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Announcements

e Lab Report 6 due Apr 3
e Project Preliminary Report due Apr 15

e Project Final Report due Apr 29



Agenda

e Clocking Architectures

e PLLs

» Modeling
* Noise transfer functions



References

e High-speed link clocking tutorial paper, PLL
analysis paper, and PLL thesis posted on
website

o Posted PLL models in project section

e Website has additional links on PLL and
jitter tutorials

e Majority of today’s PLL material comes
from Fischette tutorial and M. Mansuri’s
PhD thesis (UCLA)



High-Speed Electrical Link System
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Clocking Terminology

Synchronous

« Every chip gets same frequency AND phase
« Used in low-speed busses

_ Mesochronous
phase recovery

/’ « Same frequency, but unknown phase

- » Requires phase recovery circuitry
» Can do with or without full CDR

Used in fast memories, internal system interfaces,
MAC/Packet interfaces

magic box & buffer )
Plesiochronous

« Almost the same frequency, resulting in slowly
drifting phase

« Requires CDR

« Widely used in high-speed links
Asynchronous

* No clocks at all

« Request/acknowledge handshake procedure
« Used in embeddded systems, Unix, Linux
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~
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[Poulton]




I/O Clocking Architectures

e Three basic I/O architectures
e Common Clock (Synchronous)

« Forward Clock (Source Synchronous)
« Embedded Clock (Clock Recovery)

e These I/O architectures are used for varying applications
that require different levels of I/O bandwidth

o A processor may have one or all of these I/O types

e Often the same circuitry can be used to emulate different
I/O schemes for design reuse



Common Clock I/O Architecture

Chip A
)_
>+ > Sl
PLL PLL Chip B
[Krauter]

clock
source

e Common in original computer systems

e Synchronous system by design (no active deskew)
e Common bus clock controls chip-to-chip transfers
e Requires equal length routes to chips to minimize clock skew
e Data rates typically limited to ~100Mb/s
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Common Clock I/O Cycle Time

Cycle time to meet setup time

max(Tclk-A+ TAcIk +Tdrive+ Ttof+ Treceive L] Tsemp ) - min(TBcIk - Tclk - B) < Tcycle

ChipA Turive Tiof Treceive T

S | S p T > < etup

PLL Tack pLL| . PoK
_, - Chip B
R — TOA Tk - B, -
[Krauter] clock
source




Common Clock I/O Limitations

e Difficult to control clock skew and propagation delay

e Need to have tight control of absolute delay to meet a given
cycle time

e Sensitive to delay variations in on-chip circuits and board
routes

e Hard to compensate for delay variations due to low
correlation between on-chip and off-chip delays

o While commonly used in on-chip communication, offers
limited speed in I/O applications
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Forward Clock I/O Architecture

Multi-Channel Serial Link System
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RX Data

Channels

Common high-speed reference
clock is forwarded from TX chip
to RX chip

e Mesochronous system

Used in processor-memory
interfaces and multi-processor
communication

o Intel QPI
e Hypertransport

Requires one extra clock
channel

“Coherent” clocking allows low-
to-high frequency jitter tracking

Need good clock receive
amplifier as the forwarded clock

is attenuated by the channel
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Forward Clock I/O Limitations

e (Clock skew can limited forward

Multi-Channel Serial Link System clock I/O performance
TX Chip h ‘' RXChip * Driver strength and loading
) 1 mismatches
TxData L R ata e Interconnect length
N mismatches

e Low pass channel causes jitter
amplification
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Forward Clock I/O De-Skew

Multi-Channel Serial Link System

TX Data
Channels
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Per-channel de-skew allows for
significant data rate increases

Sample clock adjusted to center
clock on the incoming data eye

Implementations
e Delay-Locked Loop and Phase
Interpolators

e Injection-Locked Oscillators

Phase Acquisition can be

e BER based — no additional
input phase samplers

e Phase detector based
implemented with additional
input phase samplers
periodically powered on
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Forward Clock I/O Circuits

Multi-Channel Serial Link System
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TX PLL
TX Clock Distribution
Replica TX Clock Driver

Channe
Forward Clock Amplifier
RX Clock Distribution

De-Skew Circuit
e DLL/PI
e Injection-Locked Oscillator
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Embedded Clock I/O Architecture

e (Can be used in mesochronous

Multi-Channel Serial Link System or plesiochronous systems
TXChip ) S RX Chip
[y B !
— >4 H f :
A | — e Clock frequency and optimum
TX Data [ | RX Data I
Channels i ; f cramels  phase position are extracted
. H—%—’ from incoming data stream
| T he CDD
2y : :
e Phase detection continuously
i running
i Juua
i o PLL e CDR Implementations
| |Embeddedciock e Per-channel PLL-based
N e Dual-loop w/ Global PLL &

e Local DLL/PI
e Local Phase-Rotator PLLs
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Embedded Clock I/O Limitations

Multi-Channel Serial Link System

- ———

RX PLL

Embedded-Clock
Systems

o Jitter tracking limited by

CDR bandwidth

e Technology scaling allows
CDRs with higher
bandwidths which can
achieve higher frequency
jitter tracking

Generally more hardware
than forward clock
implementations

o Extra input phase samplers
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Embedded Clock I/O Circuits

e TXPLL
Multi-Channel Serial Link System
TXChip ‘: (o RX Chip
T )—% e TX Clock Distribution

>
, CDR ) ® CDR

e Per-channel PLL-based
e Dual-loop w/ Global PLL &
e Local DLL/PI

nnnn e |Local Phase-Rotator PLLs
RX PLL e Global PLL requires RX
Embedded Clock clock distribution to
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Xilinx 0.5-32Gb/s Transceiver Clocking

Frac-N LC PLL, ;

Channels 1-4

XA
IVCO..
VCOue

vy
PPF[ 22

N—

}

Transmitter

pcc |

Yvyy

}

— 1/Q4, 1/1Q; 4

—

Receiver

PI (D,X,S) |

IQ CAL |

pcc |

Ring PLL

Technology CMOS 16nm FinFET

Power Supply (Vavcc, Vavtt, Vaux) 0.9 V, 1. 2V, 1.8V

Frequency range 500 Mb/s — 32.75 Gb/s

Transceiver Quad area 2.625 mm x 2.218 mm

LC PLL range 8-16.375 GHz
Ring PLL range 2-6.25 GHz
TX PRBS7 jitter at 32.75Gb/s TJ: 5.39 ps, RJ: 190 fs
32.75Gb/s RX JTOL @ 30MHz 0.45 Ul
@ 100MHz 0.6 UI
Channel loss at 32.75Gb/s 30 dB
Measured BER at 32.75Gb/s <101

Power at 32.75Gb/s with DFE 577TmW/ch (17.6pJ/b)

Dl_

Active Inductor based Clock Distribution

[Upadhyaya VLSI 2016

e LC-PLL with 2 LC-VCOs used to cover high data rates

(8-32Gb/s)

e Ring-PLL used for lower data rates

e CML clock distribution with active inductive loads used
for low jitter
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PLLsS

e PLL modeling

e PLL noise transfer functions
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PLL Block Diagram

[Perrott]

o A phase-locked loop (PLL) is a negative feedback system
where an oscillator-generated signal is phase AND
frequency locked to a reference signal
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PLL Applications

e PLLs applications

* Frequency synthesis
 Multiplying a 100MHz reference clock to 10GHz

» Skew cancellation
 Phase aligning an internal clock to an I/O clock

* Clock recovery

 Extract from incoming data stream the clock frequency and
optimum phase of high-speed sampling clocks

« Modulation/De-modulation

* Wireless systems
 Spread-spectrum clocking
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Forward Clock I/O Circuits

e TXPLL
Multi-Channel Serial Link System
T RX Chip e TX Clock Distribution

v ) | o @ Replica TX Clock Driver

Channels

1
1
|
|
|
|
= f —
piee B
i Ty e Channe

e Forward Clock Amplifier
RX Clock Distribution
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e Injection-Locked Oscillator
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Embedded Clock I/O Circuits

e TXPLL
Multi-Channel Serial Link System
TXChip \ (o RX Chip
— - - o TX Clock Distribution
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e Per-channel PLL-based
e Dual-loop w/ Global PLL &
e Local DLL/PI

L ]
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PLL Design Challenges

o Board-level reference clock frequencies don't scale often

e 156MHz is a common frequency
e RX CDR bandwidth is hard to scale with PAM4 signaling and

ADC-based front-ends
e Typically 2-4MHz

e PLL bandwidth must be kept less than 10MHz for stability

and to filter reference jitter

e VCO phase noise at low-frequency offsets due to flicker

noise must be suppressed

32.75Gbps Transceiver PLL Simulated Jitter Numbers

Receiver Type PLL PN @1MHz CDR BW R] RJ in UI
Analog based RX -92.4dBc/Hz 12.7MHz 160.7fs 5.26mUI
ADC based RX -92.4dBc/Hz 2MHz 407fs 13.3mUI

[Turker ISSCC 2019]
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Charge Pump PLL

PFD
Fin Tp UP é'cp Fout= N*F;,

JULin@) ——bed T WW

‘_\i Vew _I_ s VCO | out(t)

JUL o) —PRd—L DN R C;

e [V
Ci

Divider

1/N

Charge pump PLL is a common implementation

Type-2 (2 integrators) allows for ideally zero phase error between
the input and feedback phase

Requires a stabilizing zero that is realized with the filter resistor

A secondary capacitor G, is often added for additional filtering to
reduce reference spurs

Modeled as a third-order system
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Linear PLL Model

,_I.D.r.'ja.ie..l?.e.tfft.?f.\ Loop Filter VCO
L+~ o 5 Vew
¢in_!_>@¢_. Keo [ F(s) —— K‘;CO ——— dout
¢fb
1 <€
N
Divider

Phase is the key variable of interest
« QOutput phase response to a stimulus injected at a given point in the loop
« Phase error response is also informative

Linear “small-signal” analysis is useful for understand PLL dynamics if

* PLL is locked (or near lock)

« Input phase deviation amplitude is small enough to maintain operation in
lock range
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Understanding PLL Frequency Response

Input phase response

(I)outA
(I)in

> f

e Frequency domain analysis can tell us how well the PLL

VCO output phase response

(I)outA
(I)vco

> f

tracks the input phase as it changes at a certain frequency

e PLL transfer function is different depending on which point

in the loop the output is responding to
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Linear PLL Model
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For Charge Pump PLL: Kpp =~

_ Gout(s) _ C,

 Pin(s) 3 (Cl+CZ) 2 (KPDKVCO) KppKyco
" s+ Rreg, )57 T S+ NRC,C,

H(s)
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14GHz PLL Closed-Loop Transfer Function

60
" Parameter |
Fref 156.25MHz
40
N 90 0
Fvco 14GHz )
C 20
f, 2MHz e
o, 60° G
S 0
faus 3.1MHz L
| -
Kvco 2m*1GHz/V ,_'cI_J
0 -20
R 4kQ c
(U
C, 74pF =
_4[} |
C, 5.8pF
leo 310uA
-60
10% 10° 10° 107 108 10°
Frequency (Hz)
KepKveo (1
®Din(s) §3 4+ Ci+C, 62 4 KppKyco S_|_KPDKVCO
RC,C, NC, NRC,C,
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Common

PLL Noise Sources

Phase Detector
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Sgr = Sy INTFR(s)|?
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Noise Transfer Functions

NTFIN(S) — ¢out(s) . (N)LG(S) 150

bin(s)  1+LG(s) ' ' ' ' |
N
~ bt () ~ (K_) LG(s) 50 | \
NTFcp(s) = icp(s) 1P-|l—) LG(s) ' \

)
T 0 :
i . \
VCo Z | |
NTF (S) = ¢0ut(s) = S _-100— 1
. vR (S) 1 + LG(S) Reference
() . Chae Puro)
Dout (s veo
NTF,cn(s) = = _ | | . .
veo ¢VCO (S) 1+ LG(S) S 102 10* 108 108
Frequency (Hz)

e Input reference and charge pump noise is low-pass filtered
o Loop filter noise (VCO input noise) is band-pass filtered
e VCO output phase noise is high-pass filtered
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PLL Phase Noise & Jitter

[Turker ISSCC 2018]

DPha_w Nose 5.000d8/ Ref 711o.oda<m.; 6.249099776 GHz _-16.4694 dBim [3] 4] 18] [6] This Work

B:| A0Ikmz  -113./4D2| cekcyHE PLLArchitecture | IntegerN, |  FracN, |  FracN, | IntegerN, | IntegerN
2 100 k -120.0737 dsc/! g '
3i 1 MM 123.2359 g:g:i | SSPDbased | SSPDDPLL | DPLL | SPDbased | CP based
4: 2.5 MHz -125.0438 dBC/HE VCO LC LC LC LC LC
5: 10 -134.6462 dec/| { 4 ! ! !
S6: 100 MKz 147,880 dBe/ME Technoogy | 180nm | 28nm | 14nm FinFET | f6nm FInFET | 16nm FInFET
X: start 10 khz Reference Freq.(MHz) 5525 40 2% 450 500
Stop 10 MMZ | | | |
higoe! e L Frequency Range (GHz) 221 27-43 538 9-18 74-14
f,'.,;z}:!h,:,ge X: Band Marker Measurement Frequency 221 582 269 18 6.25
Regulator FET Analysis Range ¥: 8and Marker (GHz) | | | ! |
Intg Noise: -56.5485 dBc / 9.p9 MHZ Phase Noise @100kHz 125 1055 1136 041 120

filter bypassed ise: 2.10422 mrad
ypa RMS Noise 2.29¢21 :rd:g (dBe/Hz) (@200kHz) (@200kHz)

RMS Jitter: 53.583 fsec

? \ Residual FM: 7.14611 knz Phase Noise @IMHz |  -125 | -1154 | -12245 | 1073 | 1232
o (dBc/Hz) (from figure)
Phase Noise @100kHz | -1319 | -1208 | -1222 -1202 | 1359
3.5dB (normalized to 1GHz) (@200kHz) (@200kHz)
Phase Noise @IMHz |  -1319 | 1307 | -131 | -1324 | -1394

Regulator FET / nor P
filter enabled % [0 | 158 | 137 64 | 536
g (10k-100M) | (10k—40M) | (10k-10M) | (1k-100M) | (10k-1

-110.0 p

Reference Spur (dBc) | -56 47-8 -876 NA | -75.5*
6.25GHz (PLL at 12.5GHz) PowermW) | 25 | 82 | 134 202 | 4
53.6fs rms ‘ Area (mm?) [ 02 | 03 | 0257 039 | 035
(10kHz - 10MHz) FOM (dB) [ NA | 2434 | NA 2393 | -2468
* including DAC, measured at 1.052GHz DAC output
: p _
. S | S S S -Aal FOM; = 10 Ing((%) 'ﬁ‘ﬁ) where TR = (_r,f”/)

PLL time-domain jitter is obtained by ¢ We can model an individual
integrating the output phase noise noise source’s contribution

fsto 2 fstop

2
0/ Total = 0z STOtal(f)df 0l = — Si(HINTF,()|*df

Out
0 Yfstart 0 Yfstart

2 — 2
O-j,Total — O-]l

RMS Jitter g;
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Wireline Transceiver Jitter Modeling

P ~, g ™ 60
Device A Device B —
" Tx | Link R ) [ \
X W L
b L'?:.tCh.J Lartst:h.-' E — ”
f3 348 @ oy _
CDR E 20|
I J g -40
o) @ g‘,
(B | &«
y u 4 fa3ap) 80 -
NTFIN
-100 CDR b
[Reference Clock ] [ Reference ClﬂckJ Effective Jitter Filter
-120 ; :
= = 10? 10* 108 108
[Richmond SiLabs]

Frequency (Hz)

o Relative jitter (dynamic phase error) between the RX CDR-generated
sampling clock and input data sets the system timing margin

e This CDR high-pass response provides additional filtering

e Modeled as a 4MHz 1st-order response (IEEE 802.3 & OIF-CEI)
fo

-
s = w_ojo S{(NINTF,(PIPICDR(NI2df 3



Input Reference Noise

Silicon Labs Ultra Low -80
Jitter Crystal Oscillator

Phase Noise (dBc/Hz)

 Reference jitter oy,

Phase Noise at 156.26MHz

-130 [

///// 3

10° 104

Frequency (Hz)

= 226fs, . (10kHz — 10MHz)
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Input Reference Noise

INTF | (dB)
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NTFIN(S) —
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C; + Gy

Frequency (Hz)
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-180

-200

Kpp cho)
NC, s +

KPD KVCO
NRC,C,

oo
o
T

Input Ref Clk PN

After 4dMHz CDR

SN

10°

Frequency (Hz)

 After PLL: o;;, = 217fs, (10kHz — 10MHz)
e Including CDR: o;;, = 45fs,; (100Hz — 7GHz)
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Charge Pump Noise

Trst=| 40pS, Tref= 6.4“5

-150

- ) T et . - ——— NMOS White
< > -160 1 NMOS 1/
— | _ —lcl
VBPO_l inmp IN J ' 170 gwa?gSeTPJn:pNose |
UP - 2 I I I ol
}—»icp UP ] ] o
DN T o0t
B DN ;|_|* [ 1 % e
VBN°—| in,MN "rrs't < o0l
VN oP et =t -230
’[2 -240
[Lacaita 2007] LT i o 0f 08
et T Frequency (Hz)
2 I T = lypst
<:'§'P> * ﬂ”HHH 1 “]-r r B e Charge pump noise current is
/ : | injected into the loop filter during
T the PFD reset time
, e Transistor noise PSD convolved
Tyst Ty st with pulse frequency spectrum
Sicp ® T (S inmpw TS in,MN,W) T <T > (Sin,MP,l/f + Sin,MN,l/f) : P . d v 5P
ref ref e White noise scaled by (T,/T,)

and 1/f noise scaled by (T,/T,ef)?
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Charge Pump Noise

Kyco (s+ 1 )
C, RC,
NTF p(s) =
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g — After PLL i
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1
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e After PLL: o; op = 61fs, (10kHz — 10MHzZ)
e Including CDR: o, p = 22fs,,, (100Hz — 7GHz)
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Loop Filter R Noise

150
@'cp
UP Chargmg COTTTTTTTN, T \ 156 1 W/ 4kQ Resistor |
' VctrI ' N
: f ¢ I S, =4kTR=-162dB/Hz |
‘Dlscharglng ; CAR |
E R ':[:'(::2 : X 162 |
' : 0
ICP (] ' -164 -
E (:;I E -166 |
“~.--.T.---.F.(§.)v' 168 |

-170
10° 10* 108 108

Frequency (Hz)

e Trade-off between resistor noise, loop filter
capacitor size, and charge pump noise

» Smaller resistor results in larger capacitors (higher area)

and larger charge pump current (higher S;)
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Loop Filter R Noise

Kycos (s + G + CZ)
NTFxr(s) = RC1GC
. $3 4 (M) 62 4 (KPDKVC0> s+ KppKyco
RC.C, NG, NRC,C,
60 T T T T ~— -100

N

— Loop Filter R Noise
B M0 [ |—— After PLL
After AMHz CDR
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40 r -120

30

'y
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20 1
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10F
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-40

o
(=1
S
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e After PLL: o, = 128fs,; (10kHz — 10MHz)
e Including CDR. ojr = 81fs s (100Hz — 7GHz)



VCO Noise

LC-Oscillator 20
w/ Differential Tank & Noise Sources
-40
C,
|| N ool
= e
— o)
In,Rp @ -100
—000—— @)
L4 < 120
D
wn
4]
-
o

Vout
-140 |
inart |—’ ‘I o2 -160 T
M1 M2

-180
10"
Vbiaso_l |,1_M3
M3

e LC-VCO phase noise sources
* Finite tank quality factor
e Cross-coupled pair
e Tail current source

10°

108 107 108

Frequency (Hz)

10°
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VCO Noise

NTFyco (s) =

(s

_|_

C, + C2>
RC,C,

RN CEIAR

RC,C,

-90
10* 10° 10° 107 108

Frequency (Hz)

10°

Phase Noise (dBc/Hz)

-40

o)
<
T

-120

-140

-160

KPDKVCO> s + KPDKVCO
NRC,C,

NC,

VCO Phase Noise
— After PLL
After 4MHz CODR |

10* 10° 108 107 108 10°

Frequency (Hz)

o After PLL: o;\co = 257fS s (10kHz — 10MHz)
e Including CDR. cir = 125fs,,s (100Hz — 7GHz)
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Total Noise

-40

-60 r

Phase Noise (dBc/Hz)

-140 |

-160

Total
Ref Clk

Loop Filter R

VCO

Charge Pump| |

10° 104 108 108

Frequency (Hz)
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(d
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o
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o
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o
o
T

-120

-140 t

-160

-180

Total PLL Output
After 4MHz CDR | |

Jitter
Variance

10° 10* 108 108

Frequency (Hz)

o After PLL: G; 1oty = 365fSs (10kHz — 10MHz)

« Reference clock noise dominates at low frequency
« VCO dominates near loop bandwidth and higher

e Including CDR: o 1oty = 157fs, (100Hz — 7GHz)
* Now VCO noise clearly dominates total
» Loop resistor noise is a larger percentage 42



PLL Noise Transfer Function Take-Away Points

e The way a PLL shapes phase noise depends
on where the noise is introduced in the loop

e Optimizing the loop bandwidth for one noise
source may enhance other noise sources

e Generally, the PLL low-pass shapes input
phase noise, band-pass shapes VCO input
voltage noise, and high-pass shapes
VCO/clock buffer output phase noise
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Oscillator Noise

PHASE NOISE




Oscillator Phase Noise Model

L(Af)

-30 dB/decade

-20 dB/decade

2FKT
10l0 ( > )
. f' log(Af)
Afq 3 = [Perrott]
2Q
L( f)zl 0log Noise Sp(?ctral Density ( dBe /Hz)
Carrier Power

, | B 2FKT| . (1 f, LM
Leeson’s Model: L(Af)—mlog( P (1+(2Q Afj j[” Af j}

e For improved model see Hajimiri papers
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Open-Loop VCO lJitter

CLK

D.U.T.

CLK

BT

- Tg —

—

TRIGGER

[McNeill]

VERT
IN

TRIG

CSA803A

3 o
Lﬂ.T'H::*._

Y

AT

>

Average delay = NTo

e Measure distribution of clock threshold crossings

e Plot ¢ as a function of delay AT
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Open-Loop VCO lJitter

g [McNeill]

[a—
=
=

= g Measured
z jitter
= Fit to
a k = 6.14E-08 Vs

[
—

100 1000 10000
Delay AT [ns]

o Jitter o is proportional to sqrt(AT)
e K is VCO time domain figure of merit
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VCO in Closed-Loop PLL Jitter
100 #'_,-‘"‘]{’\ﬂ AT

g Measured
Jitter

rms jitter [ps]

Predicted

-
=

[McNeill] 100 1000 10000

Delay AT [ns]
e PLL limits o for delays longer than loop bandwidth t,

(%) :1/2792

48



Ref Clk-Referenced vs Self-Referenced

- DR Exampl
[McNeill] CDR Example
TCLK o TRIG
TDATA RCLK »| INPUT
RDATA
DATA CLOCK RECOVERY PLL COMMUNICATIONS
SOURCE (D.U.T) SIGNAL ANALYZER
Ref Clock for

Frequency Synthesis PLL K JAT
\

.CLK

——™ TRIG

—1 INPUT
i
DATA CLOCK RECOVERY PLL COMMUNICATIONS i AT
SOURCE (D.U.T) SIGNAL ANALYZER k log -
1

e Generally, we care about the jitter w.r.t. the ref. clock (o,)

e However, may be easier to measure w.r.t. delayed version of output clk

« Due to noise on both edges, this will be increased by a sqrt(2) factor relative
to the reference clock-referred jitter 49



Converting Phase Noise to Jitter

_ . [Mansuri]
sin2(nfAT) S,(f)
=
e RMS jitter for AT accumulation d%; =% f Se(f)sin®(mfAT)df
0Y0

e As AT goes to o o2 :%R¢(O)=%T5¢(f)df
@, @y 0

e Actual integration range depends on application bandwidth
o f .. setbyassumed CDR tracking bandwidth
o f .. set by Nyquist frequency (f,/2)

,

e Most exact approach or=—5 [ Sy(/)
0

2
Wy

Hy, (/) df

2, . :
where |H ( f )‘ is the system jitter transfer function s

Sys




Time Domain Model

e Time domain models captures the discrete-time operation
of the PLL architectures

» Interaction between charge pump and loop filter
 Cycle slipping behavior

e Allows modeling of non-linear control systems
« Dynamic loop bandwidth control
« Automatic frequency band selection

e Potential implementation tools
« Matlab Simulink
« CppSim
« Cadence
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Simulink Model

PLL FREQUENCY SYNTHESIZER MODEL

J

v

» vetrl

£

divide #

»( )

PFD

clock divider

divide constant

P a »( 1)
Reference u
»{cik
ref
—pficlr '@ >
1 D Flip-Flop
<
D NAND
D Q ‘:2
(2 r— P CLK D
Variable
var
L plictr 1@ >

% — ref u w upP
out . »in Out COnﬁn\l]ng(J)S-Time
P var D DOWN
DN
D phaseffreq det. Charge Pump Loop Filter2 > C]
N )
VAV
=l

L

A

Loop Filter

—

-

num(s)

den(s)

Out
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Frequency Step w/ Simulink Model

o VCO control voltage response to input frequency step

Kyco=27n*1GHz/V (LC Osc) Kvco=27*10GHz/V (Ring Osc)
06 T T T T T T T T T T T T T T T T T T
Linear Model | Linear Model )
Time-Domain Model 0.2 Time-Domain Model
0.5 . i 0.18 |
Afou=468.75MHz 0.16 : |
_04rF : —— / Afout=1.5625GHz |
=, = i/'
8) % 0.12 ;‘
0.3 F
= £ o1 /
g g o8 || / Cycle
02F Af,,=156.25MHz - ' \ far® .
0.06 \4.'«‘" Slipping
0.1} : 0.04 I T
Afout=156.25MHz
0.02 |
o ¥ : : \ : : : : . : 0 : : : ‘ : : : ' '
0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
Time (us) Time (us)

e Voltage spikes due to charge pump current driving loop filter resistor

e Cycle slipping occurs during lock acquisition due to large initial
frequency difference
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CppSim Model

[Perrott/Meninger]

Ref

—»|PFD/DACF——»>

l

Div T

l

N
Accumulator

Fraction

E Loop Vin _O>Ut
Filter
VCO
=N/N+1 |«
A
Carry out
Ry Digital B,y | Thermom
residue YA Decode
Mismatch
Correct «

https://cppsim.com/

C++ based allows for rapid

simulation of advanced architectures
Many useful building blocks included

= O/

Eile Window Edit Tools

 Plot for CppSimView - Library: WBSynth_Exampie, Cell: wb_synth Leax

- |




Cadence Verilog-A Model

o Oselllator

VCO (Square Wave)

0.7 T T T T T T T T T
- -
Verilog-A Code Snippet Linear Mocel
0.6 H (1 | —— Cadence Verilog-A Model
module vco_advanced backup (in, out); ’ I || |I
input in;
output out; 0.5
voltage in, out; I
parameter real Vamp = 0.425; — Afout=500MHZ
parameter Fmax = 14.3125G; >
parameter Fmin = 13.5625G; ~04F .
//... (lines omitted) (4)]
real phase; (@)]
real ideal phase; _EB
real dphase ; ©° 03F ]
//... (lines omitted) >
analog begin
if(V(in)<Vmin) inst_freqg = Fmin; 02F 4
else if(V(in) > Vmax) inst fregq = Fmax;
else inst freg = ((V(in)-Vmin)* (Fmax-Fmin)/(Vmaz-Vmin)) + Fmin ;
ideal phase = 2* PI*idtmed(inst_freq, 0.0, 1.0, -0.5);
phase = ideal phase + dPhase; 0.1 7
// ... (lines omitted)
n = (phase »>= -"PI/2)s&s&(phase « "PI/2);
end 0 L L L L L L L L L
V(out) <+ transition(n?Vamp:0,0,tran_time); 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

ndmoduld Time (us) 55



Next Time

e CDRs

e The following slides provide more details
on PLL circuits. This 620 material may
useful for the project, but won't be covered
in detail on Exam 2.
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PLL Loop Gain

Phase Detector

> (I)out

........................ . Loop Filter VCO
4~ 0 i Voo K
¢in'§"O¢—’ Krp T F(s) = > \;CO
|
X—+ |
N
Divider
Kpp K + L
LG(s) = KepF Kveo _ TPPTVE0 > TR
B Ns N 2 Cl + Cz
NC,s (s+ R1C1Cz>
1 Ci + G,
w, = ) Wp1 = Wpy = 0, Wp3 =
z R]_C]_ p R1C1C2
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Loop Gain Response

LG(s) =

KppKyco(s + wy) Wp1 = Wy = 0

NCZSZ(S + (Upg)

/LG
-135° -

-180°

1
“2 7RG
Ciy + Cy
> © Y3 TR C.C,
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Design Procedure for Max @,

LG(s) =

KppKyco(s + wy,)

NCZSZ(S + (Upg)

/LG

135° f—mcme o

-180°

\ 4

PLL Specs
Fref 156.25MHz
N 90
Fvco 14GHz
f, 2MHz
D, 60°
Kvco 2m*1GHz/V
R ??
C, ??
C, ??

I ??

e Design procedure maximizes phase margin for a given f
and @, specification [Hanumolu TCAS1 2004]
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Design Procedure for Max @,

1. Set loop filter capacitor ratio based on @,

C
Ke=—=2

(;

(tcm2 (D) + tan(P,,)/ tan?(d,,) + 1)

®,, = 60° > K, = 12.9
2. Set loop filter values based on o, & with R set for low noise

(4

Wz

Wy

JI+ K,

1 C,

w,R’ % K,

wy =2 *2MHz - w, = 2m * 536kHz
SetR = 4kQ) - C; = 74pF & (,= 5.8pF

3. Set I, to achieve required loop gain

Iep =

_ NGwf

2 2

KVCO

]

w2 + w2

Wp3 = 21T * 745MHz — I, = 310uA
60



Simulated Responses

KppKyco (s + L)

LG(s) = KppKyco(s + w,) Pout () _ C, RC,
NC;5%(s + wy3) Pin(s) g3, (M) $2 4 (KPDKVCO>S + Il%ggvcco
1%2

RC.C, NC,

60

ILG| (dB)

Transfer Function (dB)

S
o
T

(LG) (
=
- N Y, Py -

-60
10° 108 107 108 10* 10 108 107 108 109

Frequency (Hz) Frequency (Hz)

e Design achieves f,=2MHz and ®_,=60°
 Closed loop response has f;,z=3.1MHz
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Charge-Pump PLL Circuits

e Phase Detector

e Charge-Pump
e Loop Filter
e VCO

e Divider

Fin
[LIL inct)
jmfb(t)

Fout = N*Fin

VCO

—e— out(t)
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Phase Detector

,.'.D.'.‘.af.e..'?fff?.“:t.?f..\ Loop Filter IN_| _
: FB___ _
' Ve vc r
Kep —'—>; F(s) = *'A(I;
----------------------- ! an{ve (t)} — KPDACP
avg{ve(t)}

Detects phase difference between feedback clock
and reference clock

The loop filter will filter the phase detector output,
thus to characterize phase detector gain, extract
average output voltage

The Ky factor can change depending on the
specific phase detector circuit

K, units are V/rad when used with a dimension - less filter

K, units are rad ™" (averaged) or A/rad when combined with the charge - pump

when used with a impedance filter 63



Analog Multiplier Phase Detector

A, cos wt
} # cos|(@, + @, )t + Ag|+ aAéAz cos|(@w, — @, )t — Ag]
A, cos(@,t + Ag)

o IS mixer gain

e If w;=w, and filtering out high-frequency term
ﬂ;) aAzA CosA¢

e Near A¢ lock region of n/2: ﬂﬂz%(%—wj
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XOR Phase Detector

Zg;::)Dﬂvwm V‘m___iﬁp [
V(1) I'—
Vout“)J E a E E-
-
t
vw 1 LT 1L T L
L L I L L
Vour I I I I I I
=
Apn0 t

- " som 25 - [Razavi]

e Assuming logic 1="+1" and 0="-1", the XOR PD will lock
when the average output is 0
o Generally, ©/2 is a stable lock point and -n/2 is a metastable point

e Sensitive to clock duty cycle
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XOR Phase Detector

T2

>

reft) -
div(t) ] [
1 .

e(t) -

Width is same for both " U
leading and lagging (-
phase difference! W=-—7—

phase detector

[Perrott]

range = 1
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Cycle Slipping

o If there is a frequency difference between the input
reference and PLL feedback signals the phase detector can
jump between regions of different gain

« PLL is no longer acting as a linear system

avg{e(t)}
[Perrott]

gain=-2/r 44 gain = 2/r
/2 0 7 Dret = Pan

phase detector
range = m
(positive feedback operation) 1 (negative feedback operation)

_______—________.:_-l—

________1_____ﬁ._______ —
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Cycle Slipping

Synthesizer Response To Divider Step

(=]
o

=
[}

o
F=N

(=]
i

N (Divide Value)

(=]
]

Out_put Freqqency (G_Hz}

! ! ! ! ! ! ! ! ! ! ! [Perrott]
40 60 80 100 120 140 160 180 200 220 240
Time (microseconds)

e If frequency difference is too large the PLL may not lock
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Phase Frequency Detector (PFD)

o Phase Frequency Detector allows for

PFD wide frequency locking range,
i oy . . .
CLK o—1>UP potentially entire VCO tuning range
e 3-stage operation w/ UP & DN outputs
CLK:s PR, oN Rising_ edge-_t_riggered results in duty
D cycle insensitivity
« Trer ,: fcLKes fcLky
CLKn At . ¥ —  fcLkes fcLK
CLKrs _ -
UP_. |—| feLkn o fcLKes
DN__| 1| o
_ _i:“'Trst I- N——{RST=1 —

- g
.....
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Averaged PFD Transfer Characteristic

UP=1 & DN=-1
PFD
)
o—e—>UP

47

avg{ve(t}

14

-1

e Constant slope and polarity asymmetry about zero phase
allows for wide frequency range operation

e The averaged PFD gain is 1/(2x) with units of rad!
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Phase Detector

Phase
Detector

Ref
Clock , #
B E PD
Clock | \ R
— e Ad
Ad  avg{Ve(t)} = KppAd

o Detects phase difference between feedback clock and reference clock

e The loop filter will filter the phase detector output, thus to characterize
phase detector gain, extract average output voltage (or current for
charge-pump PLLS) .



PFD Deadzone

Up @ ¢ Tref )
TJp Icp i
¢in_’>RQ CLK|N J;tei .
i_C: icp) CLKsg _ ! I
¢fbf|__’> Ra R _I__ C, UP _I_ |"| , too narrow
— DN D, [+ . i3
DN _
“T ST
icp _I_ rst .
e If phase error is small, then short avg{v.(t)}
(Zoomed)

output pulses are produced by PFD

e Cannot effectively propagate these
pulses to switch charge pump

e Results in phase detector “dead
zohe” which causes low loop gain
and increased jitter

/= ¢in'¢fb
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PFD Operation w/ Reset Delay

e Solution is to add delay in PFD
reset path to force a minimum
T{p UP Icp
UP and DN pulse length b —D &

e In locked state both UP and f—1_<]‘-C: I’CF’, % l_
T

DN current sources are on for ¢p—PRrR_| © R
. Tlp Q Cz
T, but ideally no net current DN ler 3
is delivered to loop filter C,
; Tref :
5( >
CLKn | _
>toi
CLKes__ _
UP _I__ , reliable width _l
DN__] In ]
> €T s
ice || [

73



Problems Near 2x

e PFD cannot react to input

r|5|_ng edges du.rlng reset I Up e
e This can result in the next din—D R
rising edge driving the loop in i < @= op
the wrong direction T ‘
J : On—>P R Q ‘ R C
e Reset delay can increase o DN | T
acquisition time and sets a CP C,
max PFD operating frequency 3
< Trer —»{. missed edge!
CLK|N_ 0.2
« te > ___ ow iy,
CLKes —_ s 555507
UP | N
> 0.08 | | Cycle
D N 006 \‘_m‘n' Slipping
> ‘€ Trst -~ zz: A out=156.25MHz
:"n.___-_..-"':wrong direction! Time ()
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PFD Transfer Characteristic w/ Reset Delay

wrong
frequency

information!

avg{va(t)

1-

— PFD w/ T,

n_’ ¢in '¢fb
[} [} T
Ad = 2 o st

¢ . Tref

e PFD reset delay generates wrong frequency information

o If this becomes a large percentage of the reference cycle,
then the PFD can fail to acquire frequency lock

MaX TT‘St —

Tre f

Max PFD Frequency =

1
ZTT'St
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Charge-Pump PLL Circuits

e Phase Detector

e Charge-Pump

- PFD .
° Loop Fllter JEITllin(t) T_:>DR° F @'CP FouMFm
IELﬂ_fb(t) >| l DN o8 VCO [~ out(t)
»> R R
® VCO Tlo Q o ilc R TCZ
C,
T
e Divider |
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Charge Pump

e Converts PFD output
'CP signals to charge
U P Chargl ng :0 """"" \',' c.t;l\-
@Tscharg.ng R c, e Charge is proportional
- 5 3 7! to PFD pulse widths
{o E

.. v F(s).

QQQQQQQQQQQQQQQ

Un - Averaged Charge - Pump Gain =7, (Amps)
Ampsj

Averaged Charge - Pump Gain = Ler (
27 \ rad

Total PFD & Charge - Pump Gain = Loy (Amp Sj
27 \ rad

This gain can vary if a different phase detector 1s used
77



Simple Charge Pump

M2
Vep—]
|
5] UP UP M her
CLK|N —D RQ ! Dc '
S g SR
CLKg ?> RQ )\ IE R C,
D DN e I 3
CP C1
Ven-{L 3
M1
v

e [Issues
« Skew between UPB and DN control signals

« Matching of UP/DN current sources
* Clock feedthrough and charge injection from switches onto V.
 Charge sharing between current source drain nodes’ capacitance and V4
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Simple Charge Pump Skew Compensation

T-gate vao—Inlnf e Adding a transmission gate in the
IE— UP TP M Jice DN signal path helps to equalize
CLKn—D R " D>e—C | the delay with the UPB signal for
T T-Ven  better overlap between the UP
Ot 2 e BDNA Ic | R% TC and DN current sources
Varrd ToaT e Poor matching of UPB and DN,
o edge rates

3/2 Inverter Path

FOpn > FOup VBPO—lwllE
FOur | llce e Utilizing a 3-inverter UP path

Tlp UP r_—
CLKn—DR" | and a 2-inverter DN path with
O fVctr' a higher fanout provides good
e s RS TC matching of both delay and
DN lcp
e Ci T edge rates
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Charge Pump Mismatch

Ideal locked condition,

T but CP mismatch

M2
Ver] l P ]
lup
M4
UP— DN, I L —
'3 fvctrl or
DNAO_I R T C. — Tst i
M3 < >
DN C;
VBNO_I T - oe——
M1 VctrI .

e PLL will lock with static phase error
if there is a charge pump mismatch

e Extra “ripple” on V,

« Results in frequency domain spurs
at the reference clock frequency
offset from the carrier

v >t

Actual locked condition

w/ CP mismatch

—_TOS

T e

DN, L AT
lup Iyp = I¢cp 7
| Al
oN Trst Ipy = Icp + B

IUP (Tos) — AI(Trst)

Al(Tyst)

Tos = Al
lep — =

Al T
¢OS = 27'[ AI (TTSt>
Iep =) N7l
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Charge Pump w/ Improved Matching

o Parallel path keeps current
sources always on

Veontrol
o Amplifier keeps current source

Vs Voltages constant resulting
in reduced transient current
mismatch (charge sharing)

[Young JSSC 1992]
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Digital Leakage Compensation

e Charge pump off-state leakage causes PLL rFanT:OSSCC 2019]

to lock with static phase error ok’ -
e Compensated by additional digitally-controlled —I i
|

charge pump current pulses S
e TDC detects phase error between input o i
reference clock and feedback clock T 2
i Py
o T O et  n A ] = @O e vet
e . ; ——— Static Phase iEl-"rordue to Ieal;a.gefrom supply
" Bl R[] | oo T..0
§' % . = refclk L
"L" s 5‘----------"--- Divider clkout be|k L
StalicMPol:lai::rError : ) Echmp ) 1
DN_| ﬂ' I ]I |
. ﬂ nié
lieak

Amplitude (V)

Vet

Two pulse digital leakage compensation for 82
leakage from supply



Charge Pump w/ Reversed Switches

e Swapping switches

reduces charge injection
« MOS caps (Md1-4) provide
extra clock feedthrough
cancellation
e Helper transistors Mx and
My quickly turn-off current
sources

e Dummy branch helps to
match PFD loading

Vreg1
upo—|[]varv.., dno—|[]
up_bo—[" u, Ic:( dn_bo—II:
UP°'—||: f—oup bdﬂ°—||: F|—odn_b
’ Gnd Gnd
ot Eﬁ l";n ' 1
9 lup
Vclﬂ r—— Vdummy
|
EI 1 L'I 1= ||;
1 = Vreg 1 Vreg
dn_bo—]|Jue "i_° o P-be—l] —oup
dl'lo-—llf M, Ic” upo—-llf
dn_bo—||: Gnd up_bo-—||:
_Gnd

e Helps with charge
injection, but charge
sharing is still an issue

[Ingino JSSC 2001 ]
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Charge-Pump PLL Circuits

e Phase Detector

e Charge-Pump

Fout = N*Fin

O LOOp Fl|tel‘ J:E|i_n|'|_in(t) =>D£;:‘|‘ = ICP WW

§ ON ! VCO - out(t)
veo  EEL

e Divider Piger |
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Charge Pump PLL Passive PI Loop Filter

VDD Single-Ended | Fully Differential

(D) o, : ! : | O

! | ! v ! ® T T

@‘ging i VCO Control 1 : ) i ! b G
‘ : Voltage : v R " el Sl VT =c,
| ) TR I Vi  H i e = R DA 2 O

: . 1€ —C, ! o | Ms| Mg’ P 1 1 ”

Discharging, - ' P — p w— L — RS ) SR S

I Y = : bl Ll e R,= |
151 : | D e | ST R | '] =C,
L O T S S I

VSS L—-————————————I :._....;.. ..... - -----.: - - f’ ;-_L

o Simple passive filter is most commonly used
e Integrates low-frequency phase errors onto C1 to set average frequency

e Resistor (proportional gain) isolates phase correction from frequency
correction

e Primary capacitor C1 affects PLL bandwidth
o Zero frequency affects PLL stability

e Resistor adds thermal noise which is band-pass filtered by PLL
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Loop Filter Transfer Function

e Neglecting secondary capacitor, C,

VCO Control
Voltage
£

R=318k2 . o Tee 0
C=622pF ... il i il




Loop Filter Transfer Function

e With secondary capacitor, C,

VCO Control
Voltage
¢ Layout Extracted Loop Filter Frequency Response
C1__ 1 C2 . «— Pole at 0Hz
- s . leC e Second Pole at f = 2(11;0%2 = 915kHz

1 1

—C S + RO
Z(S) — - - ¢ lf (Hz )

) :5:((_.1 +C, )

S+ —
RC,C,
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Why have C,?

e Secondary capacitor smoothes control voltage ripple

e Can’t make too big or loop will go unstable
« C, < C,/10 for stability
« C, > C,/50 for low jitter

PLL Synthesizing o 38UMHz Signal
L
WM VCO Control Voltage

Control Voltage Ripple

oao |

—19Bm |

e

~2p0m |
=

~ —3pom |

d
o

—4p0m |

—5BBmM |

—BEEm b
4.1 4.0 2.0 12u 16u Zidu




Loop Filter Capacitors

e To minimize area, we would like to use highest density caps

e Thin oxide MOS cap gate leakage can be an issue
« Similar to adding a non-linear parallel resistor to the capacitor
« |Leakage is voltage and temperature dependent
« Will result in excess phase noise and spurs

e Metal caps or thick oxide caps are a better choice
« Trade-off is area

e Metal cap density can be <1/10 thin oxide caps

o Filter cap frequency response can be relatively low, as PLL
loop bandwidths are typically 1-50MHz
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Charge-Pump PLL Circuits

e Phase Detector

e Charge-Pump

PFD
¢ LOOp F|Iter Jfljlin(t) T upP @'CP Foum*ﬁn
‘_G:l‘ Ve VCO out(t)
® VCO JUL O —prd L DN,a@ICP R .
“T
e Divider o
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Voltage-Controlled Oscillator

Ver() = VCO > douelt)

| > Vct ri

VctrIO
wout(t) = Wy + Awout(t) = Wq + KVCOvctrl (t)

e Time-domain phase relationship
Laplace Domain Model

¢out(t) = an)out(t)dt — fKVCOvctrl (t)dt

K, ., units are rad KVCO
s-V Vctrl(t) (I)out(t)
27(1IMHz) 9 x10° rad S

\Y% s-V
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Voltage-Controlled Oscillators (VCO)

e Ring Oscillator LD

 Easy to integrate

ﬁ_
A9 a0y
[

2
@] 5!
v ||
2
¥Vl

- Wide tuning range (5x) %

 Higher phase noise

e LC Oscillator
« Large area
* Narrow tuning range (20-30%)
« Lower phase noise
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Barkhausen’s Oscillation Criteria

H(jo)

[Sanchez]

H(jo)
1-H(jo)

Closed-loop transfer function:

o Sustained oscillation occurs if H(jo)=1

e 2 conditions:
« Gain = 1 at oscillation frequency o,
- Total phase shift around loop is n360° at oscillation frequency o,
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Ring Oscillator Example

+ ¥ + ¥ + F + ¥
A

H(s) = — Y

1+ o)

wO

Phase Condition: tan™?! (%) = 45° >

Wosc = Wy =

RC

Gain Condition:

Ap 24:1_)AO:\/§:gm1R

L
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LC Oscillator Example

e QOscillation phase shift condition
satisfied at the frequency when
the LC (and R) tank load
displays a purely real
impedance, i.e. 0° phase shift

LC tank impedance

B Ry +Ls
1+ L,Cis> + R.C;s

Z,,(s)

LV R:+ L
‘Zeq(s ]a))‘ (I—LlCla)z)z+R§Cfa)2




LC Oscillator Example

e Transforming the series loss
resistor of the inductor to an
equivalent parallel resistance

L
1 1 > e Ap =Cp
Rg

[Razavi]

96



LC Oscillator Example

Loop Gain
tiF:  [Razavi]

+180 \
.
E o} .
: -
. @ -180°

Phase condition satisfied at o, =——
L,C,

Gain condition satisfied when (g,R,)" >1

Can also view this circuit as a parallel
combination of a tank with loss resistance
2R, and negative resistance of 2/g,,

Oscillation is satisfied when

1
— <R,

Em
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Supply-Tuned Ring Oscillator

Vep

—
V{: —
Cpec :
20 C [Sidiropoulos VLSI 2000]
TVCO — 2nTD - stage
BV, -V,)

v e _ P
yco
aI/c: zncstage
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Current-Starved Ring Oscillator

VDD VDD VDD VDD
ﬂlJME #—Mﬂt L_'__Lr A
‘ | ! _.LILH :|
:} M3 K S e ® K Osc out
M2 B LU
yLos
Vivco— M2 L (ML 1 B
¥ v ¥ ¥
[Sanchez]

Current - starved VCO.
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Capacitive-Tuned Ring Oscillator

100



Symmetric Load Ring Oscillator

[Maneatis JSSC 1996 & 2003]

VCO Replica-Feedback Bias Generator Buffer Stage R ————Y

+ 4
(Vep) | v

I

l |
Verr2  VertR

T

BN ||__|?_ "_'l' _
e Symmetric load provides frequency tuning at excellent
supply noise rejection

e See Maneatis papers for self-biased techniques to obtain

constant damping factor and loop bandwidth (% of ref clk)01




LC Oscillator

e A variable capacitor VDD
(varactor) is often used to
adjust oscillation frequency

VCO

e Total capacitance includes
both tuning capacitance and

[
fixed capacitances which
- > K

.
X

reduce the tuning range v+

0 \Y

1

1
a)osc i V LPCP B \/LP (Ctune + Cﬁxed) ?

VSS
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Varactors

e pn junction varactor
 Avoid forward bias region to prevent oscillator nonlinearity

V+c Cvar
V. o0———
V+ O—
o U7 W Tm N
V. o— Depletiok """" " N n-wel /
Region V-V,
P~ substrate
e MOS varactor [Perrott]
e Accumulation-mode devices have better Q than inversion-mode
Va
Vs * T Accumulation
- Layer
Cas ‘/"" Crmax
n-well R _/
min ~. [Razavi]

p-substrate 0 Vas
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Charge-Pump PLL Circuits

e Phase Detector

e Charge-Pump
e Loop Filter
o VCO

e Divider

Fin
[LIL inct)
jmfb(t)

VCO
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Loop Divider

——
. Noe '
e Time-domain model e The loop divider is
0, ()=~ () dimension-less in the PLL
A linear model

()= 3, 0t =0, )
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Basic Divide-by-2

) Latch Q - p Latch Q FOL%I'_;(UT
CLK O—¢¥|CLK QN | ™| CLK QN
INPUT
Do— 0.6 : :
Linear Model
e Divide-by-2 can be realizedbya .| | e
flip-flip in “"negative feedback” ' Afou=468.75MHz
E0.4 - .
e Divider should operate correctly E"’-‘”
up to the maximum output clock = ,| Aboo e 56.25MMiz
frequency of interest PLUS | |
some margin “
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (us)
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Divide-by-2 with TSPC FF

True Single Phase Clock Flip-Flop

Divider Equivalent Circuit
Note: output inverter not in left schematic

i

CLK CLK CLK
TIN
—t
IN | B
e Advantages o

« Reasonably fast, compact size, and no static power
« Requires only one phase of the clock

o Disadvantages
» Signal needs to propagate through three gates per input cycle
* Need full swing CMOS inputs

» Dynamic flip-flop can fail at low frequency (test mode) due to leakage, as
various nodes are floating during different CLK phases & output states
- Ex: Q_bar is floating during when CLK is low 107



Divide-by-2 with CML FF

‘L = — 5 3 ] S R % R2 %B $
\\
DB QB o aBF—_, | o_“:'W le:||— MJ’:||_5%_| ”

St | o o o

vs_} I%riﬂ
e Advantages =

« Signal only propagates through two CML gates per input cycle
« Accepts CML input levels
e Disadvantages
 Larger size and dissipates static power
« Requires differential input
* Need tail current biasing

o Additional speedup (>50%) can be achieved with shunt peaking
inductors
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Binary Dividers:
Asynchronous vs Synchronous

Asynchronous Divider * Advantages
« Each stage runs at lower frequency,
resulting in reduced power

» Reduced high frequency clock

»D Q »D Q »D Q——>CLK/8
l l

QB QB QB .
A A A loading
CLK ) 1 1

e Disadvantage
« Jitter accumulation

e Advantage

Synchronous Divider * Reduced jitter
e Disadvantage

bD-.D Qﬂ_jljD_,D QJ « All flip-flops work at maximum

sl - a8l cLK/8 frequency, resulting in high power

« Large loading on high frequency
clock

CLK
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Jitter in Asynchronous vs Synchronous Dividers

Asynchronous e Jitter accumulates with the
L L L clock-to-Q delays through
D af D ak D alM>CLK/S the divider
B B a8 e Extra divider delay can also
CLK— ) 1 degrade PLL phase margin
e Divider output is “sampled”
Synchronous P P

with high frequency clock

LD lebD—rD Q—leﬂ_j\jD—rD Q—J e Jitter on divider clock is

as QB [ 0| es—cLkie  gimilar to VCO output

CLK I %
I I I

e Minimal divider delay
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Dual Modulus Prescalers

> MC=0-> -3
FFy _ MC=1 -5 32
~ Q
}
[Razavi] $3/4 e
L I g2 Output
Oer, @ o LD b r
1 G, FFy & FF;;a ) FF..a MC=0 - =15
Oy o ——_—F— MC=1-:16
a \
Synchronous +3/4 Asynchronous -4

e For /15, first prescaler circuit divides by 3 once and 4 three times

during the 15 cycles 111



Injection-Locked Frequency Dividers

LC-oscillator type (/2) Ring-oscillator type (/3)
Vpp
. 1T
i _Ici | J Mrpy ||QJ Mk | ‘J Mrps
T ] | - | ]
T—l ~ e —|I:MP2 _I | ﬂf:s
_L_‘ ] . Ll Vor Voz ”
¢ T _ T Vi % [ M —|I: e L[ o
= = ¢
‘i;:ll cos(2opt) + Ipc L _" l I : M Il—l-lez I : Mrns
v =V cosQogt) o—|[ M3 Voo L ] +
[Verma JSSC 2003, Rategh JSSC 1999] [Lo CICC 2009]

e Superharmonic injection-locked oscillators (ILOs) can
realize frequency dividers

o Faster and lower power than flip-flop based dividers

e Injection locking range can be limited
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