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Deep coverage
To reach challenging locations

Strong security
Ultra-low energy e.g. Heaith / government/ financial trusted

10+ years of battery life

.\
Massive
Internet of
Things Mission-
critical
control wpy Ultra-low latency

\
Ny

Ultra-high reliability

1 out of 100 million packets lost

Ultra-low complexity

Os of bits per second

Ultra-high density

1 million nodes per Km-

Extreme capacity vd Enhanced
0 TRps par mobile broadb

{

Extreme user mobility

Or no mobility at al
Extreme data rates Deep awareness
Multi-Gbps peak rates Discovery and optimization
100+ Mbps user experienced rate:

Source: Qualcomm, Challenges and Design Aspects for 5G Wireless Networks




@ Introduction: 5G Needs & Applications (1)

* |t is expected that
- Massive growth in data traffic volume (x1000 [1])
- Massive growth in connected devices (25 Billion devices
[2])
« Key drivers for the development of 5G are expected
to be
- Low latency (< 1ms)
— High throughput (>1Gb/s)

[1] T. S. Rappaport et al., "Millimeter Wave Mobile Communications for 5G Cellular: It
Will Work!," in [EEE Open Access, 2013.

[2] C. Koverman, "Next-Generation Connected Support in the Age of l0T: It's time to get
proactive about customer support.," in IEEE Consumer Electronics Magazine, Jan 2016.




@ Introduction: 5G Needs & Applications (2)

» 3D (Data-rate, Delay, Devices)
- Data Capacity Devices
(data highways)
- Responsive
Objects
(“real time”)

Bandwidth =
mm-wave
Transceivers

Data-rate



@ Introduction: 5G Needs & Applications (3)

» Big Data Capacity Wireless Communications an
Networks

\/ ~— .
60 GHz
Macro Cell Small Cell

Backhaul

(Source: EU Project MyWaves)
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5G Wireless Standard

Overall 5G solution

B e e e e e s o S s e S 8 oo SR e Pk e S \
I I
I I
I I
' . ) : LI
: LTE evolution . Interworking New technology :
: Backwards compatible J < P J !
: --------- i By pmm mma amme Y SN SN DEm BN ESD ES DSN SRY NN MSm GEN GOSN UOD IEEM EDG XN wn% OSSN SmO UEm BN MSD EmO NDEm o mme AR Mg H S SEn GEn GE SN S —— :

Gradual migration

Existing spectrum Into existing spectrum New spectrum
| | I I | I N | | |
1GHz 3GHz 10GHz 30GHz 100GHz 1GHz 3GHz 10GHz 30GHz 100GHz
Below 6GHz Above 6GHz

New spectrum below 6GHz

Figure 1: The overall 5G wireless-access solution consisting of LTE evolution and new technology.

Spectrum range relevant for 5G wireless access

1GHz 3GHz 10GHz 30GHz 100GHz

Figure 3: Spectrum relevant for 5G wireless access.



5G mm-wave Vision

Digital Communications

A

™ N
System capacity with MIMO/ Beamforming |

System capacity limit

OFDM + MIMO
Future
e Wideband 5G/ 6G Mobile:
3 ~ CDMA
Digital MIMO Engineering Higher
a signal T(CIDMA + 4 Challenges: _, spectral efficiency
N processing Channel coding ' via more antennas
L -~ " Turbo Design for
L2 __ codan mmW channel =
e Analog + more spectrum
' RF Components: gt higher frequencies
Turbo codes MIMO efficiency
invented invented ]
| |
: 9 .
Hz Hz Hz Hz
1G 2G 3G 4G 5G 6G



@ Why Massive MIMO at mmWave Frequencies?

Massive MIMO resolves mm\Wave issues

Large available bandwidth at mmWave

Frequency| 6.0 GHz |20-40 GHz | 40-60 GHz | 60-100 GHz
range Path loss can be
; 10 GHz band 32 GHz band |40 GHzband |66 GHz band iti i
szeni',ic 10.125-10.225GHz | 31.8334 | 40.5435GHz | 66-71 GHz ml'Flga'Fed t?y high
dentified | 10.475-10.575 GHz | GHz ‘45 GHz’ band gain directional
i | 45.5-48.9 GHz
Potential | 2X T00 MHz 16GH  |08GHztoal |56z antennas
bandwidth | ——— | W
Source: Ofcom, Apr 2015
High path loss due to antenna aperture size
and atmospheric absorption
Patc(g gr}:te)nna Art&yoa(r;\’t{er)ma
Z rd
100
aRKm \'IM o
E z
TO E E
o o
(Vo] o
. 60 mm = * 60 mm >

Greseocus O

mmWave geometry allows for very

11 1]“..l L lll“,l small, high gain antennas

0.0
10 100 1000
FREQUENCY GHix




@ Potential mmWave Bands

Potential mmWave Bands

— Samsung Experiments: 28 and 38 GHz (500 MHz)

— Japan: Tokyo Institute of Tech. 11 GHz, 400 MHz
(some collaboration with NTT DoCoMo)

— METIS: Bands for investigation - see chart

METIS
METIS TIMELINE FOR SPECTRUM Band (GHa) Size [GHz) Priority
& 5 9 -10. 0.7 Med High
https:/fwww.metis2020.com/documents/deliverables/ 171.173 02 'f:._v -
D1.2 Initial channel models based on measurements 30-10-2014 17.7 -19.7 20 Low
D5.3 Description of the spectrum needs and usage principles 31-08-2014 ‘;: - g;; 0.2 -
5-29, 2.0 Medium
31.0-31.3 0.3 Medium
" M 31.8-334 16 High
Higher Frequency Candidates 36 0.370 0 Tow
EESS  MS Ms Ms
m 213 s Fs s
AL FSS F55 Fss Band (GHz) Size Priority
B - GHz
—— —— — S 40.5-425 2 Medium
ns 35 3113 EEN ] meé 40 41 425 “25 _ ‘35 1 ngh
l T _ 43.5-455 2 Low
0.5 FLL S ) 314 40.2 as “55 _“?0 1 5 H|gh
:.: - I — ] 47.2 - 50.2 % — ngh
134 14 181 186 7 o B W ms 504 -5286 2.2 Medium-Low
mrren;'u“ . Y r = 5 55.78 - 57.0 1.22 High
s e oo B Current Usage 57 — 66 7 ngh
- ’ U5: Fined P-P system
EU: Fixed P-P link , F55 earth sta. EU: Eined P-P link MO Brimary 66 - 71 5 ngh
Samsu ng :liIM;_l:l:bl.lﬂ. l.“ Kored : Nome - 71-T76 5 ngh
L orea : Manine time use J L J 81 _as 5 ngh
Summary of assessment results for the bands above 40.5 GHz




Why mmWave? Challenge & Opportunity

Powergpy = Powerpy + AntGaingy + AntGainyy — 20log,o(4nR) - 20log4, (g)
Distance Frequency

In words. For a given distance, as the frequency increases, the received power will
drop unless offset by an increase in some combination of transmit power, transmit

antenna gain, and receive antenna gain.

The decrease in power as a function of frequency is
caused by the decrease in the antenna aperture.

S00000000
XTI
Ce000000 00
Peessseree
XIS
seestsseee
tessettsee

The Good News:
« Higher frequency antennas elements are smaller
« Easier to assemble into electronically steered arrays
. y bl IBM 94 GHz Array
* Reduced interference. Energy goes where it's needed B Tl for Livaes Arroavs
* Improve performance in dense crowds (5G goal) IBM Press Release, June 2013

« Higher frequencies wider bandwidths: faster (5G goal) S
Challenges: > i
* |Increased complexity with more elements

« Multiple antenna arrays required for spherical coverage
« Discovery and Tracking (mobile devices)

*y
e
.




@ The mm-wave Challenge

e Free space losses and high data require 30dB more link budget compared
to 5 GHz systems - directive antenna

e TX power that is dropping as we go higher in frequency and to more

advanced Si process Bnax V=1 f - antenna array
e Need to cope with blocking and moving targets - scanning capabilities
LOS Loss @ 10m. 60GHz: 28dB Patch Antenna @ 2.8GHz Array Antenna @ 28GHz
WiFi 60GHz Diff
Tx power ~17dBm 10dBm -7dBm
Freq 5-6 GHz 60GHz -20dB 650 mm
BW ~16MHz 1.7GHz -20dB .y
, .
Constellation | 64 QAM 16 QAM ~+6dB Grmaz = v
Distance ~30m ~10m (1/3) -10dB — 2 T o o S 1_ A\ 2 _ PrxAry Apy
Antenna gain 0dBi ~15dBi Rx & Tx | +30dB ' N, ‘And d*N, \?

=20-log,,(N)

RX(mm-_gain =10- 1Oglo(]\[) 30dB gain TX+RX >30 elements

array _gain



@ 5G Direction

Modern LTE Femto Cell mmWave Small Cell

HPBW: 70-90° HPBW: 2-3°
Average data-rate Average data-rate

MU MU



Beam Steering vs. Beam Forming Techniques

8-port Butler
matrix

Y

Adaptive
1-0f-8 beamformer
fixed beam ‘
selection plus e
combinations
AN - ‘ |
A il . Compensation
- 3 2 v : \ ” : s “/. - .
__.tf Adapts per antenna weightings
* ¢ & ¢ and beam pattern to received

signal and channel estimations



True Time Delay Beamsteering

\T

Figure 6: True Time Delay Beamsteering



Antenna Patterns vs. Number of Elements

Main lobe = 0 deg azimuth
#nulls =1

Main lobe = omnidirectional

deg 0 deg
-30 deg

0
y l ———__+30 deg | +30 deg
\ \
I
-60 deg +60 deg -60 deg +60 deg
/ X | / / ~ b \ / 2 -~
/

~ \|/
~ > 4

| |
1 antenna element 2 antenna elements
0.5 wavelength separation
0 deg phase shift per ant element
(a) (b)

Main lobe = 0 deg azimuth Main lobe = 0 deg azimuth

#nulls =2 #nulls =3
0 deg 0 deg
-30 deg +30 deg -30 deg / +30 deg
\ | / \ l[\ /
-60 deg \ ' | / > +60 deg -60 deg \ > / > +60 deg
~N

||| [ 1]
3 antenna elements 4 antenna elements
0.5 wavelength separation 0.5 wavelength separation
0 deg phase shift per ant element 0 deg phase shift per ant element
(c) (d)

Main lobe = -30 deg azimuth

#nulls =3
0 deg
-30 deg | +30 deg
-60 de \ /
g \ \\ l / _+60 deg
g \l
\\Vo/ -~

[ 1]
4 antenna elements
0.5 wavelength separation
90 deg phase shift per ant element
(e)
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@ RF Up-Conversion and Down-Conversion

RF Transmitter

UPCONVERSION
fres = fo = fie
foer = fio * fi L0 _::::::::--.___~~~ DOWNCONVERSION
IF i TTm=~o \N*\ fie = | fio = fael
SO

.
»
. )

Power
%
2
;5: '
—
oo
» =
o
-
Power -
[
11
S|
L 3 11
11
11
11
-1
b
11
11
11
11
h
.3
Pl =
gl e

DC Frequency

DC Frequency

Radio Frequency <_@ Intermediate Frequeny
) (fis)

Radio Frequency @_. Intermediate Frequeny
(fs)

{fae)

Local Oscillator

(fl.'_'] @
RF ReCeiver Local Oscillator

(fo)



@ RF Receiver

— DC-DC Converter > LDO
RF : l BaseBand Analog
Antenna
MIXER | Channel Select Filter | |
. ; |vaa ADC  f—| BB
g ~ g Modem
k\
LOAIS ‘
Main / —
SPUR Frequency
Synthesizer
AnaA
1
Ogr



@ RF Transmitter

BB
Modem

—1 DC-DC Converter

BaseBand

DAC

"IVGA

Channel Select Filter

A
A

v

LDO

RF

MIXER

—~

V/

Powe
Amp

Frequency
Synthesizer




@ 1/Q Modulation & Demodulation

AL L L L n_n.--.-nu_u.-uu\_u_nq.1

i | MSM2 :

%7 Antenna BB\AE'SI'I"I"IK i ;
| LPF DACT ! :

- [ ]

il 5 I 1

1 ! 1

_q_ll:ton _BPF:< IFED Transmit ! Q1 Modutetor 5
5\‘ 0+ 90 ) J | :

LPF < DAC I ;

a| = | E

il E 1 1

— Duplexer HE i ]
i : I 3

LPF = ADC ; 3

o | ;

~I>;RFlu IF——|BPF :D}f : IFLO | Receive | Rx |/Q| Demedulator -
| 0+ 90 | ;

| LPF < ADC ; 5

i 3

| ]

e

RF Up/Down Conversion Modulation/Demodulation
- Hetrodyne - ASK,00K
- Direct Conversion - GMSK,MSK,FSK
- Low IF - QPSK,0QPSK
- Wideband IF - M-PSK,QAM



@ Heterodyne Receiver

. .
< Hetrodyne receiver S f - High side Injection

fro < f.: Low side Injection

Image Channel , I
RF Input (f.) Reject Select A®H>—> [\ |+ ADC F

| Filter Filter
RS RS - RS //_:\
o~ A AR _’;!_‘ - H\ L0, (1)
RF Filter IR Filter T IFFler & amp l S
/” .
[\;LQ (fe-fe) ﬁ®ﬂ>ﬂ M\ F ADC >

Antenna — RF — IF — Demodulation

Channel selection is done by a tunable LO and a fixed IF band-pass filter (BPF).
e Improved selectivity (sharper cutoff characteristic)
e FEasier band tuning

Required amount of gain can be allocated across two different frequency bands (RF and IF) —
Can implement higher gain than tuned RF receivers.

“Image” problem: Signals at the image band can degrade the receiver SNR.
“Channel-selection filter” may be difficult to integrate in IC.
May employ double-conversion for optimal performance.

vy

vyvy v



@ Direct-Conversion Receiver

“* Homodyne or Zero-IF

A
—>®—> LPF p» [ / \ ’ \
LNA f i '
BPE . COS(!)Lot — fLO fLO
Wjn . A | /Q
Sln(l)l_of
—>®—> LPF = Q

» LO frequency is equal to the RF center frequency.

» Channel-selection filter (BPF) is replaced by a low-pass filter (LPF) — More
suitable for integration than heterodyne receivers.

» LO-to-RF leakage can cause problems.

e Spurious radiation.
» Remedy: Increase LNA isolation, use differential LO.

e DC fluctuation (“self-mixing”)
» Remedy: AC-coupling, offset-cancellation feedback loop.

M
]




@ Issues of 5G Transceiver

* Multimode 5G/4G

— 2017 LTES RX Carriers aggregated
* >44 bands
* >more than 1000 DL (Down Link) CA combinations
* > UL (Uplink) CA concurrent with DL CA

— 2G/3G also supported

* 5G adds further complexity
— More bands both sub-6 and mm Wave.

— Wider bandwidths

* 100MHz component carrier, up to 8 component carriers
— Higher carrier frequencies 24 to 71 GHz
— Higher order modulation- 1024 QAM for sub 6GHz
— Concurrent with 4G to enable > 5 GBps data rates

— Low latency control paths
* AGC switching times
* PLLsettling

— More antennas and additional PCB components adding PCB area.




@ Phase Noise

Phase Noise
Phase noise describes an oscillator’s short term random frequency fluctuations

Noise sidebands are typically specified in terms of dBc/Hz at a given
offset frequency from the carrier frequency

Typically, single sideband(SSB) is considered when specifying phase noise,
thus giving single sideband performance

A Pe I [ T T T
HUM SWITCHING  REFERENCE
WMODULATION POWER SUPPLY HARMONICS
60 120 180 30 60080 250 500 1000
11 [ [ LI
ﬂ: ] —
w [N
Ed= A
N 0g<
s { » 1 Offset from "‘5:3
i I \ E Carrier gmz
i L |
_“"”"’Iﬁ_ hy
150 | | | I
F. N 10Hz 100Hz 1 kHz 10 kHz 100 kHz 1 MHz
Frequency OFFSET FREQUENCY, f

Figure 5. Local oscillator spurious signals.



@ Phase noise issue

B At carrier in higher frequency, phase noise becomes significant
and could result in performance degradations

‘—V{n::ﬂmu(

{=]= :’rl ol
_/—'T_t_
Oscdlams _’:fJ :|~ |
_ﬂ oA } o x J| l >.u.-.-_mss=-_1~.‘
S n iy
. - S HEACERW
¥ & St 44
i @, S EEAE R R
: * » z*******
N EB R R
*g, ¥ b R el

* Consider PN issue in spec. design



@ ACLR - Adjacent Channel Leakage Power Ratio

*» Ratio of the RRC filtered mean power centered on
the adjacent channel frequency to the RRC filtered
mean power centered on the assigned channel

A
Ref. and adj
| ch. offset |
B r,w} AL - -
— [
2| L
ower >
= | A Lower Reference Upper Upper
Poor (Low) ACLR — Alternate AdeCC‘r‘t Channel Adjd(@ﬂl Alternate
g Channel Channel Channel Channel
g - Ch.BW " Ch.BW Oh. BW chew | | Chew
o " "—-..\_
A mw*"',“ e
Good (Low) ACLR »
i g Frequency



@ EVM - Error Vector Magnitude

or Receive Constellation Error (RCE)

*» Error vector: a vector in the I-Q plane between the
Ideal constellation point and the point received by
the receiver

EVM (dB)=10-log (PP—J o A e

reference

EVM (%)=100. | eror | :

reference




RFIC 4G to 5G Evolution

| TRX

5CA RX
2TX

2017

)
Digital
base
band
LTE
CAT14

—

4x4 MIMO on 2 CA+
2x2 MIMO on 1 CA
» 1GBps data rates

i

2018

MY

Digital
base
band

Rel 15

N

4x4 MIMO on more CA+

» 1.5GBps data rates
» 256 QAM
» 60MHz UL BW

mmWave

Arrays
mm
M
v T ] e
more RX band
\L Rel 16
—

2019

4Ax4 MIMO on more CA+
Sub 6 5G

mm Wave 5G

100MHz component carrier
200MHz RF bw for sub 6

800MHz RF bw for mm Wave

[ 35 )



System Architecture

N Antenna,
4 to 8 Antennas M antenna Arrays

I i s -
4G and Sub 6 5G
WiFi and BT ml’:“wff“’e dRF
RF front end ront en
L v
N
WiFI 4G 5G
BT SOC Transceiver Transceiver

/

4G baseband 5G baseband

N/

Application Processor

p
-




Antenna and RF front-end

® \Microwave vs. mmwave:

Cell edge — Cell edge
mmWave
{k aperture UE

mmWave
beamforming <

IN\_Microwave i\

aperture po & T :
X. i BS &
/

/@4 Beamforming weight v ) ﬂ(?fa—» PA |
— JDAC .__>®_> oA | —{DAC|—(30 |

@ Up-converter == —”/ﬂHE—




Array Architecture

Massive MIMO with 2D array
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CRCRCNC N Po0ee No0ee
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CEE scooe RN Two-dimensional Beam Steering
sccocol [llleccce Mlllsccee Both elevation(EL) and azimuth (A2)
MU-MIMO with multiple users
‘orming Unit |
Base Band processing '\AZ*

® Block diagram of a hybrid beamforming architecture

Transmitter Baseband channel Receiver

o PA oo |
g e
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' \
sl IFFT DAC ADC |»12]] FFT

MIMO
channel
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1
v
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RF beamformer




mm-wave Communications & Sensing

« Timed(Phased)-array Transceivers
— Electronic beam steering
— Compact antennas
— Phase shifting (hardwaret, power 1)

30 -30

60 -60

90 -90

'“'-- ANANANEND A
—~ 0
E

30 -30

e - f A
__-"-f’ - 4 h ¥ L v
|
Tq\.—"]* il ok -
- |shifter . Tl el ane
- ' L -
: A
f
- P | / j
|

| S e

R i L o o

60 -60

90 -90

(Courtesy of Prof. S.P. Voinigescu, University of Toronto) 5020&66681




TX Beam Forming Architectures

(eHp Y
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(a) RF Phase Shifting (b) LO Phase Shifting
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(¢) Analog Baseband Phase Shifting (d) Digital Baseband Phase Shifting

Figures from UC Berkeley PHD Thesis by Jiashu Chen “Advanced Architectures for efficient
mmWave transmitters “ Fall 2013.



Tx Beamforming architecture selection

m All digital vs. hybrid beamforming:

——+ DAC |3} PA | PA ~ DAC ()

— =+ DAC —v@—» PA —[ v T

—» DAC = g

—{DAC —HX;:—» Y | DACI—() | Lo 7
All digital beamforming Hybrid bea?nforming

12bits x 2(1/Q) x 250MHz x 64 elements= 384Gbits/s

Hybrid beamforming architectures may be a

/@’ Beamforming weight good choice by trading-off power consuming,
cost and complexity.
® Up-converter



Digital Beamformer

DSP 1 mmW-DAC —{ j —CF L e—) BB
— o . RF
— [Froad
%—‘ mmVV: DAC_[ ‘ < F— *%!I

® e
hd }
///\\\ ® I S
LO () 04

 Reduce die size, speed up design time, flexibility & power
 PS will have excellent resolution
* MIMO is done at BB before the RF chain



Phased-array mm-Wave Transmitter (1)

* RF phase shifting (4-element transmitter)
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Phased-array mm-Wave Transmitter (2)

* RF phase shifting (4-element transmitter)

Phase Shlfter PA
&
(Po\
A\
Phase Shifter PA
X
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\ » ' \
Phase Shifter PA
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Phase Shifter PA
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Phased-array mm-Wave Transmitter (3)

* RF phase shifting (4-element transmitter)

Phase Shifter PA

Phase Shifter PA

q:\ > ‘f ’ /

Phase Shlfter PA
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@ Wideband mm-wave Beamforming Receiver Architectures

@l® @ @» o] L>LNA ' #
X LPF ; G« LPF -
LO ‘@-*[>—> LPF

-

RF Shifting & Combining LO Shifting & BB BB Shifting &
Combining Combining

Phase-shifter
Amplitude
Weight

LO Distribution

LO Generation

[X] Cover full RF BW %] Cover full RF BW [X] Cover full RF BW
Cover full RF BW Cover full RF BW M Cover Channel BW
Signal path loss [X] LO attenuation M Gain

Loss Compensating VGA VGA @ RF or IF VGA @ BB
Low Complexity High complexity Intermediate
Equiv. to single-antenna RX complexity

Cover full RF BW = PN vs TR trade-offs, poor cap. Q @ mm-wave



@ Phased-array mm-Wave Receiver (1)

* Phased-Array Architectures

— RF phase shifting NA s
1

Mixer

LO

IF



@ Phased-array mm-Wave Receiver (1)

* RF phase shifting (4-element receiver)

Phase Shifter

Phase Shifter Y = CXT = dxsint)
4

P4

e
Phase Shifter
f

P2

B 360°xd = sint?
)

A

/
LNA Phase Shifter
f

P;




@ Phased-array mm-Wave Receiver (2)

* Phased-Array Architectures \/ LI:NA ”‘gi’“"
— LO phase shifting PS ¥ 4

9 o

/

LNA Mixer
b
PS 1T 4 I —» IF

9 fo-

LNA Mixer
LE-8-
PS 1T 4
?/ - <
/

LO




@ Phased-array mm-Wave Receiver (3)

* Phased-Array Architectures

LNA Mixer PS 4«
% of -
/
LNA Mixer PS «
%—» 7( t
/ T | IF

LNA Mixer PS 4
- (9/ -
/

LO

— |F phase shifting




@ Phased-array mm-Wave Receiver (4)

* Phased-Array Architectures

— Digital (BB) phase shifting

ADC

yyvy

\ | / LNA Mixer

ADC

yyvy

\ |/ LNA Mixer
*‘

ADC

Yvyy

DSP

\ |, LNA Mixer
*

LO

BB



Phase Shifter Topology has Implications on Architecture Choice

» ZIF architecture would require large number of
mixers if phase shifting architecture is used.

— Larger power dissipation due to many LO chains
running at RF frequency for large number of array
elements.

* Super Het has less of a power penalty with
phase shifting architecture.

— Low side injection.

 Architecture choice also has PCB board level
routing constraints.

— SuperHet requires only IF lines vs Analog Q.



Super Het RF Phase Shifting Architecture

o uper Het RF phase shifting
| —1 . Architecture
>_I:°">_° 2 _\ RX/TX layer 1 X DAC
_/ _K;@H\( o
_/ WBFéxﬁllgrr—@




RF Phase Shifting ZIF Architecture

RF phase shifting ZIF architecture
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Stamp
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B Dendrites. o Micratubule
Neurofibrils
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Neurotransmitta
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Pelyribosomes
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Microtubule o= =

N Microfilament

Microtubule
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* Picture : Neuron,
https://en.wikipedia.org/wiki/Neuron



@ Neural Networks

weights

inputs

* First generation (since 1958): X (W) o

functon
= Perceptrons 5 () - netnl:’:)ut - 0
J

3 activatior
N @ transfer
function
X, 6,
- @ threshold

Input Hidden Layer Output

 Second generation (since 1986):
= Multilayer perceptrons

* Third generation (since 2006):

= Deep learning




@ Convolutional Neural Networks

->

13

( max poolinﬁ
20|30
112 37
12(20|30| 0
8|12/ 2|0
34|70| 37| 4 average pooling ;
112/100f 25 [ 12 13] 8 0
i . 79|20
\Convolutlon \_Pooling Py RelU




@ Convolutional Neural Networks

* Linear Filtering

g=f=x*h =Zf(x+u,y+v)h(u,v)

gx,y)
Output image

h(x,y)
Filter

fx,y)

Input image T >

http://deeplearning.net/software/theano versions/dev/tutorial/conv arithmetic.html




@ Existing In-Memory Computing Solutions

Traditional Analog In-Memory Digital In-Memory
Computing Computing Computing
* General Purpose » High Energy Efficiency * Moderate Energy Efficiency
Pro * Accurate * High performance * High performance
* Robust * Robust
* Poor Energy Efficiency * Low precision * Limited functionality (eg. Only
* Performance limited by |+ Susceptible to noise and PVT logic)
Con memory bandwidth variation * Low precision (eg. Binary NN)
« ASIC + ASIC
*« CPU onc s NXN SB.AN Array
. 1 .Er_ . it
GPU - _ . — . o —|s||l& i
. SRAM F\_rl'ray = H :
Example 102 |lig )
DAC 0— 1] akly
——  BISW 1

International Solid-State Circuits Conference



@ Al Neuromorphic ( Processor-In-Memory, PIM )

Convolution SRAM

10T Cell| |10T Cell| [10T Cell| .. 10T Cell
0 1 2 24 — \
MAV H MAV H MAV =~ —  MAV ADC HYouro
I I I I | —
10T Cell| [10T Cell| 10T Cell| .. 10T Cell
0 1 2 24 ]
MAV H MAV H MAV ~ — MAV ADCH—Your1
I I I I N—
10T Cell| [10T Cell| |10T Cell| .. 10T Cell
0 1 2 24 ]
MAV H MAV H MAV = — MAV \ADC Y out.2
10T Cell| [10T Cell| |10T Cell| .. 10T Cell
0 1 2 24 ]
MAV H MAV H MAV = — MAV ADC H—Yout 24
| — — )
@ DAC DAC| =
| | I
I I I I
‘XIN,O XIN,l XIN 2 XIN 24

Input Feature Map Values

sindinQ uoIIN|OAUOD

1
Digital Domain Yourk = NZ Wi X Xin i
L

(1DAC

I (3ADC T

Analog Domain Vy aver =

1 Y

= Wy XV,

NZ k,i a,l
[

<

@nZAv

® Digital Conv Input (X,,) to Analog
Voltage (V,) Conversion
® Row-Wise 1-bit Weight (w) Multiply

and Average (MAV)

® Analog Average Voltage (Vy ) to

Digital Convolution
Conversion

Output (Your)
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@ Beam Steering vs. Beam Forming Techniques

8-port Butler
matrix

Y

Adaptive
1-0f-8 beamformer
fixed beam ‘
selection plus e
combinations
AN - ‘ |
A il . Compensation
- 3 2 v : \ ” : s “/. - .
__.tf Adapts per antenna weightings
* ¢ & ¢ and beam pattern to received

signal and channel estimations
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@ Al Neuromorphic T+ ¢3¢ A

Al Neuromorphic #+= ¥

- Al Neuromorphic Architecture &7+
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Huo Yingge, Kang-Yoon Lee, "Deep Neural Networks on

- XT3 Convolutional SRAM Modelling 3 Simulation S+ 2 Chip," IEEE BigComp2020, Feb. 2020
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@ Heterodyne Receiver

The signal band is translated to much lower frequencies so as to relax the Q required
of the channel-select filter

RF Input (f,) —’(}Q—PX—P ™\ b ADC

D R I
AN =Y QA I Ty -
o T Y | e g[} ) 2 (fiF)
RFFiter ™ [IRFiter: | | IFFifer - e amp
N \
("U)to (et H S

Down-conversion Mixing

Local Oscillator :
High side Injection W_LO > W_RF
Low side Injection W_LO < W_RF



@ Rejection of Image

Desired
Channel Image Reject Image

LNA

image
—D"' Reject:
Filter

.
.........
L

-
T
L
..

o -
cos® ot " ¢
200
High IF and Low IF
Desired Select
Channel  Image Reject Image Chamll':lellter

HighIF \ 7 e r'd /
\‘L? “'1‘ ' “l
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@ Homodyne Receivers

. Zero-IF or direct conversion

Ei; [: i-Eié éFFZ

AGC

)

XREF

Advantages:

* The problems of image frequency and "half-IF" spurious response are
eliminated since F = 0.

» RF BPF after LNA is optional; it is only needed for additional rejection of out-
of-band interferers and TX power leakage.

» The bulky off-chip IF SAW filter is eliminated. All channel selectivity is done at
baseband with low-pass filters and baseband amplifiers.

» One VCO and one PLL are needed for the whole receiver.




@ Homodyne Receivers

+ Zero-IF or direct conversion

Cost LPE AGC
17 Interferer XS X =—=
Leakage™~~. Mixer | 7

BPF#1  LNA =7
S 0
{1

C

Design Issues :

= Channel Selection

= Second-Order Inter-Modulation (IM2)
» LO Leakage

= DC Offsets

= [/Q Mismatch
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