A 0.0066mm?2 780uW Fully Synthesizable
PLL with a Current Output DAC and an
Interpolative Phase-Coupled Oscillator

using Edge Injection Technique

Wel Deng, Dongsheng Yang, Tomohiro Ueno,
Teerachot Siriburanon, Satoshi Kondo,
Kenichi Okada, and Akira Matsuzawa

Tokyo Institute of Technology, Japan



Outline

* Motivation
 Concept of synthesizable analog circuits
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— Interpolative phase-coupled oscillator
— Standard-cell I-DAC
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* Conclusion
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Motivation

» Synthesizable analog circuits
— Portability
— Scalability
— Layout issues above 20nm

* Potential applications
— PLL

— ADC, DAC
— Wireless/Wireline transceivers
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Synthesizable Analog Circuits

RDL Digital design flow

module PLL A
(CLK, ..., OUT)

Commercial P&R tools...

endmodule

with a standard-cell library
without any custom-designed cells
without manual placement
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Issue: Layout Uncertainty

Do Do =

< e

ldeal placement

Actual placement
=>Unbalanced loading
No layout symmetry

A new analog-circuit architecture Is required,
which tolerates layout impairment/uncertainty.
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Conventional All-digital PLLs

e TDC-based architecture
£ DCO

°{Toc_ O
FCW

—The layout uncertainty degrades TDC
and DCO linearity.

—Poor frequency resolution by
standard-cell design.

* Trade-off between layout integrity and
Jitter performance
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Proposed Synthesizable PLL

 Injection-locking topology
— Avoid TDC issues (linearity, power-resolution
trade-off)

* Circuit techniques
— Interpolative phase-coupled osc. & I-DAC
« Overcome phase imbalance
— A new varactor for fine resolution
 Low spur level
— Edge injection technique
* Relax severe timing design
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TOP Block Diagram

* Interpolation
e Stdcell varactor
e Stdcell I-DAC

[W. Deng, et al., ISSCC 2013]
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TOP Block Diagram

Feedforward phase locking
Fret

re
. Edge Main DCO
Injection :

Pulse - Edge
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TOP Block Diagram

ﬂef

Main DCO

Replica DCO

FLL with Offset
Calibration

Feedback FLL for frequency tracking

[W. Deng, et al., ISSCC 2013]
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Outline

— Interpolative phase-coupled oscillator
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Block Diagram of DCO
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Block Diagram of Oscillator 1
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Block Diagram of Oscillator 2
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Block Diagram of Oscillator 3

Cmedium

Cfine
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Interpolative Phase-coupled Ring

N Pl: Phase
Interpolator

3
-
[+ % &
& I:! Z:I
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Outline

— Standard-cell I-DAC
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Conventional Coarse Tuning

Unbalanced loading at each stage.

panas el

\—> —p Path-Selection MUX L

Control code
[D. Sheng, et al., TCAS Il 2007]
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Coarse Tuning using DAC
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Simple Voltage-output DAC

Do °_D°_° Vout
Do

Vc:rut
D

D=0
D=1

D, =11
D,= 10
D,= 01

D,= 00

Vour= 1V
Voui= OV

V= 0V
V= 0.5V
V= 0.5V
V=1V

out
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Model of V-linear DAC

« How to obtain a I-linear DAC?
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Proposed I-linear DAC

Do 0 ID— Do—[_ =1

MarsED Vout D; — “xz

o9 = o, —dx | o | fo
T L e L 1

» A feedback structure for forming a
current mirror.
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Proposed I-linear DAC (cont.)
Do_*'_.

x4

Ds 4I$;ﬁ L
1 |
| DAC
x8
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Simulation Result
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Outline

— Standard-cell varactor
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Medium Tuning Capacitor

Conventional:
1.55ps@200MHz med-um ‘ :l

V.

In

— DD Dii=0
Cmedium' -

ol

. medlum

Medium resolution

D=1 o
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Miller Effect Sensitivity

16 v T v T v T
L Vg r=0.2V

/

L nd Vo +=0.6V

Vg ur=0.4V

0 | 0.2 | 0.4 | 0.6 | 0.8
Vin[V]
* Miller effect can be controlled by Vout.
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Miller Effect Sensitivity (Cont.)

Cn VN Vour | Smaller Cyy

[ v/

- Larger Ciy

A transient variation of Vout can make a fine
capacitance difference in CiN.
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Tuning Capacitors

- ! Vin
O — D D—
Cmedium_' __________ Crine { (Proposed)

EDM_'} E i(-l>o_—_)°' i

Medium resolution

Fine resolution

N

0.4ps
- (0.066ps X 6)

D=1\ D0

Time[ps] Time[ps]
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Outline

— Edge injection
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Conventional Pulse Injection

Free -running

> — xxxxxxxx

' Injection pulse

Ref

________________

¢ " Injection Pulse

ﬂ ﬂ
j> Ilinjection Iockelc?l
- - - (1000000C

« Severe timing design is required on the
Injection pulse width.

[B. Helal, et al., JSSC 2009]
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Edge Injection

Ref Injection- | |
edge Inj.
(1) (3) window

Injection-
indow

« Severe timing design is not required.
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Design Procedure

Logic Verilog
) RTL

Verilog netlist @gic Synt. T@ Verilog netlist

(gate-level) T (gate-level)

DCO Logic DAC

Nl

Netlist

|
CP&R Too >
!

GDSI|
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Chip Microphotograph

110um

CMOS 65nm
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Phase Noise

~ |Frequency: 900MHz
~|Integrating Jitter: 1.7ps |
Ppc: 780puW

N
o

-120

Phase Noise [dBc/HZ]
S

Offset Frequency[HZ]
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Measured Spur Level

Pulse Injection Edge Injection
(Conventional) (This work)

Ref 8 dBm Atten 18 dB Atten 1@ dB

Marker

Marker
903.700000 MH=z

1.200000000 GHz
oAy -18.8 dBm

-8.518 dBm

15t Spur: -41 dBc 15t Spur: -41 dBc
2"d Spur: -42 dBc 2"d Spur: -51 dBc

N: Multiplication factor
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Layout Consideration

Integrating Jitter: 1.7ps Integrating Jitter: 2.32ps
Poc: 780uW Poc: 640uW
FOM: -236.5 dB FOM: -234.6 dB

130 pm

Hierarchical P&R

FurI(I)y (s;)slggr;esmed with synthesized
PTOp DCOs
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Compar. of Synthesizable PLLs

This work [1] [2] [3]
65nm 28nm 65nm 65nm
Power 0.78 13.7 3.1 2.1
ImW] @900MHz @2.5GHz @250MHz @403MHz
Area 0.0066 0.042 0.032 0.1
[mm~?]
Integ.
Jitter [ps] 1.7 N.A. 30 N.A.
RMS
Jitter [ps] 2.8 3.2 N.A. 13.3
FOM [dB] -236.5 -218.6* -205.5 -214*
W/ custom
cells? NO No Yes Yes
Topology IL-base TDC-base | TDC-base | TDC-base

*FOM is calculated based on RMS jitter.
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Performance Comparison
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Conclusion

* Synthesizable analog circuit design
IS proposed.
— By the digital design flow
— Without any manual placement
— Without any custom-designed cells

* Fully synthesized PLL
— Dual-loop injection-lock topology
— Current-output DAC
— Ultra-fine frequency resolution
— Interpolative-phase coupled oscillator
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