with TDC and a “Frequency Divider plus DSM”

| Extract Phase | ‘Digitize Phasei DO o
+ Difference i i Difference !
ph_ref + 3 Eph_dlffag D . TDC ph_dlff= Digital Kdco .
| C | | }f ' | DNLand INL filter s
: : ' eq_tdc !
ph_div
(e Ndiv |«
%_dsm : :
i Frequency
DSM noise | : Divider
1/3 Tdco 2/3 Tdeo 1 Tdco 1/3 Tdco 2/3 Tdeo 1Tdco
bco : : : ——— : —
0 Td;o 2 Tdco 3‘TC|C0 4‘Tdco 5 Tdco 6 Tdco 7 Tdco 8Tdco time
Ref | ‘ i | >
0 ! ! time
Tref 2 Tref 3 Tref 4 Tref 5 Tref 6 Tref
1
DCO _ _
Fractional _ - -
Phase e d

&
L

time

* In a Fractional-N PLL, the DCO fractional phase is a periodic sawtooth-like signal (can have a more complex pattern
compared to the example above)

e The full TDC characteristic is “excited” when the PLL is locked => Fractional-N spurs related to TDC DNL and INL
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Spur level and Phase Noise

e Phase noise plots are not an accurate representation of the actual Fractional-spur level
e Nevertheless, we can use the phase noise plots to assess variations in the spur level for different PLL
bandwidth

e |n order to estimate the spur level correctly, we should:
1) Calculate or measure the spectrum of the clock signal
or
2) process the durations of the cycles of the clock signal and in particular:
a) Extract amplitude of each periodic component in the DCO frequency
b) Use standard modulation theory (Bessel’s functions) to predict spur level

* In the sake of simplicity, we are only looking at the spurs in the phase noise plots in the following slides

7\
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Example PLL Model with different Bandwidth: in-band-noise levels

Fcarrier = 7 GHz; Fref = 80 MHz

/

-140

-150

Phase Noise [dBc/Hz]
o

-160

-170

Loop gain=8
Loop gain=4
Loop gain=2
Loop gain=1
Inband Noise Floor

10° 10° 10’
Offset Frequency [Hz]

e TDC with 0.5 ps step
e Analytical predictions of the in-band-noise floor match simulations
e The results from the PLL model are consistent with the previous design considerations 7\
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Phase Noise [dBc/Hz]

-100 -

-105 |

-110 ¢

-115

-120

-125 ¢

-130 1

Fcarrier = 7 GHz; Fref = 80 MHz

Loop gain =8
Loop gain =4
Loop gain = 2
Loop gain =1
Inband Noise Floor

10° 10°
Offset Frequency [Hz]
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Example PLL Model with different Bandwidth: spur levels

Fcarrier = 7 GHz; Fref = 80 MHz / Fcarrier=l (el i e

-100 / 105 - Loop gain =8
: X 11203100 Loop gain = 4
-110 4 — =110 - Y -105.687 Loop gain = 2
N E Loop gain = 1
I = 115 - i 1
E 120 _ | 8 23 dB—Inband Noise Floor
= 130 T % 0 l I
0 Loop gain = 8 2 425
= P ga!n = ZQ 11. iy
< 140 - Loop ga!n =4 o -130 X 11203100
() Loop gain = 2 % Y -128
% Loop gain =1 £ .135 ;
f -150 ¢ Inband Noise Floor o
-140
-160
-145
170 - ' ,
5 6 7 8 10
10 10 10 10 Offset Frequency [Hz]

Offset Frequency [Hz]

e Design trade-off (bandwidth: integrated-jitter vs Frac-N-spur): when the PLL bandwidth reduces, the level of the
fractional-N spurs decreases but the integrated jitter increases

° i 7\
Spur level reduced by 5 dB circa for each MAﬂ@R
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Spur reduction in relation to PLL and Loop-filter Transfer Functions

Loop-filter used in the PLL model Example PLL-noise transfer functions

PSD of Loop-filter Output with White Noise input Phase . (s)/Phase_(s)
Loop gain =8 % ' ' I
Loop gain=4
Loop gain = 2 40
-20 - Loop gain=1| *_,
m
* S 30
[ E
_;F"_' -40 - % 20
) =
= § 10! 20¢B
°
2 o s |
3
w
il E -10
X 9289550 20 F
Y -85.4869
_100 ' M S A | L M | L M R S A | L M S | L -30 I
10° 10* 10° 10° 107 108 - 104 105 10° . 10° 10°
Frequency [Hz] Frequency [Hz]
e The spur reduction is consistent with the extra attenuation in the loop-filter in the PLL model
e |t also fits with the behavior of the example transfer functions previously shown.
**dB = dB20, *dB=dB10. The phase noise in the previous slides is expressed in dB10 because it's a Power-Spectral-Density. 7\

MAXLINEAR
)



45

Additional Design Constraints

e Differential and Integral Nonlinearity errors => larger frac-N spurs

e Smaller quantization step => lower frac-N spurs

e Design guideline: target TDC step needs to be small to reduce frac-N spurs
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Wi-Fi Requirements: Spurs and DCO
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Noise Requirements for Wif-Fi

JSSC 2016 |1SSCC2016 |JSSC2017 | ISSCC2019 |ISSCC 2020 |ISSCC 2021 | ISSCC 2021 | JSSC 2020
[7] [8] [9] [10] [11] [12] [13] [14]

Technology 28nm 28nm 14nm 28nm 14nm 28nm 16nm 22nm
Type Subsampling  Subsampling TDC-based PFD-CP based  Sampling Sampling TDC Stochastic Time-
analog digital analog analog Amplifier plus
TDC

Fref [MHz] 40 40 26 160 500 153 245 80

Fout [GHz] 11.72 5.825 2.69 5.82 12.47 3.1 15.7 6.5
| RMSjitter [fs] 176 159 137 8 58 o1 s 151 1
I l
| Fractional spur [dBc] <-56 <-54 <-78 <-60 <-63 <-72 Integer-N only <-49 I
I l
: Reference spur [dBc] -69 -78 -86.6 -66.6 -73.5 -72 -75 -80 :
I I
| Power [mW] 5.6 8.2 13.4 14.7 18 8.2 56 23 l
| |
j FoM [dB] -247.6 -246 -250 -250 -252.1 -251 -248 -242 I

Area [mm~"2] 0.25 0.3 0.257 0.47 0.16 0.31 0.5 0.17

e State of the art integrated-jitter is getting pushed well below 100 fs
e Fractional-N spurs < -60 dBc FOMpy; — 10log [(m,pLL)2  PrrL

e FoM = Integrated Jitter * Power 1 mW] @,INEAR
) 4
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VCO/DCO Oscillators in the State-of-the-Art [12]

VCO core #1 VCO core #2

0.5V ——
L1 BikOse: IO w L2
Swilched CAP ble Swilched CAP
Hank

Voutp
Voutn <«—1 p— -
Vet Vetr J

L Lo
VCO core #1 VCO core #2
L1 -— NMOS h— L2
7w NN Ly, [ T N
L'l oW xa - Switched £ 111 Ef— Switched , |
#(\;%g ill # k> — AP VAR vaR cap g JF ‘ ;la DL
3 ....... L Bank 4§ [l AEt Bank | GND
\ > ‘7/F“]~E’It’ 1111 't:l--l"{‘\ M8 /
—. ‘ i '
Voutp Voutn

Figure 32.2.3: Circuit and layout implementation of the dual-core VCO.

e We can assume that the VCO/DCOs reached almost the limit of the CMOS technology => in fact, in order to push

further the performance, the state-of-the-art PLLs use multi-core VCO/DCOs.
e Improving the VCO/DCOs noise performance becomes increasingly more challenging

e We will assume an example fixed DCO noise profile that is close to that in state-of-the art PLLs.

e Is so much important to lower the VCO/DCO noise performance? 7\
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Wi-Fi Requirements:
In-band noise and TDC Quantization Error
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Theoretical In-band Noise as a function of the TDC quantization step

Fout = 7GHz
'95 T T
s Fref = 50 MHz
=100 ms Fref = 100 MHz
Fref =200 MHz

N
T 105 |
ETR N @
. T
2 511 T,
Srpe(f) = 2 (2rfouTTrDC) (.IREF-) —-0f
' frEF = 115
@
o
Z -120
o
&
0 125
£
=130
_135 | 1 | 1 | 1
0 1 2 3 4 5 6 T

TDC Quantization Step [ps]

* In a TDC-based PLL, the TDC quantization contributes to the in-band noise floor directly
e Smaller TDC step => lower in-band noise
e When Fref increases the contribution to the noise floor decreases

e Equation from [19] l\ﬂ
AXLINEAR
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An Example Theoretical Phase Noise for 100fs integrated Jitter

Carrier Frequency = 7 GHz
Integrated Jitter = 101 fs

100 TDC step = 3.1 ps with Fref = 50 MHz

&

1058 -

[ ]

-110

=120 |-

-130

Phase Noise [dBc/Hz]

140 |

-150

-160
10° 104 10° 10° 107 10%
Frequency [Hz]

* Simple DCO noise profile =>-120dBc/Hz at 1MHz offset, pure thermal noise
e Integrated jitter towards = 100fs => required 3 ps TDC-step with Fref = 50MHz
e What if we set the bandwidth larger, as shown by the green and yellow dashed lines?
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Examples for PLLs with Extended Bandwidth

. Carrier Frequency = 7 GHz
Carrier Frequency = 7 GHz Integrated Jitter = 45.4 fs

Integrated Jitter =77.4 fs e N TDC step = 0.56 ps with Fref = 50 MHz
TDC step = 1.8 ps with Fref = 50 MHz B f 1 1 i

-110 -
115 25
120 30
125

35
130 -
135

-140 -

Phase Noise [dBc/Hz]

-145 -

Phase Noise [dBc/Hz]

-150 |-

-155 -

_160 " PR | i PR | A PR | i PR | i PR
10° 10* 10° 10° 107 108

Frequency [Hz]

10° 10* 10° 10° 107 108
Frequency [Hz]

e Design trade-off (bandwidth: integrated-jitter vs TDC-complexity): when the DCO noise profile is fixed, increasing
the bandwidth reduces the integrated jitter but the required TDC quantization step reduces.
e Integrated jitter towards 50fs => required subpicosecond TDC-step (with Fref 50MHz)

e TDC requirements are relaxed when Fref increases

e Improve in-band noise floor => improve integrated jitter greatly => this is what we can also see in the state-of-the-art
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State-of-the-Art PLLs
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A Way to Compare very different PLL Architectures

e |n the following, we will review some state-of-the-art PLLs.
e For each PLL, we will ask the question:

e What TDC quantization step is required to build an equivalent TDC-based PLL?

e The “equivalent TDC quantization step” is obtained with the following procedure:
1) Estimate the in-band noise floor from the reported phase noise (

2) Calculate the equivalent TDC quantization step associated by reworking the
equation below:

Stoc(f) 2 (27 fourTrpe)? (Si" (%))

2

- IREF 12 ~f

fH.l-: F

54
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State of the Art: Equivalent TDC quantization step

JSSC 2016 | ISSCC 2016 | JSSC2017 | ISSCC 2019 | ISSCC 2020 | ISSCC 2021 | ISSCC 2021 | JSSC 2020
[7] [8] [9] [10] [11] [12] [13] [14]

Technology
Type

Fref [MHz]
Fout [GHz]
RMS jitter [fs]

Estimated
In-band floor referred
to 7GHz [dBc/Hz]

Estimated PN Roll-off
frequency [MHz]

[

28nm

Subsampling
analog

40

‘ Best integrated jitter

28nm

Subsampling
digital

40

A Best estimated in-band noise floor at 7GHz

14nm
TDC-based

26
2.69
137
-109

28nm
PFD-CP based

14nm

Sampling analog

500

¢ Inband noise floor levels are equivalent to TDCs with quantization steps of 1 picosecond or smaller
_! e TDC-based PLLs can be competitive when compared to popular sampling and subsampling

28nm 16nm 22nm

Sampling analog  TDC Stochastic Time-Amplifier
plus TDC

153 245 80

3.1 15.7 6.5

It is challenging to implement such high frequency

7\
MAXLINEAR
\_



State of the Art: Spurs

JSSC 2016 | ISSCC 2016 |JSSC2017 | ISSCC 2019 | ISSCC2020 |ISSCC2021 |ISSCC2021 | JSSC 2020
[7] [8] [9] [10] [11] [12] [13] [14]

Technology 28nm 28nm 14nm 28nm 14nm 28nm 16nm 22nm

Type Subsampling Subsampling TDC-based PFD-CP based Sampling analog  Sampling analog  TDC Stochastic Time-Amplifier
analog digital plus TDC

Fref [MHz] 40 40 26 160 500 153 245 80

Fout [GHZz] 11.72 5.825 2.69 5.82 12.47 3.1 15.7 6.5

RMS jitter [fs] 176 159 137 82 58 75 45 151

Fractional spur [dBc] <-56 <-54 <-78 . <-60 <-63 <-72 . Integer-N only <-50

Reference spur [dBc] -69 78 A -86.6 A -66.6 73.5 72 75 -80 A

Estimated PN Roll-off 3 1 0.8 0.6 10 1 1 0.5

frequency [MHz]

‘ Lowest fractional-N spurs

A Lowest Reference spur

Large fractional-N spurs

 Quite remarkable that TDC-based PLLs are competitive in terms of reference spur 7\
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Techniques to Advance the State-of-the-Art
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TDC Linearization [9]

AMkr1 150 kHz AMkr1 150 kHz
— -18.651 dB -42.757 dB
13-stage Interpolated Schmitt Counter Interf:
Ring Oscillator | ewipst ewimst o wst | [ogeal encoder fvco = 5382.05 MHz = 207*fref + 50 kHz
i Pl12:0] 3 (0] |ﬁ D [> N_CNT D , X2 2691.025 MHz |, z
RST . B 0 = , s I
RST_VAL[12:0] @ e Counter > With TDC Without
{From resistor ladder) i _ _ Ca “bration _ TDC
~ N_ZONE TDC_CODE S E
25 > :{-;|-L)-—- Calibration
> il e s
ENZ ; = /I K18 I.ﬁﬂ] g {\l'l\'rl‘v'z:r_ ! ! ! kHz ! ! kHZ !
_j %52 =
/ é Resistive é X528 | .:::2 [ :.rz - .1132
EMZ | Awveraging T = T T 1 T 1 = T
13-to-1 MUX
b_cl nsi n.(.i m@ﬁ ADC Interface
k | s
| )A'\lmproveme t |||l
_ : : f i
e |0.27%x 120 ps=0.32 ps 0.27% x 120 ps = 0. 24 4ps ~ }’ - \ e - - g 1 L
& ; . A"J/ e ——ei—
5 Span 1,000 MHz Span 1.000 MHz
- 1100 Hz Sweep (FFT) ~2254 ms (1001 pts) z Sweep (FFT) ~2254 ms (1001 pts)
£ . .
F o 0.5 1 15
Time(TDC periods)

e Ring-oscillator with resistive interpolation => high linearity
e TDC calibration is a digital mapping of the TDC output codes
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DTC Linearization [8] (ISSCC 2016)

DTC gain

calibration PHE_sign — Vime
R oo Vref
+1, -1| ' \
a-z'

: 1 (:;) : " Vref

z generation

................................

DTC code Y D¢(n) ge(n) _ FCW
TP ]
Offset [  2aM |

Fig. 4. Comparator with dynamically adjusted threshold for DTC gain
calibration.

e Pure digital gain correction at the DTC control word.
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Fully-digital Spur Cancellation [15] (TCAS-II 2017)

90 : ‘
———————— Yy T T T T T T T T T T —— ASC off
| élk], olk] | N L H
| AL ASC | T 80 ASC on
| gle-1]] élk-1] | )
| 3 | m 70} |
| Update |VJ; (k]| calculate Compute | L,
| | estimator | V., [k]| gradient correction | o 60
| , ' D
| | 2 50}
| | 3
| ! © 40} ~
e - = /_ AN Al
Veort,DPD elk] Yeorr.DLF - 30f ~ ST L
[0} v Vg
. . N B fi
REF - () ® 20f
TDC \'!'_ ) DPD DLF L :|'/ E
S 10F N
VCo |« 0L : - L
10 10° 10° 10

Frequency offset [Hz]

e \Very promising topic
e Adding spur identification/canceller in a digital PLL is “cheap” when the identification/canceller is fully implemented in
RTL code.
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Analog Spur Cancellation [16] (JSSC 2021)

Carrier Power -14.69 dBm Atten 0.00 dB Mkr 1 49,9900 MHz
Ref —70.00dBc/Hz 214.0fs
16,66 7
o le Qe/Qe? Frac-N dB/
CDAC Logic - Accumulator 1R
ENb 041 v
= = . Q D |- 1GHz Synth. | 8/9
| - Counter ] Prescaler
<: I_ﬂ
¢ [
: I<} , ¥ veo 10 kHz Frequency Offset 160 MHz
: : s (8-9GHz)
' . J_ _L . + LF (a)
E T T B L \’\_’/ Carrier Power -12.72 dBm Atten 0.06 dB  Mkrl 49.9900 MHz
H ' - ¢ Vern $ Ref -70.00dBc/Hz 135.0fs .
Ref] ! ez Tt 10.00 °
et -.‘" : A s dB/
E E ' 3 iR |
E Ref-Sampling E Sampling Cap & E Loop Filter )|
¢ Phase Detector 8bit C-DAC !
16 kHz Frequency Offset 100 MHz
(b)

Fig. 18.  Measured PLL output (divided by 2) phase noise in fractional
mode (a) without quantization error cancellation and (b) with quantization

e Quite remarkable results error cancellation,
e Clearly spur cancellation is a topic for future generation of PLLs
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Time Amplifiers [17] (JSSC 2008)

(2)

ATouyr,

(b) (©

e A latch operates as a time amplifier when the transitions of the “set” and “reset” inputs are close enough
e This phenomenon is also referred to as “metastability” in the digital flow
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PLL with Time-Amplifier-assisted-TDC [14] (JSSC 2021)

X0 ANALOG DIGITAL ] DCO_ .
f : : i N« i f
[ ! | S 21 ' ' _JTYYL;I:4N1¥\_
! 1 i i 1 ' ]l
i i ie i } t‘ ! _ E II‘\---*F From
e ol Nl B Tt
i i | | d!)NRI 4’ ELJ-'[D]E P Fractional
[S— i : igital: |41 FCE Bank :
7 ——EDCdigial| | | | — %] >t
127 dy[n]...d\21[n] ' ' ' 1
|- Vaampl ) M~ Veay(l) ! DLC i ! }_><_|
g I 1 | pCoO digital | | ! S
mod,[n] mods[n] ! 14 i i
i HE) o i i
i ' i ! DCO
A4 J ——— [ - T SOt S
Vi (1) MMD +4 : ) )
Viiv2(1) o ! veLL(/
) H vpLL ()

Fig. 3.

e Significant improvement in the in-band noise level
e Improve equivalent TDC step size at the cost of amplification of TA input noise
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Block diagram of the PLL showing implementation details and the four different power domains in dashed boxes.
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PLL with PFD-plus-Time-Amplifier [18] (IEEEAccess 2022)

REF =1 prD

Path

Ll Ey

Digital Integral Path

1/N

¥+

e A PFD-TA is used as a 1-bit TDC
e Better phase noise compared to a BB-PD
e Integrated jitter achieved = 5ps
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ouT

Carrier Power -23.39 dBm Atten 0.0 dB8  Mkrl 29.9900 MHz

Ref -60.00dBc/Hz 534.0fs
10.00
B/ —111hU Ll = Measurement

-80 =————1+11

-90 -3 111

-100 -
A0—a T
-120

Analysis

130 = —— PLL Output

-140—1 Reference
TA

==+  DCO

10 kHz Frequency Offset 100 MHz

(a)
Carrier Power -24.57 dBm RAtten 0.06 B Mkrl 29.9891 MHz

Ref -60.80dBc/Hz 1.38ps
10,00 ° T T T T
dB/ —+— | == Measurement |

80— [ Simulation with loop |

iR

| delay and hysteresis|
.

-110—

-120— Analysis [34]
- without loop delay

~130 and hysteresis
-140—T - - -
. Simulation without loop
'_ delay and hysteresis
10 kHz Frequency Offset 100 MHz

(b)

FIGURE 14. Comparison plots of the measured and simulated phase
noise for the PFD-TA PLL (a) and the BBPLL (b).
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Conclusion

e Summary of basic definitions and block diagrams for several PLL architectures have been shown
e Simple comparison between very different PLL topologies

e Design trade-offs
e More in-band noise filtering vs more DCO noise filtering
e Reduced integrated jitter at the cost of higher frac-N spurs

e Very different state-of-the-art PLL architectures achieve similar performance in terms of integrated jitter and
fractional-N spur
* In-band noise in the reviewed state-of-the-art PLLs can be related to an equivalent TDC-based PLL
with a sub-picosecond or picosecond TDC

e Promising techniques to improve the PLL performance
e TDC linearization
e Spur cancellers
e Time-amplifiers
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Two simplified Topologies

clk_dco

clk_dco

clk_ref up
— - ..
> Digital |ctr!
PFD TDC '8 » DCO
> > filter
dwn
clk_div ..
= Divider [«

d A\ 4 7'y

NdivFrac
—»| DSM TNdivInt
Let’s remove the feedback divider
and add a target fractional phase
NdivFrac ph_ref_frac
—» Accumulator
clk_ref u
— p

' > - Digital [ctr!

PFD TDC . » DCO
> > filter

dwn

Ndi h_ref h_diff ioi ctrl clk_dco
2V, Accumulator p;@p;> D!gltal » DCO >
+N filter
A
clk_ref ph_dco
| TDC plus
Counter
Ndiv = Ndivint + NdivFrac
Let’s built a loop that operates only
on the fractional phase
NdivFrac ph_ref frac
—| Accumulator
clk_ref l
~ — _ X ph_diff Digital | ctrl clk_dco
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An analog Sub-sampling PLL with DTC [7]

pPhase Noise 10.00d8/ Ref -20.00dBe fHz ]
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Fig. 3. (a) Simplified schematic of a DTC based fractional-N subsampling PLL (FNSSPLL). (b) Time domain operation of a DTC based FNSSPLL. b N
1500 3MHz
1800
170.0
Fcarrier = 11.7 GH:z . _
120.04% 100} A =
Fref = 40 MHz | wide Band [250M-7GHz LO Opt [<150kHz 5aSpts. Corre 10
In-kband PBES5D Level = -1127 dBc/Hz
TDC gquantization step = 748.6087 fs
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e VVery compact PLL
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A Slope-generator-plus-ADC-based PLL [8]

pTc  [Sampling TDC | DCO e A
REF ' ! Digital
I ADC | | Loop Filter —
| |
I |
i [ stope | ! iy el Tt e
1 | Generator MMDIV 3 s stesae: 11024 7202
' J*V\"‘ esidua : 34,88
l _______ l { -)qa'l' '
Qe 'M“""*q%.
b3 DSM dhde ™
w.\?\‘“\‘\“
DTC Gain ™
Calibration 115 § N
)
Fcarrier = 5.8 GHz 1MHz w‘pw,'-.\m.v
Fref = 40 MHz
In-band PSD Level = -115 dBc/Hz S e - = . 8 —
TDC quantization step = 1069.0863 fs T e e
PSD referred to TGHz = -113.3666 dBc/Hz

e Notice the “DTC plus DSM error” used for enabling Fractional-N operations
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A PFD-plus-TDC-based PLL [9]

_ { Tocoset | 3,
——  NEG Phase Error - Removal +DCO
‘_m Encode /| |S - Diateal
Polarity = - T
clkref UP : TDC_OUT, Loop Filter
] PFD ) D TDC [po quy Restore | [
DOWN K TDC Gain
o CAL
Sync + Dither + DCO ;
cw - -
Only Required for 2G TX PLL =% Divider
§, DCO Buffer Expected AiM
d X|
Image| [2™ order ., | phase Error (MASH111)
Filter DSM at TDC L
output | o Division
b (ove
Ikfb -
< MMDIV
Fig. 1. Digital PLL architecture.
Fcarrier = 2.69 GHz
Fref = 26 MHz
In-band PSD Level = -118 dBc/H=z

1315.6645 fs
-109.6931 dBc/Hz

TDC quantization step =
PSD referred to 7GHz =

e TDC input is chopped
e Strong focus on TDC calibration
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A PFD-plus-Charge-Pump-based PLL [10]

fRerF
40 MHz

Self-Calibrating
Quadrupler

160 MHz y

40 MHz Notch

PFD/CP |—1—¢

{ 6to 8GHz

vco ]

-2

Y

Tripler

Divider

Multimodulus

~

= |

Modulator

=
— Q
4.5 to 6GHz

-2

Figure 16.5.1: Proposed synthesizer architecture.
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e The phase noise seems dominated by in-band noise (red-curve)
e Notch filter might complicate the design in the presence of PVT
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A type-1 Sampling PLL [11]
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Figure 17.5.1: Block diagram of the presented fractional-N type-1 sampling PLL. =150/ dOc/he i 150 dac |
0 ; 0 0 0 430 ; ff 00 00 l.' 00 00
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Fcarrier = J- 2 - 4 GHz 2 Integrated Measurements | "
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In-band PS5D Level = -122 dBc/Hz
TDC guantization step = 789.7217 fs
PSD referred to TGHz = -126.9665 dBc/H=z

e Very large PLL bandwidth (compared to other works)

 VVery compact architecture l\ﬂ
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A Sampling PLL [12]

| Pro-cP UL | Dk ot VEs LMS based calibration
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e Seems dominated by the reference clock phase noise
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A Stochastic-TDC-based PLL [13]

<c----Fhaseloop
§
REF-Clock SFTDC E+L DPD DLF
491.52MHz H H l_' %
i
% RF-Clock
[ 1 15.728GHz
l_(:(:_l FLL
= Frequency Loop

Figure 32.6.1: Multi-channel direct RF-sampling transceiver and SS-ADPLL block

diagrams. Abbreviations are explained in the text.

Fcarrier = 15.7 GHz
Fref = 245 MH=z

In-band PSD Level = -112 dBc/H=z
TDC guantization step = 1380.6835 fs
PSD referred to 7TGHz = -119.016 dBc/H=z

e Simple architecture with simple TDC
e Stochastic TDC is highly nonlinear
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A Time-Amplifier-plus-TDC-based PLL [14]
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e Complex TDC
e Huge improvement in the phase noise when Time-Amplifier is enabled —~
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