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" | O design challenges for 5G mmW handsets
» DTC-assisted Low-jitter PLL design

= Advanced techniques to achieve low jitter

* High performance 5G FR2 LO chain

= Summary
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s vsees. SNAIT PRONES With 5G mMMW Chipset ™

mmW AiP

* FR2 system
Modem + mmW IFIC + mmW AIiP

https.//www.techinsights.com/blog/muratasamsung-2nd-gen-
mmwave-aip-discovered-samsung-galaxy-ab3

mmW AiP2 5G Modem
https.://www.ifixit.com/Guide/Google+Pixel+7+Pro+5G+ https://unitedlex. Com/insights/app/e mmW IFIC
mmWave+Antenna+Replacement/154719 iphone-13-pro-max-teardown-report/
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G2IMS | 0 Design Challenges for 5G mmW

Module #2
5G IF transceiver (IFIC) Antenna module #1
Modem Beamforming IC
. BB [z], \ IF (BFIC) FR2 FR2 Band  Uplink/Downlink (GHz)
o ° o B /] -
2158 H—HES] 5 Tromnr s I et Y N257  TDD 26.5—29.5 ~
(%) c o 7/} = o
E :I:QE -g’ ..g ‘.—g front-end Phased-array T Y N258 TDD 24.25 - 27.5 [ LB
=7 |2 [1E5 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 >

= mmW LO circuitry on both IFIC and BFIC
= Multi-band support with low power and low cost
= 256-QAM support demands low jitter LO
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250 Tentative
RF freq. | Wireless : EVMmax . |LO rm:s jitter
& O 5G FR2 256-QAM (GHz) | applications Modulation [(EVMmax (dB) ;3::3{5;::; Margin (5s)
c 775G FR2 64-QAM
= 200 % w0 Fae 64-QAM 6% -24 -29 5 141
5 A A FR1 1K-QAM 256-QAM 4.50% -27 -32 5 100
= 4 6G 64-QAM . e fae 256-QAM, MIMO | 3.00% -30 -40 10 227
"= 150 1K-QAM, MIMO | 2.00% -34 -42 8 181
g QPSK 17.50% -15 -23 8 111
— 100 6G 16-QAM 12.50% -18 -26 8 79
O 100l-2-te Moo PSS S o NU S SR S 64-QAM 8% 22 27 5 71
-
O IPNdBc/1 EVMdB/1
o Jitter _J2_10 dBc/ 0<J10 ds/10
g_ 50 rms 21Tf0 - 21Tfo
()
- 0 —— <100 fs low-jitter LO is required for 5G FR2 256-QAM

10 20 40 60 80 100 120 : :
-> Very challenging to achieve

Carrier Frequency, in GHz
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SOIMS  gtate-of-the-Art Low-Jitter PLLs

PLL FoM = 20-logy,(ct/ 1 s) + 10-logqo(P / 1 mW)

O Fractional-N PLL
A Integer-N PLL

= Only a few frac. N
PLLs achieves

= PLLs with DTC-
assisted PD show

lower jitter, better
FOM - L1 11l

Power P (mW)

6 Tu3E-1

DPLL with TDC
B Other topologies

m [] mm-wave frequency
< 100 fS ‘:‘% —| |[] RF frequency

b -

= Even harder for g -

O 71 |= PFD-CPPLL
mmwW PLLsS 8 - | m DTC-based PLL using

S SPD or SSPD

.
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* DTC-assisted Low-jitter PLL circuit design
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Dual-core VCO

B Digital-to-time converter (DTC) 1 — A
PD ref
cancels accum. QE on CKFB  ckrer /= Vi@—- ﬂﬁi

- Near zero phase error at PD, e 7 SO
Just like integer-N case! ' >]
| | | [LMS
B Use high gain sampling PD o G e B
- Lower inband noise, high OTC code CB—LX L[ psm_Je—rew
linearity, lower Pdc ckrer ML ML

B Dual-core VCO s | || e

= PN and power tradeoff ckore LML ML




O.IMS  DTC Design - Focus on Linearity — .ao

/ - VDD_DLY m
| /VDD_BUF
Atemp = Vth -

ley _/';"'= : _‘_ch:?rin | for suppl
A CKREF X sme “ to sest?ey’

—d

CKREF —[>o—~

3%
: Atcmp

—dq
l—- Vborc  Vpre A€ Vay f7\ .

d
CLSB l
¥ E Cir At.,, varies with -

n bit = Vay slope 2> INL CKDTC
B 10 bit with fine resolution (~400 fs) g |
@A 0.2
B Code/slope dependent propagation delay f sl
Atcmp 9 StatIC NL § s Same code,
R Y vt N
B Code-dependent supply settling error 2> Toal
dynamic NL 100 300 DTe(s:ozode 700 900
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22M2 High Performance DTC Design

- voo _ Regulater | B Master-slave regulator for fast settling
08V Vgate
- "5' .. W Bleeding current B 24
: aster Slav Slave . z 2
oo’ § o m@' Pa @' 1 €m/C to speed up settling 5 '*
E }5 | at cost of higher |, 5 o
: : © 0
CKREF Viam Vpre ! = 0 200 400 600 800
. B DTCE . Programmable R cover Regulator bleeding current, in A
: é_ Ciss At... process variation
= D 0bit Cos | | A
E =T es = 400fs ' A ) 450 +
| DTC code e ol : E’ P DTG PN at
CKDTC ------------- Reset ------------------ D TCCOI’G ------ E 05| 0.3LSB variatigr:":" % 158 } CKREF =104 Wiz
L F [l [N gl T
B DTC code resetto “1” each cycle : | et o LT
to fully discharge tuning cap. "0 20 400 60 800 1000 Frequency, in Hz

DTC control code
[W. Wu JSSC Dec 2021]
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e | plementation of SPD and G,

AOD
CK2 i | )
R CKDTC | |

Vs2

l_/ﬂr Vctrl_P I | r
E I
CszI CZI CK1 = CKFB f}i’
. < I
: |

CKFB —

CKDTC-




: @;

S
SAN DIEGO

onIMS Dual-Core VCO for Low PN

B Leeson’s equation i _
2
B 1 fo fe FKkT
L=10-logq E((ZQJ") + 1) : (fm + 1) P
Oscillator output power P, = V%/R f.n, is offset frequency
Quality factor Q = R/wL =R - wC f. is flicker corner frequency

B Vis limited by process

B R, LI andCT, given Q remains the same = Improves PN

B Cannot reduce L any more = use two VCOs in parallel

Lg= L/2,Ceq =2-C-> fpthe same, Q the same, PN 3 dB better
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G2IMS  Implementation of Dual-Core VCO

SAN DIEGO

Connecting Minds. Exchanging Ideas.
VCO core #1 VCO core #2
Core = e mmm e mmm e —
Dléilab::e —» L | 3witch¢\e;| CAP Unit i
_1666\_ | bias I
Switched CAP] | [Switched cAP] | | Bn :
Bank | Bank : | Ji_L | :
Voutp < 4 3 )
o <« s ¥y L ™ ® L_oﬁ __________ t_o_:
Voutn Vetrl_l / Vetrl_p Vetrl_l / Vetrl_p
,,‘*.’?,K’ - VAR_I/VAR_P{ A‘*ﬁ?)( 4+ ®W Reconfigurable: 1-core or
P —p—AHT1  varT o 2-core
ctr Vetrl_T
? ‘”>'-% 1 ? 1 E Same VCO FoM,
IJ'MM MEE :'“Mm MNLI: tradeoff power for PN




o IMS Layout of Dual-Core VCO

Connecting Minds. Exchanging Ideas.

SAN DIEGO

VCO core #1 VCO core #2

INNTTT T = RTTTT /’ N

AN [ Switched JH | :ﬂL Switched | |l vbD
= CAP VAR VAR  CAP ' Seorroe | ereeces = =
e o o _E. il Bank ]_. | Y GND
2 . BT . ﬁ 1 e | ¥ | T A : 133} \,_-""' I JEEiE
< i - E ; g

Voutp Voutn

1

1 VDD
GND

B Good EM isolation > same f,_, for 1- or 2-core
B Figure-8 tail L, put inside main L to save area
B Fully symmetrical = little current flow through SW

14 Tu3E-1
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e o ACVANCEA Techniques to Lower PLL IPN - swoeso ™

PFD-CPFLL Dual-core VCO
> V Vref - Verre
SPD |—= =t
e | 1 /97 B CKREF doubler -
Y,, e[k] [ sign-Lms |>DTC gain lower inband PN

background [—>ref_dcc
DAC - —
r > calibration |=>vco_dcc

. 22 B DTC range reduction
CKFB 0 CKFB1
o CKFBZ<} MMD cKVCO DR\ = less bits, lower
e Delay Tveo? npiv} ref_dcc thermal noise and
code [ - ) )D‘ .
SEL CKFB | o o qe [[T—®——Fcw  power, more linear

= D)

T
Accumulator

) ? §%¢e(n)

vco_dcc DTC gain




@2 IMS Background Cal. for High Performance .z

Connecting Minds. Exchanging Ideas.
B CLKREF DCC

CKFB ? l Vref VCtrI_P C—Togg—> € Teven >
— VCO I e N
|
CKREFX2 oo [ CKDTC vlope Gen v w2 | em|Vetrl_I /\_/ | CKREF odd even
7 'J_‘_’/_ 1T 1 '/ 17 .__cycle cycle i
o] T T T" e
= - - CKFB H ;. I—:-
CKFB CKVCO -7 ~ -
T > MMD AT/2 AT/2
CKREF AV \WVref_adj T T +1 +1
DAC / SEL_CKFB NDIV PHE_sign ~ | -1 | L -1
7y (from ZA-Modulator)
freq_err +2X -2 X +2 x -2
b A ; i-------------..........------------:------: -------- ; +1 +1
i DTC gain {  PHE|sign i CLKREF duty cycle calibration even cyde — L 1 | | -1
: calibration sam] ¢ 5 :
' o _Ireq_err o, 2" | dec_err | [ VCO DCC ﬁ,
A i 1-2° [ 1.7 : P
a7 >"< ¥ VCO DCC ! T ckvco _7T
o 171 S - even_cycle —
S : even_cycle 5 +1, -1 CKVCO 4+ L
S SN ¥ +1,-1 ; P
= i +L4H““““n""""""“““""“““““““““; CKFB1
: SEL_CKFB; dcc_comp CKFB2 I R S
SN S SEL_CKFB<— DSM with
De(n) NDIV «— 72 ran «—— FCW
w 2ra ge Aterr - At - Tvcolz

ffset ~—
IEEE 17 Tu3E-1




S2IMS simulated Background Calibration

[Baseline = 99,913ns

|TimeA = 36,540133854ns
|11],UIEID!I$ £0,000ns |3|3.‘D1]'}.n3. I-4|:II,1]|}EIInS |5E!,EDEIIHS- |Eﬂ,[]!:l|3‘nsl 70,000ns  |80,000ns |9I:!,i][ﬂ:llns |'I|]l],EIEIL'in$ |'IIIJ,IEII3IJ

FLL lock
FCAL _done _ o R

950 /
G654

DTC gain fsy v

uuuuu B e R vy
W 20ps VCO duty cycle error
CKVCO dcc_err - | | -  -toas

_ s ' - 32mV conﬁpéfétof offset e

Vref_adj Fosae | 04

E;ZE; 1ns CKREF duty cycle error v

CKREF dcc_err (57% duty cycle) 0

= All calibrations converge < 30us and track PVT
=  Works robustly for both integer and fractional channels
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= Low-Jitter PLL Die Micrograph

SAN DIEGO ()
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pPhaze Moise 10.00dB) Ref -150.0dBc/Hz

F

Carrier 3.099993955 GHz

Measured PLL Phase Noise Plot

-0:8707 cBrn

:
o

=0
SAN DIEGO

-80.00
1:7 1 kn Z57.8146 dBc/H
fyvco = 6200MH 30 10 kbz | 1120714 dE:Ej;H;
3: 100 kHz -119.5394 gacj;Hz
a: 1 MH _172.5166 dBC/HZ
-50.00 (40'36458 X 13 3'6MHZ) Si 10 Mhz | 11450025 dBc/Hz
=1 start 10 kH=z
= 40 MH
1-core VCO Cer‘rtgrl? m.m? MHZ
-100.0 i IPN_ 58 0 dB Span 35,99 MH=z
— L C === noise ===

Analysis Range =: Band Marker

analysis rRange w: Band Marker

Intg Moise: =59.1771 dBc / 359.9% MHZ

RME Moise: 1.55475 mrad
0.0805 mdeg

RMS Jitter: 79,821 f=sec

residual FM: 4.94065 kHz

(91.5 fsrms)

-110.0

-120.0

-130.0

-140.0 S

-150.0 P -

-160.0 £ -
|IF 15air EEIEIEI| Freq Barnd [25DM—?GH2]| SpEur

Carre 3

20 Tu3E-1
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Measured Fractional-N Spurs and Jitter”"'“w

= Near Integer Channel

pPhaze Moise 10,0008/ Ref -150.0dBc/Hz
Cartier 3,.229648821 GHz  -0-7975 dBm

-70.00 r . - i
31| T0Khz| | -120.8934 dociz Spurious Tone Table
A 3:| 100 kHz = -76.1533 dBc
-20.00 ; g:| 1[MHz =~ -120.8543 dBC/Hz
50 1p mhz | -148.2766 dbc/hz Offset Freq. Spur level, dBc
-90.00 | stop 40 mHz
CET er 20:005 MHz 25 kHZ _789
O Al s SokHz | 79
Intg Mpise: - . | = . MHZ
oo A il Apise: T aod il 100 kHz -76.1
s M%%ﬂi Jifter: ©93.224 fs ) 200 kHz 76.1
-130.0 300 kHz -712.4
o 400 kHz -80.2
2.116 MHz -77.9
-150.0 P
" f,.0=42x153.6MHz + 100kHz = 6451.3MHz | | 23.98 Mhz -84.1
L0 g - 18 & Ty
TF Gain 200k Freq Band [250M-7GHz] Spur LO Opt [<150kHz] 595pts Corre 3
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Measured PLL rms Jitter Across Tung Range

110
A T=-25C
105 - g T=25C o @
100 + T=75C 5 o
N -] + +
o - o [ n ] & L o
oo | T = 100°C I Il "
|-
Q + + Vv
= a0t +
= T4 Il
L1 +
= 85% + 7 7
(' 9 ] A & & x
80 | o] v
v
75 b a
?D | | | | | | | | | |
5000 5200 5400 5600 5800 6000 6200 6400 6600 6800 7000
fvco (MHz)
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Comparison to State-of-the-Art PLLs

This work X. Gao C.Yao W. Wu Y. Hu A. Santiccioli
ISSCC’16 JSSC’17 JSSC’19 ISSCC’20 ISSCC’20
Technology 14 nm 28 nm 14 nm 28 nm 28 nm 28 nm
Tvbe Analog Digital Digtial Analog Digital Analog
yp Type-li Type-li Type-I Type-li Type-l Type-|
Phase detector SPD SPD TDC SPD shil:i?gin SPD
Reference (MHz) 76.8X2 40 26 52X2 250 500
Fout (GHZ) 3.1 5.825 2.69 6.33 26.25 12.47
) (10k to 40M) | (10k to 10M) | (10k to 10M) | (10k to 10M) | (10k to 30M) | (1k to 100M)
Near-integer
fractional spur (dBc) -72.4 -54 -78.6 -64 Integer-N only -63.9
Ref. spur (dBc) -72 -78 -87.6 -70.2 -45.15 -73.5
Power (mW) 14.2/8.2" 8.2 13.4 18.9 16.5 18
FoM (dB) -250.4/-251.6" -246.8 -246 -249.7 -250.2 -252.1
Core area (mm?) 0.31 0.3 0.257 0.45 NA 0.16

! VCO 1-core mode

23
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* High performance 5G FR2 LO chain
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" |FIC generates LO_IF & LO_CLK for BFIC
= DTC-based low-jitter frac.-N PLL in IFIC = dominate LO chain IPN
= RF-PLL in BFIC is integer-N of wide BW
- low-power, wideband VCO for multi-band (24.25 GHz -43.5 GHz)

IFIC 1/Q IF mixer IF BFIC

(8.4-10GHz) RF_mixers

BB LB
17-19.4GHz Frac.-N PLL1 1,_0 IE (24.25-29.5GHz)

76.8MHz _ HB
X0 »DTC [*|SPD — 1\ [=>(~\ 1 F2 LO RF (37-43.5GHz)
VCO1 { L LO_CLK -
MMD

+N1 » RF-PLL ¢ > X2

_+2_

N1is an 14~20GHz
FCW integer Integer-N PLL

Kbrc
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s nseies. Q) CONFiguration for Lower IPN

= 256-QAM requires rms jitter of ~100 fs
» Use IF-PLL2 to generate LO_CLK
= 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 BB
o LO_IF ﬁ %}LO_IF
~IF-PLL1 [ +2 EIF-P'—U’ 2 LO_RF-
N[ IF-PLL2+N2 LO_CIK RF-PLL[




OIMS 56 FR2IFIC Chip Micrograph

=0
SAN DIEGO

* 14 nm FinFET process 64-QAM DL
Total Current, mA @ 4V VBAT

(1CC 100MHz Max TP)

Digital
37%, 40mA

14%, 15mA

y "AD C/MWPLL/IPLL
24%, 26.4mA

[W. Wu. RFIC 2023]
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" Measured Chain IPN at 28 GHz a

“E:PSITWH ::I:.j:frﬁﬂﬁm mn.m: EtauFu.;T  Coter Frog: m:‘rummm
Align:: Auko Froq Ret It (5) Sig Tracking On lnau" v Cancellabon OF
A | | NFE. On
1 Graph r Carrier P 8.09 dBm MEkr1 50.0 MHz
ScalaiDiv 5.0000 dB Rel Value -T2.55 dBciHz Integ Noise -37.49 dBc
og F 3
M l | T = -35.92 dBc
' m'“"‘mwi T - 3749dBc|
o ] O 1 il
pijchie KRR
L | a LR
.| | ==28-GHz chain PN using PLL1 only ; i‘{ﬁ-,--i .
Yl
—28-GHz chain PN using dual-PLL & "
e e e e e E I e it e I s ‘ﬂ*"a $1 =
{Start Offzet 1.00 kHz Frequency Oifset Stop Offset 100 MHz|

SAN DIEGO

nd 39 GHz

—"

T mmmm{ﬂ-ﬁ

S Tinckang: £ Fﬂlﬂ.mﬂ

FagiHodd 10010

MEr1 50.0 MHz

ml %Lhm

ki #:“'“‘ﬂ%‘r?’mw,:ﬂn fe,
] I'-‘_,- L

1t

- 9-GHz IF output PN

== 38-GHz chain PN using PLL1 only
== 38-GHz chain PN using dual-PLL |

Frequency Offset

Integ Noise -34.29 dBc

== -32.57 dBc
== -34.29 dBc
== -47.02 dBc

|

il EREEE

ra
Stop Offsst 100 MHz

(Start Oftset 1.00 kHz
F

= 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%
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» DTC-assisted fractional-N PLL enables low jitter, low
fractional spurs

» Reference CLK doubler, DTC range reduction reduces
PLL rms jitter further

» Reconfigurable multi-core VCO provides PN and power
tradeoff

» Using dual-PLL to generate IF-LO and RF-LO achieves
rms jitter of ~110 fs at 40 GHz for 256-QAM




