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Abstract

» Overview on some possibilities and challenges for greener RF

» Discussion on the compromise between environment / performance

Summer School, June 16 — 20, 2025, Grenoble, France
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Abstract

» What is sustainabillity

1000%+ 2109: AL SENENCESPRE. 2?7 2
: VT THE WORD "USTAINRBLE® -7,
' REPERTED OVERADOVER. +”

0%
|0%-
206: “SUSTAINABLE ™ OCCURS AN
FREQUENCY OF 1% AVERAGE OF ONCE PER SENTENCE
USE OF THE WoRD
Eﬂ%‘rﬁﬁ oind  2036: “SUSTANRBLE " OCCURS
AS A PERCENTRGE. OF

ALL WORDS, BY YEAR. ., _
SOURCE: (ooGLE NERAMS

0.001%
(0.000! % -
&mm-;‘u“
0.000001% ~——errororiki — r—-v-eor-—-r-—s—rr—-r—r—+r—-"r-—r—s—r—r—r—1—
%0 1980 2000 2020 2040 2060 2080 2100 2120 2O
YEAR

https://xkcd.com/1007/ THE WORD "SUSTAINABRLE " 1S UNSUSTAINABLE.

Summer School, June 16 — 20, 2025, Grenoble, France



INIP Phelma =ie
Definition of sustainability

Brundtland Report, 1987: "meeting the needs of the present without compromising
the ability of future generations to meet their own needs”

« Society: Needs of the present
* Environment: Ability of future generations to meet their own needs
« Economy: Method through which needs are met

Equitable

Sustain-
ability

Bearable

J. Wu, Landscape Ecology, 2013
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Some models to achieve sustainability

Brundtland Report, 1987: "meeting the needs of the present without compromising the ability of future
generations to meet their own needs”

Triple Bottom Line Weak Sustainability Strong Sustainability

Environment

J. Wu, Landscape Ecology, 2013

Summer School, June 16 — 20, 2025, Grenoble, France 6
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Some models to achieve sustainability

climate
change

social political
equity  voice

K. Raworth, 2017

Summer School, June 16 — 20, 2025, Grenoble, France 7
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Abstract

» How Radio Frequency (RF) helps to achieve sustainability

Summer School, June 16 — 20, 2025, Grenoble, France
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Radio Frequency (RF) in our life

©)

ooOoo

Communication Radar

Heath monitoring
Air quality monitoring %

social itical
nqﬁlty Pﬂ'ﬂn

Weather monitoring Ny e owd®

Summer School, June 16 — 20, 2025, Grenoble, France 9
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RF sensing — example on ice sensor

lce formation reduces output performance
v' reduce ~30% wind turbine output energy*

v Helicopter, aircraft
v,

e OUN
e O Oy,

= food

water

*K. Wei et al., Wind Energy, 2020

social itical
nqﬁlty Pﬂ'ﬂn

C. Li et al., Sensors & Actuators: A. Physical, 2022
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RF sensing — example on ice sensor

Can be customized to be sensible only to the interested parameters
(ice thickness not temperature)
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C. Li et al., Sensors & Actuators: A. Physical, 2022

Summer School, June 16 — 20, 2025, Grenoble, France



INIP Phelma =ie
Radio Frequency (RF) in our life

b'.'“\"

v h

Microwave assisted heating
improves the efficiency by 95%

over the hot air alone* % social political

equity  voice

Food drying

* R.S. Siegel and P. H. Siegel, IEEE Journal of microwave, 2023
Summer School, June 16 — 20, 2025, Grenoble, France 12
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RF for food quality monitoring

About 1/3 of food products are wasted!!! Best before vs Expiry date

Milk: pH, Temperature 44[ e —
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Food quality monitoring

R, Raju et al., IEEE Antenna and Propagation Magazine, 2020
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RF for smart / precision agriculture

FAOSTAT in 2022:
Agriculture generates 16.2 Gt CO2eq (~30% of total GHG)

Wireless sensor network for precision agriculture
» Farm monitoring

»> lrrigation

» Soll monitoring

» \Water quality monitoring
> ...

By 2050: loT help to increase by 70% of food production in
agriculture

N. Ahmed et al., IEEE loT Journal, 2018

—Cloud —--

g

I
Hierarchical Fo

WSN

Farm and agnculture Felds n rural regmn
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RF/antenna based sensors
Advantages of RF/antenna based sensors change

! Wireless
! Can work without ADC/DAC
1 Can “see through”

! Non invasive

Challenges of RF/antenna based sensors

1 Sensitivity vs sensing range

1 Variation with environment (other than sensing target)

social itical
tqﬁlty P:'m

And many other RF sensors

Summer School, June 16 — 20, 2025, Grenoble, France 15




Cro
INIP Phelma a0

Abstract

» How to make RF greener

RF is essential in our life as well as for the future!

Summer School, June 16 — 20, 2025, Grenoble, France
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How to quantify if our solution is “greener" ?

Life Cycle Assessment (LCA)
1 Advantages

d Limitations: specific scnenario, not take into account for example cost, social...

Some alternatives / complements to LCA
A Life Cycle Cost
d Environmental Impact Assessment

A Figure of merit / EP-score

Summer School, June 16 — 20, 2025, Grenoble, France
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Some LCA scopes

Cradle-to-cradle

2 Resources

a;

End of life

@ Cradle-to-gate

Use Manufacturing

N ) &

Distribution

Summer School, June 16 — 20, 2025, Grenoble, France
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A general architecture of RF transmitter

Antenna

Mixer

\
Baseband > BPF » PA
/

LO

Summer School, June 16 — 20, 2025, Grenoble, France
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Example: LCA of a phased array

TABLE 1. LCA Inventory for the Phased Array Element, Based on More
Advanced CMOS Nodes; the Lower Spec Option Is Detailed in the Dataset

Antenna Part Part details from Sphera databases #
PCR PTFE, ENIG with gold plating: active | 40
circuit + antenna cm?
: ‘ Model constructed based on the weight
Mixer g:g;zrwn_ of an SMA metal body, gold plating, and | 2
PTFE dielectric
Baseband - BPF " P o IC BGA 256 (2.62g) 27x27x2.36 CMOS
RFIC (PA) logic (90 nm node) [based on models | 1
2004-2014]
r Cable 1-core signal 24AWG PTFE (3.0
Cable o/m) D0.9 ]
Coil multilayer chip 0402 (Img)
LO SMD L1 110.5%0.5 2
SMD C Capacitor ceramic MLCC 0201 (0.17mg) 10

0.6x0.3x0.3 (Base Metals)

BOM for sub-6 GHz phased array

RFIC was = using a logic process in 90 nm node

M. Wagih et al., IEEE Journal of Microwaves, 2024

Summer School, June 16 — 20, 2025, Grenoble, France
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Hotspot in IC fabrication

RFIC is the dominant factor = 10x other contributions

8
! I Circular economy RO Refuse
~ Smarter production R1 Rethink
o and product use
§ 05 R2 Reduce
> |
=2 i .
® 03 1.00E-04 E R4 Repair
= Longer life of .
0.2 i R5 Refurbish
oooe+o0 M I S products and parts
0.1 / e R6 Remanufacture
-
0 B 2 R7 Repurpose
PCB Coax SMDC SMDL [90nm| IC DIP8 250nm
RFIC IC Efficient use of R8 REC?CIE
Phased array element components _ d

FIGURE 8. GWP for individual phased array elements, showing the effect
of each component; a single 90 nm RFIC has > 5x the GWP of all other
components.

https://www.econetworks.jp/en/2021/03/01/ce-2/

M. Wagih et al., IEEE Journal of Microwaves, 2024
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How to reduce impact of IC ? — Chipless / Barcode

Front material

100%
/ Chip
/ Antenna + PET 0%
| I‘(/_..-- Adhesive 80%
'. le— Liner 70%
(a)
60%
Front material 50%
. / . Pattern (scatterer) 40%
, / material
[ 44— Substrate 30%
— . 20%
Adhesive
(b) _ 10%
Liner
0%
<
& _,3?-

Fig. 3. Structure of (a) the UHF RFID tag (CCRR A61F 44x19 mm) under

study and (b) the chipless ta ‘00(\ (g@ G'& ) ‘Zr i > "3\ <
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& §
N - o
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Chipless RFID @LCIS Refuse IC if possible!
L. Q. H. Nguyen and E. Perret, IEEE Journal of RFID

Summer School, June 16 — 20, 2025, Grenoble, France
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How to reduce impact of IC ? - Reduce

Older (less complex) CMOS process can reduce environmental impact from fabrication point-of-view

G5 and 90 nm RFIC 1130 nm RFIC
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o Q
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: g som
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10,000 3.5 0.025 £ = BEOL
g8 ~25 < 002 2@
3 son 5 Eoors som |
2 4000 €15 E 0.01 Projected consumption
y oo | 2ssuming L0 waersper
o L '0 0 hour for EUV lithography
MAETP HTP TETP 28nm _
FIGURE 9. LCA outputs for individual phased array circuits (i.e. one array 0 200 400 600 800 1000 1200 1400 1600

element, including the antenna), showing the impact of changing the IC

process to an older CMOS process. Electrical energy [kWh/wafer]

https://www.imec-int.com/en/articles/environmental-footprint-logic-cmos-technologies
M. Wagih et al., IEEE Journal of Microwaves, 2024
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Effect of CMOS process How To include resilience + critical factor?
How about power consumption? MMy M
" Pp—pP1 " Py Py

70
o y =-0.1343x + 36.164 Donald Kline Jr. et al., Sustainable Computing: Infomatics and System
5 80 R? = 0.3066 o
g Increasing GWP ©
e Bl
3 with node E FoM = A(CO2eq)
2 40 | advance - AP
- & s
o a . . . -
3 e At which point we reach the compromise fab vs usage?
S - s = Convert power consumption < kg CO2eq
5 o I
= 10 T o L B A(CO2eq — fab)
7 3" ° o8 froM = A(CO2eq — use) .

0 0 X active days

300 230 200 130 100 ol G 1 dayS

Process (nm)

P can be defined as the required power
to process the same amount of computing

M. Wagih et al., IEEE Journal of Microwaves, 2024

Summer School, June 16 — 20, 2025, Grenoble, France



INP Phelma | o Supply Resilience =ie
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How to reduce impact of IC ? - Reuse

(b)
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X. Fang and M. Wagih, IEEE Transaction on Circuits and Systems — |, 2025
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Example: LCA of bandpass filters

Antenna

Mixer
Baseband — BPF > P

LO

Summer School, June 16 — 20, 2025, Grenoble, France
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Back in 2022...

Projet 1A -
Legos pour dispositif
passif radiofrequence

Modélisation et conception d'antennes

modulables

ETUDIANTS Loris Apparu ENCADRANTS

: Malou Cattaneo
Juliette Nebon Tan-phu Vuong

Montaine Jamet
Axel Tussau ; Nhu-huan Nguyen
Lisa Duguet Paco Gerbier

v' Wideband antenna: main antenna + extended gain, can be exchanged
v IRIS bandpass filter: operate at a specific band, can be exchanged

v" SMA to waveguide transition
v' Assembled by screws

SMA to waveguide transition Main horn antenna I

IRIS bandpass filter

Filter bandwidth Extended gain antenna

a—

Summer School, June 16 — 20, 2025, Grenoble, France
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IRIS bandpass filter
0.5
B Zﬁ]l — E{]Z
£|
04 — | o
B Change in height Equivalent circuit
PR, TEq (d)
E 0..3 T E? — a
M _
Z
S 02 b Zy Zgp
TE EA
0.1~ cutr:}?f TM;; TE,, Change in width Equivalent circuit
— ¢ cutoff 1 cutofft —¢
oLy, L N e ———
0 8 10 12 14 16 18 10 i
: | v
Frequency (GHz) E-EU i i
=2 !
Tuning screws £0r
T 40 F
Sl
Reconfigurable bandpass filter -
80| | |
13 14 15 16 17
Frequency (GHz)

David M. Pozar, Microwave Engineering

Wentao Lin et al., IEEE T-MTT 2023
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Example: LCA of bandpass filter: Performance vs active life time

Microstrip has higher environmental impact in fabrication point of view

wow | (O e I ST S S— -
wowi & % due to larger PCB area + gold plating
Eﬂ’lﬁf“ "Ii ;:-'i: L=1950 m i T1_ ;312 L=2034 mil {8 }}_ EEJ:i L=2035 mi it
o3 937010+34 i WeisTmaf) Wegsamif) Weade 4 mi ()
'Tr;:buq:?on;lna L=1771 mil {t} L=1784 mil {t} L=1808.4 mil {t}
Eﬁ:nm " 0.00035 6 0.5
(b) 0.0003 5 04
> O  0.00025 4 S " y
W I:jzvanm Eaz:nprm Il:fi]4.2r'|-:ll- g_“g_mprl:l:. Lea o giﬂ.ﬁburl‘] Ham=2 0 Crﬂstrl
o 6 Paew G20 Tl e a4l Tl e SE0 ¢ 0.0002 2 O 0.3 I P
ah_:]_:f:llaéirrq'l Crd 3 pF ;"_aﬁlé.‘zul'jﬁ C=13.2 pF {1} ;"_\‘.’:iniul-l;qp C=0.7 oF {1} ﬁ a 3 {;_ . LG
" 0.00015 > 8 0.2
1 1 i o EE o
- 5 L ~ 0.0001 =
© 0.00005 1 01
Distributed elements microstrip filter ADP elements ADP elements GWP
Part Part details from Sphera databases = 60 1.6 0.007
. . 14
PCB PTFE, ENIG with gold plating 2 50 0.006
cm —_ 1.2 ‘= 0.005
Lumped elements filter g 40 = 1 = 0004
Part Part details from Sphera databases # Q 3p 2 0.8 I
PCB PTFE, ENIG with gold plati : - =06 0008
L R ‘:t
, with gold plating cm?> gzﬂ 04 o (0.002
SMD L Coil multilayer chip 0402 (1mg) 6 10 0.2 0.001
110-530.5 | 0 — 0 — 0 F—
SMD C Capacitor ceramic MLCC 0201 (0.17mg) 6 MAETP HTP TETP
0.6x0.3x0.3 (Base Metals)

M. Wagih et al., IEEE Journal of Microwaves, 2024
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Example: Reduction of materials

(a) Bl 100% pad finish (AuNi), single-sided B 5% pad finish (AuNi), single=sided

5.00E-02 7.00E+02 6.00E+01
6.00E+02
4.00E-02 5.00E+01
= —. 5.00E+02 =
Surf finish (ENIG) E SO0E02 '11 4.00E+02 ;-T. +O0E1
Nickel urface finish ( : w
Copper — o 2.00E-02 2 3.00E+02 g 3:00E+01
— < 2.00E+02 D 2.00E+01
1.00E-02 —
1.00E+02 . 1.00E+01
0.00E+00 0.00E+00 0.00E+00 .
ADP elements ADP fossil ' GWP
7 00E+03 2.00E+02 1.00E+00
6.00E+03
— 8.00E-01
= 5.00E+03 1.50E+02 e
© = & 6.00E-01
E 4 00E+03 E 1 00E+02 ?E
— 3.00E+03 O u 4.00E-01
o <L
> 2 00E+03 5 00E+01 o 2 00E-01
1.00E+03
0.00E+00 0.00E+00 0.00E+00

Performance = ?

Line 2: Matched CPW

FIGURE 3. Outputs of the (a) LCA outputs for varying surface finish
coverage (i.e. 200 nm of gold in ENIG-coated traces); (b) example CPW and
microstrip lines on a low-cost Teflon substrate with ENIG surface finish

M. Wagih et al., IEEE Journal of Microwaves, 2024 around the line.

Summer School, June 16 — 20, 2025, Grenoble, France 31
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Example

But this story is changed with active life time...

o
o

and depends where we use our circuits...

1 Filter usage stage in a renewable grid
(Swiss electricity mix) 9

v Discretes

o
a

o Microstrip

o
w

o
(V)

8 Usage (Swiss Electricity Mix)
m Usage (EU Electricity Mix)
/| mManufacturing

lllllllllllllllllllllll

o o
i;
é
- 5
Ve
@
_;4

|Power Dissipation| (arb. unit)

14 16 18 20 22 24 26 28 3.0

~ 6 1.0 1.2
8. Frequency (GHz)
o 5
0 50 100 150 200 o 0.02
10 Filter usage stage in a standard grid < 4 0.015
(EU electricity mix) = 0.01 I
8 - O3 | o005
8 LC, 40 dBm 0 — High power => go for low loss
Q 6 2 LC Microstrip . e . .
g o dim (minimized impact in usage)
= 4 Microstrip, 40 dBm ] \ / _
% - = Low power => go for simple
21 . . 0 (minimized impact in fab)
Microstrip, O dBm LC Microstrip LC Microstrip
o L= L T L L L L 3 LC, 0dBm
0 50 100 150 20U 0 dBm 40 dBm

Active Time (days)

M. Wagih et al., IEEE Journal of Microwaves, 2024
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Some examples on antenna

Antenna

Mixer
Baseband » BPF o P

LO

Summer School, June 16 — 20, 2025, Grenoble, France
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Example: Reduction of materials
75% meshed

Screen printing: Less wasted materials
25% full for electrical contact with connector

Full prmted Square meshed Vertical meshed

antenna antenna antenna
- 2,00 -
Anvil Shape |:|_:’|
T Square
1,75
=
4y
O
4 2¢ - 150-
Triangle Shape 7 - Vertical
© :
[ B 125- Triangle
i :
Fig. 2. Nlustration of screen-printing An\fll
1 |II:”::| ' | " ] ' | " | '
0 20 40 60 80 100

Monopole antenna @ 3.6 GHz ]
Optical Transparency (%)

M. Wawrzyniak et al., EUMW 2021

Summer School, June 16 — 20, 2025, Grenoble, France
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Example of a Figure-of-Merit (FoM) for antennas

2
. A
FRIIS equation: P, = P, X G X Gy X ( )

41R
Where:
* Pp: Power at the receiving antenna
Antenna Antenna * Py Power delivered to transmitting antenna
* Gp: Gain of receiving antenna
Gr Gr * G7: Gain of transmitting antenna

A: wavelength
R: Distance between antennas

Summer School, June 16 — 20, 2025, Grenoble, France
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Example of a Figure-of-Merit (FoM) for antennas

A )2 Antenna Antenna

FRIIS equation: p, = P.. x X X | ——
q R r X Gy X Gp (47TR C
Gr R

For beamforming / directional

« Assuming same receiving antenna (G)
* Assuming same sensitivity (P)

* Assuming same distance (R) R
« Assuming same frequency (1)

=> Pr X G should hold constant

We want to minimize power consumption G 1
= I T

> P should be as small as possible FoM = — X —
=> Looking for max G /Py Pr V.

Metal volume

We need to minimize metal quantity
=> Looking for minimum metal volume

Condition: Impact of dielectric << metal
or same quantity of dielectric

Summer School, June 16 — 20, 2025, Grenoble, France
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| | ma
Example: Reduction of materials
75% meshed FoM — Gr 1
25% full for electrical contact with connector oM = P_T % I/metal
o B 1.99 dBi, 64.5%
Full prmted Square meshed Vertical meshed 2.05 dBi, 0%, FoM = 2.05 FoM = 4.983
antenna antenna
Anvil Shape _ |:|_:’|
o mn ('} = Square
m om -
=
1 EE 1.5 dBi, 74.1%
2¢ 1,50 s\’ FoM = 4.401
E T(%) =(1-=] %087 _
Triangle Shape N - b Vertical
T .
I 3 Triangle
Fig. 2. Nlustration of screen-printing An\fll
.1|'I:“:| ' | " | ' | " | '
0 20 40 60 80 100

Monopole antenna @ 3.6 GHz ]
Optical Transparency (%)

M. Wawrzyniak et al., EUMW 2021
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Example of a Figure-of-Merit (FoM) for antennas

A )2 Antenna Antenna

FRIIS equation: p, = P.. x X X | ——
q R r X Gy X Gp (47TR C
Gr R

For wide angle covering

« Assuming same receiving antenna (G)
* Assuming same sensitivity (P)

* Assuming same distance (R) R
« Assuming same frequency (A1)

« Same covering angle 6

=> Pr X G should hold constant

Gr 1 0

We want to minimize power consumption FoM = — X — X
=> P, should be as small as possible Pr V., HPBW
=> Looking for max Gy /Py

We need to minimize metal quantity
=> Looking for minimum metal volume Condition: Impact of dielectric << metal

or same quantity of dielectric

Summer School, June 16 — 20, 2025, Grenoble, France
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Other approaches

Long lifetime / reusable:

Yagi Uda antenna

HPA Lossy combiners Single-ended antenna Multiport antenna
i i L ' | — _ " S1-Bottom - Tl
Multifunctional: s s E ‘ ¢
g __ . /\'— \ 5 — ¥
|| =~ _iﬁg > | = ¢ ﬁ * ﬁ »
=~  /\ | s & re
||~ It/ \ = ] B fﬁ';, 1
A= 3 = - : -
l ...- h’
| _ -
—‘“-m,‘_._:,._& _u\\—, & Y : @
S/ Se— ’““";j """""""""""" .
a5 \ = ¥ = .@
- £
— T~ / — = 5
_,_,_./’é_-,_% = sl @
(a) (b) (c)

Modular On antenna power combining
T. Le Gall et al., IEEE TAP 2024

Summer School, June 16 — 20, 2025, Grenoble, France



Cro
INIP Phelma a0

Example on the “refuse” of matching network

If all components are “standardized” to 50 () => ©

What happens if not? Antenna

Mixer /\\
Baseband » BPF »%

LO

Input
matching

Output
matching

_§ .

Summer School, June 16 — 20, 2025, Grenoble, France
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The need of matching network

[

ZLZSXZO ZL=+OO

E E E -"-"|. v '|. _|' "|
1.5 ] 1. 1.5 = o o 1.5 I,'f ! I," | U ]
OO0 Y P | h ; b ! !
1l ——— — — — gy — — = — — —_— e — — — — — — 1 ; ) / . / . 1 ; , | h ! N
!
! \ f | 4 : ! [ | " !
0.5 ] a. 0.5 - u 0.5 b ; ! ]
f h ; | ;
0 0 0
' ! [ |
-0.5 b -0. -0.5 r LY Irﬂ. LY lll-. ", b -0._5 |I'I IIII Ill y ! I 7]
! ! ! ! " ! .
Sl - hed e - == - -1f a. ¢ ) ! - -1f ! L ! ! ; -
¢ Vo . | ; P U -.
-1.5 ] -1. -1.5F ~ ~ . -1.5f T LI Voo -
h ot . !
0.5 1 1.5 z Z.5 2 0.5 1 1.5 z Z.5 a 0.5 1 1.5 z Z.5 2 0.5 1 1.5 z Z.5 2

— Incident wave — Reflected wave — Sfanding wave

1D standing wave (takuichi.net)
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Self-adapted design

06i_— for =6 mm Feed position fp (mm)
o4i " & | = =— fp=5mm 8 .E 4 2 0
¢ -‘-.'-_:-.,__-'1 s @ foy =4 mm
."l..-i.""'-!f-..-hﬁuf..t.-l gb —aF 3!
'_'-\-\_._. e ‘ I-" . . . 3" ] ;'-,-' \ n
A isieHe. . K 56HZY e 5GHz "-:':':I .”.lmi|
. fon s o F . A e e
0.0 —0.2-—-0.4 '.“'.E:_!n—i:; : _.rt—infl ﬁ
__.- -ﬁ!" l'.f 5 (3Hr | . ¥ "I 1-~_I-H| E
pl . fp.? P g s IS s el s
foe RS AR
p —I.'l.?l-__'*i...-'__ .--'_.,- .,-'... i :ll § _II ; .I_._5| §
. fp1 SIRESG L A
y ' -_.-x . .'..-'. .,-'Ir I'- I-E
VA b = 70 -
X ol Faa . T Feed position .
. ol _'Jl_l_ = ® =Patch length \
5
rk i i i "..
(a} (Ij] 14.5 16.5 18.5 20.5 22.5
Patch length pl (mm)
11
0.6 | 1 -
T i Y o |
Lot BEHE e pl2 =16.7 mm
w7 ) | —m = pl=16.5 mm {E:I {fj
0.2i o e o ® - pli=16.3 mm
UK NS ST e |
Al T T T T 4 sic b W seHz --,.i'_'_“.‘-‘fr;i'”i’:-llzul '
--------------- 0.0 0.2-+0.4-0.6 B2 ‘5 30 £ :
| o ! Lo by ':,I|| 201 Z DC Bias
AT
pl phipl2 ~. RNy, >« 0.2 mm
fp' 021 It\ 3 "8 1.95 mm
y 4 Ly S 5 GHz h i I".. d Input matching circuit antenna Output load antenna *
! 0.4 P -_._; "o I'. :: Y i I
X \\&M fr )/ﬁ i /\na ;:«
060 | - S Transistor 2]
-1i 0.7 mm // i
-“b 0.2 mm H
H__1.55mm 5.8 mmI%#D g
-
{‘:] [d) 7.5 mm -« > E
2.88
min
17.66 mm 16.78 mm
« o < Ll
| Substrate € = 3 and thickness = 0.508 mm

A

Y

S. N. Nallandhigal and K. Wu, IEEE T-MTT 2019 )

50 mm
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Example on substrates

Antenna

Mixer
Baseband » BPF — P

LO

Summer School, June 16 — 20, 2025, Grenoble, France
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UGA
R eusable Table 3. Scenarios used for LCA of the FR-4 and Steel-based PVs.
Control 1 FR-4, all components to landfill
Control 2 FR-4, components recovered, substrate incinerated
Recover Scenario 1 Steel all components to landfill
components and .
restest/reuse Scenario 2 90% of steel recycled.
y ﬁ“\ All components to landfill
/
i'i ) Recover Ag Scenario 3 90% of steel recycled.
' | . :
\ / il 100% of ICs, capacitors, and resistors are recycled
Eol Steel PCBs b y
S —
Dip into Reuse steel i P I T T T T ] T
EFtOH solvent Substrate I Control
N Control2
. [ IScenario 1
Substrate recycling in Ethanol B Scenario 2 )
. & I Scenario 3
n o |
=
. @
; ¥
= &
©
=
-—
a
Ag printed on Ag removal from steel by Ag printed on
new SiO,/Steel ultrasonication in ethanol recycled SiO,/Steel
\ P1-P2: 0.2 Ohms . 'E_*’: 3
Wyl P1-P2:0.2 Ohms P1-P3: open circuit :
P1-P3: open circuit No change in _ 0
' resistance of Ag tracks /Hlx S
o0
Figure 5. a) Concept used for recycling steel-based PCBs and b) Recycling of SiO, /steel substrates by ultrasonication in EtOH. (\1‘5"\'%@ o
e P

J. Kettle et al., Advanced Electronic Materials, 2025
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Bio-sourced substrates

1,0E-01

_ » Three antennas for 5.5 GHz Wifi
» Bilan Produit from ADEME
1,0E-02
Example:
1 0E-03 -

GWP 100 mod (kg CO2 eq):
Rogers ~ 72 X PLA

1.0E-04 - Rogers ~ 712 X paper substrate

1.0E-05 - Bio-based materials

Energy NR | Ressources GWP 100 | , 6o | Eutrophis. | Photochemi | Ecotoxicity Human . .

Micn) | (oSbea) | O3U9 |agsozeq| K9P0 |calpal (k| (ko 1406 [ torichy ko could be potential candidates
BRogers| 3,8E-03 6,7E-03 6,7E-02 9 0E-D3 5. 5E-03 3.9E-03 5 1E-02 8 9E-03
BPLA 1,3E-03 1,7E-03 9 3E-04 2 0E-D3 3.1E-03 7.0E-04 2 TE-02 3.9E-03
OPaper | 5,8E-04 1,9E-04 9 4E-05 1,3E-04 6,5E-05 4 1E-05 5 1E-04 8.2E-05

P. Xavier and T. P. Vuong, IEEE LAEDC, 2022
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Some bio-sourced substrates

Special thanks to Arnaud Vena & Georges Chehade @ IES Univ. Montpelier for wideband characterization of paper substrates

® FR4
4 0.2
—Paper substrate, 2 = 0.19 mm —Paper substrate, 7 = 0.19 mm
3.8 1 —Paper substrate, # = 0.86 mm 0.18 1 ——Paper substrate, # = 0.86 mm
3.6 0.16 - T
3.4 - 0.14 )
3.2 1 0.12 1
. )
W3- — £ 0.1-
2.8 1 ‘ 0.08 -
2.6 - PLA 2] 0.06 -
3 MDF [5)@
- PLN.ﬂax ! celeseestrl @ 004 ® PLAMax (1] .Cellulose ester [3T° @
2.2 - @ Rogers 5880 0.02 - ® FR4
@ MDF [5] Rogers 5880‘ PLA [2]
2 1 1 1 1 1 1 1 1 1 O 1 1 1 1 . 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) Frequency (GHz)

[1] — V. Grennerat et al., IEEE EuCAP 2024

[2] — G. Boussatour et al., [IEEE MWCL 2018 _ _
[3] — P-Y. Cresson et al., IEEE TMTT 2020 Bio-based substrates are more lossy than high performance Rogers substrates

But can be comparable with FR-4
[5] — C. Bourretere et al., EUMW 2024

Summer School, June 16 — 20, 2025, Grenoble, France
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Some examples — Bio-sourced materials — PLA/flax

B g
|

Copper foil 2
FR PLA/flax prepreg - sasssiasnsunenosinm - = e

FR PLA powder —— - Surface roughness
FR PLA/flax prepreg mm (fI ax fib er)
Copper foil
PLA / flax fiber from MESHLIN
V. Grennerat et al., MiNaPAD 2024 |511| parameter in relation to frequency (@T=40 °C)
’ Variation with environment
T (temperature, humidity)
. £ .10
| P 5 -15
[ i §;-i“u ﬁ -20
VI E—'-\!‘?\f‘*‘?‘??‘.“-"ffl?1‘3’%1::::-:‘ .25
| *' L TR i R 45 46 47 48 49 5 51 52 53 54 55

Frequency (GHz)

f =
..--l-' ' ""}“‘ —.r.1

— (@23,4%rH (mov. av. 70pts) = @90%rH (mov. av. 70pts)

V. Grennerat et al., ISSE 2023 V. Grennerat et al., EUCAP 2024
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Effect of surface roughness

]

= / H - H*dI Q/m.
|Iﬂ|~ Cl-i—fg

Field lines on an arbitrary TEM transmission line

. wU 1 % -___-:g
Surface resistance: R, = |—=—= _ % C,
20
e @)
Skin depth: 65 = . oo qﬁp )
~Conductivity o
Rs depends on: Frequency w
~ Surface roughness A
2 A\
Surface roughness (A) R; = R, X Ksp = Rg X |1 +— X atan (1.4 (6_) ) => |ncrease surface impedance
n $/ /1 => More loss

Tao Liang et al., IEEE IMS 2006
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Effect of surface roughness

2.0 -
o Surface trace
8
518 -
g Internal trace _ . » =~
| c e
' Y . o, - o -
| o 514 - L.
c *
T ——————— i . ®
-+ ; | ] E 19 P ¢
ki T E | . Near-smooth copper
E——————— e
_ A _ 5 o v 1.0 m— . . . .
: i S 0.E+00 2.E+09 4 E+09 6.E+09 8.E+09 1.E+10
Frequency (Hz)
Fig. 1.  Cross section of typical copper foils: surface trace (top), Fig.2.  Lossfactor K, due to surface roughness ettect

mtemal trace (middle), and near-smooth copper (bottom)

Tao Liang et al., IEEE IMS 2006
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Effect of surface roughness

25
—without roughness
—e—().9um roughness _ 2.0 Surface trace
S
3
L 1‘3 7
- ﬁ Internal trace _ _ - =~
/-\20 ] - - ™ =
' % e I — \ — ﬁ 1 E 1 iz -
< u -

‘ %D g 1.4 - o8 “

e N o .’

: = o o

v 8 g 1.2 - .

e 15 - = Near-smooth copper

- _1.0 —— e . .

0.E+00 2.E+09 4.E+09 6.E+09 8.E+08 1.E+10
S Frequency (Hz)
Figl.  Cross | | | | | | | 3.2, Lossfactor K, due to surface roughness ettect
mtemal trace (mi 34 345 35 355 36 365 37 375 38
Frequency (GHz)

Tao Liang et al., IEEE IMS 2006
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Effect of surface roughness

4mil LCP laminate Effective Dielectric Constant vs. Frequency for various copper foil

types on 50 ohm microstrip transmission line
copper
2.8
_————m
ey
wave speed - o7
substrate E .
E e ¢ ED-3.0pm RMS
S 26 RMS
2 e =ED -1.5pm
e
copper E 25 ART - 0.7},1.“1 RMS
v
/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\ a . % RT - 0.5,m RMS
AN S 24
wave speed o] R —————— T R R e B
substrate g
w23
: > 2.2 l l . . l
Distance 0 10 20 30 40 50 60

Frequency (GHz)

But also increase the effective permittivity
=> Change the RF behavior / matching

John Coonrod, Webinar Rogers

Summer School, June 16 — 20, 2025, Grenoble, France
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Effect of surface roughness

Thickness above highest substrate peak

Fig. 4. Efifect of surface roughness on printed conductive ink.

20 microns Conductive Ink Layer

Some cases, we need to keep certain roughness!!!

Fig. 3. Printed pattern postcuring.
Fig. 5. SEM analysis of Substrate C, Ra = 1.61 um.

Alan Ryan and Huw Lewis., IEEE T-CPMT 2012

Summer School, June 16 — 20, 2025, Grenoble, France
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Question

]

= == ] H - H*dl Qm.
|ID| C]-i—CE
Surf st Ry = |—& !
urrace resistance. = |— =—
NEZ

Skin depth: 05 = |——
A
With bio-based conductor, lower conductivity o is expected

=> Skin depth §; increases
=> Can we expect less losses?

John Coonrod, Webinar Rogers

Summer School, June 16 — 20, 2025, Grenoble, France
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Challenges with bio-based substrates a ot of problems
- > => Should we forget about bio-based substrates?
Trade off Life-time &

Rethink about design strategies performance
\_ dlegradition ﬁ Bio-degradable ]

[ Protection

Low ty

Flexible /
Variation

l ﬁ Roughness ]
High power
{ =P High loss }
Material :
I p— { Adapted design }
\

[ Low loss J[ High ¢, J[ Hydrophobic J

Hydrophilic

Summer School, June 16 — 20, 2025, Grenoble, France
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Example on transmission lines

W, = W.
W C m
:"_S”I * Wm » * wc >
A | | — ) R —
; | I I
1 Jh 81_ I Ig{:

It
= Stripline =Microstrip =——CPW

0.7 0.7 32
0.6 Z, =309 0.6 Z, =509 - CPW has the lowest loss
0.5 - 0.5 30 CPW has Z, variates less rapidly
0.4 0.4 =
0.3 1 0.3 —
0.2 1 0.2 1 N Hg
0.1 0.1 1
1 23 4567 8910 1 2345678910 26 . . . g 4 v ’ v v '
Frequency (GHz) Frequency (GHz) 2.5 27 29 3.1 33 35 2.5 27 29 3.1 33 35
€ €
0.7 0.7 ' '
0.6 Z, =708 0.6 Z, = 10052 106 g
0.5 1 0.5 1 g
0.4 1 0.4 1
0.3 1 0.3 1001
0.2 1 0.2 1
0.1 1 0.1 N~ 951
1 2345678910 1 2345678910 90 -
Frequency (GHz) Frequency (GHz) 62 e 88 e
25 27 29 3.1 33 3.5 25 27 29 3.1 33 35
€ €
R. Berro et al., EUMW 2024 ! '
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Example of a Figure-of-Merit (FoM) for transmission lines

——Stripline =—=Microstrip =—=CPW

» Same length 90 o 90 o
> Same characteristic impedance | 0 i 0
» Same substrate & thickness 60 1 60 -
» Same conductor & thickness . e

30 - 30 -

20 20

10\\ _ 10-\\\

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
1 Frequency (GHz) Frequency (GHz)

FoM =

Condition: Impact of Dielectric << Metal

Not yet taken into account thermal dissipation,
cross-talk...

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Frequency (GHz) Frequency (GHz)

Summer School, June 16 — 20, 2025, Grenoble, France
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Example of some RF components using PLA/flax

CPW fed monopole antenna CPW fed slot antenna
T. P. Vuong et al., CROMA N. T. T. Huong et al., internship FMNT at CROMA

Microstrip patch antenna CPW power divider
V. Grennerat et al., EUCAP 2024 R. Berro et al., EUMW 2024

Summer School, June 16 — 20, 2025, Grenoble, France
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Figure-of-Merit

What if the condition impact of dielectric << metal no longer valid?

A(CO2eq — fab)

A(CO2eq — use)
ldays

FoM =

X active days

Summer School, June 16 — 20, 2025, Grenoble, France
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"Reverse” thinking

i
jg,
%{
_.\\ |
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Make the weakness become strength
4

Life-time &
[ Decomposition }— performance

degradation ﬁ . Flexible Humidity Strain
N Bio-degradable ][ RF J[ Sensor Sensor

NIV

[ Protection

Flexible / I [
Low 1, Variation Sensor ]

l ﬁ Roughness }/
Absorbing
High power . material

High loss
Material Design
development optimization

.

[ Low loss J[ High ¢, J[ Hydrophobic J

Hydrophilic

Summer School, June 16 — 20, 2025, Grenoble, France
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Example: Absorbing materials

—— pyramidal microwave absorber using rice husk
-20 - e pyramidal microwave absorber using banana leaves

o .
=
L .-
w 60 4:
-
bl
-
Sl ‘..-
By e o=
: ..'i:l' l“l.,. "
(-] F R i R R TR . N ' 0o e
o — -30 - Boel OB By Cyops mgs FFOE B g - . # ] T L L) s® &7
- 1:{ I-::l:"."'l-l:ll ': =y """‘.-l'\l'l‘I A “ll.‘ el “'“'-l:' l: l::l
O R e T o e Laen vg a ] iy AR e e
L] i "a . am " af = Ex T o "N e 9§ B am W= " b T Ll i L . in L - -
Q) 13 D3 X S 8 b B Ry et e M o E AR e e R
P T "I“‘l- L — s ® +.ll.,._|,l.i-ll s li-_ - Fooa P
P s P T et s d Y PR E s NG TRE EE n Dan B R B B
" - s T - - ] - " @2 . e -
I-_::::.}.-\,‘t..--\.r\='.__.,...-|.--,l':--\. y
" FE- "‘\H“'ﬁ.--"l"i‘\ﬁ*‘i'l'| .
I- L g = =T = O g " o ooxon "o .I L
= 100 - O BT B8 cor A o o R S Bk R o
. . » s ® % = # % T % T ¢ § o0 " .
:-':l.'::i.:if\li-.rl
@ o g8 T = m & % 5 B 5 o5 g 0
i = = @ = = #& = o5 @ =
s ; ! - F W -
- T
| £ = n
5 f:-
] T
3 "
L -
120 4 : :

'140 =T T T T
0 5 10 15 20
Frequency GHz

" 7 e

i L Fig. 11. Reflection loss of pyramidal microwave absorber

Fig. 6. Fabricated banana leaves-polyester-MEKP pyramidal microwave
absorber in pyramidal mould

Z. S. Farhany et al., IEEE ISWTA 2012
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Example: Resistive Humidity Sensor

“the roughness and porosity are attractive here
because they increase the contact area with the
ambient air and promote the adhesion to CNTs.”

CNT on paper (c) CNT on glass (d)
n n
- =
§1- 20.1- Sensitivit Sx—So>< 1
© ® ensitivity =
g - So RH, — RH,
- -
T T
S 5
O Sensitivity = 6% & Sensitivity = 1%

D 1 . ] . L . 1 . ] . 1 0.0 1 . L . L . L . 1 . 1
0 20 40 60 80 100 0 20 40 60 80 100
Relative humidity (%) Relative humidity (%)

J-W. Han et al., Journal of Physical Chemistry C, 2012
Summer School, June 16 — 20, 2025, Grenoble, France 62
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Example: Bio-degradable

Summer School, June 16 — 20, 2025, Grenoble, France
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Summary

» Life Cycle Assessment (LCA) can be used to help decision maker but only valid for a very specific
scenario and do not take into account cost / social impact.

» Alternative / complement could be considered: Life Cycle Cost, Environmental Impact Assessment

» A Figure of merit could be introduced in design phase to find the best compromise between environment /
performance

» “Reverse” thinking

» Some potentials approaches: modular, reconfigurable, refuse...

Summer School, June 16 — 20, 2025, Grenoble, France



Thank you!

= QUESTIONS

Bringing life to debate

nhu-huan.nguyen@grenoble-inp.fr
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