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Demand for Low Jitter Fractional-N PLLs

Latest wireless standards strive for very high throughput
B  WiFi 7 enables 4k-QAM at 7GHz
B Cellular FR2 (MMW) transceivers to support 256-QAM at 40+ GHz

-2 RMS jitter <100fs is required for LO

DSB IPN Integrated RMS jitter (fs) (Int. 1kHz to 100MHz)

Requirement (dBc) | 29.5GHz | 40GHz 43GHz 47GHz | 7.125GHz

64-QAM -30 171 126 117 107 707
256-QAM -33 121 89 83 76 500
1K-QAM -44 NA NA NA NA 141

4K-QAM -47 NA NA NA NA 99.8




State-of-the-Art Low Jitter Fractional-N PLLs

A few frac. N PLLs achieved
<100fs, . jitter; FoM is still worse
than integer-N PLLs

Even harder for mmW PLLs due to
mmW VCO

Analog/digital PLLs using DTC-
assisted PD achieves lower jitter
and better FoM
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0O Fractional-N PLL
A Integer-N PLL

[1 mm-wave frequency
[1 RF frequency

B PFD-CP PLL

B DTC-based PLL using
SPD or SSPD

DPLL with TDC
B Other topologies




Major Noise Source in Any PLLs

. . . PD
B Major noise source in a PLL I[F— b b (N}
E VCO/DCO . CLKREF | -
- Dominate
m CLKREF N
B Phase detector (PD) = try to minimize
SSB PN tribut t a low jitter 6-GHz PLL output
B Feedback divider - negligible o T O T
m—— TOTAL: 87.5 fs (-51.7dBc)
-90 | = = = REF (39%)
"""""" VCO (51%)
DIV (6%)
N =100 Mg
q)ref,n (DPD,n q)VCO,n § i
Ao, — A
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Extra Challenges in Fractional-N PLLs

0 e b “’e:&» DSM QN
MMD Much wider dynamic range (DR) needed in PD
*N B Fractional spurs:

B  MMD, PD nonlinearity - result in noise
folding, higher inband noise

DSM |«—FCW

CKREF B Coupling between VCO/DCO and PD/CLKREF
CKFB in
Int. N PLL
Fr(;E.Fr\?IE’T_L rI PN} ~ Spurious tones
> @ QN folding

First-order DSM

~ QN leakage

Integer-N
or

Mash1: -Tvcol2 < O < +Tyco/2 frac.-N with linear PD
Mash1-1: -Tvco < ¢e< +Tvco
Mash1-1-1: -2Tvco = ¢e = +2TVC0 f 6




Major PLL Topologies — PD is Key Difference

B Analog PLL using PFD-CP B PLL using DTC-assisted PD
Analog Loop Filter VCO Loop Filter VCO/DCO
% Sampling
PFD [—{ cP — \ CKREF PD —\
CKFB
r v CKVEO DTC code CKFBL —— CKVCO
: _ _ Show more advantages, gain popularity
B DPLL using TDC: small LF size, flexible _ _ _
calibration and configurability in both academia and industry
Digital Loop Filter DCO
CKREF . PD =  Thermal/flicker noise, maybe QN
\ _ = Linearity over required DR
CKFB design
r ] . I:,dc
MMD CKvCO metrics .« Complexity, area




= PLL Architecture Review



Advantages of DTC-assisted PD

I

CKREF

DTC
Code

(s,

i
CKDTC PD G) LF
£
._Jlm__ MMD
=N
Dqeln]
X)« DSM |«—FCW
Y
Korc = Tveo/Atpre

B DTC is a Digital-to-Time Converter

B DTC cancels accumulated QE on CKFB
due to DSM

- Near zero phase error at PD after locking

Just like integer-N case!

- Can use high gain PD of small dynamic
range for lower inband noise, high
linearity, lower P ...



DTC-based PLL Variations — Digital PLLs

B DTC-based ADPLL (15t order DSM) B DTC-based Bang-bang PLL
Reference

D, CKDTC .
Accumulator | DLF [ CKREF —DTC BBPD >| DLF <>
/4\ = i A —>
ckr ! ;
: R R :
; ® ‘ beo | J_CKVCO CKFB D L_CKVCO

Counter |ckpTC CKREE Kbre 7y
: @ DTC code A\ ®.(n)
s (X) DSM |[«—FCW

DTC code

+
RReF i

FCW —

L | DTC code Generator
[N. Paviovic ISSCC 2011]

[D. Tasca JSSC Dec. 2011]

Pros:m @, is 1- or n-bit digital word
-> Used for LMS based K. calibration

ckprc | TP¢ aoc] | P :
CKREF —|DTC Va NCE 3 | e s B DLF small chip area

B Digital sampling PLL

CKFB —_ cuveo Cons:m  BBPD simpler ?han_ TDC (_sam|?ler_+ADC),
Kore x but need aux circuits to linearize its
DTC code (59, 2.tn) ——  ew gain, and achieve fast locking

[X. Gao ISSCC 2016] B NeedDCO 10




DTC-based PLL Variations — Analog PLLs

B Analog PLL using sub-sampling PD

PD is a simple sample-hold circuit
Kpp is linear and well-defined vs. BBPD

ckorc| SSPD | U & — e
cKREFjlg\é T B No high-resolution TDC, no DCO

- Cons:
CKVCO B LF C, for optimal IPN < 50pF typically
ﬁ:c (small overhead); type-l removes C,
o, FCW (F - ags - .
DTCcode ()« Pelf) ["psm_Jet oo (oraersy B Need to digitize ®, for calibrations
[K. Raczkowski JSSC May 2015]
B Analog PLL using sampling PD (SPD) B DTC-assisted CP PLL
uP
M CKREF —>|DTC > Ve
SPD | Vref Ve /l>_’ PFD ] CP | \|—
CKREF —/DTC S S~ Vemp W—» DN
A :_t
;I:'C A KDTC A
DTC code D.(n)
\></‘ DSM «— FCW é:d)e(n) DSM «— FCW

[W. Wu JSSC May 2019] [P. Renukaswamy ISSCC 2023] 11



DTC vs. TDC as Phase Detector

B TDC-based digital PLL

Unit delay T T TDC . o
aReE T T fl\*‘ e B In-band noise limited by TDC QN
Cmc TP ‘ P—eeetr> — At ~ 8ps in 14nm CMOS
D —D anp a}; —p q Q1->1
- s [ BB — —‘ 251 B Finer T 2 Complexity T
Q a2 an coarse-fine, Vernier delay line, timing
; — @70 amplifier, noise shaping, stochastic
TDC, ., [n:0] CKFB____ | flash TDC, ...

B DTC-based analog/digital PLL
B QN <other noise
At ~ 100fs in 14nm CMOS

B Broadly applicable
B Bang-bang
B Type-l/ll (sub)sampling
B Digital (sub)sampling |




= DTC-Assisted Phase Detector Design
* RC Delay Based DTC
= Other DTC Topologies for high linearity

13



RC Delay Based DTC- Variable Slope DTC

Threshold

Ramp \
generation Comparison I _||I|||_
— | Variable | ”]l ‘Dé CKDTC PD | @ [ LF
slope CKFB _ ¢ > |: >
CKREF >
I wwo
—| =N
DTC
Code ¢ [n] \
E
CKREF_Do—- @ Q DSM |«—FCW
Kbrc = Tveo/Atprc

wey-—-x Tdco
>
Distortion from DTC INL

DTC contributes to PLL integrated PN (IPN) ‘ //Irm

B DTC RMS jitter = inband PN
B DTC quantization noise - inband PN
B DTC nonlinearity - frac. N spurs and noise folding

Remaining INL Error

14



DTC Noise: Quantization Noise

HE DTC QN

Unitdelay T,., = In2 - R - C;55

Input referred (at CKREF) ®pc o = % Jref

10bit - total delay range, DR = 400ps, can support 2"d-order DSM with f,_> 5GHz

|
o o
1l ©
)
=
=2
<
9
(@]
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DTC Noise: Thermal Noise

B DTC thermal noise: delay stage and INV buffer
1) PN from delay stage:

CKREF -
Depends on slew of Vd,y, thus, DTC code

SSB PN sampled at half VDD transition considering noise folding is

Delay stage

R
i ley

INV
buffer

é Cise
3 D1—|
n bit =

KDTC

KT/C
fout/?2

1 /27 frer\? lded 1 VDD lded -
L =10-1logqg [E( kslewf) . SJO ¢ (fm)]; Ksiew = ORC at > SJO ¢ (fm) =

2m )2 2Ny g2
In 2

] at mid code,
CLsB

2> L=10-1logq [2kT . fref(
e.g., C g needs 2 2fF for PN floor < - 171dBc/Hz

2) PN from INV buffer dominates:
INV BUF size up to hundreds of um Width

[W. Wu JSSC 2019]

VOLTAGE

16



DTC Nonlinearity — Static Distortion

B Matching of capacitor array = not dominate as C, g 2 2fF

- Common centroid layout, DEM to achieve DNL= 0.2 LSB for 10bit DTC

H Atcm

B Code/slope dependent At , = INL, dominate! "

- Fixed cap. (e.g., 1~2 pF) reduces INL < ~2 LSB

- Parasitic cap of INV BUF serves as fixed cap > DTC code

/ """"" <———DR——n—
L Atcmp Voy 77 Vth T
R —d . P N
CKREF —DO—‘ Vai dhy 1000 ;[ LargerCex T
d Vbre  Vprc A€ Atemp % o v

— Cuss Icfrl ] . s00| S pestTT T \\
= |p iz 1 At.mp varies with s NN
n bit < ley slope 9 INL ":‘o N




DTC Nonlinearity — Dynamic Distortion

B Code-dependent supply settling error = INL, memory effect, dominate!
Large transient current at CKREF edges, supply dips and resettle each cycle

VDD _DLY
IVDD_BUF

CKREF Y

for
charging

*for supply*

to settle

.\

Vaiy V/ N Vin

CKDTC

0.6

0.2

.' Same code,
¢ different delay due
; to unsettled supply

INL (normalized to LSB)
o
N

\, -

100 300 500 700
DTC code

B Code-dependent charge on bottom plate of unit cap. array
- INL, memory effect

900
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High Performance DTC Design Example

g Regulater : B Master-slave regulator for fast settling
0.8V Vgate . 0
g g R . m Bleeding current b 24
E Sl 5 . £
| Master Do @' g 1 gm/C to speed up settling ¢
: v = E . < 1.2
at cost of higher |, 2 os
: : 1 0.4
H : x
CKREF I> | . B Programmable R cover = %0 a0 40 00 800
Veamp l'} VDTCE process variation Regulator bleeding current, in pA
10 b'tAtcmp g 0 T e I ] ] 150
| v s
5 Tres = 400fs 2 ol T s fo DTC PN at
i DTC code 2 ) 0 "o CKREF = 104 MHz
. CKDTC DTC Core =.05] °'3;SB "a"ath’“aooc z 18 e,
---------------------------------------------------------------------- g :_ » 5SS corner,lT_= 55°C "..: 8 -162 uu"u
£ -ln * TT corner, T = 110°C :_ | a 166 u,,u”“"””""
B DTC code reset to “1” each cycleto z . Lo TreomenT=%% ] B T T P [T Tom
. . 0 200 400 600 800 1000 Frequency, in Hz
fully discharge tuning cap. DTC control code

[W. Wu JSSC Dec 2021]
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Continue with DTC-Assisted PD in Analog PLL

Vsmp is ZOH: 1st-order IIR filtering

Vre
CKREF DTC CKDTC _/-S_P/D Vsr:p RN h u KSPD= slope/(znfref)s for Kslope= GGVISa fref= 104
£ “¥ MHz, - Kgpp=57/21 >> K, in PFD-CP PLL
CKFB =] CKVCO B Gy canbe pA, its noise suppressed by high Kgpp
;D\TC § B Linearity of SPD not critical as DTC cancels QE
DTC cod @,
code Q) DSM_ [«—FCW B Noise: ~200fF C, , results in <-170dBc/Hz
AD
—
SPD GM CKDTC _“ i | | —
CKFB IL ¥ | |
':"t q"J CKi=CKFB | 1) v 1
Raope ] CK1 | CK2 | H-| |
CKDTC— Vsiope Vs ,1\-Ismp rh—q p\ﬁ L Verr K2 ; ; i 'y
CSl 1‘ CszI % (I !
< 5 H I:l tl CI Vslope— :‘\! I A W— s QT Vref
I ;[ Vg1 — |
s Vsz . I

20



Constant Slope DTC (I/C)

VDD
Ramp Thresh_old T [J.Z. Ru JSSC June 2015]
generation Comparison Mo, |:| Mo,
\_» _l1Constant|_
slope \‘ /
inDTC--L—°|I: Me+ / """""""""""""""""""" GND
Vy
B Pros: no slope dependent delay
B Cons:

B Nonlinearity sources: | varies with code
due to channel length mod., V settling
error, etc.

| Flicker noise from |

B Need high VDD for high performance
(e.g., 1.5V)




Inverse-Constant-Slope DTC for Coarse-Fine DTC

[S. M. Dartizio ISSCC 2023]

DTC code |CS DTC

Constant slope DTC V Va s
5| cc CG,] CG;, Vin
> lo(V)
$ lo(V) NAK-1) 16(V) Vion| 5ol -
VSt ‘inDTC InPCh |nDTC “:me Vpch
I——I outprc |— OUtDTc InPCh At .= C.v) dv
InDTc Atpchv Pe 0 (V)
Vo ( T Va( ICL i

Atprc

Non- Vin '
linear Atpre =I C.(V) dv - Atpen — L
0 K

- >Vt

Linear

> Atpch

B DTC delay controlled by voltage Vpch - controlled by time Tpch
B Linearity affected to 15(V) and C(V) - immunity to I5(V) and C(V)
B Linearity affected by DAC - no need DAC
Too coarse, need another fine DTC

Tochs Tarc 9€N. uses DFFs and mux at fvco 2



Pseudo-Differential DTC for Better Linearity

ref—»] DTC

fb

MMD

DTC INL

= Tinl

D ctrl

-D max 0

Dmax

Tdt:o
0

0.5T deo
0

0.5Tdco
0

k

DTC INL
_Tlnlp = Tinldiff

— Dctﬂ
'Dmax 0 Dmax
Tinldiff(Detr) = Tinlp(Detr)=Tinin(Detri)
D
- 2 ctrl 1-4 ctrl
13D 43Ds) )

only odd-symmetric components

[D. Xu ISSCC 2024]

B Two half-range DTCs - each DTC has better linearity

B Even-symmetric INL cancels

23



Digital Assisted Techniques for Linear DTC

B DTC nonlinearity calibration (NLC)
B Reverse-Concavity Variable-Slope DTC

B DTC range reduction with multiple VCO/DCO phases

Will be discussed next in digital calibration section

24



= Digital Calibrations to Enhance PLL Performance

= DTC Gain CAL, NLC, Range Reduction

25



Adaptive Filter Used in DPLL for Calibration

DTC gain need to be accurate to ensure QN cancellation

CKDTC e[k] Dctrl LMS adaptation
CKREF
CKFB > The | \ x(k)
|
LMS _ pu-z*
[ : e(k) —»(f)—» o hik)

v

MMD
code "o t
O psm |« Fcw
Desired signal
dik)

For DTC gain calibration: h(k)/‘
B h(k)is Kyrc Inr:ru; t?Ei;;mal FlH?ﬁamwe Dutp;} Elignal + *
B Input signal x(k): accumulated QE due to DSM, i.e., ®e. 7 il '
B Error signal e(k): phase error between CKREF and CKFB Adeoting

Algorithm < E Sianal
B CKDTC phase is the output signal y(k) VS g
B CKFB phase is the desired output signal d(k) 26



DTC Gain CAL in Analog Sampling PLL [1]

CKREF CKDTC SPD
—
A f A

CKFB

DTC code

MMD

DSM

<«— FCW

Issues of comparator, G, offset

chp_os = VGm_os

LMS adaptation

x(k)
|

-1
e(k) ——»é)—» ML hik)

27



DTC Gain CAL in Analog Sampling PLL [2]

CKREF CKDTC SPD
_
A f A

CKFB

[W. Wu JSSC 2019]

<«— FCW

Single comparator gets sign of
PHE, e[k] =2 LMS

Remove DC offset in e[k] by
adjusting V,

Simple 1-bit AV-DAC is
sufficient



Alternative Way to Get Zero-Mean PHE Sign [1]

Phase offset (AT ) varies over PVT

B Use coarse-fine DTC to compensate AT ; 2>
POC-DTC tracks AToff over PVT

1-b

| TDC

Error_Sign[K]_ B Error_Sign[k] is zero-mean after convergence

Ref

> ic AT

Spniil

Refin |_Ref uP le i
DTC e Pro [Down | cp [Fx Veune I°”OJ A
gy — Rz% ; I
VZ J -> | K_Tdela){ + ATt | '
AX czI ICp Refael , 1> : ! :
T —ud T L l (] I
> < ldelay
Pmod[k] - + :
=N/(N+1) Divey
M. M delli ISSCC 2020 Fmod[K -
[M. Mercandelli ] T_ AS L[] Error_Sign[k] Y 1 A

[P. Renukaswamy ISSCC 2023]
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Alternative Way to Get Zero-Mean PHE Sign [2]

Phase offset (AT ) varies over PVT

i Error_Sign
! Extraction

B Use coarse-fine DTC to compensate AT ; 2>
POC-DTC tracks AToff over PVT

B Error_Sign[k] is zero-mean after convergence

'gn[{%

Error_Si

! Ref
i > i< ATy
i Div ‘
REfin DTC |cp J
0 N
->E <~ Tdelay + ATof \
[} N v
AZ Refgel \ :" : : :
T —ud T L l (] I
> < ldelay
Pmod[k] - + :
=NI(N+1) Bive,
M. M delli ISSCC 2020 Fmod[K -
(M. Mercandeli J T— ax el Error_Sign[k] _X_+1 X

[P. Renukaswamy ISSCC 2023]
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DTC NLC — Polynomial CAL

B Intrinsic INL of a RC-delay based DTC has strong 2" order NL

B Use LMS loop to get DTC gain (g,), as well as its 2"d and 39 order component

(g, and g3); D,q is accumulated DSM phase error, ®.(n)

P e e e e e e ——————

____________________________________

[H. Park ISSCC 2021]

Docw Daq E__'I () T

0.36

0.24

0.12

0.00

INL[% of full scale]
S
X

® g,=g;=0
® with 2" and 3" order NLC

S

%
14

/ Maximum INL = 50f

0

16 32 48 64
DTC code

31



Reverse-Concavity Variable-Slope DTC

B Conventional variable-slope DTC T, T,
/"—\
I L {>0—ﬁ%
ref /-——-\ /"_"-\ refD == CU
C L C T — DTCche
—_— U
e T € DTCcode L i RU

T Nonlinear T, Nonlinear DTCw
A code-dependent A code-dependent A

delay - Rut
B Change R;to compensate NL
Voltage DAC controls R, / ‘
> >
Adaptation loop find DAC code DTCcose DTCeoce DTCeode

[M.Rossoni ISSCC 2024]

32



DTC Range Reduction for Better Linearity

Recap DTC tradeoffs

B DTC Delay Range (DR): DR « T,,co, DSM order

DTC QN « ¢,,.2 DR =2"-t,,s =2"-In2-RC;p

DTC thermal noise L xDR: £=10-logqo|2kT - f,,ef(lZnL;Z -DR - R

DTC linearity better for smaller DR

DTC power « DR?

DR\ -2 less bits, faster slope, lower noise and power, more linear

33



Half DTC Range with Two VCO Phases

CKREF Vet
SPD |y, —> Example of a MASH1 DSM
1 VAG SEL_CKFB
- -- 0.
CKvVCO . <
= Aol _‘ Example of a MASH1-1 DSM
CKFB - MMD |ed_CKVEO
DTC code o[F<KEBL perp ry
A 4
Korc SEL_CKFB | CKVCO {nDIv
®.[n]
— »-  Modified DSM of . QE  [«— FCW
= Proposed MMD and DSM
Integer part of FCW
NDIV_tmp }\ Conventional MMD and DSM
Fractional_) x 2Les| DSM Ne . o1 -~ NDIV
t of > . .
"rew e B Switching from CKFB1 to CKFB2
} SEL_CKFB . .
. ) introduces a half-period dela
Modified DSM : P y
Acc. [+ 2[*> Dc(n) [W. Wu ISSCC 2021]
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VCO Duty Cycle Error Disrupts Ky CAL

Inverter CKVCO ‘\Aﬂ CKVCO _'r_l_
V' | ckFB2 ckveo L4 L
DFF1 1 .
CKVCO MMD |—4 Mux l—»ckrg CKFB1 _ [
CKFB1 ‘_
I } DFF2 0 CHFB2 —— At
Duty cycle= 50% AN / o
NDIV CKVCO I At2 SEL_CKFB All:err = At - Tvco/2
KDTC [Baseline = 93,913ns
[TimeA = 36,540.193834ns
1000 - Ideal case: At =T, ,2 = 83ps (6GHz)
950
I .
900
20us 40us 60us 80us 100us 120us t

[W. Wu ISSCC 2021] 35



VCO Duty Cycle Calibration

Sign (SEL_CKFB):

+1, -1 ]Sign LMS

_ |a-Z” _g I
e[k] —>é<> 17 vco_dcc I

-

:At:
R
CKVCO f |
CKVCO
CKFB1 ,
DTC code  cKFB2 __I_

FCW ;E;}_JT\
Y
DSM 2

e

m SEL_CKFB = +1 > push back CKDTC by At
m SEL_CKFB = -1 > pull-in CKDTC by At

[W. Wu ISSCC 2021]

Kbtc

Ate = At - T, co/2

/2

err

/2

err
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Simulated K, CAL and DTC Code

|Ease|ine = 22,744 . 720495ns

[Times = 91,130ns
10,000ns |2[|,EIEIDns |3IZI,EIEIIZIns 40,000ns  |50,000ns |60,000ns |70,000ns  |G0,000ns |E|IZI,EIEIEIns |1IZIIZI,EIEIIZIns

FCAL_DONE 23us 91us
FLL_LOCK ___ B KDTC converges
without | ————————o— S < 30us, even
| " :
Korc \/ "™ With DTC range reduction with 12% VCO
| duty cycle error
A
700 | without
3 600 DTC code range
o i : .
& 500 With DTC range reduction is halved
= 400
o
300 | | | | | | | | | l I>t
10us 30us 50us 70us 90us 110us

37



1/8 DTC Range Reduction Using 8 RO Phases

B S, ,[7:0] are 8 phases from differential ring oscillator

B Timing of QTM-PS is stringent

SDN.'E Resampling
ToPD: 71 8:4MUX

i - x n n+1 n+2 n+3
EemsnseE e\ Dos[210] E?Dw' Drer Time (X Trer/Derac)
' 1<t order | Drrac \ :
: - . . — —RO's Phase-Error Calibrator (RPEC
ToDTC ] Compensation Logic Docwp AXM '. e T )1

Codes for DTC gain, RO phase mismatch (Dgpec)

Dgpec .

from background LMS-based calibrations

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

[C. Hwang ISSCC 2022]
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Low Jitter Sampling Analog PLL Example

PFD-CP FLL

14nm FINFET, Core 0.31mm?

CKFB %7 l Vyof
Slope G
CKREFX2 | "~ | L cKkpTC | J‘f_e/ef_/ vi ¥ w2 | m
J > > J_ J_ >
a] M T 7
T G VMDD | SKvCo
cer e 1
7y (from zA-Modulator)
\H/
i DTC gain PHE [ Sign { CLKREF duty cycle calibration
calibration |2_Am E
5 1 | —frea_er a0 2" |dec_err | MMD 0.5mW Rest 0.5mW
A - P 1-2° [ 1.7 : —_—
: T R i 5 ;
: 1 ' H :
® g b T even_cycle C1.2mW
3 : P b even_cycle E +1,-1
S| i & H +1,-1 s
o E ¥ +, -1 ;
e SEL_CKFBi T dcc_comp
SEL_CKFB<«— psm with
De(n) NDIV <— Ysrange |¢—— FCW

[W. Wu ISSCC 2021]
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Simulated Background Calibration

aseline = 99,313ns

[TimeA = 36,540.193834ns
|‘|U,IIIDI]ns |ZIJ,DDI.'Ins |3lJ,EIlJDns FD,UDDHS |5EI,[IUEIns |BIJ,IJEIIJns 70,000ns  |80,000ns |9EI,UIJEIns |1IJI2I,EIEIEIns |‘11IJ,DIJ[I

FLL_lock 7

FCAL_done _ Vo .
DTC gain 854 5 e

o S R Sign LMS Sign LMS
5000 20ps VCO duty cycle error even_cycle [ s .41 T sign(SEL_CKFB)
CKVCO dcc_err . +1, -1 b 2] ¥ #, -1
— 045 " A A i " i A ik " & 7465 l‘3_24 /x |-|1'Z-1
. Enad 32mV comparator offset 1-Z] u\z Fa
Vref_adj o« 04 [=7] 1z
16407 TT33308+07
o 1ns CKREF duty cycle error ’ i°'“ef—°'°° T
B+ e e
CKREF dcc_err (57% duty cycle) " FCW Mo [n] Q———@D—~[=—pTC code

B All calibrations converge < 30us and track PVT

B Works robustly for both integer and fractional channels
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Measured Fractional-N Spurs and Jitter

< 70 (a)
pPhase Moise 10,0008/ Ref -150,0dBc/Hz [o2] A A
0.0 r Carrier 3.225648821 GHz  -0-55975 dbry > -7
' 1) 1 kHz || -98.0359 dBc/Hz » A A A
»20| 10 kHz | -110.8934 dBc/Hz 5
& 3:] 100 kHz  -76.1533 dBc a -76 .
0.0 §i{ 1Mz -120.8543 dec/Hz ) L
5:) 1P MHz  -148.2766 dBc/Hz o) -79
®r|start 10 kHz g
80,00 STop 40 MHZ =
enfer 20,005 MHz 5 -82[ |fvco = 35x153.6MHz + Af
Span 39.99 MHz © : — T 1 : A
1ma A === N0l S8 === w -85 i : R : : :
analysfis Range x: Band Marker 104 105 106 107
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PN Contributors in Low-Jitter DTC-Assisted PLL

SSEE hase noise contributors @ LO: 6720.0 MHz / REF: 104.0 MHz

J PLL BW is chosen to tradeoff the
contribution of the two

o [ ot e manco|| After suppress noise from PD, DSM
et QN, MMD >

o100 Ny == SPD+CM (4%) _ 1 ; .

e} MMDIV 3AM QE after cancellation (0%) D PLL IPN IS domlnated by

% -110 t T

% B CKREF - external clock ref.

o =120

m VCO/DCO

=

7

- Common for any PLLs

104 10° 108
Frequency (Hz)
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= LO Chain Design Example for 5G NR
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5G New Radio Frequency Bands

Frequency range 1 (FR1) Frequency range 2 (FR2)

<1GHz 3-5GHz 6-7GHz 24-30GHz 37-50GHz
US [ | I [ | u _‘ _‘ u u
Europe 1 I
China = m = H I
Korea m 1 | == — L
Japan - - —— s

1 3 5 7 24 26 28 30 37 39 41 43 47 48GHz

5G FR2 Band | Uplink/Downlink (GHz) A Channel bandwidth (MHz)

N257 TDD 26.5 - 29.5 50, 100, 200, 400
N258 TDD 24.25 - 27.5 50, 100, 200, 400
N259 TDD 39.5-43.5 50, 100, 200, 400
N260 TDD 37.0 — 40.0 50, 100, 200, 400

N261 TDD 27.5 — 28.35 50, 100, 200, 400
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Smart Phones with 5G mmW Chipset

mmW AiP

B FR2 system
Modem + mmW IFIC + mmW AiP

718 i LB
| I ﬁ

.Ii.l.'...l
R

mmW AiP

https.//www.techinsights.com/blog/muratasamsung-2nd-gen-
mmwave-aip-discovered-samsung-galaxy-a53

https.//www.ifixit.com/Guide/Google+Pixel+7+Pro+5G+ https.//unitedlex.com/insights/apple- mmW IFIC
mmWave+Antenna+Replacement/154719 [phone-13-pro-max-teardown-report/
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LO Design Challenges for 5G mmW

Module #2
5G IF transceiver (IFIC) Antenna module #1
Modem Beamforming IC
N BB 2|, | IF (BFIC) FR2 FR2 Band Uplink/Downlink (GHz)
8 § o %ol —DAC% /] Phased-array Y
¢ || FEH—HESH B[ Tramxrr || p front-end  —— N257 | TDD 26.5—29.5 ~
2| |2k s 2|3 front-end Phased-array| = Y N258  TDD 24.25-27.5 — LB
=7 |2 [1E25 front-end N261  TDD 27.5-28.35 -
Clock unit PLLs and control unit - PLLs and N260 TDD 37.0 — 40.0 — HB
control unit § N259 | TDD 39.5-43.5 i
B mmW LO circuitry on both IFIC and BFIC
B Transceiver SNR is limited by LO IPN
B Multi-band support with low power and low cost
B 256-QAM support demands low jitter LO
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LO Topology Considerations

B |[FIC generates LO_IF & reference clock (LO_CLK) for BFIC
B Lows-jitter frac.-N PLL dominates LO chain IPN
B BFIC PLL simplifies to an integer-N of wide BW (e.g., SSPLL)

B Low-power as VCO PN is relaxed
B Compact area: one wideband VCO for both LB and HB

BFIC

IF
(8.4-10GHz)

RF mixers

LB

LO_CLK
(500~600MHz)

(24.25-29.5GHz)

HB
(37-43.5GHz)

IFIC
1/1Q IF mixer
BB
TLO_IF
76.8MHz .
XO ——>|Frac.-N PLL =2
17-19.4 GHz
+N1
N1 is an
integer

=
-

LO_RF %

e > X2

RF-PLL

14~20 GHz

Integer-N PLL

[W. Wu RFIC 2023]
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Low-Jitter Fractional-N PLL Directly at mmW

B DTC-based sampling PLL
- low jitter
B VCO operates at 18 GHz
- no multiplier, low power
B Dual-core VCO - low jitter

vref VctrI ®
Vsmp j _}

Dual-core VCO at 18GHz

Korc 4
Q4P ™ psm |—Few

[W. Wu RFIC 2023]
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Low PN LC Oscillator Design

Vec
ITank PN 101 ( Wy )2 2FkKT
dB = 0910
actve | - clRLL 2000) P
Device Tank /2 /2
- — ‘Tank _ YTank
) Resonator power P = R 20oL0
| p
m V. . Fsetbyprocess

B Scaling L as long as %can be reduced to lower PN

B Beyond this limit = use multi-core oscillator
L.;,= L/N,C,q = N-C > same wy, same Q

= PNO — 1010910(1\’)

PN multi—core

= 1010910 [(

Small inner diameter =
Destmc\ti‘ve coupling

2
VTank Q

wo)z FkT(l)O L

Aw

Large inner diameter =
Little coupling between

/ traces

4

N

Gradual fall-off due
to self resonance

o/} ¥~ FOM degrades for very
small inductance values

Inductance [pH]
[D. Murphy JSSC Nov 2018]
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Switchable Dual-core VCO for Power, PN Tradeoff

VDD1

VVCO core #1

VD Dosc1 =0.5V
,F“Ly L1

Switched CAP

VDDO_SfZ Bank 1
= Voutp

GND ring

VCO core 1

VCO core 2

3= T
ND
¢ Voutn «—1 ¢
Vetrl_I / Vetrl_p
A ——H
Voutp Voutn M9: top thick metal . :;ul'i """" } '{)"“g )|
B -1 Vetrl_ T

Good EM isolation, symmetrical > same f,__ for 1- or 2-core .:" X .|;
: : . : My
Figure-8 tail L  put inside main L to save area %
I—s1

N=1: -120 dBc/Hz @1MHz measured at 6GHz

N=2: -122.5 dBc/Hz W, Wu ISSCC 2021]
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LO Configuration to Further Improve IPN

B 256-QAM requires rms jitter of ~100 fs
B Hard to further reduce rms jitter of IF-PLL - use two IF-PLLs
B PN of LO_IF and LO_RF are mostly uncorrelated - lower chain IPN

Low-power mode for 64-QAM/QPSK Low-jitter mode for 256-QAM
IFIC BFIC IFIC BFIC
BB IF BB IF
LO_IF 4 TTLO_IF
X0l L lrpLLt |:~ +2 [IF-PLL1* +2 Lo RF-
N1 IF-PLL2 - +N2|- 2= L RF-pLLH
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Measured Chain IPN at 28 GHz and 38 GHz

KEYSIGHT Z 50 mg
L H-tlnlm

Frog: 27 SoChTassd G
w10
Motse Cancedlation: Off

L Carrier Power 8.09 dBm
mumm Ref Value -72.55 dBc/Hz

Mkr1 30.0 MHZ

Integ Noise -37.49 dBc
T4

== -35.92dBc |
e -37.49 dBc |

. W:::f :i L
ML% %me

15| —28 GHz chaln PN using PLL1 only
121/ | «=28-GHz chain PN using dual-PLL

|start Offset 100 kHz  Freguency Offest

"h: f
MM

Stop Offset 100 MHz|

KEYSIGHT Z 50 1248 Fress Fun Froq 38 079072773 GHe
T op o Gain: L 0o
mum Tracking: On ot Cancoliation: Cff

Mkr1 50.0 MHz

Carmier Power 1.59 dBm

m‘m:‘ Rl Vahse -70.00 dEciHz II"I[Eg Moise -34.29 dBc
L"‘\Q\/_L - -3257dBc|
ol = -34.29 dBc

M = -47.02 dBc
Wﬁpﬂ } }

Ll

- 9 GHz IF output PN

== 38-GHz chain PN using PLL1 only 151
== 38-GHz chain PN using dual-PLL | TR _
Start Offset 1.00 kHz Frequency Offsat Stop Oftset 100 "1

[W. Wu RFIC 2023, Samsung]

= Dual-PLL results in ~1.6 dB lower chain IPN
= -37.49 dBc IPN at 28 GHz > EVM floor of 1.34%
» -34.29 dBc IPN at 38 GHz = 112 fs rms jitter, EVM floor of 1.9%



Summary

Advanced wireless application requires frac. N PLLs of <100 fs__
PLLs with DTC-assisted PD have demonstrates low jitter, high FoM
DTC cancels DSM QE - eases PD design

Various design techniques aim to improve DTC linearity

Intensive digital calibrations enhance PLL performance

Multi-core VCO breaks design limit of single core with same VCO FoM
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