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Quelle: H. Bahring, Mikrorechnertechnik, Band , Springer, 2002.

= Integration density of Electronics is doubling every two years
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Moore's Law & More

Traditional Functional Diversification (More thaw

ORTC Models - —
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b 3‘: 32nm System-on-chip
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Source: INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS (ITRS) 2009 EDITION
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Extrapolation
Billion
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2.94 Mu/s Ethernzt IE(:EeTnh;fs A /C’
Ethernet js 80 ¥ LTE Advanced
WIRELINE A | Gb/ R - -

% @ @ a Etherner ' l o=

E.’J, Million 802”[‘)— .

8 {" | 1 Gbit/s

* 9600> :

& "“'Tern R [ o LTE 50 Mbitis

10/ p\C .
Thoueang  Haves NOMA TS Wireless data rates
modem, BE.\.-f-ss 9 | | ( .
| o WV | 56 Kp/s TCOChet ragiq modem are growing even
Fire 3 - faster than wireline!
o | 28,
: l :::::Iumeric “"Odae':nb/s
A% \;Vide‘arqa
< agmg Q;,.
< p
4 & We will run into a

TELECOM RULES: Wireline, nomadic, and wireless technologies improve in a manner (o))
reminiscent of Moore’s Law. Soon, even slower communications channels like cellphones QQ
and radio modems will eclipse the capacity of early Ethernet, thanks to upcoming 3Y;

standards known as UMTS and MIMO, which will boost bandwidth by maximizing antenna
usage. [Time axis shows dates of first use.]

serious problem!

Source: Steven Cherry, Edholm’s Law of Bandwidth,

Telecommunications data rates are as predictable as Moore’s Law, IEEE Spectrum, July 2004
Phil Edholm, Nortel’s chief technology officer and vice president of network architecture
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Analysis by APWPT -

Tendenz der Datenrate Uber die letzten Jahre

Bit/s 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
1T

100G 100G EtheTnet
50G 10G Ethernet
10G USB 3.0
5G PCTXpress
1G 1G Ethernet 802.13.3c
500M 4SBZ.0 ~10 UWB 802.11n
100M | 100M Ethernet LTE
50M T 802.11g ~100 HSDPA .
10M 802.11b | HSDPA !
5M USB1.0 I |
1M 802 ' !
500k EDGE .
100k ' ~ 9 Jahre :
SDk PR I@I
10k | GSM
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
Legende: Source: M. Fehr, APWPT
Kabelverbindung
EL:Tf ) = Data Rate is doubling every two years
obilfun
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CISCO study i

Figure 1. Cisco Forecasts 6.3 Exabytes per Month of Mobile Data Traffic by 2015

Terabytes per Month 92% CAGR 2010-2015

6,000,000

3,000,000

2010 2011 2012 2013 2014 2015

Source: Cisco VNI Mobile, 2011

=> Mobile Communication Data amount is Doubling each year!
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Figure 3. Laptops and Smartphones Lead Traffic Growth

Petabytes per Month 92% CAGR 2010-2015

7,000

0.7%
2.9%
3.5%
4.7%
5.8%

26.6%

3,500

55.8%

B Other Portable Devices

B Nonsmartphones
B Tablets
a M2M

B Home Gateways
B Smartphones
W Laptops and Netbooks

Laptops and
Smartphones with

2010 2011 2012 2013 2014 2015 QuadCore and HD
Display...

Source: Cisco VNI Mobile, 2011
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Figure 5. Mabile Video Will Generate 66 Percent of Mobile Data Traffic by 2015

92% CAGR 2010-2015

Petabytes per Month
7,000 15% @ Mobile VolP
B Mobile Gaming
20.9% B Mobile M2M
B Mobile P2P
3,500 B Mobile Webh/Data

B Mobile Video

*“* Where does the
audiovisual content
come from?

0
2010 2011 2012 2013 2014 2015 .
Wireless cameras,
Vol traffic forecasted to be 0.4% of all mobile data traffic in 2015. wireless microphones,
Source: Cisco VNI Mobile, 2011
so PMSE...
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Can we fully
capture an event,
performance?

Produce it ?

Reproduce it in
an immersive
way?

We are on the

way by audio &
video in HD, 3D,
multichannel,...

Holodeck, Source: Star Trek
telepresence
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New Mobile MMIs T

Source: Microvision

Source: Microvision
Source EDN
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Evolution of Converter Technology
Walden paper (Analog Devices) — ADC Snapshot 1999
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Stated Resolution (Bits)

Knee@600 kSa/s

2 / 1 | T T
20 - slope: -1 bit/octave
\ [ llr"r
18 B U W S — ) .Jl.-';-_- e — —
A \

16 i
" SNR improvement |-
12 1.5bitin8 years |-
10 : i

s module
8 = hybrid —
6 a Silc
. o HVIC I

x SuperC . \
2 — state-of-the-art - -
0 ] " s
1E+4 1E+5 1E+6 1E+7 1E+8 1E+9 1E+10

Sample Rate (Samples/s)

1E+11

Source: Walden R.H., Analog-to-Digital Converter Survey and Analysis, IEEE JOURNAL ON SELECTED
AREAS IN COMMUNICATIONS, VOL. 17, NO. 4, APRIL 1999, p539
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ADC Snapshot 2009 B

Knee@200 Msa/s
18 Bit Z/ @

16 Bit —— = wvu=
c 14 Bit +——x—%— Nlix

2 12 Bit XX XYW 1

5 X Analog Devices
© 10 Bit | x—x - /T ovn ,
? m Linear
e 8Bit X X e Maxim
T 6 Bit X National Semi.
? 4Bit Research

2 Bit

0 Bit

10 100 1000 10000 100000

sample rate (Msps)

Findings
« The rule “71 bit is lost for doubling frequency’ still holds,
6 dB SNR is lost, but only 3 dB process gain is gained — so it doesn’t pay off
» The knee shifts with technology evolution
» 200 MSa/s the only reasonable sampling rate for SDR - today
« Limits us to roughly 50 MHz air interface for highest dynamic range!
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ADC Snapshot 2010 it

Knee@600 MSa/s

18 Bit : /
. it
16 Bit +—— & &7 == 1
14 Bit %% X
c
2 12 Bit X——x XYW+ X
= X .
S 10 Bit - LD ey 0 Analog Devices
o _ m Linear
8 8 Blt T 1 17, - X AN TN N Maxim
g 6 Bit — x National Semi.
4 Bit Research
2 Bit
0 Bit
10 100 1000 10000 100000

sample rate (Msps)
Findings
« High Momentum in shifting the knee
* Moore’s law is working for the knee shift
Most Recent figures

« ADC: 3.6 GSa/s @12 bit and DAC: 2.4 GSa/s @16bit
EUMW2013 W19 =,
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Evolution of Converter Technology

DAC Snapshot 2010
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16 Bit

14 Bit

12 Bit

10 Bit

stated resolution

8 Bit

6 Bit

4 Bit

10 MSa/s

Findings
« DAC far ahead of ADC
« 2 bit/octave limit

: AN
N

100 MSa/s

1000 MSa/s

conversion rate (MSa/s)

» Moore’s law is also working for the knee shift
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3. Systematic partioning into A/D
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Systematic partioning into A/D E i _.
Basestation cabinet S

> 25% form factor
Coaxial resonators

(12 filter fiir 3 sector
4 branch MIMO)

Analogue
= 75% form factor
= Doesn’t follow Moore’s <
law
> 50% form factor
PA and cooling

= |nnovation at
architectural level

necessary (12 PAs flr 3 sector
4 branch MIMO)
Digital
= 25% form factor <

= Follows Moore’s law
= 20 nm CMOS helps...

Source: Alcatel-Lucent OneBTS
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Basestation radio card S

Digital functions
(signal conditioning)

Source: Alcatel-Lucent OneBTS radio card
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Pros and Cons B

Aging
Temperarture Drift

Predictable performance partly

Scales with Moore's law (price erosion) partly
[reconfiguration possible
Filters (Performance in light of realization effort) moderate

Immunity to EMC moderate

|Capacity bit/s (Shannon equivalent)

Findings
= The arguments pro digital are very strong, but...
= Analogue is very beneficial in terms of capacity
— Digital: 200 MSa/s@16bit=3.2Gbit/s
— Analogue: 500 MHz@100 dB SNR=16.6 Gbit/s

C=BW-ld(1+£]
N
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Systematic partioning into A/D

4 Quadrants
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Domain of classical RF/Microwave
= e.g. Class-AB power amplifier

= Moore’s law mostly not applicable

Quantization noise
only with digital,
therefore focus
here

Sampling

Digital Radio Processing
= Switch mode PA Class-D/E/F
= Class-S high speed digital

N

Quantizatign amplifier (PWM)

" Analogue signal
Continuous time

~. Arbitrary amplitudes

___________
0 T ~~ | e T T T T
r -~-- | | e=mmmmmTmmmmm=T
~— Vi \

-~

. Continuous time "™ | Profit from Moore’s

/. Discrete amplitudes ! | law by architecture

R Al innovation

Discrete time
\A[bitrary amplitudes

” ~ ’/
’ S o _ -
- - Smmrmet - ———

Digital radio processing'

= Switched cap filter
= Digital PLL

~a -,
,/’ ~s r,

—— -

L ’O{E% T /
AN

/" Digital Signal

Discrete time

I4

Discrete amplitudes

-
________ e
<= e
N —_——
Il R -

= DCO Digital controlled Oscillator
= DCF Digital controlled filter

EUMWZ2013 W19
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Domain of classical digital signal processing
= FPGA/ASIC / DSP

= Follows Moore’s law
= Class-S with DSM
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Analogue PLM
+ Ca.pacity. + Capacity
- Aging/Drift + Scales well
- Doesn't scale well + Switch mode, high efficiency
- Phase noise critical - Short pulses, large f; needed
Analogue signal . ) l
) i Continuous time
Continuous time

Discrete amplitudes
Arbitrary amplitudes ] PUIE Matches

CMOS, GaN, InGaP

Digital Signal
Discrete time

Discrete time

Arbitrary amplitudes| . ,
Discrete amplitudes

Switched Cap Digital

+ Capacity + Scales well

+ scales well - Quantization noise
- Jitter critical - Low capacity

EUMW2013 W19 @,’ 24
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How to move between Quadrants S

Problem

* How to move from Digital Time discrete to time continuous?

» Massive Oversampling?

« 2 GSa/s to 200 GSa/s

» Only provides factor 100, so 20 dB process gain, equal to 3 bit

Solution
» Use a phase modulated clock
* Transition from time discrete -> time continuous

Issue

* Phase modulation of clock equal to PM
» We need conversion from 1Q to polar

« Bandwidth enlargement by factor 5...7

EUMW2013 W19 =,
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Goal: One universal metric for analogue and digital
= Def.: Overhead factor
— Amount of data relative to net data stream
— Defined for each signal processing stage

Net Data stream: Typical 12.2 kbit/s for voice

Calculations:
S

— Analog domain: Use Shannon Crnatos = B ld(l +—j =B- ld(1+1OSNRdB”°)
B=bandwidth, SNR=Signal-to-Noise-ratio N

— Digital domain:

N=resolution, r=clock frequency CDigital =N-r
= QOverhead factor: C.
— By definition 0, = 12.2](];1';/3
— Decoders output / Coders input: 0. =1
— air interface: l
0. =

Method applicable for TX and RX l

Patent: EP 1 521 738 B1, Method of analysing a receiver and/or transmitter chain,
Filing date 4 October 2003, Proprietor: Lucent, Inventor: G. Fischer

EUMW2013 W19 @,, 26
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into A/D

ioning

Systematic part

Receiver Analysis for GSM

Overhead factor

critical !!

Benefit of
analog signal
conditioning

BB Filter

e

r}face
f

Air
Inte

Signal processing stage number

27
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Conversion from cartesian to polar ==
Bandwidth Enlargement
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0 o
-20
40—
I 1% 4
i 60—
% 4
D, -80-
g 1
o =100
Q.
7 Spectrum
120 f co=1/16
. f_co=1/8
140 f_co=1/4
L f_co=1/2
'160IIII|I|II|IIIL]FIII|I|II|IIII|II|I|IIII|IIII|IIII
-0.5 -0.4 -0.3 -0.2 0.1 0.0 0.1 0.2 0.3 0.4 05
fifs

Source: G. Strasser B. Lindner, L. Maurer, G. Hueber, A. Springer, On the Spectral regrowth in polar Tramsmitters, IEEE
IMS 2006

=» Cartesian to polar conversion increases
bandwidth by factor 5...7 !
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Evolution of wideband air interfaces S————

18- RF-P signal—
oL
without
.~ 10+ "Vector Hole"
m
E—'Eﬂ - /
% -30
o _4q0L |
. with
=50 mudulatiq_* "“Wector Hole" 4
=60 Digital
RF Signal
_70l |gnal
10 8 6 4 -2 0_2 4 6 8 10
} " “Normalized Frequency 1%& & 0 04 o8
Fig. 5. Spectra of the RF-P and the modulated digital RF signal. Fig. 6. Example of vector diagram of complex noise with a “hole.”

Source: D. Rudolph, Out-of-Band Emissions of Digital Transmissions Using Kahn EER Technique, IEEE TRANS MTT,
VOL. 50, NO. 8, AUGUST 2002

=>» Zero crossing widens spectrum of phase even more
Minimize PAR (Peak to average ratio) and PMR (Peal to minimum ratio) by Clipping algorithms

EUMW2013 W19 =,
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64 DAPSK Characteristics
» 4 amplitude rings, log steps

Im S«
o - 16 phase states per ring
o . « Differential coding of amplitude and phase
R Vision
‘i e et ' . Separate processing of AM and PM information
L.t " . ™% . Delay in AM and PM hasn't to be matched
R - EVM makes no sense any longer

et » Pulse shaping not in linear domain 1Q, but polar domain

Source: H. Rohling, V. Engels, DIFFERENTIAL AMPLITUDE PHASE SHIFT KEYING (DAPSK) - A
NEW MODULATION METHOD FOR DTVB -, International Broadcasting Convention, 14-18
September 1995, Conference Publication No. 413,0 IEE 1995.

See also: Cahn C., Combined digital phase and amplitude modulation communication systems, IRE
Transactions, communication systems , vol 8, pp. 150-155, Sept 1960
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Digital reconfiguration of analogue functions

Analogue/RF Path
I ———

Analogue/RF Analogue/RF
Radio Function Block out

Signal processing stage

Digital control interface

(Digital setting of analogue parameters)

@waﬁ@u “Hy 34

Digital path

This slide is from Oct 2004, my time in Bell Labs

EUMW2013 W19 Lucent Technologies
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Digital reconfiguration of analogue functions
Spry It got reality in 2010
Commercial grade!

Dyvnamically Tunable RF

MEMS - Tunable Digital Capacitor
array (TDCA)

99999999¢

CAPACITOR BANK
S5pF - 20pF
SERIES & SHUNT

C1_GND

C2_GND

Cn_GND

GMND
cLk o+4 SPI&I2C

DATA IN O DRIVERS &
DATAQUT O IMTEHEFACE DC/DC
A von ol REGISTERS || COWERIER

RESET
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Phase modulated clock
(b)
|- - -
I |
I n n fl, 1, I
— M— 7 AX Mggulatc:r 7 l
fog fge | =T =T, :
1. Q : .
l | PM-Carrier :
N UL |
Q | 1 1
—p o > >
AV L K7t

Prototype IC

Source: Shinichi Hori, Kazuaki Kunihiro, Kiyohiko Takahashi, and Muneo Fukaishi, A 0.7-3GHz Envelope A% Modulator
Using Phase Modulated Carrier Clock for Multi-mode/band Switching Amplifiers, IEEE RFIC 2011
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Phase modulated clock T ecmmsone i
QDSM PMC-EDSM
f_ (constant) @ fofPot/Pot max (£F,) ©
Waveform example : Waveform example :
Pout = Pout_ max /4 Pout = Pout_max / 4

Time continuous
systems perform

|| : Voltage waveform at CDPA output node much better than
m : Voltage waveform at reconstruction filter output node time discrete
(a) ones!
QDSM PMC-EDSM
40 % 81 %

sinc(md)xh |
(4im) = h

(b)

Fig.3 CDPA performance comparison for averaging switching
rate (a) and coding efficiency at maximum output power (b)

Source: Shinichi Hori, Kazuaki Kunihiro, Kiyohiko Takahashi, and Muneo Fukaishi, A 0.7-3GHz Envelope A% Modulator
Using Phase Modulated Carrier Clock for Multi-mode/band Switching Amplifiers, IEEE RFIC 2011
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Isolation of clock domains, assynchronous operation ———

|
g g
g 2 . I g 5 5
d 8 g ! = & 2
| 1 I | [T]
DACCLKP |
il T = e
DACCLKN Reterence
3 o | Bias)
: !
| [ 11 =in
FIRD FIR] FIR2 FIR:
FARIE - o : -h-,?\\ -F-E\ r ,?\\ -h-ﬂT\\ - - touT
w DABISM 18 | ) + i ) -y 10UTAZ
i L=l L= L == L ==} Eg
% . I ABChamsl b
* | £9taps 2atms 1 s 1 apm %
T DR = = IOUTE!
- - I | & o AN - & - ?\ - -
£ [ ) LA 2 [ ) £ [ ) A 1ouTES
DABON 1 P s i | i
DCIHSP
iri e 2l T
8 m[:ﬁH e, il" %I - 2218 Irnarpolation - E"“E..E:g}"'
= |
3 e i ] :
FIRQ FIRT FIRZ FIR3
F g I n N i 1ouTC
DCDON = 18 I ﬁﬂ_\\f 'ﬂ_\\T 'ﬂ_\T 'ﬂ?\\? Eg_- RCCA | 1oUTes
SYNCP | =5
| -Channel Eh
EYNCH | 59 tas 23tmps 11 mps 1 apm g%
e e e i A rae ok
; . . . - -
o R NN fe A el e N Y .
IS TRENRITYAEP | | Gax i
IS TRIPARITYABN || | .BNCO
OSTRP | p—
ral Tarmp —| avon
OSTRN I ’_{ Sermer =
1 DL I
|
|
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Recursive filter
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DAC

oL >

<

Approach
» Hybrid of analogue and digital processing
» Not a strict analogue recursive filter, nor a digital 1IR
« Combine best of both worlds A/D
» Latency of converters critical

EUMWZ2013 W19
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Discretized passive load modulation Si————

Cartesian
to polar

Switch mode
saturated

4

AN
~

DA\ NN

Variable —<
Load

Impedance
transformer

FM

Switch Mode
Class-D.E,F

EUMW2013 W19 =2,
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Examples future - ..
Discretized passive load modulation Si————

Implementation constraints
« We cannot strongly attenuate Amplitude
« Can’t we define the modulation directly in polar manner?

Requirement

» We need to avoid low amplitudes

* We need a zero crossing free modulation

* We need a modulation with limited PMPR (Peak to minimum power ratio)
« Anyhow we want limited PAPR (Peak to average ratio)

New approach

* Not only focus on clipping = limiting PAPR

« Work on algorithms for PMPR limiting

 GSM EDGE naturally has limited PMPR of 17 dB

» Selected Mapping in OFDM can not only be used for limiting PAPR, but also for limiting
PMPR!
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Analogue-Digital Balance
* Analogue is very powerful
* Analogue selectivity always needed
* Knee in sampling rate with converters continuously shifting
« SDR: We cannot shift all to SDR, believing Moore’s law

Architecture Innovation is necessary
* 4 quadrants - Beyond Moore
« There is more than just analogue and digital — e.g. PWM, switched cap filter
* New Architectures needed
« E.g. new Filter

Vision
* Modulation format designed to match TRX architecture - Polar definition
« Evolution of PHY and HW realization has to go hand in hand!
« PAPR and PMPR limitation
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