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Wafer cost increases 1.3x
; (0.35um : 1) i
I/O for one generation
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Chip area Chip cost

Akira Matsuzawa, “RF-SoC- Expectations and Required Conditions,”
IEEE Tran. On Microwave Theory and Techniques, Vol. 50, No. 1, pp. 245-253, Jan. 2002
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RF CMOS LSIO KL KR

Analog & RF CMOS [& Digitally assisted RF CMOSIZEZ#Z b5,

Wireless LAN, 802.11 a/b/g Discrete-time Bluetooth
0.25um, 2.5V, 23mm?, 5GHz 0.13um, 1.5V, 2.4GHz

Digital Baseband

DPLLIATX Mody |

15.4.7: Die micrograph. jure 15.1.7: Die micrograph of the single-chip Bluetooth transceiver.

M. Zargari (Atheros), et al., ISSCC 2004, pp.96 K. Muhammad (TI), et al., ISSCC2004, pp.268
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Y. Cong and R. L. Geiger,
lowa state university, ISSCC 2003 14bit DAC
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RF CMOS LSIOH fifiD A\l

=Rt E3AME ., & E THHRE
ST TR R CERRBERR D DLGSOT AR R IEARA U,
TORIIESLEREMEADCHEE,

Analog-centric Digital-centric

=

Signal processing Analog circuits DSP+ADC

Analog processing 4 small and robust analog cks.
+External component

Adjustment External Digital on chip, no external

External components Large # No or less

2008.11.28 MWE_A Matsuzawa_Titech 16



IRIED FM/AM Fa—F+—

REDFM/AMF1—F (I 2L DN R EARBERZDEELET D,

Large # of products, but not expensive product.
More efforts for the cost reduction are still needed.

Bipolar IC =1 (RF) AM/FM Tuner for home use

CMOSIC =2 (PLL, RDS)
External Components=187

2008.11.28 MWE_A Matsuzawa_Titech 17
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7> B4 i@ RFCMOS LSI

R#DCMOS LSIE7F a5 BEEEE#fiERANT
ZLDNEEREAFVTIELE=D. . . .

Q Can be integrated on a chip
FM inter—-stage

Y Tunig L and varacitor ¢ filtars Capag

I ~_
—— Ceramic resohator

‘H] - T for Stereo decoder
and DPF for/PLL

_ |
FM Antenna
, FM _ | LIMITER FM | STEREO (> SW > LEFT
Tunig L and varagtef > [y —= DEMOD [ [ ™| DECODER |_|
Z; ) > RIGHT
I LO%AL) N RDS A
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x\\\ \\s& DECODER S
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KFand Varactor Y —
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LNA | MIX “| BPF - ~| DEMOD LPF for Element
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AM Bar Anten A I T :
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Capacitor
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7F+ a4 ily@ RFCMOS LSIZAL VT =F i

7T EMDHTIEEENF+2E LICPVTIESDEDREAKEL
LD ERERER A TR T=0

Parts

Methods for on-chip

Problems

AM/FM IF BPF

1. Low IF( a few hundred KHz)
2.Gm-C BPF with auto alignment, SCF

1.poor selectivity(-45dB), 2. SCF Switch noise
3. Center frequency shift by DC offset
4. Poor image rejection ratio (25 to 35dB)

FM Demodulator

Pulse count FM detector

Poor THD (0.5%)

Stereo Decoder

Multi-vibrator VCO, SCF filter

Large variation of free-run frequency
Still need external LPF for PLL

RSSI Level adj.

Signal detector with DC compensation

Can’t cover all process corner

coupling capacitor

Varactor MOS varactor Too much sharp C-V curve, distorted signal
AGC smoother Time division charge and discharge Needs large capacitor for low audio frequency
Capacitors Stages Direct connection, use small value High impedance required, Difficult for low frequency

2008.11.28
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External components 187-> 69
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Lower frequency AM: 522 KHz to 1710 KHz
SW: 2.3MHz to 26MHz
FM: 87.5 to 108 MHz
Larger Inductance and capacitance — Digital filter, Mixer, PLL
GHz OSC with divider

Serious 1/f noise — PMOS

Larger signal dynamic range AM: 14 dBuV to 126 dBuV
FM: 0 dBuV to 126 dBuV

Sharp and fine filter — Digital Signal processing

With high resolution ADC
IF Freq. changed from
10.7 MHz to several 100 KHz

High linearity ckt. — High resolution ADC
Switch mixer
Watching desired and undesired signals

2008.11.28 MWE_A_ Matsuzawa_Titech
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FIORILRIDODCMOSFa—F—NEER

+ 97 EREZEZER., SRR 1 1 EE TRA .
SNERERERE AT EAIZ ST,

Full CMOS one-chip solution

# of external components are 11

No adjustment points

Sensitivity: FM: 9dBuV, AM: 16dBuV
Selectivity: FM/AM >65dB

SNR: FM: 63dB, AM: 53dB
Stereo sep: 55dB

Image ratio: FM: 65dB, AM: Infinity
Distortion: FM: 0.09%, AM=0.25%

2008.11.28 MWE_A Matsuzawa_Titech 23
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DSPHREDEENEBEZITHFED

S 4 (B EEADCHF AT K)
|
» LNA —[MIXER > VGA ADC DSP
J +Filter [, SN
A Q A
YR 4
» LNA DSP processes

AM/FM demodulations

Stereo decoder

AM mixer

Channel select filter

Support for image reject

Watch the signal revel and control gain of each stage
Parameter control and adjustment with MCU

NogokrwdE
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AM/FM {5 D1ER

AM/ FM EE X BHEERE TEAFEETH S

1) AM demodulation [1+S(t)] exp(jo,t)x exp(— jo t)=1+S(t)
Received Demodulated
signal signal
., . .
2) FM demodulation R(t)exp(A]a)t + .]de m(T)dT)
Q ! Aw : Frequency offset

a R(t) : Amplitude var iation
y at m(t) : Baseband signal to be re cov ered
0

) > | OzAmt+KdIm(r)dr
K/ D _ o+ K ,m(t)

dt

m(t) can be demodulated
2008.11.28 MWE_A Matsuzawa_Titech 25



2T LAHESDHE

RATUAEEL TIUAIPLL, mixer, filter TEFATEETHS
S(t)=(L+R)+(L-R)coso t+K CosSmt

Livel Frequency Spectrum of FM Stereo Signal o, :Sub — carrier = 38KHz

o, : Pilot tone = 19KHz

| | |
L +R i i L - R L -R i
i | (lower sideband) (Upper sideband)
53K =

0 15K 23K A
Pilot tone ! : Baseband
_ Sub-carrier
: fdrolmt =19KHz —38KHz Frequency
emoaula or; LPF L+R . .
s = Left (L+R)+(L-R)=2L
LR | L Rignt (L+R)-(L-R)=2R
PLL locks the pilot tone and generates 38KHz for sub-carrier
38KHz
o 19KHz > Dgzzgggr

2008.11.28 MWE_A Matsuzawa_Titech 26



low IF Z{EBICH(TAMA—TKRE

A A—VESIAUBZOE LT NILRETRERILT THAHMN:. . .

—>®—> LPE lj» 90° Vs Desired Image

A 4 A
O O
Vin (t) SiIl((DLOt) Vout(t) InpUt <—IF>i<i>
cos (ooLOt) ' >
®
Wges Vo Oy
V2 es 'll
LPF 3
Output [ L ;'
Image rejection mixer < .
0 Op ©

Vi(t)=- % Sin(wdes — W0 )t + % Sin(O)LO — 0, )t

V,(t) = Vges COS((’Odes — O )t + Vém COS((DLO — Oy, )t

V.(t) = 90° shift = V,(t) = Vges cos(®,,, — 0, )t - %COS((DLO —o, )t

Vout (t) = V

des

COS(O‘)des o Q)LO )t
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60dBMDERLIZIX 0.1 deg and 0.01% DG -FIBDIYFUITHNDE
7735 AKX TIX35dBIREMEE

Conventional IRR: 35dB

101 IRR: Image rejection ratio
(=)
= 2

- AG
5 (j (AB)
o 1 IRR =~
2 4
2.0
a-10“} ————— Suppression of _ =

Unwanted Sideband
107
. . A. Rofougaran, et al.,
102 %2 34364907 2 3456490 2 IEEE J.S.C. Vol.33, No.4,

Gain Mismatch, April 1998. PP. 515-534.
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SERBLT. m/MFF-THT<

to DSP

Image Rejection Ratio >60dB

v

IM detect

Y
|
' LNA [ ~—o——MIXER VGA ADC
Q4 . tFilter |, —
: Q
L= 1
IMO Controller
Image frequency oscillator
1
e S S —VJ—
|Deci.| [|Vari.| [Varl.|
| LPF | |Delay| |Gain| BPF
From ADCs
e Joer] P [
| Deci.| [Fixed. ,
| LPF Delay BPF
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DRP: Digital RF Processing

TINSIREEINT-. SEDORFCMOSLSIOE A Tk

R.B. Staszewski, K. Muhammad, D. Leipold, Chih-Ming Hung, Yo-Chuol Ho, J.L. Wallberg, C.
Fernando, K. Maggio, R. Staszewski, T. Jung, Jinseok Koh, S. John, Irene Yuanying Deng, V. Sarda, O.
Moreira-Tamayo, V. Mayega, R. Katz, O. Friedman, O.E. Eliezer, E. de-Obaldia and P.T. Balsara, ”All-
Digital TX Frequency Synthesizer and Discrete-Time Receiver for Bluetooth Radio in 130-nm CMOS,”
IEEE Journal of Solid-State Circuits, Vol. 39, No. 12, pp. 2278-2291, December 2004.

Courtesy Dr. R. B. Staszewski, Tl
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DRP approach for transceivers

DRP

Discrete
Time
RX in Processor  A/D
RX front end

Discrete
digital Time AD
amplitude Processor

control i learp
gital Filtering
TX out LO. All Digital & Control

— PLL

= Minimize analog and RF circuitry
= Self-calibrate remaining analog (with dedicated processor)

= Relax passive requirements as much as possible
= Digital approach speeds debug and development
Self-test and calibration made possible
* Production yield dominated by silicon defect density

2008.11.28 MWE_A Matsuzawa_Titech 31



DRP approach for transceivers

DRP

Discrete
Time
RX in Processor . A/D
RX front end

Discrete
dig_ital Time AD
ampllttmiha Processor
contro igi ilteri
gital Filtering
TX out L.O. All Dig'rtal & Cﬂﬂtl’OI

PPA PLL TX data

* Move functions to domains of CMOS-process strengths
= QOperate In fine time resolution, avoid fine voltage resolution

= |nductor area could be equal to ~100K gates (use digitall)

= Use switched cap techniques — excellent matching in DSM
CMOS (not sensitive to process variations)

= Logic and switched cap circuits can work well at low voltage

2008.11.28 MWE_A_ Matsuzawa_Titech



DRP Architecture

Amplitude Regulation 0.2,1.25,2.5,5,
Channel 10, 15, 20MHz BW
i cJXR 450, 800, 900,
22 X data st | 1800, 1900, 2100,
o8 2500, 3400MHz
%n': LO clock Transmission bands
X
=+ GMSK, QPSK,
5o 8-PSK, 16QAM.
B RX 64QAM Modulation
4 DIQIta A /D JISCTele P
RX i - Cac RF In TDMA, FD MA,
data Cumest CDMA, OFDMA.

IFDMA schemes
I t ¢+ ¢ A T S

— Looks almost
Power Management (PM) RF Built-in Self Test (RFEIST) like SDRII

2008.11.28 MWE_A Matsuzawa_Titech 33



PLLDFRRE

PLLIFFX—U RO TOIN—T 24 BGEEDT O B S NR RV IIHS

Charge

f
ref PED

= Many analog functions = multiple noise sources
= VVaractors in VCO are sensitive (high tuning factor, i.e. KVCO)

= Loop filter may be large, leaky capacitors (for open loop
“freeze”), variances in passives. ..

= Hard to calibrate
= Lock times can be long (>100usec)

2008.11.26 IVIVVE_A_IVIdLsuZdwe 1 ILeCI |



All-Digital PLL

THRJBRETIRIVIZEBERZD
Fr'iequ{ar\&ig_itill_ﬂl_teﬂr __Digital Controlled Oscillator

Loop filter " .

Frequency ~ detector P ’ |
Command >

APl
Word B ’ |
: Gain norh. DCO:
Variable
———— E < 1 ]

l- =~~~ Period norm. L
FREF

(26 MHz) ¢+ | Retimed FREF (CKR)

(1.6 — 2.0 GHz)

References [2], [3] - R. Bogdan Staszewski et al.
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T ORIV HIEFH R

INSOEADTIOFIVHEIZEYAM/PMEBRITFE DT HTHASH
RRBEBRDITAFTIVILUOERBCTAICIEIUFUTOREMN Y ’Cﬁ)é
linear ranges V tune hlgh _N:_.E'n_
¢,| RPLY D varactors
= <1 +—>
g p Oscillator |—||‘_' HHH
8| traditional Tuning |_||: —
© Word
) / \
o - |_><_|
= deep-submicrc\lﬁ:'—'}: .................  ——— lj____‘ _______ ._-!:I
- v _tune_low é e
Tracking  Tracking ; = i high=Z
- PVT  Acquisition |nteger =~ Fract | : !
| | | | By Bias i
_ Iﬁ- : == p==eep=— : == p==eep=— : o= po=eep=— : == p==eep=— : * T
5) © [[ T T
R N N -
| 4MHz | 200kHz | 12kHz | 12kHz |
| 6-b | 64-b 64-b 3-b | _
Binary Unit thermometer weighted Courtesy Dr. R. B. Staszewski, Tl
weighted

High-speed dithering and dynamic element matching
are used to achieve high resolution (LSB = ~1.5Hz).

MWE_A_ Matsuzawa_Titech
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T4 —&DEM (Dynamic Element Matching)
AN IAYEY (R @AY
36



TDGC: Time—to—Digital Converter

EEFROFEHRIVELFRAROEHRZAVEANRLDTIE? LLVSRE
Issue: more small delay will be required.

¢ Quantized phase detector with resolution of about 20 ps
¢ DCO clock passes through the inverter chain
¢ Delayed outputs are sampled by FREF

DCOND'(1)

IP-Thermometer—Cnde Edge Detector

TDC_RISE
___» normalizer Q(1:10) X 0011110000
based on self-calibrated TDC_RISE X 6
inverter delay e

2008.11.28 MWE_A_ Matsuzawa_Titech



SDR: Software Defined Radio

SDR: #RRITEHERIBICTIDODO/N—FITT7THIETIDHENHETLS,

CDVRTLOBIIMREAMENBEZLG T EI—DEERTHS
~ﬁ,;,.® Introduction

[| Broadcast

Cellular WLAN
Handheld device Security
WCDMA 620Bm _ Sodsm
-103dBml:\ : _
5 ~TOM T5M  Hz

Desired

GSM

Blockers

Hz

M. Kitsunezuka, S. Hori, and T. Maeda, "A Widly-Tunable Reconfigurable CMOS Analog Baseband IC for
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0 » l LO2 A@ §
\ VCM (D]ﬁ | {
Lot chI ol s s (1) OEE
?1 ®2
l e
AW ’
R
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CTEDgmCIAILEA—ZER—XIZL T . gmtEILDTF21—FT4—%0FEIZTBHLET
EMMIZgmZEEILS B0 83—, T1ILE3—BERBZBICAIEIZTES,

Block diagram

............................ ‘--‘___-?rld:o_rqe_rp_'r_kpf_‘]_-__--—- 2ndorder - G ¢ lout
Passive| " : ' ! DT LPF2 Vin mO o—oO
: LPF 1 i H i --°’°-| SW1
eHY : 171 —
7< . O . X - ¢ SW2
‘PGA1 L e - | L edPGA2
v T LN ' : :
1 I N I

® Duty-cycle controlled DT transconductor
@ 4-tap FIR filter for anti-aliasing
@ Val"iable dUtY-CYC'E pU|Se genel'atOl' M. Kitsunezuka, S. Hori, and T. Maeda, "A Widly-

Tunable Reconfigurable CMOS Analog Baseband
IC for Software-Defined Radio,” Digest of ISSCC,
pp-66-67, San Francisco, Feb. 2008.
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FRICLVEARBAESEHEESE I I I—FiEEREL-

M. Kitsunezuka, S. Hori, and T. Maeda, "A Widly-
Tunable Reconfigurable CMOS Analog Baseband
IC for Software-Defined Radio,” Digest of ISSCC,
pp.66-67, San Francisco, Feb. 2008.

Bandwidth tuning 4th-order DT LPF responses
|400kHZ - 30 MHZ:
—}M}. Ty ——r—rrry S —
. 1 - : @10MHz bandwidth (WLAN)
- ’ 1 7 0 n
?'g o
< T Butterworth
L 20 £ -20f .
5 s /
2 B il /
.% —40 % _aol lptlc
£
5 ) £ Chebyshev
~60r @4th-order Butterworthi| —60r
el 'AEiA., T 1 | e el . 1
1 10 100 1 10 100
Frequency (MHz) Frequency (MHz)
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Analog vs. Digital

F4%)L (ON, OFF) HIEIEREMICORDENE AT &E

Analog regulation

Vi Rreg Vo
O—AN ~ Clean voltage,
V V . .
_T but low efficiency
RL
OPamp |
- Vref
Digital regulation L
V, SW, Vo .
® O Noisy,
............. C but high efficiency
— p— R,
T SWZ\) O DC/DC converter
Polar modulator
— J_— — lVref —
Comp+Logic -

2008.11.28

|deally efficiency of

100% can be realized
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A 2 ZEERBiT

BT 1—T4—HIETIIREGRTYZANRRET B
AIZERERAVWBERAYFUT /A XNEBIZSUS LIZHEENT 5.

Pulse width control Issues: Large Super tones (Fixed frequency spectrums)

T
v, =V, =
"T_6ff"""I°n' ------------------------------- l"' * T
Fote =T+ Top Y(z) = X(2)+(1-2") 0(2)

A 2 modulator | owe frequency noise is suppressed

X

L
__l__ Y 20 b b
B S RET .
- /I\ 1 _60”‘15‘or er | ‘
Nfcy fcy - Tcycle —307712
—100771
Z1 il

-1 . )
y/ T Quantizer (1 0,0 1,00 1,1,.) 0NOIse spectrum

dBFS

e T e 55

OO = e =
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EX.
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ARG B FLBROBIICT 1 LR —ZEL .,
BT LHDZANICRLUTREREZDPTEEDOTH S,

B/ ARXRHFFHACHEBTEIRS LAY, THA/ A AFHLPT S,

Input signal Pl EFIEs Output
N\ — signal
X(2) + 1 H(2) 1 T > Y(2)
Q,EBFi/1X
Z—l
H(z) 1
Y(Z) - -1 X(Z) T 1 Qn(Z)
1+ H(z)z 1+ H(z)z
STF (Signal Transfer) NTF (Noise transfer)
I

H(z)=———= STF(z)=1, NTF(z)=1-z'

No filter High pass filter
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SIAEMEEICIIFFREFBRE N H D

FFEY
=2X
ANES HAESY
Z—l
|
FBH!
AREEX Q, HANESY
71 -1 1 -1
N 1-z7 | = 1-z7 | 1-z7| -z [ F" g
b, b, b, b,

2008.11.28 MWE_A Matsuzawa_Titech 73



dBFS

K = N +
IEEI%E@JEI I&ﬁ#ﬁﬁ
EFIERREE. T4 E3—R. A—/\—TF TG EENRFNEE
EFIE/AXHHNETh ., SNRA EAS,
o, o _112L
V(z)=X(z)+(1-z"forz) M hamON
.

A 2 1 T 2L+1
df=H (o5%)
2) 3z(2L+1)\ OSR
SNDR = gqus i i i

! “‘ [N I [N | [ Y
I T ‘2°’”T”*“THT’”J”J’TT
l ] | [ RN [ AT I [
IR 1 ",,W"[."""' E i e i
I | [ I | |
‘ “ ! M | WM
LA

‘II I oo ‘ 77” ‘T ||H”| I
\.M mwln\l"“lﬂil“\w\\N i 5" order, 1bit | || !H M W I

) R RE R T
|m|ﬂ \W i \\ VW I I loosdec | W‘

hcf(f)=—12fs j}{

| H?‘j Mﬂ. NM‘!

" 1 il ‘ WI

7Y SO NI S 151 u

| (N
S0 - g - ,ﬁ PhEddb oo
| L | | [ l [ [ N | [ R
———@H— o o | A‘ [ N | [ R |
_140,,,,‘,‘ A 1 4 1 | L | o O
B A T

[
| [ \JH [ | | [ |
I 01 Thermal noise /|| Inband L
e AR A R R R R RN A ) OSReBA L

—————————————————————————————————————

Dynamic Range (dB)

TTTTTTTTTTTTTTTTTTTTTTT

_180 [ _ i O A | L _ L U I [ O I A
fs=26MHz T T T 200kHz e
_200 | Lol | | [ | Lol L L | R | | R [ R | [
3 4 5 6 7 -200 | Ll [ T | L Ll [ N T
10 10 10 10 10 10° 10" 10° 10° 10’
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A ZRZETEZRANSE, MREEREESESHET, BLSNRZRLHCENTES,

=1L, YATLDOXREE L IFHhIESNRIZEARZH, SDRATFLNFREIZHEDEZDT. CNDES
HEULSNRIIERIIHEETHS,

SNR = %(QN ~1f (2L + 1)(
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Dynamic Range (dB)

200
180

160 |
140
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100 |

80

60 |

40
20
0

OSR
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OSRTH OSR=B 15 B 54/ (5 S 3615 x 2)
n 5th 4th

T | 4 3

n=1bit

N e
ffffffffff /s A 15
ffffffff gz v
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MASH (Multi-stage noise—shaping)

1RD I AERBTEHRT—FITEHRTEIETERD/ AR I—EVTEEH
BRDI4—FI\vOZHANGELDTIBOH TRETHAMIATYFIZFHELY

1st

guantization

noise

an

\
-Qq

guantization

noise
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-Q;

Q

Yy

{()—
Yi=X+(1- 2o

1-77° Yo :—Q1+(1—Z_1)Qz
Ys=-02+ (1— Z_l)Qs

Y,
© Y =Yi+{1-24 2+ (1-2fYs

LY =X+01-2z0s

BRDTA—R I\ IERNVENO THED T
Y, RETHD
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A ERRIAIFZERORETRA 0N, AMERRIIAH AN BT HEL3127% D,

BB EERRTIL—THEIEBOTEL=H ., HARID /A XHMZLN S,

A 2 ZERzR J—— AT ERH
AR X HAhY
O 75— > Il_l' I " Y(z)= Hiz) (2)+ : Q.(2)
- 1+ H(z) 1+ H(z)
H(z) I ]
) EFIL/(Z:Q, ~ X(z)+ H—Qn (2)
iy mpEEE (j ) (H) T 1)
DAC ¢ Y = X + V, = X+—V,
1+ A 1+ A A
SRz E -
A X HiH Y BOSROIL—TT1ohalhit
A 11 1 _ S (S _fe
- H(Z)_l_z—l_ gt f  2xf jo s

fo 1-1+21g =~
f

BEOERB(EWA—NYUTIUT ) TIEELFIE
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DACDIRIYF /AR 1—E

DACH REEEIITILA—)LTEOIZES
TE5EITABEGEKIALIIZT HEREIT/NELES

EEFEIVLEEICEMRIT IERENTEICHARTES

B il ﬂ 4 4
3 3

2 2 OTI
5 5
S 7 7
o 1 1
5 5
4 4
8 8

(a) BEDHIH (b) SRYYF/A X z—EVY
F(z)=1-z"
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Charge

Loop

Filter

:- i'-----"-"""""'

= Many analog functions = multiple noise sources
= VVaractors in VCO are sensitive (high tuning factor, i.e. KVCO)

= Loop filter may be large, leaky capacitors (for open loop
“freeze”), variances in passives. ..

= Hard to calibrate
= Lock times can be long (>100usec)
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All-Digital PLL

FIOrEaETo8)LICBERZS
Fr'iequ{ar\&ig_itill_ﬂl_teﬂr __Digital Controlled Oscillator

Loop filter " .

Frequency ~ detector P ’ |
Command >

APl
Word B ’ |
: Gain norh. DCO:
Variable
———— E < 1 ]

l- =~~~ Period norm. L
FREF

(26 MHz) ¢+ | Retimed FREF (CKR)

(1.6 — 2.0 GHz)

References [2], [3] - R. Bogdan Staszewski et al.
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CKV[:

SE2T VA ILPLLEIETDC+Digital Filter+DCOMDER A E A
Ref Clock

TDC

D¥(1)

>

D)

>

D*G)

>

—

D)

FREF

L

Il

Il

A

Il

—b

TDC Q(I:L)
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Q)

Digital RF signal
Igita
| TDC J > DCO =
> Filter
Dﬂﬁ
N L N yYDD DCO R
VAN A A G' ,,,,,,
QB3) Q) Q(23) Q(24) | I
Pseudo-Thermometer-Code Edge Detecor ’:)_><_<1
At,(fall) ﬁ»“
Vout ‘_[666\—’ Vout
] <

Atr(rise)j\|; ’
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MOS varactor capacitance
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Control volatge !
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Fy—IRTPLL

T2 T UAIPLLEZEET HICIIRITOFvy—I R TPLLOBENANE

(Dout (S)

—>

Fr—I RO TPLLO EARERL

I K
=2 "R + L1
27N | * sC,_ |s
open b

K,I R, [K,I,C
a)n a)n — vep — p vp"p
H,,(s) = (25 + —j ~ T2, T2V 2

S
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zZ = eij ~1+ jﬁ 14 S fr: BEIOVIEIKRE
I Je He 4518
TDC&Y DCOA
) ¢ VAR N
S — fR (Z — 1) ©, N ;_S/ N
) n) .
H,,(z)= [24 +—2= ] n BERSE
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TDCH=EFIE/AX

TDCIZ I EEEFILT B=-OHE/ A1 AEZHRET S,
BAMBEEREAKREWVNIE ., RIRBREATLIZEKXKEL,
ZNEHIEITBIZIEZPLLO L —T i@ E D 2D ENH B,

o~ s (Atres)2
BREELE o) = 5 Opeo  FIREES

ERAKHOMIABESE 0, = 0)00,

N
— FRIYARNRED/ARXRRINS LB EE
R NV
3 fr 12 fr 12 f7 S
N
Tk . COREICHT HEERREEIL—TDOIEEEH LY
IAtres 2
> w5(1+§sj
H%Fﬁﬁ H (S) — Hop (S) — a)n
SN NN T Lyl st 2ms o
8Fi/1X PLLOL—TFEEEThEAD 260,
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xik
F

Select Ring Oscillator

AV IN—ZOFFDBERHE (XTS5 DDT
AVN—38 VO U RIRFBICHAAH
EIEFRZ S HERAD

\

N .

Time delay elements

A A
CKVI: D*(1) D(2) {>C D*(3) D(4) {>CD*(_23)(>g;z|i
REF ’l‘ ’l‘ ’l‘ ’l‘ ’l‘ ’l‘ T. Hashimoto, H. Yamazaki, A. Muramatsu, T. Sato, and A.
Inoue, "Time-to Digital Converter with Vernier Delay Mismatch
TDC Q(IL) o) Q) ) | ow Q3 oe4y Compensation for High Resolution On-Die Clock Jitter
A v A v v Measurement,” Digest of 2008 VLSI circuits symposium, pp.
Pseudo-Thermometer-Code Edge Detecor 166-167, Hawaii, June, 2008.
At,(rise)ﬁ ° Aty(fall) ﬁ5
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DCOLRARBZEEFILT 518, B/ A XZEX£LS,
CNEIHIT BICIEPLLO L —THIEE LT HRENH S,

2 (Af res )2

DCONETFI/AXIE  Ons, :T

2 2
(o)
/47{Z/<7|~5A;Er§[i\ %S Afpco _ (Afres)

¥ e 12f,

DCODJABHAALI T BRI 25 Tdo% = 2 &N T

2
Riff ) A RAANY T B, LIAf) = 1 (Afres] 1

120 Af ) fr
(AR (L (AF))
L{Af}— 12( AF } 7 [smc[fR D
S2

ZD AR LTCPLLIZ.,  He(s)=1-H_,_(s)=
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ERDDCO

EVRARB AN FRRETH/AH12EYNT —2ZF6EYMNIFEDD . A ZEFRIZELY
DIEWDEERET, %’ﬁﬁE’JLmL\’\ﬁ’”""E%ﬁL’CL\é
2L JAXARGES LB WAITHER T 5186 /A XTEEARETH D,

freqye!'lcy 28 Note: Only tracking bank (TB) bits of the DCO are shown .
dew.atmn Dithering of the DCO tracking bank varactors
weight” | 2/ foe=2.4 GHz T [ GoM900 spes.
Wn | 2| Wn=6 m 6 Therm. | 64 RF out ‘| © Natural DCO phase noise
- pr + > sihored * Encoder > ‘| —xA quantization
— integer bits a ere - & dT A I Resolution quantization after A
1 integer bits DCO w 1 | m— Total ZA noise
? i Del % — . — White dither at f0.|'8
- iy :
Wa+ Wee S'grg:.bre e output values: = .| = = White dither at f,,
TUNE o 2 SD3:[-3.+4] £l L
(tracking) — SD2:[-1..42] E
wlZl w SD1:[0,1] a
gy 7= | Digital 3 | spofo] - 2
— fractional Sigma-Delta |fractional - % S
2 bits average zls ﬂé
25 value Olal £ -180
y|= CKVD4 DIV-4
Olem (600 MHz)
FREF = _220
4
(13 MHz) 10
Frequency offset from the carrier [Hz]

Figure 4.40 Phase-noise spectrum due to A fr frequency quantization and various dithering
schemes. Low-band fiy = 915 MHz, Af,es = 12 kHz at HB, fon = fv/8, and Wr = 8.
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