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« Demand for faster and lower power communications
networks and devices is increasing Frer [ phase | .. [Cowpass| .. _
— S0Cs being designed in more scaled technologies Detector Ve | Filter ; vCo Jour
— Currentdemands require PLL in GHz range " Ky F(s) Ko
» Frequency synthesis for clock generation
» Clock and data recovery (CDR) for high speed 10s
» Frequency modulation and demodulation
e VCOs are a core block in PLLs LN
« Design challenges in deep sub-micron '
— Lower supply voltage (sub 1V) _
— Worse short-channel effects Frequency synthesizer
— Higher process variation
— More influence from parasitics
— Higher flicker and thermal noise . Tﬁﬁn | Dowt
—,_'3{" Phase . |Low-pass| ., : i | Phase ] Low-pass 1 I
Detector i = Filter L.. VC_D Ao . Detector —s 'il-lelr]gu | Filer R '-.-;f_.{] CLEK
4K F(s) K, . Ky P F(s) :

Basic PLL CDR circuit
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1. MATLAB model for predicting center frequency and phase noise of single-ended ring oscillators
2. MATLAB model for design of NMOS-only and self-biased CMOS LCVCOs
3. Case study showing disadvantages of using an LDO for tuning and regulation of ring oscillators in deep sub-micron technology
4, New digital tuning method for LCVCOs
5. Detailed performance comparison of ring oscillators and LCVCOs in a deep sub-micron technology
6.  Test chip in GlobalFoundries 28 nm HPP CMOS process
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» VCO characteristics
» Center frequency and tuning range

Voo » Center frequency is frequency in middle range of V
1  LCVCO generally has higher center frequency
VCO * Tuning range is range of frequency around center

V. V. * Ring VCO generally has greater tuning range

] - e Power consumption and area

 LCVCO has higher power consumption and area

" » Mostly due to size of integrated inductor

1 * Manufacturability

Vss  LCVCO is harder to integrate into some processes due to integrated inductor

» Phase noise
» Phase noise is jitter in frequency domain seen as sideband noise power around center frequency
 LCVCO generally has lower phase noise

Basic VCO block diagram
VCO frequency frco = fo+ KveoVe Power
density |
VCO gain Kyeo = =

Pﬁirh erlJ.lfF(.fc' + ‘lf IH:}

Af)=10-1
J’:(fg f) I').I]T R'r!r'r'jrr

1 Hr banawidrh
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I

HDT L% 1, ?% - Ré L. %L i - f

< | |
ﬁv’wﬁwﬂ T\ \(N

E ﬁ N Cy
é o E D ﬁk/”i/gmw;

= LC oscillator with cross-coupled differential pair

Single-ended ring oscillator Negative resistance -2/g,, must be equivalent to parasitic g
: 1 tank resistance 2R, _ _
Center frequency  Jo = ON 7 ta = NRpsesClL LC voltage-controlled oscillator with
oo cross-coupled differential pair
1 n 1
Rf_}f}‘(*lf'lf _ I (Von—Vin) - I(Vop—Vip) (-'-"TL — (_:,-“ + (-?prrm
< 1 f 1
o Wy = or Jo= —F——
Phase noise of fing VGO L {f1. Af] 8 kT Vpp f> Center frequency IC 91V LC
ase noise of ring Jes TS PV AP
o AT : i E.L | 1 1 2
P = 24’;;\: T L}sz’mu_;-fu ‘er-hf”- i Phase noise of LCVVCO r {;\_f} — —— =5 . Z i . ffm .
f Rﬂdff:_i"_,l' 1»"[]"(.:',';1”;‘. . &f o

E. related to v, and . from SCM
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* Five ring oscillatorsof 5, 7, 9, 11, and 15 stages (with no LDO) were designed and simulated to check
accuracy of frequency prediction model versus simulation results

« Three 5 GHz ring VCO systems were designed and simulated for a case study of LDO versus no LDO
« VCOL1isa7stage LDO regulated ring VCO
« With LDO using thin oxide devices and a 0.85V supply
» Supplyacross ring oscillator delay stages is reduced by roughly 0.15V due to drop across regulator

« VCO2is al5stage LDO regulated ring VCO
« With LDO using medium oxide devices and a 1.5 V supply
» Enablesfull 0.85V across the ring oscillator delay stages

 VCO3is 11 stage varactor-tuned ring VCO with 0.85V supply and no LDO
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VCO Topologies

Low dropout regulator (LDO) tuned ring VCO

» Advantages
» Good power supply noise rejection
» Disadvantages
» More power consumption and area
* Limited output swing
» More noise sources contributingto phase noise

2/5/2016 RIT EME | Rambus |

. Ring Oscillators

rRambus.

— ..N...
Varactor-tuned ring VCO
» Advantages

EvanJorgensen | 2015

» Less power consumptionand area

« Outputswing up to Vpp

» Fewer noise sources contributing to phase noise
Disadvantages

» Poor power supply noise rejection

Varactor-tuned ring VCO may be more
preferable in deep sub-micron technologies
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* Four LCVCO were designed
e 15 GHz Varactor-tuned NMOS-only (VT NMOQOS)
o 14.2 GHz Digitally-tuned NMOS-only (DT NMOS)
» 9 GHz Varactor-tuned self-biased CMOS (VT CMQOS)
» 8.2 GHz Digitally-tuned self-biased CMOS (DT CMOS)

» The varactor-tuned topologies are tuned using one varactor pair receiving V,, in range of 0-0.85V
» The digitally-tuned topologies tuned using four banks of varactor pairs biased at either 0 VV or 0.85V

» \aractors operate only in min or max capacitance region of C-V curve
* Increases tuning range and selectivity
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1 W wWou
L."mrﬂr L.f{.'n.fc
L LY
Vetrt |
I | | Cr-l L‘F’l (:'-:‘-l
| |
Cl L-{'I (-Tr Cr' w| J ¥
PN » Digitally-tuned LCVCO bias scheme: _ Cus V13 Cly
;]IJ =2/ ,c;m\_ﬁ « Encode 16 capacitance values from 4-bit digital bias \KL \L
- e Capacitors C,,=2C,,, C,5=4C,,, and C,,=8C,, oV (Lz
Bl -  Controlledthrough 4-bit external bias voltages V,;, Vy,,
1 1 Vig, and Vi, where Vi is the LSB and Vy, the MSB. N ] N
- N  Bias voltages either 0 V or 0.85V, making capacitance CD Leg | ¢,y Y0y
Varactor-tuned NMOS-only LCVCO minimum or maximum. o
(VT NMOS) F]F,'iﬁg’;,}_{ﬁ
* NMOS-only has higher speed ]
* Vpp oninductorenables higher outputswing jF -

Digitally-tuned NMOS-only LCVCO
(DT NMOS)
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1
_2/&?!”;; [:J L’;—]F z/fflffﬁﬂA[:J
ﬁm\ va ,
. . ) . Lf{mﬁ.
Lo * Removing currentsource maximizes output swing N N
(AnK . - - l
W\L \L Removes associated noise oo Vi ¢
| 7 | ¥ X
o, Vert
- Cug V83 O
/<\\ L x|
I—KZ/Q'””; ‘_{[:‘ ];l
Cpo 02 Co
;L_ e Uses same bias scheme as h I h
Varactor-tuned self-biased Digitally-tuned NMOS LCVCO Cn Vi,
CMOS LCVCO (VT CMOQOS) N
ﬁy’z/g”m_(;
1

Digitally-tuned self-biased
CMOS LCVCO (DT CMOS)
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» Design method based on more accurate expression for center frequency
» Accurate consideration of inter-stage capacitances Rr/ff
» Effect from gate resistance +
* Design variables W,, W, L, Vpp, and N are inputs !
» Center frequency is output T
X p— :,: prm—
T —T : Lo
_{F}p—l— —{'_ Rch
%({F ¢, o Distributed gate resistance
~dby, - g5p
T L T
*“‘ —_ (Jr!‘h” % (, C'y.‘.-,, —_ R ahl Ah2
(J = a Gate resistance affects circuit through T Rl + Rao
—|H1— i voltage drop across Ry onto Cy,
= = This shifts the time when the output de W,
Inter-stage input and parasitic capacitances voltage swing crosses midpoint Vpp/2 R, = Ra, ((T) 4 ( rif ))
' L

- - ai
(-”TL = (-".r'.': + (--f'pm‘u

- O 4 After considering this effect and going through calculations, end up with Ry frequency multiplier term
Sare T Wgsg, 5y,

y “ ~ g 8 “f . 1 . ..-TJ,-”-H _ . N
(-"{M.'.I"H — {-'r.l'hr, + (-":’FII.J].,. + (-'Irjrr.",, + (-"Irji.i'p + {u f[] = (1 R'j{f (2 — N (1 — l)) + 2ﬂ )

2;"'\':- . f-;li' a RE}H(II((:’J;H + {-.?r;}rJf'fT} 2 T T

Fit
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Design method based on the following criteria:
* Frequencyand tuning range
o Tank amplitude constraint
» Startup condition

Design Method: LCVCOs

rRambus.

I Bins

I"f:.'n.ﬁ'_.'.'.'f'rr -

Frequency and tuning range
1 1

or =
W Llfrr.'.'ﬁ.'(;h.'ni.' 2m W Llfrr.'.'ﬁ.'(;h.'ni.'

Ctank = 0.5 (Cvaros + Craros + Cr + Cy + Cioga)

W=

Cnmos = 4Cyq + Cye, + Cap,
T 4 T B ai
Cpaos = 4Cyq, + Cys, + Cyy,

Winin = = Wnar = =
\/L."fmF.'('frsrr.ﬁ'.mfr.a' \/L!{m .ﬁ{ feoneke rrin

1 N Rs
9L = - T T

RP w iruel
gy = w*CR,

Tank amplitude constraint

Grank mar

Startup condition

Gaetive :_} NninGtank mar

Haetive = “5 |{.fjl'.'.'.'.'r + ,(}mp}

Grank = 0.5 (gnn T Hop + Gy + (}L)

gtank,max occurs at Cv,max

2/5/2016
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Expressions for @i, and @may, Viank min» @Nd Jactive are solved for C, oy
in terms of W, and plottedin MATLAB over a range of W,

13
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10+

Frequency (GHz)
w

Results: Ring Oscillator Frequency Model and Phase Noise

Frequency versus N for RO with VDD = 0.85V

T T

——Model without Rg
—Model with Rg
—Simulated

6 7 ] 9 1|0 1I1 12 13 14 15
Number of Stages (N)

* Ring oscillators of 7, 9, 11, 13 and 15 stages designed and simulated
* Ry has significant effect on frequency

Model without Ry overestimates frequency by about 15%
Model with R, predicts frequency within 1-2%

Phase Noise (dBc/Hz)

rRambus.

SR
ol
20k -
a0

0L

00k e e TN

A20L b

140} -

-160

Phase Noise vs Offset Frequency Predicted and Simulated

CBOL b e N NN

—RO 11 predicted
—RO 15 sim
—RO 13 sim
—RO 11 sim
—RO 9 sim

RO 7 sim

i Lo il I i
10 10°

10° 10° 10

Offset Frequency (Hz)

» Predicted versus simulated phase noise
Beyond 1 MHz offset frequency simulated and predicted are close
e Within 1 MHz simulated is worse than predicted due to flicker
noise not being accounted for in expression
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Results:

Tuning Range versus Vctrl

[——-veor| e Tuning range of VCO3 is lower than that

—\VC0O2

of both LDO-tuned VCOs

»  Selectivity of VCO3 is greater

* Phase noise of both LDO-tuned VCOs

100+
1201
ST, LN WU+ SO TSN U1 NS SO 14 SO O E D Bt

160 ——
10

Ring Oscillator LDO Comparison

Phase Noise versus Offset Frequency

rRambus.

{1 L -=-VCO1 with PSN

¢ 1| ==-VCO2 with PSN
it ===VCO3 with PSN

¢ | ——VCO1 without PSN
.| ——VCO2 without PSN
T ——VCO3 without PSN ||

are nearly the same with and without g
; PSN §
| | : | Shows LDO PSR is working 2
™ ¢ Phase noise of VCO3 is significantly 2
: : : : . £
| | lower than VCO1 and VCO2 even with &
PSN
e Shows varactor-tuning method may be
; ; preferred over LDO-tuning method
0 0i1 0.‘2 053 0.‘4 0.‘5 OiB 0.‘7 OEB
Vtrl (V)
VCOI [ VCO2 | VCO3
Tuning Range (%) 90% 80% 40%
Phase Noise (1 MHz) with PSN (dBc/Hz) || -53.79 || -57.35 | -66.24
Phase Noise (1 MHz) without PSN (dBc/Hz) || -53.96 || -57.59 | -73.86
Py (1W) 77 1940 | 750
Active area (um-~) 12 | 11730 28.6

10

| Lo T R ; T
10° 10° 10 10 10

Offset Frequency (Hz)
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<10 Design space for NMOS LCVCO 10" Design space for CMOS LCVCO
T T T T ) T i - : - - | T T T T T
/, —Upper Tuning Range Limit . . : —Upper Tuning Range Limit
——Lower Tuning Range Limit (] Val |d dES|gn Space : —Lower Tuning Range Limit
4 !_z' ——Min Tank Amplitude Constaint i i Qb e N\ —Min Tank Amplltude Constaint
—— Startup Condition * below upper TR limit ' —— Startup Condition

_ e above lower TR limit

* below tank amplitude constraint *
* Dbelow startup condition 3
e Optimize through parametric - | .
SimUIation W|th|n Valid deSigI‘l v§2_5 e TFPUROUOUOIO NOUPOP NUUUION NUUROROPIN (OO NSO ST S RO
] space o |

Whn (m) x 107 2 3 5 6 o7 8
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Tuning Range for Varactor Tuned NMOS and CMOS LCVCOs Tuning Range for Digitally Tuned NMOS and CMOS LCVCOs
0 ? ! 7 | | | ! ' " | ' [—nNmoS DT
—CMOS DT
15
* Tuning range of digitally-tuned 14}
LCVCO:s is nearly double that of
T 130 | varactor-tuned < z
S | » Frequencytuned in flat steps giving & | | |
> — NMOS i oy f
% 12 —_cmos| greater select|V|ty %
i 11 . s :
10} : .
10+ : : - |
5% | —_?_l_—_’_/_)_f—/—'—
57T 02 03 04 05 06 07 08 09 s 0.5 5 15 2
Vetrl (V) Time X 108
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Predicted Phase Noise vs Offset Frequency Simulated Phase Noise versus Offset Frequency

20 ey

—NMOS
. |—cmos
- ==-NMOS DT}
| ---cmos DT

| |—NMOos
. |—ocMos
.| ---NMOs DT||

 [-—-amosor  Phase noise in general is fairly
B close to predicted
N | RN I e VT NMOS has best phase noise
800 i v | | i -97 dBc/Hz at 1 MHz offset
H L F « DT CMOS improves phase
| noise over VT CMOS by -3
dBc/Hz

40k

60+

[ , -s0dBeHz |

-100+

N 83 dC/HZ
100+ -94 dBC/HZ ..... P e E ..... : 1

: fo Ppe
FOM = L(f,¢ 20 -1 10 -1 —
(Jf .'I.r) og (f“flr | og 1m 11 -1201

-120F-- ...... .......

Phase Noise (dBc/Hz)
Phase Noise (dBc/Hz)

140+

(=]

CABO b i

-180 R Lo L R P i i 160 Piii N T B R R N R i it
10 10 10° 10° 10” 10 10 10 10 10° 10° 10’ 10 10

Offset Frequency (Hz) NMOS [ NMOS DT I CMOS TCMOS DT Offset Frequency (Hz)
. (GHz) 15 14.2 9 8.2
TR (%) 4] 9 3 10
PN 1 MHz (dBc/Hz) -97 -94 -B0 -83
Pre (mW) 6.8 6.8 17 17
FOM (dBc/Hz) -172.20 -168.72 -146.78 -148.97
FOMT (dBc/Hz) -167.76 -167.81 -140.76 -148.97

T.R =140
FOMT = FOM — 20 - log (W)
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\\\\\\\\

cut) utse

» Octagonal structures are symmetric spiral inductors

« one foreach of the 4 LCVOs e Output of all LCVCOs goes to RF probe pads through CML buffers
*  Output signals from all VCOs are shielded by GND lines » Output of ring oscillators goes to bondpads through tapered inverter
buffers
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Ring Oscillators

VCO1 || VCO2 | VvCO3
Tuning Range (%) 90% 80% A%
Phase Noise (1 MHz) with PSN (dBc/Hz) -53.79 || -57.35 || -66.24
Phase Noise (1 MHz) without PSN (dBc/Hz) || -53.96 || -57.59 | -73.86
Py (1W) 77 1940 750
Active area (pm-) 3112 | 11730 28.6

* Ry hassignificant effect on predicting center frequency
With inclusion of R, model is accurate to within

1-2%

Varactor-tunedring oscillators are preferred to LDO-
tuned ring oscillators

2/5/2016

Conclusions
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LCVCOs
NMOS [ NMOS DT || CMOS [ CMOS DT

f. (GHz) [5 142 9 8.2

TR (%) 6 9 3 10

PN I MHz (dBc/Hz) || -97 94 80 -83

Ppe (mMW) 6.8 6.8 17 17
FOM (dBc/Hz) 17220 || -168.72 | -146.78 || -148.97
FOMT (dBc/Hz) | -167.76 | -167.81 || -140.76 || -148.97

VT NMOS LCVCO has overall best phase noise of -97
dBc/Hz at 1 MHz offset
» Digitally-tuned method improves tuning range

« NMOS LCVCO by 50%
« CMOSLCVCO by 100%
» Phase noise improved by 3 dBc/Hz with DT CMOS
LCVCO
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e Design in 14 nm FinFET PDK

e Preliminary results for VCOs designed in 14 nm FinFET
— Tuning range of LCVCOs in 14 nm FinFET is roughly 2X that of those designed in 28 nm planar CMOS
— Phase noise of LCVCOs is affected more by V

e Further work in 14 nm FinFET PDK will continue with other students in research group
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