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Demonstrations of microwaves refractive “optical” properties

Malcom W. P. Strandberg Professor of Physics, Emeritus MIT
Published in Life' Magazine November 1945
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1‘ Terahertz

| Y IS it
9.6GHz 3.3cm wavelength microwave | & ; ' ||g ht or radio?

horn, 100 watts average power ,
1 us pulse 1000Hz

»r

Plastic Lens

Microwave radiation is refractivity focused bya "™ |
lens onto steel wool, heating it to burning temperature %

Through casual experience and observation one could easily conclude the natures
and wave physics of light, terahertz and radio are very different, but they are not!

But the optimized coupling of THz frequencies to matter, through the discovery or the
making of new structured materials will be critical to a terahertz future
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All things being e
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Re-think!

Human Interface/Device Bandwidth Evolution, Spectrum Allocation and Wireless
Networks vs Portable power

Triple Stack; Future cellular networks and hand held devices, to support increasing data-dense media
and services, will need to employ a broader range of frequencies, eventually including mm Wave and THz.
These locally intelligent networks will choose spectrum bands and frequencies based on suitability for

the application and local spectrum availability via COG and software defined radio and the use of

multiple integrated front end radio antennas. On-board intelligent avatars will interface to

networks, (in parallel to human conversations), using extreme frequency bandwidth to

deliver, human-to-machine and machine-to-machine data and media rich services.

Techno-trends: A/, Computing,
Communication Fusion

4G can deliver compelling
multimedia content to users
with inexpensive clients,
intelligent “edge” wireless
edge switches and small
cells, a better value
proposition for consumers

1G, 2G, 3G Service Suite
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Computer
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But we are running out of regulated radio spectrum!

Microwave ranae?
8 & 3 s sia ? 39

3 GHz " 30 GHz

Potential at 300 GHz and above!

* Currently Unregulated Spectrum at THz frequencies (300 GHz-
3 THz) available ...
* 10 GHz bandwidth and 1 bit/s/Hz => 10 Gbps data rate (simple

modiilatinn cchama nn eadinn)
[RRAVACRCRECIN RS AN ] UUII\'III\" 11w \Juulllvl

* 100GHz worth of unclaimed (low loss) spectrum between 300 -

1000GHz
* ...butthis spectrum is on the agenda for WRC 2011 (agenda
item 1.6)!
N ]
Terahertz e
el Spectrum [
0.01-0.3 um 0.3-0 7pm 1.0pm 3.0um 30.0pm 300.0pm 1000.0p 100 GHz
3500 THz 350 THz 300THz 100THz 10 THz 1THz 300 GHz

My thanks to the Terahertz Communication Lab for the use of their slide material
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THz Spectrum Land Grab L Identified

Radio astronomy service:

100000 -

Earth exploration-satellite
service (passive) and space
research service (passive):
275-277 GHz, 294-306 GHz,
316-334 GHz, 342-349 GHz,
363-365 GHz,

371-389 GHz, 416-434 GHz,
442-444 GHz, 496-506 GHz,
546-568 GHz,

624-629 GHz, 634-654 GHz,
659-661 GHz, 684-692 GHz,
730-732 GHz,

851-853 GHz and 951-

956 GHz.

Attenuation (dB/km)

100 7 Interim Meeting Of The IARU

Region 1 VHF/UHF Microwave

0 m altitude Committee Vienna 2007
— — — 300 m altitude

----- 1000 m altitude Bands of Bandwidth
— - —-3000 m altitude Interest (GHz)
— - - —Free Space Loss over 1 km

10

275 - 300

GHz 14

0 500 1000 1500 2000 2500 3000 355 - 400 22

Proposed Radio Astronomy Frequency (GHz)

490 - 510 4

|I| Proposed Earth Exploration
690 - 710 18
Q Proposed “Low Loss” Communication Bands

800 - 850 40

Atmospheric attenuation computed over horizontal paths of 1 km at four different altitudes,
575 GHz 98GHz

assuming the atmospheric properties of Table 1. For reference, free space loss over 1 km is also plotted.

Reference material supplied by ITU-R USWPs 7D
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So Why Terahertz?

¢ VVast unregulated spectral resource, Gigahertz channel bandwidths possible
e Device technologies maturing rapidly (for security scanning solutions)

e Target application: In-Building, In-Room, Outdoor “Hotspot” WLAN systems
e Communications standards initiatives begun (802.15 IG THz)

e Potential throughput: Multi-Gig-E and above

Bands of Interest At(;e;/u;;;)n Ba?Gc||\_/|in§Ith
275 - 300 GHz 6 14
355 - 400 10 22
490 - 510 10 4
690 - 710 50 18
800 - 850 50 40

Data Rate vs TX power vs Tx beam width
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Ultraviolet [IEHE Terahertz
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Initial THz Communication Applications

Short-distance high-data rate transfer for Education. Business Electronic Entertainment,

communications, entertainment, manifest Information And Gaming, Shopping, Smart Home
) Telepresence And Medical Monitoring PAN’s
and inventory control Services Next Gen IRDA's

Airplane Dat
Link

D

Digital Download Kiosk’s

for high speed video and

data downloads, omni-directional
Transmission 10+Gbps

AIR FREIGH1
———

Autonomous reading Of freight manifest and

T Sy In Cabin Broadband Links - FAA safe
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And later.... Longer distance “directed beam” applications for shaped coverage

Low frequency RF goes “Sha p Indoor THz Nanocells transmissions
Er‘ézrggfsrior:t‘ig:régga\r/'gi'g can be contained within rooms and
interference Buildings. Outdoor nanocell clusters

can be shaped around vehicle and
pedestrian traffic and will not easily
penetrate indoors to interfere with
existing THz systems.

ad” TH7 Cnvaranea Aroac
\WA W | 11 14 UV LI UH\— \1 U9

Terahertz cells clustered to follow pedestrian and
vehicular neighborhood layout

Holey THz Fiber

Optical Fiber

1
In-Building,

LI
@ e
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\ .
Dumb Transceiver

demux and Router |
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Nno Cell Cluster

3/4G Microcell
Low Bandwidth Traffic

Frequency
Network Backhaul | pRouter X

Fiber
0000 E C”
5G mm Wave / THz Nanocell

High Bandwidth “Super channel”
Short Duration Traffic

I| I Microcell
.

Wi=F1
a\e FHz Nanocells

i~/

\ [ _
A N \
eet LigR

Remote
Hz Nanocell

Cluster —
— Triple Stack Concept
Meshed Nanocell ] _--‘z s L .
Hs Nanocel Cluster Backhaul - ) *Use existing Cellular and Wi-Fi infrastructure for low bandwidth
/>treet Light services such voice, low bandwidth media services

~ Cluster ' (FSOC, S-MM Wave)

S

Remote
THz Nanocells  eUtilize proposed 5G nano-cellular layer (mm Wave/THz) for high

speed Iérgﬂe‘_bandwidth short burst data and media downloads

eUtilize software radio-and multiple antenna head end for flexible
~__-spectrum selection -

eNon-Interfering layers
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Quarter Wave Antenna Problem

at mm Wave and THz Frequencies

Cellular Antenna Wave Theory requires that the transceiver antenna be a
quarter wave length (or less) for the maximum excitation, propagation and

detection of a omni-directional wave.

A

1/4\ @
300GHz = 250p

A\ 4

A

At 300 GHz (1mm wavelength)
he maximum omni-directional

—>‘ 1/4N |«— antenna size is 250 microns.....
For a receiver this is a very
small signal collecting area!
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Best option to increase signal-to-noise ratio is via geometric scaling

of the antenna

v v

Larger multiple lambda antenna

Increasing the that intercepts and collects
. = more signal

antennas collecting =

aperture provides | . Or

antenna gain

/ /\ 2 Wave antenna
B u t l // with larger collecting

e
] area concentrator to
> collect and concentrate

more signal onto the

A\
\ \/ detector




From a Ray Modeling Perspective
Transmitted rays from a omni-directional cellular antenna are not

emitted as parallel rays. Thus phase arrival times for multi-lambda
antennas and concentrators will become an increasing issue, at these

frequencies, short transmission distances and as the receiver
apertures gets larger in proportion to the transmit antenna!

Omni-directional
antenna transmitter

S




Spherical Wave Propagation /1/2A Destructive

CQ”SlderatlgnS Diverging rays from source X‘Il Interference /
will not stay in phase over
the horizontal transmission phase dEIay @
Spherical wave front path [ © 300GHz = 500y
. . . c
from omni-directional O
Phase =
source delay g
<
=
) -]
Collimated (parallel) rays S
/ from the source stay in
phase - no phase issues n
S~V

Doubling the distance L1 to L2
decreases the power density by

approximately a factor of 4

»

N/ &

eIn reality the ray paths (wave front) from an omni- directional source
are divergent (as the spherical wave front shell expands away from the source).

eSignal power reduces per unit area due to the inverse square law.

e\With use of multi-lambda antennas signal fades, and signal timing issues
are possible due to phase arrival delay based destructive interference.
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So here’s the problem!

The inherent small size of high frequency mm Wave and THz antennas,

means for any application beyond 1 meter

Significant antenna gain will be required!

Antenna gain means beam directivity — no longer omni-directional coverage

More antenna gain equals more directivity!

More beam directivity means maintaining link alignment (LOS) is more difficult
For longer distance mm Wave and THz applications, other than fixed

point-to-point,
some level of dynamic beam shaping/steering technology will be required

What emerging technologies offer the possibility of
THz beam steering?
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Micro-mirror arrays for THz beam shaping and steering
Tip, Tilt and Phase (Piston) Control

3 Pixel Image
Transceiver
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Projection
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3DMD™ " (Actual
Micromirrors B Top View)

| CMOS
Photo courtesyTexas Instruments Suh'l-tl'nllﬂ

Large-scale projectors use one chip for each primary color
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Beam Directional MIMO @ THz Frequencies?

A T
hi2

Prec oding hE]. UE

Y h2 YL

Tx end l (-T}l POWer  pltipath Rx end
Signal A T 1' + N ‘

Signal B Dalay

L 3

Monolithic Micro antenna arrays

Directional Smart antenna

Beam-forming pattern




DOE/Lawrence Berkeley National Laboratory (2009, May 2). 'Invisibility Cloak'

Successfully Hides Objects Placed Under It.
ScienceDaily. Retrieved November 9, 2009, from http://www.sciencedaily.com- /releases/2009/05/090501154143.htm

Light flowing around the metamaterial "tunnel”

(Credit: Image courtesy of University of Rochester)

Wave shaping/steering capabilities of

Metamaterials
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So what will future triple-stack  Multi-Frequency Front End “Radio”

cellphones look like? MM/THz/FSO Antenna Options (Monolithic front end)

NANmorvarAav i Mi.cro PaSSiVe/ACtiVe
ATISVVEI T Mmirrors — QOptics

A multi-frequency sensing cellphone front-end ‘
wrapped around a computer!

COG /Software
Defined
Radio Front End

Computer
Processing Engine
& Software

Machine to Machine

Machine to Human

Intelligent Avatar
Interface
Software

Core Processor

& Memory
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trum settlement - resolve the issued between science and active service spectrum concerns

°
A
-
~+
]
—

Hz, Optical to THz or native THz devices - What choices what challenges?
eRoom Temp THz Sources and detectors - High output, low power, small size?
eBattery Powered Requirement - Especially for user side and handheld devices

eNative THz modulators - Direct THz modulation or Optical to THz?

eSpectrum Efficiency Approach - Bit Per Hertz/Simple Modulation? What's possible?

ePhotonic Crystals - For precise THz Frequency channeling, what other choices (metamaterials)?

eTHz Holey/Solid fibers - To avoid molecular attenuation losses for in-building device distribution
eBeam steering and tracking technologies - MIMO, metamaterials, active liquid lens & mirror arrays

eIntegrated multi-frequency (cellular, mmWave and THz) transceiver

'Radio” front end with frequency router and sensing

Conclusion

Market and customer demands, and a new generation of advanced media rich mobile devices
are placing unprecedented pressure on network wireless capacity. Expansion of bandwidth
capacity by 4G and LTE technologies utilizing traditional cellular frequencies will have limited
long term benefit and will not likely keep up with exploding consumer bandwidth demand.

What part software defined radio, intelligent Avatar software and expansion into high millimeter
and sub-millimeter frequencies and devices will play in the evolution future broadband networks
remains to be seen.
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Thank you - Questions?

David Britz
dbritz@research.att.com

AT&T Labs Research — Shannon Laboratories




