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AGENDA

Let's begin!

< IEEE
‘leEE
mSoc

IEEE Commumcatlons Society
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Future
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Enabling 5G and Beyond

Faculty of Engineering,
Built Environment and
Information Technology

Fakulteit Ingenicurswese, Bow-omgewing en
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Tikologo yva Kaga le Theknalotdi ya Tshedimoio

Welcome
Glad to be here!

Introduction

What is 5G really? New apps only?
What are the key enabling techs?

Market opportunity

What is the problem? Our niche.

Our value proposition

How we will make E-band a coverage
spectrum.

Business strategy

What we've done and where we're
going.

Q&A

Want to know more?

3¢ Multqﬁractal

/

SEMICONDUCTORS
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All Rights Reserved.
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INTRODUCTION

What is 5G really? New apps only? VWhat are
the key enabling techs? WY e s -



INTRODUCTION

Evolution of 5G

2010
Architecture
Efficiency
1990 2003 300 Mb/s - 1
EAob|l|ty Multi-media  Gb/s (LTE‘A)
oaming
9.6 Kb/s 2 Mb/ >

Source: METIS

0100)¢

Mobile data volumes

10x - 100x

Connected devices

5x

Lower latency
<1 ms

10x - 100x

End-user data rates
> 10 Gb/s

 10)%

Battery life for low
power devices

ultqﬁ roctol

SEMICONDUCTORS
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INTRODUCTION

Network as a service - SDN/NFV eMBB
Enhanced Mobile
/ Broadband

Network Slicing

1 million / km? <1ms
mMTC uRLLC
Massive Machine Type Ultra-reliable and Low-

Communications latency Communications

=
ulti-roctol

SEMICONDUCTORS

Source: Nokia
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INTRODUCTION

Network as a service - SDN/NFV

ST oM
O0—Q
URLLC

5G

SDN
Controller

G

LTE-A

WiFi

Access network scheduling
| ink adaption

Power control

nterference coordination
Vlodulation

Coding
Beam-forming/steering \

Cognitive radio \ Universal processing OK
On-site dedicated

hardware (close proximity)

Inter-cell handover

Cell selection

UP encryption

Multiple connection convergence

-
ulti-roctol
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INTRODUCTION

Key enabling 5G technologies

Beam-
forming
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Social Media

MARKET OPPORTUNITY

What Is the problem? Our niche.




CHANGING LANDSCAPE

The Evolution of 56

( ’ 2.9 GH ilabl
( ) 50 to 90 GHz [N
y 10 GHz available
70 to 85 GHz |y
¥

(¢ ) ( ")
II‘ - 'II rf 4 GHz available
0 3.8 GHz

bandwidth

(¢ lll ) (¢ III )
2 GHz available
- 2.8 GHz bandwidth
Massive MMO &
Macro Base Station Densification Digital Beam Forming mmWave

* Increasing Frequency « Small Cells e Up to 6GHz e Ultra-wide bandwidth
beyond 2.7GHz to 6GHz  DAS  Array Antenna e Ultra high throughput

e Increasing Bandwidth e LTE-U

* Increasing Efficiency

Source: Qorvo © 2015 Qorvo, Inc. { 7 QOP\' 0

Fibre in the airl  =issEs =’ Mulkifrocto

K
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E-BAND - THE NEXT FRONTIER (70-120 GHZ)

VWhy focus on E-band?

100d B/ m

10dB/KEm

-
/

HLO ‘!’

H.0 /\/ ~

/

1dB/Km /

Atmospheric attenuation

0.1dB/Km

Millimeter

100 GHz
3 mm

Vichility S0m FO G
(0.1gAn")

EXCESSIVE RAIN °©
(15 Caxen/hr)

CO
|
H.0 \
'] B0,c0,
) co,

y
DRIZZLE (0 2 Suanitr) ﬂ

1a
% g | —

Submillimeter Infrared Visible

1 THz 10 THz 100 T Hz 1,000 T Hz

0.3 mm 30 um 3 um 0.3 pm

Gold mine! This
opportunity will
never appear in the
radio spectrum ever
again! kver.

© -
=3 Multqﬁractal

/ SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



APPLICATIONS AND OUTLOOK

s & F Vivive
saxsa > - 4' a%,ffj“"*
4000 ICs W 2L

Massive

Macro cell 1. 5G Backhaul
Automotive | | 2. 5G Fronthaul
fg RADAR 3. Fixed wireless access
: féa 4. 5G Mobile access
\ o ! ’%& 5. Sat to surface
\ ‘ 6. Automotive radar

\.‘ ‘/

Bea T Macro cell \
forming | = =Tt AN

(
©
_ Small Cells QMU&FQZEDNCDEQJ

/

We believe the world will

Gaps in fplarkEeE ; be blanketed by E-band by
0 =7Dal 2025

filters on-chip

« DSP - big
data problem

www.multifractal.com
All Rights Reserved.



MAJOR INDUSTRY PLAYERS THINK S0 T00

Figure 10: New deployment share per frequency range [GHz]

® 6-13 ® 15-23 ® 2642 ® 60 ® 70/80

100% -
Traditional

y bands still
80% represent
70% of new
60% deployments
in 2020

40%
Major growth
in E-band -

20%
up to 20% in 2020

1%

8 ERICSSON MICROWAVE TOWARDS 2020

© o™,
= 'Multi~roctol

/ SEMICONDUCTORS
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Problem 1: Lack of on-
chip mmWave BPFs.

BPF AMP

Problem 2: Processing

large bandwidths with (@\)\ @
ADC DSP - low-latency and low- -3//.‘. '

MIX
el
&
5 fl\/lultiﬁ gelavs)

Challenges: size, cost and power consumption. Unfit for small cell/MIMO. .

www.multifractal.com
All Rights Reserved.

power.




BULKY FRONT ENDS

Wavence Nokia Networks

networks.nokia.com/prod
ucts/wavence

Mini-Link
https://www.ericsson.com/en/portfolio/net
works/ericsson-radio-system/mobile-

transport/microwave/all-outdoor-shorthaul E R I CSSON

RTN-380 \‘ v
i fesrier huewel comenon \ "
W W

4

| @

i

ducts/wireless-
network/microwave/e-band

PSS ILI SIS,

HUAWEI

GX4000

10 Compact R Fe:tuhre
Gbps .533& L2 Switch
IPASOLINK EX

https://www.nec.com/en/global/prod/nw/

https://www.fujitsu.com/us/Imag FU]ITSU
es/GX4000-ds.pdf
pasolink/products/ipasolinkEX_solution01.h E c
tml
S
EtherHaul P )
https://www.siklu.com/product/etherhaul- i

kilo-series/

i i

r » h

- Dincimeman i .,
e wh Bt -

=i
_%}Multpﬁ ractal

/ SEMICONDUCTORS

DragonWave, E-band communications,
Ceragon, Intracom, Airspan, Cablefree,
Siae Microelectronica, Lightpointe

www.multifractal.com
All Rights Reserved.



BULKY FRONT END PROBLEM Lo

/
SMALL CELLS | Cey &W Soy,
|—> «  $11k per link /Qf@ O/“Zar fO/?
* > 1m~” real-estate /73/}7(‘ C/@\S\ S&g‘

e ~ kW of power &f/b A /7767//

!

X1 Every 50m? = Many MILLIONS

« $ Many Billions

+ Milionsm?real-  mmmh $$$$$$$

estate
e ~ MWSs of power

L Infineon BGT70
IMA

|\A
' ¢ A ™ vy o
I

BV e

M—a] (Ntegrated
= Microwave
sik 5 A /\ssecmbly (IMA)
Lo il > $5$%

B 4 e ok = 'Multicractal

/ SEMICONDUCTORS
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BULKY FRONT END PROBLEM

MMIMO

Ne
SO/,
(/1
Z(/ODS It
é\ b
Ny

-x1sting solutions: 28 GHz, 39 GHz

A solution like
this Is needed!

Qualcomm

©

- . : & - Bulky, expensive, power hungy :.J JMU|t'ﬁfaCt5|
1 T Q Nk -0 Lo % {_ / SEMICONDUCTORS

~ . www.multifractal.com
" oy g omm " -

All Rights Reserved.



SUMMARY OF EXISTING SOLUTIONS izeof a shoe b v

e, N

Current generation front-end IC’s & tech * Thousandsof $
R o Manufacturing difficulty

AMP Phase shifter MIX ADC e [ow volume

DSP

* Power hungry
* Big and bulky

|
|
|
: BPF
|
|

40 core

[

[

[

[

: D @ VCO/Synth
[ *only an e.g. of a possible configuration

SAW, BAW, waveguide
(off-chip) — integration problem

ultiCracta

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



“mmWave will never materially
scale beyond small pockets of 5G
hotspots in dense urban
environments”
== T-Mobile CTO Neville Ray

“We will need to remind ourselves,
this is not a coverage spectrum”
== Verizon CEO Hans Vestberg

“The roll-out of 5G in the country
will be much more case-based”

-- MTN South Africa CEO Rob Shuter

Millimeter-wave 5G isn't for widespread
coverage, Verizon & T-Mobile admit

NO SMALL CELL OR MMIMO E-BAND

SOLUTION IN SIGHT FOR MAJOR
INDUSTRY PLAYERS!

Built
on5G

Challenge

What we're Basically: they want apps

3 that will make customers
IOOklng for. AT use their networks
Challenge areas

We' Ikgf solutions in the tg fldty(flp_;
bu 5111'::55&5 ate ne.walue for custo EI )

{tgtmd dttmt}d

EI (per
subm should demonstr t the mp y ommi tm nt to
ial re p sibility and sustainable bus practlces.

ht(Igbprmwthd aln wd s). Every

%}Multpﬁ roctal
/ SEMICONDUCTORS

www.multifractal.com
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OUR SOLUTION

We will make E-band connectivity so cheap
and small it fits on every lamp-post!
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OUR SOLUTION — INTEGRATION IN

 Cheap
Second generation » Mass producible
 Low power

SILICON

Small

Thousa

BPF

A

First generation

s of $ (IMA)
mm
: AMP M X :
| |
>

L-------------I

Thousands of $

Reduces load on DSP

e - o ~ 9\
”
ASP A ADC BN I
~='Mulei-roctol

/ SEMICONDUCTORS

www.multifractal.com
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OUR SOLUTION

Na IMA Size of a match-box!

(or greatlyé /
True SOC / reduced) |
(grepleplplplylyly. EE U e e o ST AR R e =1
1l BPF AMP  Phase shifter Mix; — LPF 1 | _ASP I ADC DSP
I I
1 1 I 1 110
i I '
I [" A\ ! L
[\ R~/ \ et
:: - : % C : | : W
J E—— B 'T\ e - S — - .
1 Gen 1 VCO/Synth Gen 1 Gen 2 L L
I . e i ; Reduces load on system DSP & ADC
| “only an e.g. of a possible configuration F
D Stage 2 value add
Our BPF & LPFisin Silicon (gen1) Our new ASP (gen 2) (revolutionary) 5
] Stage 1: value add (evolutionary) |
No/less IMA:
| * Mass producible |
 (Cheap
e Small

 Low power

* Single chip

» Perfectly suited for |
Small Cells and massive |
MIMO |

 Enhanced performance

)

)

ulti-roctol

SEMICONDUCTORS
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We will make Gbps connectivity so cheap It
will be on every light pole!

Cheap (< $1000) Expensive (~ $11,200)

Low-power (<< 20 W) Power intensive (~ 100 W)

Small (< 5ecmx5cm) Bulky (~ 25 cm x 25 cm)

Mass producible Low-volume

versus

—
\
R '
('5
S C

-
vlti-roctol

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.

*not to scale



VALUE PROPOSITION

© am ;
= 'Mulbi-rocto
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VALUE PROPOSITION

1. Silicon BPF

|

|

|

|

|

|

|

|

|

]

I

L ALLIL :‘:r :

.

v

|

|

|

|

l :

' iCracta
, LIBI-rocto

www.multifractal.com
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VALUE PROPOSITION

2. ASP: Real-time Fourier analysis for cognitive radio

Instantaneous analogue Fourier transform of a 3 -
9 ns sample window

Real-time

No need for FFT

| arge scanning bandwidth
| ow power

| OW-COSt

Computation time on the order of us - C6/4x
DSP: 256-pt FFT (16-bit) - 1.55 us, 512-pt FFT
(16-bit) - 3.61 us

Frequency resolution < 0.5 GHz @ At = 3 ns:
e 0.3GHz @ At =6 ns
e 0.L1GHz@ At =12ns

Continuous bandwidth of 5 GHz per channel

Few hundred MHz

Dynamic range > 35 dB: @ At = 3 ns:
e >40dB @ At =6ns

detector)

e >50dB @At =9ns ~30 dB
e 50+dB @ At =12ns

« Noise considered

Power consumption = 0.1 W (ADC) + ASP (< 50

MmW) + x (mixer / mult) + x (LNA x 2) + x (envelope |kW

Cost: soft substrate - few hundred $

Thousands of $

Cost: on-chip = cheap CMOS or BICMOS (few
cents per chip mass production)

E.g.: Cognitive Radio

8 RADIU

SOTA: resolution of
1m, maximum velocity
of 30 m/s, few objects

e
r

© om
~='Mulei-roctol

/ SEMICONDUCTORS
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VALUE PROPOSITION

3. ASP: Advanced beam forming Even more

Massive MIMO

Multiple objects - SOTA 32

Wideband DDS can easily allow
60 deg to be mapped over 10
GHz allowing > 200 objects to be

mapped each with 50 MHz fc
control range

= 'MulkiCracto
I / SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.




DSP

GENERATION 1 FRONT-END teccoms 17 10—

High-level specifications omemenoeooooeeeee |
Power consumption <2W 50 W (including DSP) 10-20X power reduction
Cost Tens of $ ~$ 11k >100X cost reduction
Channel bandwidth 5 GHz 2 GHz SoC solution - fewer
components, higher
bandwidth, lower power

Throughput 10 Gbps full duplex 10 Gbps full duplex (FDD) -

RF bands /1-76,81-86 GHz /1-76,81-86 GHz -

System gain 30 - 98 dB 64 - 93 dB -

Range 300 m 2.73 - 3.7 km Small cell densification

Operating temperature -45 to +85°C ++ -45 to +55°C Single chip solution - better
temperature performance /
match

Dimensions ~ 10 by 10 cm (with MIMO ~ 30 by 30 cm (single Massive MIMO

array) - RF module (~5x5 cm)  antenna - no MIMO)

Weight < 100 g ~ 5 kg Small, lightweight

NF ~5 dB ? Relxed requirements due to
small cell dens.

Smaller range has
benefits - our
| solution allows for
* this small cell dens.
I' due to lower costs,
)  bower and size

uleiCroctol

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



DSP

w2

High-level specifications (ASP only -

- other specs stay the same) ‘ Existing solution do not scale well with bandwidth |
TI 66x (8 cores)

25000 esmBaseline
ewActivity

20000

Power consumption < 20 W (incl. DSP) > 100 W (incl. DSP) 5-10X reduction Total
Cost Hundreds of $ Thousands $ >100X reduction = 15000

Processing speed <50 ns per FFT > 1 us per FFT (1 core) 50X improvement (faster

multiple object detection)

' ' ' 10000 -
IF bandwidth (automotive radar) 1-4 GHz 5 MHz 100X faster (faster ———/ﬁ/-

|
d@t@CtiOﬂ) 5000 /

Power (m

RF bandwidth (automotive radar) 4 - 8 GHz 4 GHz 2X larger - 2X resolution 0
(4.5cm => 2.25 cm) 800 1000 1200 1400
Complexity Final system design = Final system design = Supports mass SIBSHEERETS I
simple/no IMA! complex IMA production, lower
production costs
Dynamic range 50 dB ~50 dB -
ENOB 4 S Relaxed ADC
requirements
Equivalent n-points 70 (current technology with - -
the aim to improve)
Power accuracy +3 dB ~1dB -
Frequency accuracy ~ 100 Mhz ~ 100 MHz -
Magnitude / phase information Magnitude only Both Application dependent

SEMICONDUCTORS

£ MU ItpC ractal
J/

www.multifractal.com
All Rights Reserved.



GENERATION 2 FRONT-END ¢eiccoms

High-level specifications (ASP only -

same)

Power consumption

— other specs stay the

< 20 W (incl. DSP) > 100 W (incl. DSP)

5-10X reduction

]
I
i BPF AMP MIX ASP : ADC DSP
: l
1 I
A < -
I

Cost

Hundreds of $ Thousands $

10X reduction

Processing speed
(tracking speed)

> 1 s per operation
(1 core)

< 50 ns per
operation

50X Improvement
(faster steering)

Complexity

Final system design  Final system design

Supports mass

= simple/no IMA! = complex IMA production, lower
production costs
Dynamic range 50 dB ~50 dB -
Bandwidth > 8GHz 4 GHz is already a
challenge

Channels per antenna
(frequency mapped to
angles)

? (Unheard of) -
many tiles / antenna
A arrays needed

> 30 (only one array!
- one tile)

More massive
MIMQO! Truly big
data.

Frequency 8 GHz band = 100 \ Unheard of Frequency lensing
reconfigurability (lens MHz band
effect)
TeE \
one [
array g ikl V° Many
It arrays

T ———-

. Fre'qghericy:

l-——————-i—J———T___J»'

o

temporal information

_ “t'“ﬂ Mﬂﬂh_ —

‘Multpﬁ rocltol

/ SEMICONDUCTORS

www.multifractal.com
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What we've done and where we're going.

BUSINESS MODEL & EXEC I y ” ’




OVERVIEW & FOCUS

How will we make money?

Applications

L _Communications

e  5€ensing

Fronthaul

5G Backhaul &

Fixed wireless acces
5G Access
Automotive radar

Revenue
streams

P !lcenses

Services

AS

Costs

7

Design
Manufacture
Sales
Distribution

N

Products

 Components as

SiP
Full F/E as SIP

,::“\\\
ulti-roctol

SEMICONDUCTORS
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KEY PROJECT SUPPLIERS & PARTNERS 1 cortex o cur e o~ @

@ ILICON radar

Foundries and N Ec () BOSCH

. | ted for lif
MPW Providers

| . Nokia Networks
Provide process design VAN Prowde. i:"ﬁl Ei; EEE‘E:;‘.E O
T AN L - FuUjitsu arbe))
EUROPRACTICE / \  services ROBOTICS

Manufacturing,
innovations

for high Research ' . . Distribution Customers
performance TeSt|ng & PaCkag|ng

microelectronic

Provide specialized I Provide distribution

design and simulation .
& ' services

tools : Electronic parts
EDA Software distrubutors

KEYSIGHT Companies CECEARCH <3
)
ﬂig EK@y § MOUSER

ERICSSON
conpaRation ELECTRONICS.

— ™ = © !g\l‘
c a d e n c e NMulti-roctol
. / www.multifractal.com

All Rights Reserved.

’ HUAWEI
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EXECUTION TIMELINE

First samples
Proof of Concept delivered to

& Incorporation customers

'4. .;e/ L’ X

2014 2017 2018 2020

Research Raising funding
began for product

development

P A
~= ' Mulki-roctol
'j__ / SEMICONDUCTORS

www.multifractal.com



EARLY GUSTOMERS & TRACTION

Interested in E-Band F/E for telecommunications.
LOI provided. Waiting for samples.

Interested in E-Band BPF (& other F/E components) for single arbe)))
chip CMOS radar. LOI imminent. Waliting for samples. ROBOTICS
Interested in ASP for defence (analog FFT). ;
Paying $ 50 k for NRE. Saab Grinte
Prospective: ’ % = “ S AFE RA DAR A
- <
S con RESEARCH <<

©
= 'NMulti-roctol

/

www.multifractal.com
All Rights Reserved.



FUNDING TIMELINE Confirmed - full support -

STARFINDER

VWhat has been done so far? ‘

Bootstrapped S I

SILICON

$ 10 k CATALYST

2018 Q1
| v
GAP ICT & TelAviv SA

Winner
S 20 Kk

| ISRAE L elvaens "TNOATOME
A GAUTENG \ 52.&/1%» | L=
ACCELERATOR PROGRAMME y |y . @ 5
B ‘ —— ‘ awi __%
» T R PO A = NMulei-ractol

TINE  =-a TEL AVIV NONSTOP CITY Y, SEMICONDUCTORS
S ¥/ 3 4 :

NGO

SYSTEM

www.multifractal.com
All Rights Reserved.



FINANCIALS — MARKET PROJECTIONS (SAM)

Year  TAM  CAGR
2017 $400 000 000,00 338,85%
2018 $555 400 000,00 38,85%
2019 $771 172 900,00 38,85%
2020 $1 070773 571,65 38,85%
2021 $1 486 769 104,24  38,85%
2022 $2 064 378 901,23 38,85%
2023 $2 866 390 104,36 38,85%

o Existing: single link = 10 000 USD
« Multifractal’s disruptive product will bring single link down to 1000 USD
 Drastically raise the volumes shipped. Based on this:

Y

Top Millimeter Wave Equipment Vendors
by 1H13 Global Revenue Share

BridgeWave

@ Infonetics Research, Millimeter Wave Equiprment
Market Size, Share, and Forecasts, Oct. 2013

our projections indicate a market share of 2.69% in year 4 growing to 15.08% in year 6

©

Multﬁﬁ rocltol

/

SEMICONDUCTORS
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FINANGIALS — EXPECTED REVENUE (SOM)

1. Lean development

2. Production ramp-up

3. Full - Production

$0 $0

$555,579  $538,678

-$555,579 -$538,678

$1,053,324 $514,646

$1,608,903

Tech development funding - $ 1.6 M

1.1. Develop tech
1.2. Develop market

1.3. Produce and distribute samples

2.1. Develop product
2.2. Develop sales and
distribution channels

2.3. Full wafer production

$0 | $7,360,000 $19,200,000

$514,646 1 $5349,016  $8,064,634

$514.646 | $2.010.984 $11,135.366

$4.895057 | $6.906041 $18.041.406
$4.895 057 1
1

Commercialization grant - $ 5 M

3.1. Grow market share

3.2. Grow product line

$28,400,000 $33,950,000 $47,700,000

$12,678,928 $15,063,663 $17,675,697

$15,721,072 $18,886,337 $30,024,303

$33,762,478 $52,648,815 $82,673,118

N N N N N NN BN BN BN BN BN BN BN BN BN BN BN BN BN BN N BN BN BN BN BN BN BN BN NN NN NN BN BN BN BN BN BN B R R R

uleiCroctal

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



QUARTERLY BUDGET =

S

COMPARISON |
el \With Si Catalyst support Without Si Catalyst support &z

Administration
6%

Capital Costs

Capital Costs 5

(0]
7 Insurance

4% I ST e ST We had an offer
Required minimum ¢ | Required minimum- Cf;ots [ ——
S ~ cash funding: ~ | cash funding: ~ | this effect: i.e. it
/ Costs $1M $2.65M is possible
2% g ] g ]

Assuming 80% discount
for Synopsys/Cadence &
60% discount for

Keysight ADS
Measurements Mostly salary & Mostly EDA, ‘S\O/O/ﬁ@
o office space prototyping & Sn?)g “
salaries s Jpcost? P
£
/77@(93 /O/“OZ(OZ( G /
(//“@/77 J//O//7 31%
W*
A$6
Travel
I N~ c —~ 11 i~ T T T T 2% —my, 2
. = Sl Catalyst LLC equivalent 5 "MUltiﬁ ~3ctal
: Necessary cash SUppo rt ~ : MeaSL;r(;)ments \ | / ?E-I:ICDND:JCTDRS
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- To licence or not

P STRATEGY .

I[P has been licensed from the University of  the question.

Pretoria — exclusive lic. \l

« New |IP to be
developed in the

UK Provisional Patent
BPF » Application 1720870.3
PCT to be filed

future addressing

shortcoming of

implementations
 Freedom to Operate

PCT filed — as this will be novel
All-pass | B9 | b or TR /2018/058738 P

Patent: countries to be

filed in, In this order:
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PUTENTIAL CUMPETITURS (automotive)

Texas Instruments
I3 TEXAS
AWR1243 INSTRUMENTS

Multifractal’s technology will

improve on this significantly /
add value

~ Tl can be a potential
partner or even customer

See next slides for
details ...

-
ulti-roctol

SEMICONDUCTORS
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i3 TEXAS
INSTRUMENTS

A pre-select filter will be

------------‘
!
by A

I
required - because in : I
future, E-band will be 1] I
busy! (e.g. telecoms AVVRLZ4S : <— |MA : _..4 [
signals). Otherwise, out- [ i 4 :
of-band signals will mix in- l I [
band. The filter should be [ [ [
after LNA & before MIX, ' [ |
as shown (yellow), for full i [ : : [
benefit. I [ I [ e :
: : [ Y o - |
. | - IR i : Powerful DSP : e 8 I
[ I I Required, see: | == A :
—> Waveguide - : | datasheet | el
"""""""""""""""""""" s Do DS DS DEE DS DD B BB BN B B B

I I I :

[ R ——- i

N N N N N N N N N N RN N R N R Mmoo omm o= Much less powerful

DSP required - only

Ve rS u S CMOS \ to process result -

Multifractal’s IC no FFT computation

|
M| X DSP
BPF ASP ADC :
|
|
............................... 1
No IMA :
(or greatly I
reduced)! S,
[ A
L o uleicroctol

www.multifractal.com
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PUTENTIAL CUMPETITURS (automotive)

Texas Instruments
AWR1243

Power consumption

I

TEXAS
INSTRUMENTS

> 100 W (incl. DSP)

)

NMulti
Cractol

SEMICONDUCTORS

< 20 W (incl. DSP)

5-10X reduction

Cost

Thousands $

Hundreds of $

100X reduction

Processing speed

> 1 us per FFET

<50 nsper FFT

50X improvement
(faster multiple object
detection)

IF bandwidth 5 MHz 1-4 GHz 100X faster (faster
object detection)
RF bandwidth 4 GHz 4 - 8 GHz 2X larger - 2X

resolution (4.5cm =
2.25 cm)

Complexity

Final system design = complex
IMA

Final system design =
simple/no IMA!

SuUpports mass
production, lower
production costs

uleiCroctal

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



PUTENTIAL CUMPETITURS (telecoms)

Tusk IC NV (Antwerp, Belgium) TUSK IC

They have many
competitors w.r.t.
the AMP and MIX [P

summary

Infineon |C: E-band
(60-90 GH2z)

Tusk IC value add is mainly in
VCOs and signal generation:

Not part of Multifractal’s value .

proposition (BPF & ASP)

~ Tusk IC could be a
potential partner or even
customer

)

MACOM VCOs = ~15 GHz
ANALOG VCOs = ~27/ GHz
Texas Instruments VCOs =2 ~20
GHz

VCO/Synth

-
ulti-roctol
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www.multifractal.com
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https://tusk-ic.com/gallery/

POTENTIAL COMPETITORS teccoms) s v

value add is in tunable

. A A Ao kiweve AMPs and Phase AMP
AnOkIWave <C ) US ) mmW Solutions. Enabling a new world Shifters (X’ KU’ K’ Ka)

At E-band they have a
| tunable AMP — Phase
link Shifter

. 5G Tx/Rx Quad Core IC
24/26 GHz Silicon Core IC 5G Tx/Rx Quad Core IC
5G Communications 28 GHz Silicon Core IC 26 YR QUEE e 6
Active Antennas 5G Tx/Rx Quad Core IC
5G Rx Quad Core IC e S —— "
37/39 GHz Silicon Core IC 5G Tx Quad Core IC : :
5G Tx/Rx Quad Core IC . AMP M | X ADC  DATA (RX) ;
. 24/26 GHz Active Antenna 256 Element Innovator Kit I I
ACVE ATIIENRE 64 Element Innovator Kit I I
| | I I
Innovator Kits 28 GHz Active Antenna 554 Element Innovator Kit : ‘ !
i
Dual Beam Low NF Tx/Rx Quad Core IC | |
i i
Dual Beam High IIP3 Tx/Rx Quad Core IC i 1
RADAR and Silicon Core IC summary : :
Communications X-Band Single Beam Low NF Tx/Rx Quad Core IC I "
Active Antennas | |
Single Beam High 1IP3 Tx/Rx Quad Core IC 1 DATA (TX) DAC MIX AMP |
i i
RF Front End IC Medium Power Front End MMIC : :
K-Band Silicon Core IC 4-element Dual Pol Rx Quad Core IC : ‘ :
i i
SATCOM Active Antennas Silicon Core IC 4-element Dual Pol Tx Quad Core IC | |
Ka-Band D e e e e e e e e e e e e e o o o e e e e e e e e — |
PA IC 3W High Power Amplifier MMIC
Intelligent Gain Block IC w/ SW
Ku-Band Silicon Core IC . ,
Intelligent Gain Block IC w/o SW Not part of Multifractal’'s value
Multi-Market e
Intelligent Gain Block IC w/ SW pI’OpOSItIOﬂ <BPF & ASP)
Ka-Band Silicon Core IC . 1 1 —
Intelligent Gain Block IC w/o SW °* AnOk|Wave IS most Itf“ﬁ t |
Point-to-Point . » probably a future partner WJICI- oClo
Ssclie oL riealians E-Band LNA IC Low Noise Ampllfler MMIC SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.


http://www.anokiwave.com/products/index.html

PUTENTIAL CUMPETITURS (telecoms)

Other interesting research

Bt
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I.INK BUDGET (telecoms) 50

Low-level requirements

Center frequency (GHz) Received power norm (dBm)
PA output power (dBm) Received power worst (dBm) _
Number of Pas Bandwidth (MHz)
Total output power (dBm) Operating temperature (celsius) Ix power >35 dBm
Number of Tx antenna elements Thermal noise floor (dBm) Ix antenna array 8X38 or more
Tx antenna element gain (dB) Noise Figure (dB) EIRP > 60 dBm
Antenna & feed network.loss (dB) SNR (dB) per Rx antenna element Range <300 m
Total Tx antenna array gain (dB) Number of Rx antenna element :

Rx antenna element gain (dB) Gain 85-100 dB

_ Rx antenna feed network loss (dB) Channel bandwidth 2 GHz (5 GHz

Distance (m) Total Rx antenna array gain (dB) potentially)
Att no rain (dB/km)
Att rain 5mm/h (dB/km) NEEENERS 8X8 or more
Att rain 25mm/h (dB/km) Total Rx antenna gain >25 dBi
Att rain 150mm/h (dB/km) N F <5 dB
Att no rain (dB) 514 > 20 dBm
Free space loss
Path loss (urban) P33 > 25 dBm
Total Path loss (dB) (no rain)

Total Path loss (dB) (light rain)
Total Path loss (dB) (heavy rain)

1 - https://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-M.2376-2015-PDF-E.pdf

2 - http://spathinc.com/spci/downloads/whitepapers/\White_Paper_-_A_Straight_Path_Towards_5G.pdf ultpﬁractal

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



DSP

GENERATION 1 FRONT-END teccoms 17 10—

High-level specifications omemenoeooooeeeee |
Power consumption <2W 50 W (including DSP) 10-20X power reduction
Cost Tens of $ ~$ 11k >100X cost reduction
Channel bandwidth 5 GHz 2 GHz SoC solution - fewer
components, higher
bandwidth, lower power

Throughput 10 Gbps full duplex 10 Gbps full duplex (FDD) -

RF bands /1-76,81-86 GHz /1-76,81-86 GHz -

System gain 30 - 98 dB 64 - 93 dB -

Range 300 m 2.73 - 3.7 km Small cell densification

Operating temperature -45 to +85°C ++ -45 to +55°C Single chip solution - better
temperature performance /
match

Dimensions ~ 10 by 10 cm (with MIMO ~ 30 by 30 cm (single Massive MIMO

array) - RF module (~5x5 cm)  antenna - no MIMO)

Weight < 100 g ~ 5 kg Small, lightweight

NF ~5 dB ? Relxed requirements due to
small cell dens.

Smaller range has
benefits - our
| solution allows for
* this small cell dens.
I' due to lower costs,
)  bower and size

uleiCroctol

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



DSP

my @

High-level specifications (ASP only -

- other specs stay the same) ‘ Existing solution do not scale well with bandwidth |
TI 66x (8 cores)

25000 esmBaseline
ewActivity

20000

Power consumption < 20 W (incl. DSP) > 100 W (incl. DSP) 5-10X reduction Total
Cost Hundreds of $ Thousands $ >100X reduction = 15000

Processing speed <50 ns per FFT > 1 us per FFT (1 core) 50X improvement (faster

multiple object detection)

' ' ' 10000 -
IF bandwidth (automotive radar) 1-4 GHz 5 MHz 100X faster (faster ———/ﬁ/-

|
d@t@CtiOﬂ) 5000 /

Power (m

RF bandwidth (automotive radar) 4 - 8 GHz 4 GHz 2X larger - 2X resolution 0
(4.5cm => 2.25 cm) 800 1000 1200 1400
Complexity Final system design = Final system design = Supports mass SIBSHEERETS I
simple/no IMA! complex IMA production, lower
production costs
Dynamic range 50 dB ~50 dB -
ENOB 4 S Relaxed ADC
requirements
Equivalent n-points 70 (current technology with - -
the aim to improve)
Power accuracy +3 dB ~1dB -
Frequency accuracy ~ 100 Mhz ~ 100 MHz -
Magnitude / phase information Magnitude only Both Application dependent

SEMICONDUCTORS

£ MU ItpC ractal
J/

www.multifractal.com
All Rights Reserved.



GENERATION 2 FRONT-END ¢eiccoms

High-level specifications (ASP only -

same)

Power consumption

— other specs stay the

< 20 W (incl. DSP) > 100 W (incl. DSP)

5-10X reduction

]
I
i BPF AMP MIX ASP : ADC DSP
: l
1 I
A < -
I

Cost

Hundreds of $ Thousands $

10X reduction

Processing speed
(tracking speed)

> 1 s per operation
(1 core)

< 50 ns per
operation

50X Improvement
(faster steering)

Complexity

Final system design  Final system design

Supports mass

= simple/no IMA! = complex IMA production, lower
production costs
Dynamic range 50 dB ~50 dB -
Bandwidth > 8GHz 4 GHz is already a
challenge

Channels per antenna
(frequency mapped to
angles)

? (Unheard of) -
many tiles / antenna
A arrays needed

> 30 (only one array!
- one tile)

More massive
MIMQO! Truly big
data.

Frequency 8 GHz band = 100 \ Unheard of Frequency lensing
reconfigurability (lens MHz band
effect)
TeE \
one [
array g ikl V° Many
It arrays

T ———-

. Fre'qghericy:

l-——————-i—J———T___J»'

o

temporal information

_ “t'“ﬂ Mﬂﬂh_ —

‘Multpﬁ rocltol
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UK Provisional Patent Application 1720870.3

PCT to be filed in next few weeks

TECHNOLOGY OVERVIEW

1. Fully tunable, active, enhanced, high Q-factor mm-wave resonators

= D =930

o Dy 81
s Q=186

78 79

Frequency (GHz)

75 80

Frequency (GHz)

First-ever on-chip mm-wave microstrip resonators with Q > 100

= ' Multi-roctol
|j / SEMICONDUCTORS

www.multifractal.com
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TECHNOLOGY OVERVIEW

1. Fully tunable, active, enhanced, high Q-factor mm-wave resonators

UK Provisional Patent Application 1720870.3

PCT to be filed in next few weeks

fo(GHz)  FBW Process IL (dB) Q-factor Ref.

/8 <10%  0.13 um SiGe BiCMOS <0.1 > 1500 This work
77 155%  0.14 um SiGe BICMOS 6.4 f [1]

77 11.7%  0.13 um standard CMQOS 3.9 2]

77 28.6 %  0.18 um standard CMOS 3.8 (3]

/0 257 %  0.18 um standard CMQOS 3.6 4]

65.0 3.23%  0.15 pm GaAs 2.8 <100 6]

65.0 4.00%  0.15 um GaAs 3.0 [6]

22.7 7.39%  0.18 pum CMOS 0.15 [7]

6.45 17.05% 2.00 um GaAs 0.25 gain 18]

B. Dehlink, M. Engl, K. Aufinger, and H. Knapp, “Integrated Bandpass Filter at 77 GHz in SiGe
Technology,” IEEE Microw. Wirel. Components Lett., vol. 17, no. 5, pp. 346-348, May 2007.

Y.-M. Chen and S.-F. Chang, “A ultra-compact 77-GHz CMOS bandpass filter using grounded
pedestal stepped-impedance stubs,” 41st Eur. Microw. Conf., no. October, pp. 194-197/, 2011.

Y. Chen, L. Yeh, and H. Chuang, “Design of a compact 77-GHz CMQOS on-chip bandpass filter using
U-type dual-spiral resonators,” ... Proc. (APMC), 2011 ..., pp. 77-80, 2011.

C.-Y. Hsu, C.-Y. Chen, and H.-R. Chuang, “/0 GHz Folded Loop Dual-Mode Bandpass Filter
Fabricated Using 0.18 um Standard CMOS Technology,” IEEE Microw. Wirel. Components Lett., vol.
18, no. 9, pp. 58/-589, Sep. 2008.

S. S. H. Hsu, “W-band multiple-ring resonator by standard 0.18um CMOS technology,” IEEE
Microw. Wirel. Components Lett., vol. 15, no. 12, pp. 832-834, Dec. 2005.

M. Ito, K. Maruhashi, S. Kishimoto, and K. Ohata, “60-GHz-Band Coplanar MMIC Active Filters,”
IEEE Trans. Microw. Theory Tech., vol. 52, no. 3, pp. 743-750, Mar. 2004.

C. C. Tzuang, “A 3.7-mW zero-dB fully integrated active bandpass filter at Ka-band in 0.18-um
CMQOS,” in 2008 IEEE MTT-S International Microwave Symposium Digest, 2008, no. 1, pp. 1043-
1046.

K. Kobayashi, L. Tran, D. K. Umemoto, A. K. Oki, and D. C. Streit, “A 6.45 GHz active bandpass filter
using HBT negative resistance elements,” in GaAs IC Symposium. IEEE Gallium Arsenide Integrated
Circuit Symposium. 20th Annual. Technical Digest 1998 (Cat. No.98CH36260), 1998, pp. 143-147.

©
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PCT filed — PCT/1B/2018/058738

TECHNOLOGY OVERVIEW

2. Tunable active second-order all-pass network (CMQOS)

Manufactured using:

% 00 oo

Oscilloscope —»
VNA

FYTELTTT
-‘m ;
0@3 &f@:‘

]
[t}
L]
7

H IHMHNHN

| i;—cv«l«r‘r‘
- l:ﬂNNN o, ¢

e R L e R o genetic
A LR S - = YR — | i | optimizer, DC bias voltages
CECLCEECH SIECEI R ‘g "f;‘ : : = el T B e
Second-order all-pass network — micrograph Second-order all-pass network — measurement setup

100 microns

~\
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PCT filed — PCT/1B/2018/058738 ‘

TECHNOLOGY OVERVIEW

2. Tunable active second-order all-pass network (CMQOS)

Ref f, s Technol (L s , Power  Magnitude
ef. ORDER Qp (GH2) Eandmdt echnology #0 Size (mm?) (W) variation (dE)
(GHz)
This work 2nd 1.15 0.07 0.280 0.35 um CMOS 0 0.0625 15 (excl. 3.1 1. Lin, X, Liu, J., Lee, H., Liu, H.: ‘A 2.5- to 3.5-Gb/s adaptive FIR equalizer with continuous-time wide-
3 DAC) bandwidth delay line in 0.25-um CMOS'IEEE Journal of Solid-State Circuits, 2006, 41, (8), pp.
1908-1918.
2. Ahmadi, P., Maundy, B., Elwakil, A.S., Belostotski, L., Madanayake, A.: ‘A new second-order all-pass
[1] e 0.19 3 = 0.25 um CMOS O 0.085 <95 1.5 (> 25) filter in 130-nm CMOS'IEEE Transactions on Circuits and Systems Il: Express Briefs, 2016, 63, (3),
(0.59)" pp. 249-253.
3. Maeng, M., Bien, F., Hur, Y., et al.: '0.18-um CMOS equalization techniques for 10-Gb/s fiber optical
[2] ond 0.04 (0.52) 7 13 0.13 um CMOS 1 0.0627 18.5 0.5 (> 13) communication links'|EEE Transactions on Microwave Theory and Techniques, 2005, 53, (11), pp.
3509-3519.
[3] 2nd 0.098 / 16.5 0.09 um CMOS 0 : <2/ <l 4. Ahmadi, P., Taghavi, M.H., Belostotski, L., Madanayake, A.: “10-GHz current-mode 1st and 2nd
[4] ond 0.049 (0.61) 6.3 12 0.13 um CMOS 1 ) 165 ~1.5(> 10) order allpass filters on 130nm CMOS’, in ‘IEEE 56th International Midwest Symposium on Circuits
and Systems’ (2013), pp. 1-4
5. Hamouda, M., Fischer, G., Weigel, R., Ussmueller, T.: ‘A compact analog active time delay line using
[5] 20d 0.047 6 7.5 SiGe BICMOS HBT (fy = 1 0.49* 121 ~1 SiGe BICMOQOS technology’, in ‘2013 IEEE International Symposium on Circuits and Systems’ (2013),
95 GH2z) pp. 1055-1058
6. Garakoui, S.K., Klumperink, E.A., Nauta, B., van Vliet, F.E.: ‘Compact cascadable gm-C all-pass true
[6] 2nd (fo=0)" 0 0 ) 0.16 um CMOS 0 0.15 20 14 time delay cell with reduced delay variation over frequency’lEEE Journal of Solid-State Circuits,
2015, 50, (3), pp. 693-703.
/. Ulusoy, A.C., Schleicher, B., Schumacher, H.: ‘A tunable differential all-pass filter for UWB true time
[7] O (fo=0)" O 0 10 SiGeRF HBT (fy = 80 2 0.4197 38.8 2-25 delay and phase shift applications’|EEE Microwave and Wireless Components Letters, 2011, 21, (9),
GHz) pp. 462-464.
(8] 2nd (f,=0)" O 0 438 0.18 um CMOS 0 0.0512 788 . 8. Chang, Y.W., Yan, T.C., Kuo, C.N.: ‘Wideband time-delay circuit’, in ‘European Conference In

Microwave Integrated Circuits’' (2011), pp. 454-457
9. Mondal, I., Krishnapura, N.: ‘A 2-GHz bandwidth, 0.25-1.7 ns true-time-delay element using a
[9] 2nd (fo=0)" O 0 >3 0.13 um CMOS 0 0.29 112 ~0.75 variable-order all-pass filter architecture in 0.13 um CMOS'IEEE Journal of Solid-State Circuits,
2017, 52, (8), pp. 2180-2193.

* Including pads, ** constant delay with frequency, *** values in brackets are computed over the entire bandwidth with the
associated magnitude variation also shown in brackets.
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TECHNOLOGY OVERVIEW

3. Mm-wave active second-order all-pass network (BiCMQOS)

Proposed all-pass
network y

<

--‘-_-

|

|

|

y

1 V.
=

|

|

|

[

Mm-wave bandwidth CCII — micrograph

150 microns

Know-how

B GLOBAL

On-chip
wafer GSG
probe

(ps)

]
) 2 — = -
|

Magnitude (dB)

1

Measured

20 25

Frequency (GHz j

TaN resistor tol. —pp—.

MIM ’[a:}l__.b , .

Temperature
sweep (0:85°C)

Delay

20 25 30

Frequency (GH z)

Mm-wave bandwidth CCIl — simulated results

- Temperature
sweep (0:85°C)
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Transmission
line tol.

r
=

/

=’ Mulei-rocto

SEMICONDUCTORS

www.multifractal.com
All Rights Reserved.



Know-how

TECHNOLOGY OVERVIEW

3. Mm-wave active second-order all-pass network (BiCMQOS)

-3dB Size Power A|T
Qp fy (GHz) (GH2) Technology e (MW) (dB)"

1. S. K. Garakoui, E. A. Klumperink, B. Nauta, and F. E. van Vliet, “Compact cascadable gm-C all-pass
[*] 36 36 e 0.13 um SiGe 0.0625 913 14 true time delay cell with reduced delay variation over frequency,” IEEE Journal of Solid-State
Circuits, vol. 50, no. 3, pp. 693-703, 2015.
2. Y. W. Chang, T. C. Yan, and C. N. Kuo, “Wideband time-delay circuit,” in European Conference In
[4] 0" O 12.2 0.16 um CMOS 0.07 20 ~14 Microwave Integrated Circuits, 2011, pp. 454-457.
3. X. Lin, J. Liu, H. Lee, and H. Liu, “A 2.5- to 3.5-Gb/s adaptive FIR equalizer with continuous-time
wide-bandwidth delay line in 0.25-um CMQOS,” IEEE Journal of Solid-State Circuits, vol. 41, no. 8,
[5] 0" 0 4.38 0.18 um CMOS 0.0512 7.88 - op. 1908-1918, 2006.
4. P. Ahmadi, B. Maundy, A. S. Elwakil, L. Belostotski, and A. Madanayake, “A new second-order all-
pass filter in 130-nm CMQOS,” IEEE Transactions on Circuits and Systems Il: Express Briefs, vol. 63,

[71  0.19 ¢ 4 0.25um CMOS 0085 <95  ~15 0. 3. bp. 249-253 2016,
5. M. Maeng et al., “0.18-um CMOS equalization techniques for 10-Gb/s fiber optical communication
v links,” IEEE Transactions on Microwave Theory and Techniques, vol. 53, no. 11, pp. 3509-3519,
[8] 0.04 / 13 0.13 um CMOS  0.0627/ 18.5 0.5 2005
6. P. Ahmadi, M. H. Taghavi, L. Belostotski, and A. Madanayake, “10-GHz current-mode 1st and 2nd
[9] 0.098 7 165 0.09 um CMOS _ <27 <1 order allpass filters on 130nm CMQOS,” in IEEE 56th International Midwest Symposium on Circuits

and Systems, 2013, pp. 1-4.
/. M. Hamouda, G. Fischer, R. Weigel, and T. Ussmueller, “A compact analog active time delay line
[10] 0.049 6.3 12 0.13 um CMOS - 16.5 ~ 15 using SiGe BICMQOS technology,” in 2013 IEEE International Symposium on Circuits and Systems,
2013, pp. 1055-1058.

[11] 0.047 6 /.5 0.25 um SiGe 0.49% 121 ~ 1

“This work. "Cascaded two first-order sections (no complex pole/zero). #Including pads. ~T
represents either a power or voltage transfer function.
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TECHNOLOGY OVERVIEW

4. High-precision CMOS CCI| with stability and peaking control

~— "
D

g Decoupling|*
o - .
-~ capac1tprs_

(Manufactured IC|) 5 ,&' -

D

Y v ’
v % < ol
)
e IR

LIS YO« 0 ALY LRI DV

:

y
B

Z I’E_,

“power supply lines |
040V
<035V | _ -
-B-simulated (layout parasitics) ™7
->-simulated (no layout parasitics)
#* Cmostmwi, Testm | |
Decreasing V2

0 200 400 600 800 1000 1200 1400 1600
CClIl+ — measurement setup Frequency (M Hz)

CCIll+ — measurement
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TECHNOLOGY OVERVIEW

4. High-precision CMOS CCI| with stability and peaking control

PCT filed — PC'T/1B/2018/058805

-3dB
VOLTAGE  Current : Measured
Ref. GAIN (B) . Ry (Q) Ry (kQ) R, (kQ) Bandwidth Technology Results
(MHz)
Thiswork 1.0115 1.0115 <5 45 20 500 0.35 um MES
CMQOS 1. W. Surakampontorn, V. Riewruja, K. Kumwachara, and K. Dejhan, “Accurate CMQOS-based current
conveyors,” [EEE Transactions on Instrumentation and Measurement, vol. 40, no. 4, pp. 699-702,
[1] - - 100 - - ~1 off-chip Yes 1991.
2. G. Palmisano and G. Palumbo, “A simple CMQOS CCII+,” International Journal of Circuit Theory and
2] 0.9886 - 0.3 : : 20 1.2 pum No Applications, vol. 23, no. 6, pp. 599-603, 1995.
CMOS 3. U. Yodprasit, “High-precision CMOS current conveyor,” Electronics Letters, vol. 36, no. 7, 2000.
[3] 0.99 0.99 23 - - 10 0.6 um No 4. G. Ferri, V. Stornelli, and M. Fragnoli, “An integrated improved CCII topology for resistive sensor
CMOS application,” Analog Integrated Circuits and Signal Processing, vol. 48, no. 3, pp. 247-250, 2006.
(4] 1 1 114 . 7900 16 0.35 um NoO 5. }1<.4\/\F§;ta1n2a£5e_a1r12d4g|.l\g/ééiha, Wideband CMQOS current conveyor,” Electronics Letters, vol. 32, no.
CMOS 6. W. S. Hassanein, I. A. Awad, and A. M. Soliman, “New high accuracy CMQOS current conveyors,”
i ) ) ) International Journal of Electronics and Communications (AEU), vol. 59, no. 7, pp. 384-391, 2005.
[5] >0 700 él\Z/l(%? No 7. S. Ben Salem, M. Fakhfakh, D. S. Masmoudi, M. Loulou, P. Loumeau, and N. Masmoudi, “A high
performances CMQOS CCIl and high frequency applications,” Analog Integrated Circuits and Signal
[6] 0.9999 0.9999 0.06 - - 2.16 0.5 um No Processing, vol. 49, no. 1, pp. 71-78, 2006.
CMQOS 8. K. Moustakas and S. Siskos, “Improved low-voltage low-power class AB CMQOS current conveyors
[7] 0.96 0.976 18 25 = 2600 0.35 um No |badsedt prlethehfliplaped g/glltca%ge fo@llg;vegrg;n Proceedings of the IEEE International Conference on
ndustrial Technology, , bp. - :
CMOS 9. H. Mostafa and A. M. Soliman, “Novel low-power accurate wide-band CMOS negative-second-
8] 0.995 ) 115 3900 2800 ~50) 0.35 um NoO generation—current—cohveyor realizations based on floating-current-source building blocks,” in 2009
CMOS IEEE Toronto International Conference Science and Technology for Humanity (TIC-STH), 2009, pp.
/720-725.
[9] 1.0000 0.9999 3.7 _ _ ~400 0.5 um No 10. A. Awad and A. M. Solimf'm, “Ngvv CMOS reglization of the CCII-,” IEEE Transactions on Circuits and
CMOS Systems Il: Analog and Digital Signal Processing, vol. 46, no. 4, pp. 460-463, 1999.
[10] 1.0005 1.0015 0.003 - - ~250 1.2 um Ne}
CMQOS
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TECHNOLOGY OVERVIEW

5. Mm-wave bandwidth CCIl with peaking reduction (BICMQOS)

1
. + 5 ' 3 r E - v v 1
o e L R I L s e S | £l L} e e g e S o
= Sl il =l = y ol ey e e -
(i st mi o R 5] 0 S oy e = i
e = 2 : A = r 3 : e ¥ g 5 = e T
i i i e A | I A i, I o it M | i
5 i e al W T P i s e o £l ; (: e v B Y e
+ F + +* +* * f ¥ .1‘ & ". ¥ - .'r + I T +* 1 r - .+ & +. & X r PD:-E[]:-_:D ™~
! F mr m'-l
: . . . + _n_-lml.;rﬂl_- L
i,
g o T P Bt s ol oty S B : b e n‘ﬁ
RS e e e e e Srpte” T
Ei::!:] B o B | S RO S| i e \-i" \“u\‘* x\\
5]
5 1 s | i o k\
ke A L
o 5 o S
4
o i B | wL1
EF E E * * -
o 0 e L1 e
= ==
I'|:|r'|ﬁ:!l—|- + I r . -
311-—1'!1- TI:E;?E;}‘J-?}‘J‘?E.L"\-\\\ e L LS
A g =
i i R,
| K -
Drgf_':gw AR
g
- Lol S + + + 3
I o
+, k + + + . F
i | DII‘HFFE
+ » + + + + I .-,I-_|J "‘"L: "‘JG 3
{1 "-3,,5,,]'35'._-'5!5. ey B8 s P 1< i s . e o KSRl g
L I o Mgl 1 i . " il glcal
= A o o o, Y s O o | { 1 o B 1
{3 ;IDE_!u -'I_If!l_lf-ﬂl_‘ {3 - EJ. | |j E LJEIJED
I e o ol W i Ry : ‘ g . i i R R ks * ¥ CLi 8 8 e 5 £ |

150 microns

First-ever mm-wave bandwidth CCI|I
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TECHNOLOGY OVERVIEW

6. Narrowband coupled resonator bandpass filters
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300 microns

Simulation results of the tunable, high-Q mm-wave resonators
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/. Mm-wave LNA
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Mm-wave LNA



