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Why CMOS?

TOKYO TIECH

Low cost
— Must be biggest motivation
— CMOS is 30-40% lower than Bi-CMOS

High level system integration
— CMOS is one or two generation advanced
— CMOS can realize full system integration

Stable supplyment and multi-foundries

— Fabs for SiGe-BiCMOQOS are very limited.
-> Slow price decrease and limited product capability

Easy to use

— Universities and start-up companies can use CMOS with
low usage fee, but SiGe is difficult to use such programs.

y Matsuzawa
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fr and operating voltage of CMOS 4

TOKYO TIECH
f;is higher than 200GHz at 90nm NMOS and enables mm-wave application.

Operating voltage will be around 1V.
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Cost up Issue by analog parts /
Tﬂl(/ﬂ'l.-'L'H—

Pursuing Excellence

Cost of mixed A/D LSI will increase when using deep sub-micron
device, due to the increase of cost of non-scalable analog parts.

Large analog may be unacceptable.
Some analog circuits should be replaced by digital circuits
Wafer cost increases 1.3x
0.35um: 1 i
HO for one generation
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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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Technology trend in RF CMOS LSI

TOKYO TEECH—

PursuingExcellence

Analog centric RF CMOS will be replaced by digital centric RF CMOS.

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

Digital Baseband

DPLL+TX 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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Technology trend in RF-CMOS LS| 7
TOKyO TEECH

Analog-centric RF CMOS will be replaced by digital-centric RF CMOS.
High performance, low cost, stable and robust circuits,
no or less external components, no adjustment points,

and high testability are the keys. DSP and ADC will play important role.

Analog-centric ‘ Digital-centric

Signal processing Analog circuits DSP+ADC

Analog processing + Small and robust analog ckts.
+External component

Adjustment External Digital on chip, no external

External components Large # No or less

2007.10.23 A. Matsuzawa
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Pursuing Excellence

RF-CMOS SoC for FM/AM tuner

Courtesy Niigata-Seimitsu Co., Ltd.
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Tﬂl(/ﬂ '/I:'EH—

Current AM/ FM tuner system

PursuingExcellence

Current AM/FM tuner uses 3 ICs and large # of external components.
Furthermore 12 adjustment points are needed.

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

2007.10.23 A. Matsuzawa

12 adjustment points
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Block diagram of current FM/AM tuner / 1o
TOKYO TIEECH

Large # of external components. They should be integrated on a chip.

FM inter-stage De-coupling
FM IFT and = RSSI ~_
Tunig L and varagtor oo onic filters capacitors Level _I______lz Ceramic resonator
}_ L — ‘H:”f——— - for Stereo decoder
T - and LPF for PLL
FM Antenna | ' 1
ntenna
. | FM < FM | FM | LIMITER FM | STEREO >~ SW > LEFT
Tunig L and varactet|— Vi —> iy = gpp [ DEMOD [ [ | DECODER |_|
/ézli ) > RIGHT
OSC(FM) N\\\\\\i\i\ >| DECODER i
NTHESIZER
s -
LO inductor 0SC(AM)
Yand Varactor Y —
oLl | AMIE [ | A IRA || Au = ytal

LNA MIX BPF DEMOD Element
- for
1 1 1 Synthe.

L
'L\'\llaana';/aArn:;:cetnonra AM IFT and g :E’_@_ I T L T
Ceramic filte AGC smoothing De-coupling

. Capacitor A
shows alignment required | LPF for  caps for amplifier

Synthesizer

\
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External parts used in existing IC 11
TOKyO TEECH

Large # of external components are needed to analog signal processing.

External Parts Blocks to be used

System FM: Single conversion super heterodyne. IF=10.7MHz
AM: Single or Double conversion super heterodyne IF=450KHz or
10.7MHz + 450KHz

Resistor AGC, bias, LPF for PLL

Semi-fixed and RSSI level alignment, volume control
Variable resistor

Ceramic capacitor RF bypass, coupling, de-coupling
Small value capacitor

Electrolytic capacitor | AGC smoother, power-ground decoupling

Inductor RF tuning, local oscillator, IF transformer, FM detector

Variable capacitance RF tuning, Local oscillator

Analog filter Noise canceller, LPF
Ceramic filter FM and AM IF BPF for channel filter
Xtal Osc. element System clock, Reference for PLL synthesizer
Total number of Home tuner and radio cassette tuner : around 165pcs
external parts Car tuner : 80 to 130pcs
f : “‘ g Matsuzawa
2007.10.23 A. Matsuzawa \} & Okada Lab.




Issues and conventional solutions of AM/FM tuner 12
TOKYO TIECH

Application of CMOS technology to AM/FM tuner looks very difficult,
due to lower frequency and high dynamic range.

Lower frequency AM: 522 KHz to 1710 KHz
SW: 2.3MHz to 26MHz
FM: 87.5 to 108 MHz

Larger Inductance and capacitance —— External components

Serious 1/f noise —— Bipolar

High dynamic range AM: 14 dBuV to 126 dBuV

FM: 0 dBuV to 126 dBuV

Sharp and fine filter ~—— External filters (Ceramic)

External varactors
High linearity ckt. — Bipolar

2007.10.23 A. Matsuzawa



1st trial by CMOS technology

many external components should be reduced.

FM inter-stage

KE Tunig L and varacgtor Cerani

/13

Pursuing Excellence

Tﬂl(/ﬂ'l.-'EH—
1sttrial to realize AM/FM tuner by CMOS technology,

Q Can be integrated on a chip

*“ﬁ_?——

FM Antenna M
Tunig L and varac | LNA

2

LO inductor
Wyand Varactor

LNA
_ |
AM Bar Anten

and Varactor

2007.10.23
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Result of analog-centric CMOS tuner [ 14
TOKYO TIECH—

PursuingExcellence

Characteristics is affected by process variation easily.
Element mismatch causes DC offset, noise, distortion, and low filter performance.
The reduction of # of external components is not attractive for users.

External components 187-> 69

\
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Analog-centric CMOS tuner technology

15
TOKYO TIECH

1st trial was analog-centric CMOS tuner technology.

Circuits have been replaced by CMOS, however still use analog technology.
Thus it had many issues and many external components were still needed.

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

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 coupling capacitor

High impedance required, Difficult for low

2007.10.23

A. Matsuzawa
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Issues and advanced solutions of AM/FM tuner/ 16
TOK 7O TlI=CH—

Pursuing Excellence

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

2007.10.23 A. Matsuzawa



Advanced CMOS tuner 17

TOKYO TIECH

Digital-centric CMOS tuner has been developed.

Y AGC ¥
v Tune|| P || PM [>{ Anti- > VGA || ADC = DECI. (| STEREO | T| pac [ [~ 77
or BpE || LNA [T MIX > Alias > - > LPF || DECODER = o 1GHT
Cap. A LPF
Array A AGC FMIF FM RDS Power
LOCAL BPF | DEMOD | DEC Decoupl ing
% 0SC(FM) < Cap
A AGC GENERATOR — vee
\\\\\ \ S N
AGC \\\\\ AM | AMIF AM —
Y - * mix | BPF | DEMoD ||| *OSC
At \\\\\\ Tl ]
rray
g% (NA \\\\\\ §\ \\\\\ \\ DIGITAL ak | T
\\\\\\\\\\\ \\\\\\\ DSP xtal
AM LO GEN

AM Bar Antenna

(No need for Car radio) To/Erom

MPU
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Digital-centric CMOS tuner

Pursuing Excellence

// 18
Tﬂl(/ﬂ TEECH—

One-chip CMOS tuner has been successfully developed.
It can attain high tuner performance and

can reduce the # of external components.

Furthermore it can realize no adjustment points.

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%

..

o i
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Digital-centric CMOS tuner technology 19

TOKyO TEECH
Main signal processing is done by DSP.
v Y
I
» LNA —|MIXER > VGA ADC DSP
J +Filter |, N
A Q A
YRR\
»  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

NogohkwbE

2007.10.23 A. Matsuzawa



Demodulation of AM/FM signal 20

TOKYO TIECH

AM/ FM signals can be demodulated by simple arithmetic operations

1) AM demodulation [L+S(t)]- exp(jo.t)x exp(- jot)=1+S(t)
Received Demodulated
signal signal
00c i i
2) FM demodulation R(t)EXp(AJ(Dt + K4 Im(f)df)
Q ! Ao : Frequency offset

v

do R(t) : Amplitude variation
y dt m(t):Baseband signal to be re covered
0
) | GzAmt+dem(r)dr
K/ D _ K, m(t)

dt

m(t) can be demodulated

2007.10.23 A. Matsuzawa



Stereo decoder 21

TOKYO TIECH

Te stereo signal can be reconstructed by numerical PLL, mixer, and filter.

St)=(L+R)+(L—R)cosmt +K cosm,t

L(;,‘V6| Frequency Spectrum of FM Stereo Signal o, :Sub —carrier = 38KHz
o, :Pilottone =19KHz
| | |
L + R i | L-R L =R i
| | ilower sideband (Upper sideband)
0 15K 23K A 53K ~
Pilot tone S Baseband
- —19KHz Sub=—308aKrHrZ|er Frequency
Demodulator LPF L+R
> > ———> Lef — —
Decoder et (L + R)+ (L R) B 2L
rood
T NN LU I (L+R)-(L-R)=2R

PLL locks the pilot tone and generates 38KHz for sub-carrier

38KHz

> PLL Stereo

19KHz > Detector

Matsuzawa
\}, & Okada Lab..

A A

2007.10.23 A. Matsuzawa



Image rejection in low IF receiver | 2

TOKYO TIECH

Image signal can be rejected by using I/Q mixer and phase shift.

—>®—> L PF l/él 90° Vs Desired Image

A 4 A
O 1 OF

Vin (1) Sin((DLot) Y Vout) Input > | —>

cos(o t) <+>_’ :

A Q)
V (Ddes (DLO Q‘)im
2 |
LPF ‘:

Output [ L
Image rejection mixer <

v

v

0 o
Vi(t) = _\%Sin(wdes - (DLO)t +Vi7mSin(0)Lo - (Dim)t "

V,(t) = % COS((’Ddes — W, )t T \/i?mCOS(OJLo — Wi )t
. V V.
V,(t) > 90° shift =V,(t)= %COS((D%S o '7”1008(0%0 — ot

Vout (t) = Vdes Cos(wdes — WO )t : .
Image is rejected, however,...

2007.10.23 A. Matsuzawa



Required gain and phase mismatch /| 2
Tﬂl(‘ﬂ'/l.-'L'H—

Pursuing Excellence

0.1 deg and 0.01% are needed for IRR of 60dB

Conventional IRR: 35dB

101 R — IRR: Image rejection ratio

o
g m— AG 2
5107 | 50dB’ IRR ~
S 60
=102 — ~— Suppression of -
l ~ Unwanted Sideband
10°
- . A. Rofougaran, et al.,
102 2 3456 107 2 3436 100 ¢ IEEE J.S.C. Vol.33, No 4,

y Matsuzawa
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Image rejection 24

TOKYO TIECH

The dummy image signal is generated by IMO and the controller controls
signal delay and amplitude on Q path to minimize the I/Q imbalance.

FM
|
» LNA | ———{MIXER VGA ADC to DSP
24 | +Filter |, —
| Q L |
bmm e e - 1 Image Rejection Ratio >60dB
IMO Controller
Image frequency oscillator
S —'—L
| Deci.| [|Vari.| [|Vari.| R
1 LPF [ |Delay| | Gain BPF I
From ADCs N
DSP L | IM detect
| Deci.| |Fixed. ‘ | ‘
1 LPF [ |Delay | BPF '

2007.10.23
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Impact of components reduction

25
TOKYO TIECH

Reduced components

Reduction ratio

Impact on the Industry

Chip resistor

1 10pcsorless

Components # will be reduced by more than 7 billion pcs per
year.

Ceramic capacitor

1 10pcsorless

Components # will be reduced by more than 15 billion pcs per
year.

Electrolytic capacitor

1 10 1 20pcs

In area estimated 3 billion pcs per year will decrease to less
than 500 mil. pcs. Aluminum consumption is expected to
decrease by 2 thousand ton per year.

Chip inductor

1 2pcsorless

Components # will be less than half the # of existing pcs, but

frequency transformer

0 4pcs still some remain.
FM/AM Ceramic filter 0 Estimated 600 mil. pcs per year will be reduced to O.
Varactor diode 0 In area, about 1.5 billion pcs per year will be reduced to 0.
PIN diode 0 In area, about 50 mil. pcs per year will be reduced to 0.
Intermediate- 0 About 1 billion pcs per year will be reduced to tens of millions

pcs.

Bipolar IC for tuner

Incorporated into
Full CMOS

Bipolar IC exclusive for RF is not necessary any more.

Printed board

6 pcs or less

Tuner module

Unit manufacturers fix IC
directly onto unit base

Tuner makers are not necessary any more.

Assuming that units manufactured per year are : 100 mil. units for car radios, 80 mil. units for home rags

2007.10.23

A. Matsuzawa

.l.‘

s Matsuzawa b
\\, & Okada Lab




Wide-band delta-sigma ADC 26

TOKYO TIECH

Wide band and high dynamic range delta-sigma ADC is
the key for digital centric systems

90nm CMOS BW=20MHz, DR(=SNR)=77dB, 50mmW, FoM=200fJ/conv.

L. J. Breems, et., al.

“A 56mW CT Quadrature Cascaded SD Modulator
with 77dB in a Near aero-1IF 20MHz Band.

ISSCC 2007, pp. 238-239.

Technology 90nm CMOS, 1P6M

Supply voltage 1.2v

Architecture CT quadrature cascaded A modulator (2-2, 4b)
Sampling frequency 340MHz

Bandwidth 20MHz @ 10.5MHz IF

Max. input voltage 1Vp (differential)

Dynamic range* 77dB (97dB @ 200kHz, 115dB @ 3kHz)
Peak SNR / SNDR* 71dB / 69dB

Image rejection >55dB (for -1MHz input tone)

Active chip area 0.5mm?2

Power consumption 50mW (analog), 6mW (digital)
Figure-of-merit (FOM) 0.2pJ/conv. (FOM=P/(2”enob*2*BW))

(*AMHz input signal, signal bandwidth is 20MHz)

A A

Matsuzawa
\\, & Okada Lab. ;

2007.10.23 A. Matsuzawa



Trend of delta-sigma ADC 27

TOKYO TIECH

The bandwidth of sigma-delta ADCs has been increased up to 20MHz
with effective resolution of about 12 bit.

Nyquist ADC:

SNR oc CV 2

sig
Delta-sigma ADC.:

SNR oc CV 2

sig

2007.10.23
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uingExcellence

// 28
Tﬂl(ﬁﬂ TECFH—

DRP: Digital RF Processing

Courtesy Dr. R. B. Staszewski, Tl

Matsuzawa :
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DRP approach for transceivers / 29

TOKYO TEECH—

PursuingExcellence

DRP

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

Discrete
digital Time AID
amplitude Processor

control i e api
gital Filtering
TX out L.O. All Digital & Control

PPA TX data

= 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

f ‘ s Matsuzawa
fF \W \}, & Okada Lab.;
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DRP approach for transceivers / 30

TOKYO TEECH—

PursuingExcellence

DRP

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

Discrete
dig_ital Time AD
amplitude Processor
control igital Filtering

TX out LO. " AulDigital & Control
N PLL

* Move functions to domains of CMOS-process strengths
= Operate 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

f ‘ s Matsuzawa
fF \W \}, & Okada Lab.

2007.10.23 A. Matsuzawa



DRP Architecture

// 31
ToOKyO TlECFH—

Pursuing Excellence

Amplitude Regulation 0.2,1.25,2.5,5,
Channel - 10, 15, 20MHz BW
s b 450, 800, 900,
29 1800, 1900, 2100,
0§ | 2500, 3400MHz
(1] . B
r-fs Transmission bands
LE X
5.0 GMSK, QPSK,
o 8-PSK, 16QAM,
3 RX 84QAM Modulation
- Jigits Y Jiscrete e
RX i : = RF In TDMA, FDMA,
data s CDMA, OFDMA,

IFDMA schemes
I t ¢+ 4 AT T B T

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

2007.10.23 A. Matsuzawa



Issues of conventional PLL 32

TOKYO TIECH
Performance of conventional PLL will degrade along with technology scaling.
Functions is not sufficient for future systems.

Charge

LDOD VCO

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

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

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

2007.10.23 A. Matsuzawa



All-Digital PLL | 3

TOKYO TEECH—

Pursuing Excellence

. : Digital Controlled Oscillator
Frequent%]gltal filter

Frequency  detectof = LoopHer =~ =ik~ Z 75
Command E > ‘j |
Word * ; A : :: :
- : Gain norf. DCO,
Time to Digital Converter '_________________"____J' o
_____ —[k] Variable N
r | 1 {:5
| TDC — D < 1o
| ' f °
----- Period norm. L |
FREF — _ &
(26 MHz) ¢+ | Retimed FREF (CKR) N

References [2], [3] - R. Bogdan StaszewskKi et al.

2007.10.23 A. Matsuzawa



Digitally-controlled oscillator 34

TOKyO TEECH
Pros: Small effect to AM/PM conversion and noise on control voltage.
Cons: Extremely small capacitor L.T 1fF is needed. Vop
linear ranges V_tune_high
mt—<ﬂ"' h—)r; — varactors
e . «—1 —
= Oscillator |—| ' l]"‘[“ '
&/ traditional Tuning — —
S \ Word |—|
0 "\ IS |:||_><_||:|
=| deep-submicrori ™" ..., DA ——
control voltanea > V—tUHE_IDW E E
‘ o , ; =— i high=-Z
Tracking  Tracking : :
PVT Acquisition Integer Fract . : ’
| | | | T Bias L
I_I_-L ARNENEN NN v) T
{1 [T [ :
R N N
| 4MHz | 200kHz | 12kHz | 12kHz |
| 6-b | 64-b 64-b 3-b | _
weighted

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

2007.10.23 A. Matsuzawa
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TDC: Time-to-Digital Converter 35
TOKyO TEECH
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

DCO D (1) D(24) ; Pl
FREF——1 L4 11 . (o :
Q1) Q(24) DH
Yy v Vv ¥ 4 D(8) —
P-Thermometer-Code Edge Detector — l_'—|_
TDC_RISE R
P normalizer Q(1:10) X 0011110000
based on self-calibrated TDC_RISE ) 4K
inverter delay e

y Matsuzawa

2007.10.23 A. Matsuzawa , & Okada Lab. ;



Digital polar modulation / 36
TOK} Pﬂ '_I.-;EI;/I—
Amplitude modulation has been realized by RF-DAC. )

PA consists of DAC.

A. Kavousian, D. K. Su, Bruce A. Wooly, “A Digitally

Modulated Polar CMOS PA with 20MHz Signal,” /é
IEEE ISSCC 20007, Dig. of Tech. Papers, pp.78-79, y
Feb. 2007. Decod er
I Digital
Q__: Polar HAmMplitude
Decomp| Phase

v

out

s  Matsuzawa
2007.10.23 A. Matsuzawa



PA using DAC // 37
EECH—

Tﬂl(/ﬂ 1

Pursuing Excellence

64 small PAs are controlled by digital BB signal.

% Matching

Network
TN ctri1e—L, ctri2e—L, === ctriNe—{L
Wil RE Phasee E— :rj__ "EL

S I *
Quadrature —l L ’
i I .
Clocks "

2007.10.23 A. Matsuzawa



Results 38

TOK YO TIECH
16.6MHz
0.0 - & & O 0 @ & & @
O 0 B0 @ 8D © Po=13dBm
200 ? & B O 0O O 6 @ PAE=7.2%
I R BW=20MHz
" O e & @ 0 O
-40.0 L mnoe p 0o % &R o
e &6 @ & o B 6 b
60.0 | . N B o8 0 &8 m B 6
1.53 1.55 1.57 1.59 1.61
Frequency (GHz) EVM = -26.8dB
—— — Technology 0.18um CMOS, 2P5M
0.0 Without - 16.6MHz Supply Voltage
.0 | = Without image suppression —p 1 Digital Hardware 1.8V
—— With image suppression Driver Stage 5oy
| Output Stage 1.7V
Spectral image (before) Linear 64 QAM OFDM Output Power 14.7dBm
-20.0 |-spectral image (before) Cj 13.6dBm (balun included)
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Figure 10.1.1: Chip, board, and lens antenna setup configuration.
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