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Cellular: how do we get more bandwidth?

Simple: go to higher carrier frequencies

We have already seen this in the recentpast:

3G had f.={0.9, 2.1} GHz, BW < 25 MHz
4G LTE has f.={0.85, 1.8, 2.3, 2.5} GHz, BW < 100 MHz

5G has f. ={3.5, 26} GHz, BW < {400 MHz, 3000 MHz}



Why does coverage take a hit?

V Talk in terms of wavelength A (= ¢/f.)
’\/\/\/\-) Recall: speed of light ¢ = 30 GHz cm,

Antenna T — ie.f.=1GHz - A =30cm
d ~ cms
Three regimes of wave-matter interactions
A>d A=d AKd
Huge antenna size, Wave nature, easily Ray nature, very little
impractical bends around obstacles  bending around obstacles
Explains why you get Explains why a laser
network in your room pointer doesn’t bend!
Skin depth high = Skin depth low =

high penetration low penetration




How do we restore coverage?

Idea: If we can’t make it past an elie Intelligent reflecting

obstacle, we ask for help! surface
’ Dl
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How do we restore coverage?

Some key considerations:

e |RS -redirects EM waves

e Should be able to change redirection angle
e Low complexity, low power

e Deploy on building sides or on drones

e Not arepeater - do not want to decode




How can we change the beam reflection angle?

Game of phases - play with constructive / destructive interference

Game 1: All elements have same Wave: ’R| exXp [](k LT — wt)]
reflection phase (say 0)

e Physical path length for each
ray (solid + dashed) is same

e Reminds us of high school
Snell’s law:
Angle of incidence =
angle of reflection




How can we change the beam reflection angle?

Game of phases - play with constructive / destructive interference

Game 2: Elements have progressive ‘R’ exp []¢R] exp [](E = wt)}
reflection shift (say -15°)

0 -15 -30 e Reflected phase front must

F\F\!\ rotate!
‘ NIAN
\

N e Net path length for each ray
\\\\\ \\,’ < (solid + dashed) is still same
\ \" 7 ‘\&00
S o y c®
p/b\ - Q¥ e BUT: Angle of incidence #
“eg SN angle of reflection

OOI‘



Parallels with beamforming in phased antenna arrays

A

Changing the phases at each element — beam scanned in space

electronically




IRS: What should each box do? N

e An electromagnetic element — imparts a certain phase
e We should be able to control this phase

e Amplitude should be high for efficiency

Phases: 0, 0 Phases: 0, T

A/2 A/2



IRS: What is in each of the boxes?

e Initial ideas - reflect array antennas

Main beam

- mm spacer

Parabolic dish  focal point
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An example reflect array:

PERIODIC BOUNDARY ° —_—
.—] CONDITIONS .

/

§ f g '
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- d v Eii! : - 180° T : :
L oo | e, 3 diodes
S A \ & ; \
. z : . ! me .
..................................... Lo -
: Cen \ ;
Other possibilities - MEMS g k%\m K :
switches, PIN diodes, FET ; S180% G '

switches, etc

Changing V — C = ¢ (phase)

Hum, Sean Victor, Michal Okoniewski, and Robert J. Davies. "Modeling and design of electronically
tunable reflectarrays." IEEE Trans. on Antennas & Propagation 55.8 (2007): 2200-2210. 11
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A modern A 2 bit Circularly Polarized Reconfigurable
hardware Reflectarray Using p-i-n-Diode-Tuned
realization: Crossed-Bowtie Patch Elements

Fan Wu, Member, IEEE, Wu-Guang Zhao, Student Member, IEEE, Xiaoyue Xia =, Member, IEEE,E
Jingxue Wang“, Member, IEEE, Zhi Hao Jiang"~, Member, IEEE, Ronan Sauleau -, Fellow, IEEE, :
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Recent move from reflect arrays to metasurfaces

Metasurfaces are 2D cousins of metamaterials

e Sub-wavelength periodic/quasi-periodic structures

e Macroscopic behaviour as though it is a new material (but its not)

e Red arrow = 1 wavelength
e EM wave doesn’t “see” individual units

e Seesa “net” effect
= (Can tune refractive index, even make it -ve

e Made of “regular” materials

DOI: 10.1126/science.1058847 (2001)
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Some applications of metasurfaces

Parabolic lens

NORMAL

Solid

Receiver
Microwave

source

YYYYYY

Flat lens made from conventional material

Cloak formed of f
INVISIBILITY metamaterials %
LT e e 1
Microwave e >
source |
_________ B N\ Metamaterial flat lens

......
---------------
-----------

Light rays could In T
theory be bent around an

object inside the cloak, making

it seem Invisible

Receiver

YyYYYYY




Advantages of metasurfaces

e Metasurfaces: sub-wavelength periodic structures in 2D

e Allows fine-grained manipulation of incident waves

o Polarization conversion § g g AN N

19.2 mm

O Beam forming / shaping

O Selective absorption/reflection

O Radar cross-section reduction

Lower MM

O Near field transformations —

z A
o) Upper MM
S

21

4 mm Spacer

/ 4 Layers of a MM

'/ - 1

Ahmed, Foez, et al. "A near-field meta-steering antenna system with fully metallic
metasurfaces." IEEE Transactions on Antennas and Propagation 70.11 (2022) 15



Electromagnetic modelling of a metasurface

[t is sufficient to study one unit cell.

The structure is periodic, so EM fields can be expressed in terms of a

Floquet series.

Generalization of Fourier
series when a function is

complex valued.
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How does a metasurface work? EM resonance

Take an example of a unit cell and its EM response (refl. coeft.):
09r | | —IAmpIitude |

Phase

Dielectric — | ., (U 0.8

=
N

o
(o2}
T

Refl. amplitude
o o
~ 6]

o
w
T

=
N

o
="

25 26

lumped RLC 22 23 24
freq (GHz)

27

Refl. phase
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How does a metasurface work? EM resonance

Take an example of a unit cell and its EM response (refl. coeff.):

0.9 r —— Amplitude
Phase

Note the behaviour: 08"

O
N

o
(o2}
T

1 Near resonance
1 Away from resonance

Refl. amplitude
o o
~ 6]

=
w

All action requires a

=
N

resonance!

o
="

Refl. phase

23 24 25 26
freq (GHz)

N
N T



Many variants of unit cells possible

Can adjust location and width of resonance by varying design

Physical
Design —

Microwave
Circuit o
Equivalent
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What size should a unit cell be?

Well studied problem in
the case of gratings ...

Medium, n,

+1

+1

i.e. how many units
inside each orange box?

> Incident beam is split into “grating”
modes (Floquet mode theory)

> Would like to only retain m = 0 mode

> Approx, if L<A/2, only m = 0 survives

> Further, if L <A/4, ensures response

does not depend on incidence angle
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Now what about beam forming?

Recall: we need different phases for beam forming.

e T o
Dielectric_— . Cu

That’s where this comes to play.

For e.g. a varactor diode, PIN diode, MEMS
Bias voltage controls RF impedance

= Resonance can be shifted

lumped RLC
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A simple 1-bit control of phase

Changing C on a varactor diode

gives two states

Consider the two operating freqgs

Refl. amplitude
o
o

o
S
T

(black vertical lines)

With frequency: 02}
0.1 !

. . 22 23

-> Phase diff varies freq (GH2)

=> Amplitude varies Ideally, we want a phase difference
of T between the two states

Refl. phase



A simple 1-bit control of phase - Optimization

With frequency:

—> Phase diff varies

=> Amplitude varies

Refl. amplitude
Refl. phase

Design variables x, state s,

frequency w, response f(x,s,w),

Setup optimization problem:



Optimization: a tough problem =

=)
(4]
Refl. phase

Refl. amplitude

Design variables x, state s,

frequency w, response f(x,s,w), \ \\Iu
gl N RN
Setup optimization problem: 0 Y 0T
min ) {|£f(z, s1,w) —£f (2, s2,w)| 7} +{(|f (2, 51,0)| = 1)*+ (|f (2, 52,w)| 1)}
w 1\ J |\ J
Y Y
Phase difference Amplitude

‘L v
Choose the required bandwidth ~ Regularization

in which phase swingis parameter



Some serious modelling challenges - part 1

e Given structure x, we can compute f(x,s,w) (response)

The traditional optimization approach, i.e.

e Butitdoesn't give you a different structure!
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Some serious modelling challenges - part 2

e An exciting new area of ML based “inverse design” has opened up;

Pixel based - Template based Hybrid template based
 [EEE TAP, 2023 " [EEE AWPL, 2021 ~ IEEE TAP, 2021
- 10.1109/TAP.2023.3276524 - DOI'10.1109/LAWP.2021.3069713 - DOI 10.1109/TAP.2021.3137496
Unit cell #27 /
04 ‘ ./ 7
G/'S. Dielectric 2
RT Duroid 5880

2M><N
designs




Recap our simple 1-bit example

With frequency:

—> Phase diff varies

=> Amplitude varies

Design variables x,
state s,
frequency w,

response f(x,s,w)

Refl. amplitude

o
o
:

o
(3]

o
S
T

02r

0.1

22

23

freq (GHz)

Refl. phase
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Some serious modelling challenges - part 3

e What exactly does f(x,s,w) correspond to? Is it an approximation?

e Computing f(x,s,w) takes time AND is nonlinear in x.

v

Increasing length scale

28



Hardware challenges - biasing

Changing C on a var/PIN-diode gives

ftwo states

Design considerations:

e Biasing ckt
Var diode needs DC bias voltage,
then DC blocking cap,

etc. also required

e (Control ckt

All unit cells need 2 states

=)
(4]
Refl. phase

Refl. amplitude

]
QIS
0.2 \ > o

8 I’ P2 ~Hl.

L L\ L 1 -
22 23 24 25 26 21
freq (GHz)

blocking cap
pc O{—t+— " O to
Voltage RF ckt
(control)

varactor 2 S
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Hardware challenges — multiple layers DE Ml

e Each cell needs a bias voltage = a DC biasing network

e But, these lines will radiate! So, need to isolate them from RF

= Multi-layer design. An example:

Top metal
Middle
dielectric

Bottom
metal

Model the PIN as:
® Zon

® Zorr

This is the ideal picture
that folks who work on
simulation-only see!

Wang, Di, et al. "Design of a 1 bit broadband space-time-coding digital metasurface
element." IEEE Antennas and Wireless Propagation Letters 19.4 (2020) 30



Hardware challenges — multiple layers

e Butactually:

-2 PIN diode

RF choke Via to RF gnd
Top (large L) for PIN,

metal

Middle
dielectric

Bottom

m[tal

2nd dielectric DCbias  thru hole via
RF ground layer line For PIN;

Wang, Di, et al. "Design of a 1 bit broadband space-time-coding digital metasurface
element." IEEE Antennas and Wireless Propagation Letters 19.4 (2020)
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Hardware challenges: Note on RF chokes = = =

Easily designed in Matlab RF choke  Viato RF gnd
(large L) for PIN,

Current distribution (log10)

Mets
wFo
PC8

At lower frequencies, use

lumped element instead 2nd dielectric DCbias  thru hole via
RF ground layer line For PIN;

Wang, Di, et al. "Design of a 1 bit broadband space-time-coding digital metasurface
element." IEEE Antennas and Wireless Propagation Letters 19.4 (2020) 32



Hardware challenges - usually even # layers available

LAYERS

1

2 LAYER RIGID PCB STACK-UP

TOTAL THICKNESS WITH MASK: 63.800 mils

Prepeg:
Insulating binding
material

LAYERS

MASK
n

12

I3

14
MASK

4 LAYER RIGID PCB STACK-UP

TOTAL THICKNESS: 63.40 mils

At 10 GHz:
e Wavelength =
30 mm (air)
14 mm (in FR4)
e Skin depth =
0.65 um (or
0.026 mil)

Big EM simulation
challenge

https://www.sfcircuits.com/ 1 mil = 25.4 um, 50 mil = 1.27 mm
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https://www.sfcircuits.com/

Putting the IRS together (like a phased array)

Given:

e incident beam direction,
e desired direction to redirect the beam

(we can sense this)
Compute:

e State of bias network (the §; values)

to beamform in desired direction

‘ lTop layer:
metasurface
Middle layers: RF/DC

ground

Bottom layers: biasing
network & control lines

34



Beamforming algorithms I 5

How do we assign values {S4, S,} to the tiles?

Take simpler problem of getting a beam maxima at (0, ¢,)

when tiles take any set of values:

M N ;
G(6,6) = 7 3 D w9, with,

: m=1n=1
Om.n(0,0) = 27;(1 (m sin # cos ¢ + n sin @sin ¢

+ msin 6;,, cos ¢;,, + nsin f;,, sin q§m)

35



Common approaches to solve this problem

Threshold the conts. valued solution : Employ an evolutionary algorithm
Computewmn_exp( """" 5%;;(&5;;,55))' | i.e. solve this optimization problem:
lf Zw e then : l .............................................................................................
5 mn €755 3) : max |wiz1+ -+ WnZn|
- Wim.n ¢ 1 :

else I st. w; € {1,-1}, Vi=1,...n

@m n 4— _1 I
: (For e.g. Fan et al., Nanophotonics 2020)
(For e.g. Yang et al., IEEE AWPL 2017) | _

I e (Can add more constraints, e.g.
|

® Method is heuristic, i.e. no proof ! nulls in specified directions etc
|

e (an fail in corner cases I e Gives good solutions
I
I e Can be very time consuming
1
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Common approaches to solve this problem

Threshold the conts. valued : Employ an evolutionary algorithm

i.e. solve this opt. Problem:

Compute wp, n — €XP ( J‘Pm n(GO, ¢0)) |
i Sw el T then T
| mn €175, 3) : max (w121 + -+ Wnzn
| Wy 1 :
~else , st. w; €{l,-1}, Vi=1,...n
I{Em n -1 T TN RN
our Optimum Beamforming and Grating-Lobe

approach: Mitigation for Intelligent
Reflecting Surfaces

Sai Sanjay Narayanan*, Uday K. Khankhoje", Senior Member, IEEE, and Radha Krishna Ganti*, Member, IEEE

Present a provably optimal solution to this problem,
codes are on github: https://github.com/udaykdk/opa
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What about the “I” in IRS?

e “Intelligent,” i.e. must be able to sense the UE location

e Need control circuit to provide this info to the IRS panel

BRI
& o] = mEe

N T

Beamforming
algo can get to
work after DoA

e Typically two ways for Direction of Arrival (DoA) sensing:

a. Dedicated DoA sensor (multi-mode antenna or phased array)

b. IRS itself (integrated sensing and communication, ISAC)

38



Incorporating direction of arrival estimation

Traditional way - use MUSIC (multiple signal classification), ESPRIT

(estimating signal parameters via rotational invariance techniques), etc.

N B

O OO
O B0
O OO

IRS

e Need an array of antennas, & amplitude+phase data

e Datais collected in terms of snapshots in time

e Both are subspace algorithmes, i.e. decompose the signal’s covariance

matrix into signal & noise subspaces, and process them for DoA

39



IRS summary

® |RSis afascinating area of interdisciplinary research

\
O Microwave physics, Antennas, RF devices
AI/ML at
O  Wireless communication, Information theory > several
O Signal processing (beamforming & DoA) levels

e (Can be leveraged to improve capacity in LOS scenarios

e The only solution to restore coverage in nLOS

40



