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Development of high-speed serializer
circults for fast readout of pixel detectors

Xiaoting Li
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B Data transmission in HEP experiments
B Serializer for the CEPC vertex detector
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Data transmission in HEP experiments

B Application requirements

Process node (nm)
A
Parallel OUtpU—tS ’ Serial OUtPUt Independent data transmission chip

¢ Integrated data interface

Independent Integrated 28 4 g>28Gbps
< f~ >
~1 Gbps - Gbps ZZ { LpGBT. GBS20 (PAM4)
Channels GOL l l ' :|» / %@%
2 . ) L. 110 (VA
Data width Shift registers Serializer 130 1 GBT. LOC" / W
Total data rate / ingle pixel i
. . readout chi i
Integration density GBT Data width 180 ¢ e L 5
Power D i
ata rate i
Process Process - % Data Rate (Gbps)
LpGBT 1 | Power 128 2.56 512 1024 2048 -
/ On detector ™
Pixel Chip o Pixel Array € Integrated data interface
Pixel Chip — _ | Kbps — Mbps — 1 Gbps — 3~4 Gbps
Pixel Chip Serializer/ |—{ T\ .l | Electronics/ ||
Deserializer [~ N FPGA Send Peripheral circuit
—— ead zone PLL+SER |
Pixel Chip ¥ 4 (narrow) 10 pads
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B Main specifications (Monolithic pixel d
» Full-scale full-functionality pixel sensor readout chip
» o~5um: pixel size 25X 25 um?, 512 X 1024
» Particles: Higgs. W. Z

B Data rate
» Bunch spacing, Hit density, Cluster size, Pixel size and scale mmmsmrim
> Average hit rate ~ 120 MHz/chip @W T —y
» 32 bits/hit — raw data rate ~3.84 Gbps i = ppl,
» Trigger mode ~110 Mbps EH

512 pixels

Pixel

[_Sensor ]
[

2p0JUS “Ippe |9X1d

10bit @40 MHz

[
For Vertex For ngh rate For Ladder DACs I Double col. Reader ) Dcol. Reader }Dcol. Reader lchoI. Reader :
Vertex Prototype trigger and maltfh &FIFO1 || & FIOF1 & FIOF1 & FIOF1
22 b @ 40 MHz
Pixel pitch <25um  Hitrate 120 MHz/chip Pixel array 512 row x 1024 col Bandgap Group Readout Unit 1 Region Region
Data driven & Readout Readout | | Readout
TID >1 Mrad Data rate 3.84 Gbps Power < 200 mW/cm? Unit 2
--triggerless Densit air coolin I v
11%gMbp5 y ( g) I Hierarchical data MUX 2:1 I
~ : 1l
--trigger [ FIFO2 (256*32bit) | )
] Slow J:L x4 - A | :
Dead time <500 ns Chip size ~1.4 x 2.56 cm? l_‘wntm' 15.9%25.7mm?
--for 98% efficiency —— H ol 8 Jo—— . e 1l
CLK 40 MHz Clock i " o
— PLL Serializer Periphe 1 ”I I i 'HI“ __ll - ﬂtlﬂllll !
- ] it h.h\ummumunouammmmummm JATHURRAAUAN AR ARG il

L 4P
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4 2023/10/24, CEPCZ2023



Serializer for the CEPC vertex detector

B Architecture
» 32:1 binary-tree structure (MUX)

» Ring-Oscillated Phase-TL.ocked Loop (RO-PLL) o DFF =
» CML driver & LVDS TX (selectable) PDixe' A 5] Data sel - o MUX | ﬁﬁT
» Data valid signal output R el 1. L -
B Maijor challenges e T |
Clock: 80M| /[2.24GHz | L. >LVDS %>
» Speed and power consumption (180 nm) . ] P >
B Simulated performance | Testcio = DCC LT a2 seriizer
> MUX: 8mA @320Mbps, 44.2 mA @4.48Gbps
»RO-VCO: 3.6~26.3 mA
e 0.34~342 GHz @TT27
e -101 dBc/Hz@1MHz offset \

» CML driver: 36.5 mA, LVDS_tx: 4.8 mA @250Mbps
» <85 mA @Trigger mode, < 130 mA @Triggerless Mode

» Large-size transistors, large power consumption

5
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Serializer for the CEPC vertex detector &
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B Tests
» CMOS reference clock input (40MHz)
» CMOS test clock (40MHz)
* Tuning range
* 0.30~2.68GHz. 0.32~2.91GHz. 0.34~3.16GHz. 0.33~2.65GHz
* R = 9~12 ps
» CML serial data output

* The output serial sequence is correct up to 4.48 Gbps
* lLarge jitter

35 &
* Rj:53ps~7.3ps —e—SER2_news5
] 3.0 ~ —e—SER2_new4
* Tj:147 ps ~ 180 ps —a—SER2 old1
. N 2.5 —a—SER2 old2
—8—SER1 3
B Analysis 20
» CMOS reference clock — large jitter gl.s ; e Pt
» Insufficient driving capability (& high load) & 10 1
» Long bonding wire — over 2.5 mm o .
0.0 .

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Vcontrol (V)

o
o
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Serializer for the CEPC vertex detector &=

B Eye-diagram tests

x L3 i i
SDA Jitter THie12) Rifsp) Disp) SilRate 8l DCO oD} P TH1e12) Rils) Di(sp) BitRate Ll DCO 0Dj £l SDA Jitter Tiite12) Rifsp) Dj(sp) Rt ] 181 oco oD)
value 1792908 6.37ps 8853ps 2240000 Ghi's 42703ps 1834 ps 4975205 1817ps 14674 ps 544ps 69.14ps 3360000 Gbi's 58303ps 5168ps 6122605 1297 ps value 1471408 535ps 709005 4800 Gbasec 736ps 8695 1ps 86ps
status v v v v v v v v v v v v v v v ctatus ) 1! [3 v 4 v v v
SOA EveBER EyeCross Eyewioth EveAmgl EpeZero EpeOne EyeHsight Maskout MaskHits Eye EyeBER EyeCross EyeWidth EyeAmal EyeZero EreOne EyeHaight Maskout MaskHits EyeHeignt Eye0ne EyeZero Eyedmpl Eyevidin EyeCross  EyefvgPwr its EyeSER
value 157598325021 4935% 321.3ps 8240mv 4188 mv 4053my. 5483mV  1808666e+6 2720482646 238044006018 4840% 2021 ps 7781 mv -386.7 mV. 381.3mv 5000mV  1241623e%6 186991766 1927 v 3T48my 3011 mv 766.0mv 104.3ps. 5130% -53my  11303500+6 322692047508
status v v v v v v v v v v v v v v v v v v 3 + 4 3 3 5 4 v [

176 mvidis| 200 cecades

paid

6-GHz differential probe tests

ETRE

- 2.24 Gbps

e A A D o A

& L L L i >
SDA Jitter TH1e12) Ri(sp) Di(sp) BilRate ] DCD DD} Pi TH1e-12) Risp) Di(sp) itRate Ll DCo 0Dj Pl Ti1e-12) Rilsp) Di(sp) itRate El 181 ] 00j
value 1730803 730ps 59.03ps 2240000 Gbi's 39215ps 4758 ps 4427308 1871 ps 2013203 681ps 104.23ps 3360000 Gbits 77231 ps 147T4ps 91.264ps 1986 ps. 20508ps 11447 ps 2920000 Gbivs 1046ps  101874ps 1148603 113558ps
status v v v v v v v v v v v v v v v v v v v v v v v
Eve EveBER EyeCross Eyewioth EyeAmgl EpZero EpeOne EyeHeight Maskout MaskHts EyeBER EyeCross Eyewidth EyeAmgl EyeZero EpeOne EyeHeight Maskout Maskits EyeHeight EyeAmpl Eyevion EyeCross  EyevgPur MaskHits 1eBER
value 216655941109 511% 3378ps 6729 mV -3359mV BT0mY 39IMY 3030830646 4573692645 352917091406 5700% 1502ps 5587 mv -277.2mV 815mv 1AMV 295530346 4451623646 434my 5238mv 11708 5283% TImV 2899192046 579754023486
status v v v v v v v v v v v v v v v v v v v v v v v v

1-m SMA cable tests
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Pre-designs for the CEPC vertex detectaf7&

B Considerations

» Data width requirement & Pre-validation
* 8B10B encoder

» Another 180 nm process
* Time, cost and convenience
* Easy to transplant

B Architecture
» Differential inputs and outputs
» Including a 20:1 and a 40:1 serializer
> First stage: 4/8 X Shift-register chain (5:1)
» Other stages: binary tree (2:1)
» RO-PLL & LLC-PLL

B Simulations
» 20:1 Ser Core: 75 mA
» 40:1 Ser Core: 84 mA

B Revision
» 40:1 Ser Core: 78 mA
» Corrected the possible errors
» Will tapeout this moon

40 MHz

TestCK
R+ X

RefCK ’b
c

[ <25

=2 |{ pFD I:j cP i RO-VCO

ROPLL

722 ]

e e | @ 40:1 Serializer

——®

> LC-PLL
» 8x 5:1 units
> 8:4 unit

H

PD

2

D<19:0>

RXs

RST ‘
[PRES7 k200 MHz

1 20
SEL [——

EN

MUX20t1

20 200 Midps

4 Gbps

CMDI~_ | Serial g

Dri output

o

Ser20tl

Differential pair

Lol o Simeresults | Testresults

RO-PLL

LC-PLL

# Measured through TestCK (LVDS_TX, larger Rj than CML driver)

* Power=2.

Tuning Range
PN-1IM@2GHz
Random Jitter
Current@2GHz
Tuning Range
PN-1IM@2GHz
Random Jitter

Current@2GHz

6V

0.34~3.12 GHz
-103 dBc/Hz
~1.4ps (VCO)
~27.63 mA
1.8~2.3 GHz
-118 dBc/Hz

~ (VCO)

~34 mA

0.32~2.95 GHz

#1.1 ps

*1.81~2.45 GHz

#0.7 ps

Revision layout 1x2.44 mm?

8
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B Preliminary Tests
35 —e—Measurement
=T F ]
[ . N 24 + —a—free running VCO TT27
30 4 —4—VCO-PostSim-TT27 5 F
. A
~ —e—Measurement - LCPLL
525 f 22
e ROPLL 5
G20 + >
c o o 2.0 A
3] 3
=1 C —
o 1.5 T [N
@ E -
i F E 1.8
“o10 £
) N
o N
05 + 1.6 t } } } t } } }
F I 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
I L e e e R
0O 02 04 06 08 1 12 14 16 18 Control Voltage (V)
Control Voltage (V) a 2
2, 127 ; 127 ; 121

1 227 101910 1111110000001 0000011 0000101 0001111 001 G001 011 00111 010100

2.893

0.882 1.275
0.834

g
=)
y

0.497 Test TIE
—e—SDAIi_Rj-40Mbps

—o—SDAIi_oc-40Mbps

g
s ® Rj-320Mbps
:L,_—" X 0-320Mbps
=
= 2
10 4
i @2.6V
[ ROPLL-TestCK-20MHz@1.8V f B ' . = '
05 ey @- — 111110 10000 111000 100 100 110 110 10110 11110 11000 110 100 10 1110 11100 1100 e o et wewma e s men e
0.0 05 10 15 20 25 390 —/Z———t—————— = W TEmOWW W W et 4Gbps @2.6V

Loop Bandwidth (MHz) nmn 100ns-(1-+4Gbps)=400 Ul
» The RO-PLL worked normally. The LC-PLL worked at a power supply hlgher than 2 V.

» The output serial sequence was cortrect up to 4 Gbps.

» The problem might be in the bias circuits which were also used in the CML driver, resulting abnormally small driving cutrent,
and leading to no efficient signal output at 1.8-V power supply.

> Debugging and performance evaluation still needs more tests.
2023/10/24, CEPC2023




Other research ser5G: design

B 5.12 Gbps serializer in 130 nm process
B Current application (Hybrid detector)

» Synchrotron radiation soutces:

* HEPS (High Energy Photon Source)

* SHINE (Shanghai high repetition rate X-ray Free
Electron Laser and extreme light facility) :

HYLITE chip
B Architecture < FTPTETe]  [TTEER
. ® » RXs 16, 16 Sdata out BERERER oo EEEE
> Binaty-tree structure (32:1/16:1 MUX) g {0 atasacaliear auas
>RO—PLL 320 Mbps ; i 5.12 Gbps QH _ M _ _ EEE
) TestCKH CRECRECREE oo “Enn
> CML Outputs &@—‘ﬂdem o ® ol ol ol X
- w1 1 Aratata g uacakas
> COITIII]OI] Cllffeﬂt blaS o ’ _ 2.56 GHz R —— Vbg .® \_*_A_t_l_v_l‘l'—v_x_t_lrr_t_l v
® RX » RO-PLL wl Ram || 8B10B || Frame Logics |
. NeXt TestCK ’ ‘ 40 MHz \—':li & PLLp High Speed Low Speei
. .. ® TX [« Multiplexer Serializer
» LLC-PLL to improve jitter performance P — peripheral Crcuits
» Stronger driving capability & equalization Architeoture IR AR
techmque B Full-scale HYLITE architecture
» CDR citcuit for the de-serializer Ser5G prototype chip 2.4x2.4 mm? |
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Other research ser5G: eye and jitter tests

B Measured performance

10
[ 8.15
» Data rate: 0.52 Gbps to 5.5 Gbps s
o [
. . . . . _12 - |
> Jitter @5.12 Gbps: Rj~2 ps, Dj~20 ps, Tj~47 ps (10> BER) 8o
k= -
T T NN ' ' — A e I
N : \\ : /»’/ g 41
e M»« : e 1.0 _g :
& _ g |
e A .. " 21 2.46 =
: / Eye HerAght X e W g- 0.9 [ 2093 1941 4 g9y
b i | EyeWIdth - EyeAmletUte < 0 -||||=||||=||||=||||=||||=||||=||||=||||=||||=||||=||||
: I » G o
b 4 a 0.8 04 09 1.4 19 24 29 34 39 44 49 54 59
F ~
: £ Serial Data Rate (Gbps)
e R o ~ oYy 0.7
‘ Rj: 2.2 ‘D
.$ 141V, 41.7ps N 523 Phs T 400 1.0
! x & : T4:-56-67ps- Y06 E 361.4 ’
Moo 22ss 70 A0000GMs 370 1eTeps 200208 1000%s Ampl: 739.3 mV o :
bumo  ownn  oeman  teome  bwane  wane  ewee  HEIght: 612.8 mV 350 ¢ 0.82 0.82 0.78
anam 783my s0ps worx o1t dereTies Width: 215 ps E\ . g O 1 os
— 0.5 300 £ V081 O '09\';1 ' %‘
. 0 F
(a) Eye diagram at 4 Gbps X 100.4 09 1.4 19 2.4 29 34 39 44 49 54 59 8, f 0.76 =
" [ N T . (4]
- 3 Q F . >
,‘- ~»Bathtub P* r £ 200 £ —O0—Tj (ps) E
e —— e R o - [ ---O--- 1UI-Tj (V1) C
e i e S T— A09 C s 150 + 04 :
~ = e 0.88 o <
= o L 026087 0.86 F 100 o)
=081 083 o 0.2
............... Tg o N SD
% o7t 0 0.0
iy 04 09 14 19 24 29 34 39 44 49 54 59
0.6 + .
| m1gp Serial Data Rate (Gbps)
! Dj: 18.18 ps C
4569 ps 0.5 s s
o oz 03 o o5 o8 ar a8 s at0 mp: .em
S SRS S SRS R S S S R A b 0.4 09 1.4 1.9 24 29 3.4 39 44 49 54 59 (d) Jitter measurements
Lo BWOWD W OSUR LAEN..S » Serial Data Rate (Gbps)

(b) Eye diagram at 5.12 Gbps

1 1 (c) Eye opening versus data rate
2023/10/24, CEPC2023




Other research PLL5G: design & tests

B 512 GHz PLL in a 55 nm process @Refﬂ. =2 pFDl%j cp L icveo | —puF IDriv L
Dn
1 1 LPF
B Applications sk TXI —

» 10 Gbps serializer/SetDes :
» High precision Time-to-Digital Converter Differential pair [(4 DFF dividers |-—] CML dividers H

: - —
. SBO: 5.03~5.92 GHz - Fpll-#1-0 Tj (e'2) V.5. LBW ‘-‘\.‘\
' - Fpll-#1-1 =16 § -e-Tj#1-0 [\
SB1: 4.74~547 GHz g e [\
ol —e— Fpll-#2-0 Sul T \
§> ‘ e o » —o— Fpll-#2-1 3 S TiHa-0 \
LC k CO +—Fpll-#3-0 ;12 L -e-Tj#5-0 ‘ \
—taﬂ V Fpll-#3-1 E \
—e—Fpll-#4-0 =07 \
1 ] —o—Fpll-#4-1 S
» Differential charge pum o-rebw e
—o—Fpll#5-1 6 - : + ; v
—0O- presim-S0 0.2 04 0.6 0.8 1 12 14 16

. . X - - e —® presimS1 Loop bandwidth (MHz)
> A leldC—by—Z pl‘CSCﬂlCI a4 f—am e o om0 o ) {
o . : S 0.9%2.35 mm?
» An 8-division CML divider chain & a 32- e e T swizie [\

Control Voltage (V)

OHEB
l"-l"l

E 450 e Ri#a-0 \
480 1 SRj#ES-0 \

division DFF divider chain () Freuencylocking e

/ﬁ\ " g:ﬁﬂ = S QRN o PLL5G
B Measured performance T B - CewEmammm. prototypechip
> 4.74~5.92 GHz N
| HE
» Pre-sim: -113 dBc/Hz @IMH:z offset : B ooftome
3 i ! Tj: 5;”? é X
» Best: Rj~381 fs, Tj~5.7 ps (0.5 m cable) _ L _ el L
o e R - o o ] iyeHeight: 520 mV 5 1},
el s o e N e EyeCross: 50.02% o 1= . . .
. R OEE WG S . Xiaoting Li et al.

> 5 boards: Rj<<460 fs, Tj<<7.5 ps (1 m) tonst - RN st doiorg/10.1007

m N . I. . . . . (c) Jitter performance of the divide-
> Core ~ 27 mW’ TO tal ~ 7 3 . 8 mW (b) Eye and noise histogram of the divide-by-2 output (#1 board) btyt-Z r:)ulput (sub—bantd 0) /841365 - 022 - 01074 - 2
2023710724, CEPC2023
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Summary

B In 180 nm process, several serializer prototypes have been tried to achieve
the 4 Gbps date rate requirement of the pixel sensor detector. The major
functionality has been verified. But there’re still some bugs need to be revised,
and performance evaluation also needs more tests.

B In 130 nm process, a 5 Gbps serializer has been verified. Some improvements
are moving on.

B In 55 nm process, we have verified a 5 GHz PLL design, and next a 10 Gbps
serializer is pushing.

B These pre-researches and designs may provide some reference value to the
on-chip data readout of possible CEPC applications.

13
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Backup

B |aser tests of the TaiChuPix-2 chip

» Functionality of the complete signal chain (including sensor, analog front-end, in-pixel logic readout,
matrix periphery readout and data transmission unit) was proved.

Sensor l |
v | Readout il | S periphery >l SER |—| FPGA <] PC
\ Logics Periphery >
Front end'[» B 1| -

Ml % win = u = L -
o - - U
20 40 60 80 100 120 1420 1640 1860 80 100 120 140 20160 40180 60 80 100 120 140 20 160 40 180 &0 80 100 120 140 160 180
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Backup

B Ser20t1/40t1 designs D%D D%D D%D DQ%D
. Dg4: |
> The 5:1 SFR unit for the Ser20t1/Ser40t1 {oFF bt Hore - W ore by W ore o W o - DFF e
. . : : : ; 1 Gbps
» Four/eight duplicates share common clocks @220 (1) :
(Ckin & Load) generated in the divider DC 14  Dgd~Q t CKH CKO
. . . . D IN
* When the Load is high, new data is loaded in. @ DFFx5
* Data is shifted to the output at every rising éi?nmps [ cx
edge of the CKH (1 GHz / 500 MHz) ®— L _Clockdelays
» The LC-tank VCO uses two RC filters to 5:1 unit scheme for the Ser20t1
Su ress tkle bias nOise. 1 2 3 1 5 [ 7 B 9 110 11 12 13 14 15 16 1 18 19 0 1 2
pp CKBI1 ﬁé : |_I_I_I_
LovCO SRS s S oy N oy N N o ) s Y s Sy Yy Yy B
S e N s N e e e S e T s T e VY s Y e N
\( | | r
o k¥ — X

LC-VCO scheme Timing of the 20:1 serializer
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Backup <

SDO SDO2
er20t t1 simulations chio 1000
- (x)_ transmission
Phase Noise; dBe/Hz, Relative Harmonic = 1 Thu Oct 19 11:09:44 1 ¢ Phase nOISe pOSt- I ayo Ut i line .
< I r v i i
- | g — - simulation of the RO-VCO L L
I T
Il Phase Noise VC=0.43V 60.0 2.091GHz@TT27 POST eyeDiagram(IT("/R0/PLUS") 300.1n 500n 0.5n ?autoCenter t 1
JelSegond][k=2000]@(1M,10G)Hz:rms = 886.3 [«Tua [~] [ ||?_
10.0 Jc[Second][k=40001@(0.5M,10G)Hz:rms = 1.424p 13.0 Il eyeDiagramiIT{"/RO/PLUS") 300.1n 5000 0.5n TautoCenter t)
N -13.5461dBe/Hz e
£ 300 3
=] o 44.4016dBc/Hz 119
3 -70.0 -75.0165dBc/Hz E
% 10.8 g
% 110 -102.849dBe/Hz _g
07 4
150, 3
86
190. MMWM| T T T T T TTIm T Ty T 1T 3
10’ 10° 10° 10" 10° 10° 107 10° 10° 10" 2,5
relative frequency (Hz) 27
6.4 —%
Phase Noise; dBc/Hz, Relative Harmonic = 1 !‘l_'u_.l_Oc( 19 12:48:12 1 _E
[l I I - E
me 53 3
L prasenosevcvpre | 1000 ] | 1.998GHz@TT27 PRE E
- Phase Noise VC=1.IVpost | o ) ] Je[Second] [k=2000) @(1M,10G) Hz:rms = 94.39f 42 -
] ! Je[Second][k=4000]@(0.5M,10G)Hz:rms = 195.5¢F =
- 20.0 E -8.36465dBc/Hz. Je[Second} [k=9090]@(0:22M,10G)Hz:rms = 1.315p 31 ;
Z 00 1 | 2.004GHz@TT27 POST E
g TeM ] -5.72939dBc/Hz 63.7305dBc/H Je[Second] [k=20001@(1M,10G)Hz:rms = 161f =
% 60.0 : S e Je[Second] [k=40001@(0.5M,10G)Hz:rms = 306.1f 2.0 _E
E i Je[Second] [k=20901@(0.22M,10G)Hz:rms = 1.761p 3 I T G L U L UL L B B L L B L B L L L L B L L L B L O I L L L L IR I B B L B L I I I |
o ] -61.2346dBc/Hz
R 1000 ; 0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0
= 1 i -122.245dRc/He time (ps)
-140.0 ] 17,2705/ 1 e N
1800 [ . 1 4 Gbps eye diagram, loads: 1.5pF+1.5nH+1M+1.5nH+1.5pF
-220.0 B R R |m L N R R R N1 m R A R . .
L R FE AN A A < Phase noise pre-/ post-layout simulations of the LC-VCO
relative frequency (Hz,
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Backup <

B Simulations of the revision chip

eyeDiagram((VT('/SD02") - VI('/_SDO2") 5.001e-07 1e-06 Se-10 ?autoCenter t) Sun Sep 24 11:00:12 2023 1 eyeDiagram((VT('/SD02") - VI('/_SDO2") 5.001e-07 1e-06 Se-10 ?autoCenter t) Sun Sep 24 13:00:03 2023 1
A e @ I Al R I
L0 — T eyeDagramVILSDO2]. VI SDO2') S001e-07 1206 Se-10 FutoCenter ) oy o 1 75ma Lo — M eyeDiagram((VIL/S002')- V(Y SDO2') 500107 1606 Se-10 ZautoCenter 1) TT27_postsim: 31, 75mA
(Driver)
4 Ghps eye diagram
E N M3; 233.6674ps 794,8267mV. E
0.67 0.67
« loads: 1pF+1nH+1M+1nH+1pF
Z 045 £ 110.3428ps 424, 7464mV [SPERERL * £3.57715ps 416.451
0.34 ‘ 0,34
B L dy:19.52146u
0.23 0.23
2pF+2nH+1nF+1M+2nH+2pF—
012 012
0.01 - 0.01 -
01 - 01 - ===
R B e i B e R N R R R R R R R R R R R R A R R R R B A R e o B i e O B e R B R R R R e A R R R A AR R A R R R
0.0 50.0 100.0 150.0 200.0 2500 300.0 350.0 400.0 450.0 500.0 0.0 50.0 100.0 150.0 200.0 2500 300.0 350.0 400.0 450.0 500.0
time (ps) time (ps)
Transient 1 Transient 1
ame o Wi e e - e . e it 12, T
mron o | 3 MUX + driver o v |3
- VI(/SDOT) @ E| M VT(/SDOT) @ E|
1.65 3 1.808 164 3 172
E E| D
v [ransient si gna IS oo ] o Loy
E . E M M [J\, i - U
G with power up 3
1 g 1572 1.09 3 148
209173 1403 E] Z 0911 14
2 = % :
0734 1415 < Start 0.729 132
055 1.336 Stop — 0.547 w 1.24
0367 1.257 0.364 M w P 116
3 3
0.1834 1.17¢ E
© 0.182 © 960.5446ms 1193662V 1.08
00 A1 11 00 A1 L0
L L L B i i S L SEEA B A A A N L L e L I Ll L) S e AL A B A
100 200 300 400 500 600 700 80.0 90.0 1000 . 1)100 1200 1300 1400 1500 1600 170.0 180.0 1900 946.0 948.0 950.0 952.0 9540 956.0 958.0 960.0 9620 964.0 966.0 968.0 970.0 9720 9740 9760 978.0 980.0 982.0 984.0 9860 988.0
time (ns time (ns)
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B RO-PLL performance

> Simulations
* 0.26~2.92 GHz

* -96.6 dBc/Hz @1MHz offset

> Tests
* 0.26~2.86 GHz

e -92.5 dBc/Hz @1MHz offset

(Oscilloscope)

* -94.9 dBc/Hz (N9320B)

* Rj=1ps

35 1 -O- TT-27-1.2V
30 B0 -O- FF-27-1.2V
R -4 - §8-27-1.2V
N25 £ FF-0-1.2V
O ko §5-85-1.2V
>20 —e— Test-RoomTemp
C
815
o
g
L 1.0
0.5
0.0 4 : : : : : : i i t t
0O 01 02 03 04 05 06 07 08 09 1 11
Control Voltage (V)
(a) Frequency locking range
| Markers  DeltaFreq. |[Defta Ampl. | Abs.Freq.
Ref 2.55997 GHz Z
(2- Ref) 38 kHz -7.78dB| 2.56001 GHz 559
(3- Ref) 14 kHz 3165d8| 256008 GHz = &eit > o ot
% (4- Ref) 1.03 MHz -44.97 dB| 2.56100 GHz b, 7_560
| (5- Ref) 10.03 MHz -71.08 dB| 2.57000 GHz :
(6 - Ref) 20.03 MHz -77.03dB| 257993 GHz
(7 - Ref) 39.98 MHz 2.59995 GHz
(8- Ref) 50.05 MHz 2.61002 GHz

Po/fxe’f'Pref

(c) Clock spectrum at 2.56 GHz

Cioc)

Auto

3785 my

0 0.2 04 0.6 0.8 1 1.2
-94.0 T } T } T t T } T } T -146
— t FoMy,ise = PhaseNoise, . — 201g(fosc/1MHZ) ]
~ i |
I -%0 ¢ +10Ig(Power(mW))
8 b -148
T g0 T =
2 =
2 ] g
o -100.0 r -150 5
D |z
§ 1020 T _a phaseNoise -
® —e— FoMnoise 152
=z -104.0 -+
z i
‘.
-106.0 -154

Control Voltage (V)
(b) Simulated PN-1M and FoM values of the VCO

0 T """A T T TTTrImm T rrrrmyg T T T LELRLRL ) T rorrTTw
N —— Meas. (Oscilloscope)
-20 —e— Meas. (N93208B)
--A--PostSim. (VCO-TT27)

PhaseNoise (dBc/Hz)

-140 | T

-160
1.E+02 1.E+03 1.E+06 1.E+07 1.E+08

1.E+04 1.E+05

Frequency Offset (Hz)

(d) Measured and simulated PN curves at 2.56 GHz
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Backup PLL5G

B Simulated performance - @

800 - Je[Second][k=5312J@(1M,10G)Hz:rms = 109.5f (R1C1+R2C2)
= Jc[Second][k=21246]@(250k,10G)Hz:rms = 358.4f (R1C1+R2C2) 1000
> 1 1 3 dB H 1 H ff Jc[Second][k=5312]@(1M,10G)Hz:rms = 121.6f (R1C1 only) S \\
- C Z 1“[ Z O Set 400 - Je[Second][k=21246]@(250K, 10G)Hz:rms = 1.711p (R1C1 onry) 105.0 3 ~-
= Je[Second][k=5312]@(1M,10G)Hz:rms = 974.3f (R2C2 only) E ad. T I R S P S L
Je[Second][k=21246]{@(250K,10G)Hz:rms = 4.444p (R2C2 only) -110.0 = \
00 - Jc[Second][k=53) 2)@(1M, 10G)Hz:rms = 4.889p (no fllters) 3 -
g 3 Jc[Second][k=21246]@(250K,10G)Hz:rms = 42.97p (no filters) N -115.0 = \
E o 3
3 400 3 § -120.0 = \
s E ) 3 \
= . ~-1250 \
§ 800 § -130.0 3 \\
e B = -135.0 5 \\
VDD -120.0 - Il PN-R1C1-R2C2 140.0 \
B PN-R1C1 only (circle) 3 N
| -160.0 —J|mm PN.R2C2 only (dot) =g \\
1 EN—| P3 =/ c1 ) Y 150.0 = N
0.707 |— Il PN-No filters (plus) i E ~
: I 1 4 l Itall —200.0 | BLLALLLLLL LR | T T T LILRRLLLL | LBLRLLLL | LILRRLLL | LILRARLLL | TrTTTm '155.0— | T [|]||'|'|'| T ||||[‘|‘|‘| T ||'|n“m i | ””'n'l TT ||||'|TI T ||”|||[ T Ill"“l
P2 R1 Pl 101 102 103 104 105 106 107 108 109 1010 10I loz 103 l04 1405 105 l07 108 100 1010
relative frequency (Hz) relative frequency (Hz)
Tl p 5
— vcop (a) Phase noise of VCO (b) Phase noise of others (PFD+CP+LPF+DIVs)
f-zap = ﬁ Vet Start o Locked
A '\“\ | w T > Frequency - feedback clock
Al m— 2 500 T, R T . 1.25
pvarl pvar2 1.25 : o N 1
| et MOM1 MOM2 o I Frequency - reference clock 1.0
s ) E 0.75
N4 -:—I—| N3 | l: 2075 s
I 2 l» 0.5
R2 =i N Nl N2 J A 05 V€O clockp ) Frequency - VCO output clock 1
! , ; = 0.25
1 025 3 [ g 800.0
= 1.25 g
.8
LC-VCO Scheme L0 e 860.0 < 700.0
075 s Control Voltage =
= £ 720.0 > 600.0
0.5 >
= 500.0
025 I'r:rrrrrrrl'rrnTrrrrrrrnTrrrr]'rrn-[Tn-rTrrrrrTn-I 580.0 E [TTTTTTTTTTTTTTTTTTT]
183 194 205 216 227 238 9.9985 9.99875 9.999
time (ns) 0.0 2.0 4.8 : 6).0 8.0 10 time (us)
B me (us
*VCO clock is the clock after several CML buffers

*TCKH is the output clock of the CML driver
(¢c) Transient simulations
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