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Precision Oscillator Applications

+1ppm - £10ppm +0.01ppm - £1ppm +0.5ppm
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Precision Oscillator Resonators

Parameter

Quality Factor
Stability

Fabrication

Performance Against
Shock and Vibration

Vacuum Seal
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MEMS-Based Programmable
Oscillator Package

|

MEMS die, CMOS die and leadframe in a package
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MEMS-Based Programmable
Oscillator (XO)

---------------------------------------------------------------------------------------

Other Supporting Circuits

-----------

_I__E’\;—SOsciIIator Fref[  Frequency ost o \Fout
i+ [Sustaining™>1  synthesizer [ | Divider [ Driver
. T~ Cirou e

----------------------------------------------------------------------------------------

Fout Error

+T _____
Offéty, T wmmp  APPM vr‘*\/’T
£ Zero @ 25°C

Output stability matches reference resonator
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MEMS-Based Programmable
Oscillator (TCXO)

---------------------------------------------------------------------------------------

Other Supporting Circuits

-----------

_I__E’\;—SOsciIIator Fref[  Frequency ost o \Fout
i+ [Sustaining™>1  synthesizer [ | Divider [ Driver
. T~ Cirou e 5

- :Fout = (1+TDCout) X [Fref x PFM / Npdiv] |
TDC & outé —————————————— E
Polynomial PFM

----------------------------------------------------------------------------------------

TDCout Fout Error
‘. =
APPM —F>> T —>T

Temperature-to-Digital Converter (TDC) is needed
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TDC Specifications

Clktr Stability

60 PPI\z ------- T i >T Fout ftability
e Frequency Fou
v ' : kZ >»T
CIkTE (47MHz) Syntl}sazer <0.1 PPM
TDC & — Temperature Range: -40°C to 85°C
Polynomial —ADEV: < 1% in 1s averaging time
PFM — Stability vs. Temperature: < 0.1ppm
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TDC Specifications

ClkTF Stability

L U N .
50 PRI T - T Fout ftablhty
e Frequency Fout
v > - > (ool ~amndl
ClkTF (47MHZ) Syntl}sazer <OTFEN
DC & — Temperature Range: -40°C to 85°C
Polynomial —ADEV: < 1e°in 1s averaging time
PFM — Stability vs. Temperature: < 0.1ppm
Parameter TDC Spec. Device Spec.
Power <20mW application demand

Bandwidth (BW)| > 100Hz | maintain ADEV in thermally noisy environment (fan,...)
Resolution | <0.05mK ADEV requirement
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State-of-the-Art TDCs
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BJT-Based Resistor-Based
5 t A.Heidary | R.Eitan | M. Perrott | C. H. Weng Target
arameter  isscc14] | peat4] | sscc2) | wsscasy | 149
CMOS 1 go7um | 002em | 018m | 018w | 0.18um
Technology
Power 1 ysouw | t1soiw | t3mw | easw | <20mw
Consumption
Gonversion | /% oms ™1 | ¢ 0.02ms 1| 100ms | 0.41ms 1| <5ms
Time ~__-" ~— -~ - ~_ -
Resolution |  3mK 250mK £ 0.1mK V] 10mK | <0.05mK
» P
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Prior Architectures Unsuitable

NG Perrott f D EJT
__:—1OpJK2
R

—
(a»]
-~

—
o
[p]

— —
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Energy/Conversion [nJ]

K.A.A. Makinwa, Smart Temperature Sensor Survey", [Online]. Available: http://ei.ewi.tudelft.nl/docs/TSensor_survey.xls
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Dual-MEMS Resonator TDC

* Different temperature coefficients (TC) for two clocks
o Frequency ratio indicates temperature
o TempSense clock (Clk;g): TC = -7ppm/K
o TempFlat clock(Clk:g): TC < 1ppm/K

. ok 4TNHz
sogpm, LT
1 Frequency [ipCost = ST
Ratio —3 -1500ppm
MRz Engine t
1400ppm TDCoui= M x Frs

Frr
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Frequency Ratio Measurement
Techniques

* Reciprocal counting method

* Counts OSC,’s number of cycles in a time window
set by OSC, and counter2

f1 Counter1

o M blt A .:

OSCH

______ [
f2 Counter2 , “ Pl
(N- b't 1-bit MSB)  '---=--

0OSC2
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Proposed Ratio Engine

Fe=drviz £ L L L LE LE LI L
re=asmiz £ L3 LF LF LT LT

ATit > « ATt > -«— ATiv3
ATi ATis2

ATj,j=123.. |Time-to-Digital \ . Frs
' -
Converter Filter Frr
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Proposed Ratio Engine

Fe=drviz £ LS L LE LE LE LI L
Fe=asmHz 4 LT L Lf L LT

ATit > « ATt > -«— ATiv3
ATi ATis2

Phase Quantizer1

Filter > Frs

Fr

Phase Quantizer2
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Proposed Ratio Engine

Fe=drmiz £ L L LE LE LE LI L
Fe=asmHz £ LT LS Lf LF L

ATit > « ATt a— ATiw3
ATi ATis2

Phase Lol Fiter | £12

Quantizer Frr

PFD

AIDiv <

VCO is locked to Clkg
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Proposed Ratio Engine

Fe=drmiz £ L L LE LE LE LI L
Fe=asmHz 4 LT L Lf LF LS

ATit > « ATt a— ATiw3
ATi ATis2

| Filter |—->%

Phase
Quantizer

PFD

AIDiv «
1
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Implementation Flow

F_= 45MHz—>
—>>

Digital
PFD

Digital DCO

n

Loop Filter

© 2016 IEEE
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Implementation Flow

F_=47MHz
" g E —> :L\,,> 'Fvco: SDin X FTF:
D

—>>

Divider |«

A

—>p 3rd-Order
SD,——> Sigma Delta

F1s= 45MHz—>{ Digital Digital R S F_=10xF,,
—>»| PFD Loop Filter

Div-by-10 |«
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Implementation Flow

F_=47TMHz —

2
B

VCO
—>1D|._ = E———
__________ | _q——-"
' DCO, x F oo =110x Fro! : Divider |«

i 10xF 1 A
O = ! —p 3rd-Order

L — - e~ —>1Sigma Delta

=== - -

—>»| PFD Loop Filter

|

Frs= 45MHz—> Digital | | Digital 'co :
In |

|

I — _4.. ____________________ —
Div-by-10 |«
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Implementation Flow

P F = 47MHz >

—>>

P yy =
F > _\,‘> VCO
D

DCO, xF_=10xF,, Divider |

_10xF A

=) DCO, = — —>p 3rd-Order

TP »Sigma Delta

F.s= 45MHz—>{ Digital Digital
DCO
F —»| prD [7| Loop Filter

'-?ppm/Kt‘\‘“‘A | :
AR T Div-by-10 |«
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Implementation Flow

F_=47MHz >

P ry =
FP> _\, VCO
D

—>>

Divider |«

A

»P 3rd-Order
<«— Polynomial < »1Sigma Delta

Frs= 49MHz—>{ Digital Digital
DCO
—»| prD [ Loop Filter n

Div-by-10 |«
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Implementation Flow

---------------------------------------------

F_= 47MHZ—

Analog PLL—1
TDC, Divider |«

t L et

: > 3rd-Order
LPF [« Polynomial [ »Sigma Delta

-------------------------------------------

-------------------------------------------------------------------------------------------------

: F.s= 45MHz—>{ Digital Digital
: DCO.
: —»| PFD [”| Loop Filter n

Div-by-10 |«

-------------------------------------------------------------------------------------------------
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More Detalls

Clk,, _-DD R, : i)
Gz i Clk . l
Fine { ,l, Coarse
Quantizer Quantizer

Divider |«
A

3rd - Order
Sigma Delta @
DCO_A T

STEP =90

U iz
_o
1-z1
A
n
>
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CIkTF__DD R,
C== R, ZC

More Detalls

> } 3rd - Order

© 2016 IEEE
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)
T oy or.
I = Fine | | Coarse
— Quantizer Quantizer
Divider |« i i i
4-bit -bit
) ’ :
1-Z 1-z
Sigma Delta /Bl STEP =90
DCO_A Q N 1
o 1-z-1
1-7-1
A
—3] 3 +a x+..+a X" = _’\'\/‘ —3» TDCout
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ClkTF__D R, v |
—AAA—
D C.+ R XLc

More Detalls

1:=[ 21:3

Divider

A

— -
i Cl. l

Fine
Quantizer

Coarse

{ v

3rd - Order
Sigma Delta
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DCO. A

Quantizer

STEP =90

1
+ = <«
1-7-1
A
—p| a +a X+..+a X"

—> _’\'\/_ =3 T DCout
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ClkTF__D R, e |
—AAA—
D cL R, &Lc

More Detalls

11: 21:3

Divider

A

_ L
i Ch. l
Fine { ,Iy Coarse
Quantizer Quantizer

'

3rd - Order
Sigma Delta

DCO, A
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STEP =90

1
+ - «
1-7-1
A
—»| a,+a x+..+a x"

—> J\"/_ —» TDCout
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Digital PFD

————— -
—>Tq, e € Tq, > Di‘” : Tauan =1/ Foco |
L 1 2 N : —-—===1
L P A :
DCO,, | | T ‘ ]‘ : f
Clk | ‘
TS e— s aa R R R EEEEEE R )A(P

DCO,,; Lol 4bit Counter |43 Lateh I 727 1>-C
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Digital PFD

---------------------

o Arbiter
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ClkTF__D R, e |
—AAA—
D cL R, &Lc

More Detalls

11: 21:3

Divider

A

_ L
i Ch. l
Fine { ,Iy Coarse
Quantizer Quantizer

'

3rd - Order
Sigma Delta

DCO, A

© 2016 IEEE
International Solid-State Circuits Conference

STEP =90

1
+ - «
1-7-1
A
—»| a,+a x+..+a x"

—> J\"/_ —» TDCout
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Clk R,
TF —_D A
D cL R, Lc

More Detalls

1;[ 2;[3

Divider

S R
J; Clk. l
Fine { ,lv Coarse
Quantizer Quantizer

A

3rd - Order
Sigma Delta
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DCO. A

STEP =90

d,+a X+...+d X"
n

—> _/\’\/— —3» TDCout
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ClkTF__D R, e |
—AAA—
D cL R, &Lc

More Detalls

1;[ 2;[3

Divider

A

9

1

ﬁ

A

i Clk_ l

‘ Fine { U

Quantizer

Coarse
Quantizer

3rd - Order
Sigma Delta
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DCO, A

STEP =90

71

d,tda X+..+a X"
n

1
A 1
A
—> _/\’\/_ —3» T DCout
>
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More Detalls

Clk R, b
TF —_D:.). ) Ao A 1,
c 5 C, 9& l

1-I- 2 T C|kTS
- F Fine ) ) | Coarse
- Quantizer Quantizer
Divider |« i i
4-bit o 4- it&
1 1-Z 1-Z
>h 3lrd - Order
SlgmiDeIta /BI STEP = 90
DCO, SN lg=T
o al
1-z]
A
—»| a +a X+..+a X" _/\\/ —3 TDCout
>
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Chip Micrograph

* 0.18um CMOS
e 0.54mm?

k o Resonator included
| *12mA current for:
| w o Sustaining circuits

o Frequency ratio engine
o Digital

. Digital

===« Supply voltage: 1.6V
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Resolution Measurement Setup

CIKTF

------------------------

jfjfﬁ
IEE
Y

TDCout

¢
1
1
1
1
1
1
1
1
1
L
1
1
1
1
1
1
1
1
1
1
1
1
‘

Clkrs

—]
O
O

Thermal insulator is needed
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Resolution Measurement Setup

Thermal Insulator

Tn

TDCout

- s w m m = m

Environmental noise dominates the TDC resolution
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Resolution Measurement Setup

Thermal Insulator

Tn

Frequency Fou;
Synthesizer

[Hz

- mmm -

Instead of TDC output, clock PN is measured
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TDC Contribution on PN
___Oscillator PN fora 20MHz Clock

XOand TOXO Phse Noise

Phase Noise (dBc/Hz)

180 _;;;;;;i1 : ;;;;;;;iz : ;;;;;;;i3 : ;;;;;;;i4 : 5 : 6
10 10 10 10 10 10 10
Offset Frequency (Hz)
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Phase Noise (dBc/Hz)

-180

TDC Contribution on PN
__Oscillator PN for a 20MHz Clock

TCXO Phase NOESG W|th
B _F||ter Off ]

N ‘-‘-\ -

10 10 10 10 10 10 10

© 2016 IEEE

Offset Frequency (Hz)
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TDC Contribution on PN

Oscnlator PN for a 20MHz Clock

TCXO Phase N0|se W|th Fltter Off
o (Gamed up TDC) -

: 9;,;‘:: . - m—
Do “'-—-.",.h-ﬂ“\

N

Phase Noise (dBc/Hz)

10 10 10 10 10 10 10

Offset Frequency (Hz)
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TDC Contribution on PN
__Oscillator PN for a 20MHz Clock

ERRSERD VEECTT I l"--:--:‘-:-zz-'f‘-"--"--*--f‘-":-:::-
"' J'\""ﬁ -u-ul--r.u.‘_

TDC ?i?ontrlbution o PN 'f-_—_-_-_-_fr--f-ff,
1e0r (Fllter.ff)

Phase Noise (dBc/Hz)

10 101 10° 103 10 _“__10 106
Offset Frequency (Hz)
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TDC Contribution on PN
Oscillator PN for a 20MHz Clock

‘ - e
', A L w0 DoDoIIIiiz
p [}
t
|

on PN (Fiter On | -

I ‘ ool TIoIlI z oo ool
B P Tt
' ",",",",',‘l""“""""“""“-
‘l 4

S ¥ \"'h -u-.l--r.u.‘_
r“"-—-.":.h‘-“g :
S S .
e !" B I I
' - - - - e e e e

Phase Noise (dBc/Hz)

SRR o s'\',. -..-.n..-..,_';"

10 10 10 10 10 10 10
Offset Frequency (Hz)
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TCXO with Gained-up TDC

Fref Fout
A A

| — —————

ppmKef™ T
. Frequency
T > . — Fout
" O'_@ Fref | Synthesizer o

»| TDC TDCout PFM
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TCXO with Gained-up TDC

Fref Fout 19 p=r—————
A X - clock stability in
—t -19ppm/K - \gained up TDC
tppmik = e ™~ .
. Frequency =
Tin O— > . —>» Fout £ 10
Ay Fref Synthesizer o
=
E
3 5
p)

36362

Temperature (°C)

TDC has 40uK resolution over a BW of 130Hz
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MEMS Resonators’ Stability

Measurements
TempFlat Resonators’ Stability TempSense Resonators’ Stability
60 : : z z : : 600 : : : : z :
= 40f - parts. T A00Ny 29 parts
= o S e
£ 20 £ 200
= =
= 0 s O LN
© © -
& 204 &n-200]
_ i N S S S Ty S S SR N
-40 -20 0 20 40 60 80 -40 -20 0 20 40 60 80
Temperature (°C) Temperature (°C)
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an
o

I
o
o

Stability (ppb)

s
-
o

Measured TCXQO'’s Stability

TCXO Stability

ﬂ#m-&ﬂ*m-ﬁm*“*ﬂ*
Target Spec

: : 15 parts

H*H*ﬂ**ﬂ*ﬂ-ﬂ*ﬂ*ﬂ*

40 20 0 20 40 60 80

© 2016 IEEE

International Solid-State

Temperature (°C)
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Measured TCXQO'’s Stability

TCXO Stability TCXO Hysteresis
1 Q0 [ e e et A A 100 I
— ' Target SPEC - o~ © TargetSpec
= —— 2
= 70— B
@© © -
N . : 15 parts H ; 15 part, 9 temp cycles
-100 H*H*ﬂ*mﬁmd&ﬂ*ﬂ* =100 |+
40 20 0 20 40 60 80 —40 20 0 20 40 60 80
Temperature (°C) Temperature (°C)
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Allan Deviation Measurement

4e-10 : : oo : : ol : : oL
ssefl
16e0b Ny
Betl

ADEV

10° 10" 10

Averaging Time (Second)

TCXO meets the ADEV target of < 1e-10
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Comparison Table

: C.H.Weng | P.Park | M. Perrott | A.Heidary
Parameter | ThisWork | *aconer | wsscis] | [isscerz) | 1SSCC14]
S%a;sgr Dézlsmilt\gf Resistor Resistor Resistor BJT
Te%th%ﬁ)gy 018im | 0418um | 048 | 048um | 0.7um
Area 0.54mm? | 043mm? | 0.09mm? | 0.18 mm2 | 0.8 mm?
COESOJ"’;F;“O” ClomwW S| e45pw | 3w | 13mw | 159 pw
Te”;{?nrg;“re 4010 85°C |-45 to 125°C|-40 to 85°C |-40 to 85°C |45 to 130°C
Con¥i$;séion (:3.85m§ > 0.1ms 32ms 100ms 2.2ms
Resolution [ ¢ 0.04mK 3| 1omk [ 28mk  [¢04mk 3] 3mK
S———— = - — —
FOM | (0.12pJK?J | (0.65pJK2] 8pJKk? | 13pJK® | 3.2pJK’

International Solid-State Circuits Conference
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Energy/Conversmn vs. Resolution’

Energy/Conversion [nJ]

—
o,

10"
107

10°*

10° 10

Resolution (K)

Resolution FOM = (Energy/Conversion)xResolution?

"K.A.A. Makinwa, "Smart Temperature Sensor Survey", [Online]. Available: http://ei.ewi.tudelft.nl/docs/TSensor_survey.xls
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Energy/Conversion vs. Resolution’
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Energy/Conversion [nJ]

:1043 — 10
Resolution (K)

Resolution FOM = (Energy/Conversion)xResolution?

"K.A.A. Makinwa, "Smart Temperature Sensor Survey", [Online]. Available: http://ei.ewi.tudelft.nl/docs/TSensor_survey.xls
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« MEMS-Based Oscillator for telecom applications:

o Allan Deviation of < 1e19 in 1s averaging time
o Frequency stability of < £0.1ppm
o Temperature range of -40°C to 85°C
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