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INTRODUCTION

THE BEHAVIOR OF ELECTROMAGNETIC WAVES AS THEY ENCOUNTER OBSTACLES IS FUNDAMENTAL TO UNDERSTANDING HOW
VARIOUS COMMUNICATION SYSTEMS OPERATE AND HOW WE PERCEIVE THE WORLD AROUND US. A KEY DISTINCTION IN WAVE
BEHAVIOR IS DIFFRACTION—THE BENDING OR SPREADING OF WAVES AROUND OBSTACLES AND THROUGH OPENINGS. THIS
PHENOMENON SIGNIFICANTLY INFLUENCES RADIO COMMUNICATIONS, RADAR SYSTEMS, AND WIRELESS NETWORKS, ESPECIALLY
WHEN SIGNALS ENCOUNTER LARGE OBJECTS SUCH AS BUILDINGS, MOUNTAINS, OR OTHER STRUCTURES. CONVERSELY, VISIBLE
LIGHT, WHICH HAS MUCH SHORTER WAVELENGTHS, EXHIBITS MINIMAL DIFFRACTION UNDER EVERYDAY CIRCUMSTANCES, LEADING
TO DIFFERENT INTERACTIONS WITH OBSTACLES.

UNDERSTANDING WHY RADIO WAVES ARE DIFFRACTED BY LARGE OBJECTS WHILE LIGHT REMAINS LARGELY UNAFFECTED ENABLES
ENGINEERS, PHYSICISTS, AND TECHNOLOGY DEVELOPERS TO OPTIMIZE THE DESIGN OF COMMUNICATION SYSTEMS, IMPROVE SIGNAL
QUALITY, AND DEVELOP BETTER MATERIALS AND STRUCTURES. THIS ARTICLE EXPLORES THE PRINCIPLES OF DIFFRACTION,
COMPARES THE BEHAVIORS OF RADIO WAVES AND LIGHT, AND DISCUSSES THEIR PRACTICAL IMPLICATIONS IN MODERN
TECHNOLOGY.

THE FUNDAMENTALS oF W/ AVE DIFFRACTION
\WHAT |s DIFFRACTION?

DIFFRACTION REFERS TO THE PHENOMENON WHERE WAVES BEND AROUND OBSTACLES OR SPREAD OUT AFTER PASSING THROUGH
OPENINGS. |T IS ONE OF THE FUNDAMENTAL BEHAVIORS OF ALL WAVE TYPES, INCLUDING SOUND WAVES, WATER WAVES, AND
ELECTROMAGNETIC WAVES.

KEY CHARACTERISTICS OF DIFFRACTION INCLUDE:

- W AVE WAVELENGTH DEPENDENCE: THE EXTENT OF DIFFRACTION DEPENDS ON THE WAVELENGTH RELATIVE TO THE SIZE OF THE
OBSTACLE OR OPENING.

- \W AVE INTERFERENCE: DIFFRACTION OFTEN RESULTS IN INTERFERENCE PATTERNS, WHERE WAVES OVERLAP CONSTRUCTIVELY OR
DESTRUCTIVELY.

How DiFFRACTION OCCURS

\WHEN A WAVE ENCOUNTERS AN OBSTACLE OR A SLIT:

- IF THE OBSTACLE OR SLIT SIZE IS COMPARABLE TO THE WAVE'S WAVELENGTH, SIGNIFICANT DIFFRACTION OCCURS.

- |IF THE OBSTACLE IS MUCH LARGER THAN THE WAVELENGTH, THE WAVE TENDS TO REFLECT OR BE ABSORBED, WITH MINIMAL

DIFFRACTION.
- CONVERSELY, SMALLER WAVELENGTHS TEND TO PRODUCE LESS DIFFRACTION IN THE PRESENCE OF LARGE OBSTACLES.

CoMPARING RaDIO W AVES AND LIGHT: W/ AVELENGTHS AND DIFFRACTION
\W AVELENGTH DIFFERENCES

THE PRIMARY REASON FOR THE DIFFERING DIFFRACTION BEHAVIORS BETWEEN RADIO WAVES AND LIGHT IS THEIR VASTLY
DIFFERENT W AVELENGTHS.



| WAVE Tyre | TYricAL W AVELENGTH RANGE | APPROXIMATE W AVELENGTHS | RELATIVE DIFFRACTION TENDENCY |

| Rabio Waves | 1 MiLLIMETER To 100 kiLoMeTERS | 1 MM To 100 kM | STRONG DIFFRACTION AROUND LARGE OBJECTS |
| VisisLe LigHT | 400 To 700 NaNoMeTERS | 400 M To 700 NM | MINIMAL DIFFRACTION; MOSTLY REFLECTION/REFRACTION |

NoTe: 1 NANOMETER (NM) = T x 10"-9 METERS; T MILLIMETER (MM) = 1 x 10”-3 METERS.

SINCE RADIO WAVES HAVE WAVELENGTHS THAT CAN BE SEVERAL METERS TO KILOMETERS, THEY ARE MORE PRONE TO
DIFFRACTION AROUND LARGE OBJECTS. |_IGHT/ WITH WAVELENGTHS IN THE HUNDREDS OF NANOMETERS, BEHAVES DIFFERENTLY IN
EVERYDAY ENVIRONMENTS.

\¥/ AVELENGTH AND DIFFRACTION RELATIONSHIP

- LonG W AVELENGTHS (RADIO W AVES): WHEN THE WAVELENGTH IS COMPARABLE TO OR LARGER THAN THE SIZE OF
OBSTACLES SUCH AS BUILDINGS, DIFFRACTION EFFECTS ARE SIGNIFICANT.

- SHORT W AVELENGTHS (LIGHT): WHEN THE WAVELENGTH IS MUCH SMALLER THAN OBSTACLES, DIFFRACTION EFFECTS ARE
NEGLIGIBLE, AND THE WAVES TEND TO REFLECT OR REFRACT RATHER THAN BEND AROUND OBJECTS.

DIFFRACTION OF RADIO W AVES BY LARGE OBJECTS
How RADIO W/ AVES INTERACT WITH BUILDINGS AND STRUCTURES

RADIO WAVES, DUE TO THEIR LONG WAVELENGTHS, CAN BEND AROUND LARGE OBJECTS, ENABLING SIGNALS TO REACH AREAS
NOT DIRECTLY IN THE LINE OF SIGHT—A PHENOMENON VITAL FOR RADIO BROADCASTING, MOBILE COMMUNICATION, AND RADAR
SYSTEMS.

EXAMPLES OF RADIO WAVE DIFFRACTION INCLUDE:

- URBAN ENVIRONMENTS: RADIO SIGNALS CAN BEND AROUND BUILDINGS, ALLOWING MOBILE PHONES TO MAINTAIN SIGNALS EVEN
WHEN NOT IN DIRECT LINE OF SIGHT.

- MOUNTAINOUS TERRAIN: RADIO WAVES CAN DIFFRACT OVER HILLS, ENABLING COMMUNICATION ACROSS VALLEYS.

- SATELLITE COMMUNICATIONS: SIGNALS CAN DIFFRACT AROUND LARGE STRUCTURES, ALTHOUGH THEIR PRIMARY PROPAGATION
RELIES ON LINE-OF-SIGHT AND REFLECTION.

PRACTICAL IMPLICATIONS

- SIGNAL COVERAGE: DIFFRACTION ALLOWS RADIO SIGNALS TO PROVIDE COVERAGE BEYOND OBSTACLES, REDUCING DEAD
ZONES.

- DESIGN OF ANTENNAS: ENGINEERS LEVERAGE DIFFRACTION PRINCIPLES TO OPTIMIZE ANTENNA PLACEMENT AND SIGNAL
PATHWAYS.

- RADAR AND DETECTION: DIFFRACTION EFFECTS ARE USED IN RADAR SYSTEMS TO DETECT OBJECTS OBSCURED BY TERRAIN OR
BUILDINGS.

FAacTors AFFECTING RADIo W AVE DIFFRACTION
THE EXTENT OF DIFFRACTION DEPENDS ON:
- W/ AVELENGTH OF THE RADIO WAVE: LONGER WAVELENGTHS DIFFRACT MORE.

- SIZE OF THE OBSTACLE: L ARGER OBJECTS CAUSE MORE PRONOUNCED DIFFRACTION.
- EDGE GEOMETRY: SHARP EDGES PROMOTE DIFFRACTION, CREATING SHADOW ZONES AND SIGNAL BENDING.

LIGHT AND ITS LIMITED DIFFRACTION AROUND LARGE OBJECTS
\WHY LIGHT Is NoT SIGNIFICANTLY DIFFRACTED BY LARGE STRUCTURES

GIVEN THAT VISIBLE LIGHT HAS WAVELENGTHS ON THE ORDER OF HUNDREDS OF NANOMETERS, STRUCTURES MUCH LARGER THAN



THIS WAVELENGTH—SUCH AS BUILDINGS, MOUNTAINS, OR WALLS—CAUSE LIGHT TO PREDOMINANTLY REFLECT, REFRACT, OR BE
ABSORBED RATHER THAN DIFFRACT.

CONSEQUENCES:

- SHARP SHADOWS: LIGHT DOES NOT BEND SIGNIFICANTLY AROUND LARGE OBSTACLES, RESULTING IN WELL-DEFINED SHADOWS.
- REFLECTIONS AND REFRACTIONS: LIGHT INTERACTS CHIEFLY THROUGH REFLECTION (MIRRORING SURFACES) AND REFRACTION
(BENDING WHEN PASSING THROUGH DIFFERENT MEDIA ).

- LIMITED DIFFRACTION: THE MINIMAL BENDING MEANS LIGHT CANNOT “BEND AROUND” LARGE OBJECTS TO THE SAME EXTENT AS
RADIO WAVES.

PrACTICAL OBSERVATIONS

= \WHEN SUNLIGHT ENCOUNTERS A BUILDING, THE SHADOW IS SHARPLY DEFINED.

- THE DIFFRACTION OF LIGHT BECOMES NOTICEABLE ONLY WHEN IT PASSES THROUGH VERY SMALL OPENINGS (E.G.I SLITSIN A
DIFFRACTION GRATING).

- OPTICAL PHENOMENA LIKE THE DIFFRACTION PATTERNS SEEN IN THIN SLITS OR AROUND TINY PARTICLES ARE DUE TO THE WAVE
NATURE OF LIGHT BUT ARE INSIGNIFICANT WITH LARGE OBSTACLES.

APPLICATIONS AND IMPLICATIONS
W IRELESS COMMUNICATION AND NAVIGATION

(UNDERST ANDING DIFFRACTION IS ESSENTIAL FOR DESIGNING EFFECTIVE COMMUNICATION SYSTEMS:

- CELLULAR NETWORKS: SIGNAL PROPAGATION RELIES ON DIFFRACTION, REFLECTION, AND SCATTERING IN URBAN ENVIRONMENTS.
- W1-FI AND BLUETOOTH: SIGNAL QUALITY CAN BE AFFECTED BY DIFFRACTION, REQUIRING STRATEGIC PLACEMENT OF ACCESS
POINTS.

- GPS: SIGNAL DIFFRACTION AND REFLECTION INFLUENCE ACCURACY, ESPECIALLY IN OBSTRUCTED ENVIRONMENTS.

RADIO AND RADAR ENGINEERING

- RADAR DETECTION: DIFFRACTION ALLOWS RADAR WAVES TO DETECT OBJECTS BEHIND OBSTACLES OR IN CLUTTERED
ENVIRONMENTS.
- ANTENNA DESIGN: ENGINEERS UTILIZE DIFFRACTION PRINCIPLES TO OPTIMIZE SIGNAL COVERAGE AND REDUCE DEAD ZONES.

OPTICAL TECHNOLOGIES

- OPTICAL IMAGING: SINCE LIGHT DOES NOT DIFFRACT SIGNIFICANTLY AROUND LARGE OBJECTS, OPTICAL SYSTEMS DEPEND ON
REFLECTION AND REFRACTION FOR IMAGE FORMATION.

- DIFFRACTION GRATINGS AND SPECTROSCOPY: UTILIZE LIGHT DIFFRACTION THROUGH TINY SLITS OR GRATINGS TO ANALYZE
SPECTRA, EMPHASIZING THE WAVE NATURE OF LIGHT AT SMALL SCALES.

CoNCLUSION

THE FUNDAMENTAL DIFFERENCES IN THE BEHAVIOR OF RADIO WAVES AND LIGHT REGARDING DIFFRACTION STEM FROM THEIR
WAVELENGTHS. RADIO WAVES, WITH THEIR LONG WAVELENGTHS, ARE SIGNIFICANTLY DIFFRACTED BY LARGE OBJECTS SUCH AS
BUILDINGS AND MOUNTAINS, ENABLING EFFECTIVE COMMUNICATION AND RADAR DETECTION EVEN WHEN OBSTACLES BLOCK DIRECT
LINE OF SIGHT. IN CONTRAST, VISIBLE LIGHT, WITH ITS MUCH SHORTER WAVELENGTH, EXHIBITS NEGLIGIBLE DIFFRACTION AROUND
LARGE OBJECTS, LEADING TO SHARP SHADOWS AND PREDOMINANT REFLECTION AND REFRACTION PHENOMENA.

THIS UNDERSTANDING IS CRUCIAL IN VARIOUS TECHNOLOGICAL APPLICATIONS, FROM DESIGNING URBAN WIRELESS NETWORKS TO
DEVELOPING OPTICAL INSTRUMENTS AND RADAR SYSTEMS. RECOGNIZING THE ROLE OF WAVELENGTH IN WAVE INTERACTIONS
WITH OBSTACLES ENABLES SCIENTISTS AND ENGINEERS TO HARNESS THESE PHENOMENA , OPTIMIZING COMMUNICATION, IMAGING,
AND DETECTION TECHNOLOGIES IN OUR EVERYDAY LIVES.
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FREQUENTLY AskeD QUESTIONS

\WHY ARE RADIO WAVES DIFFRACTED BY LARGE OBJECTS LIKE BUILDINGS WHILE LIGHT IS
NOT?

RADIO WAVES HAVE MUCH LONGER WAVELENGTHS COMPARED TO VISIBLE LIGHT, MAKING THEM MORE SUSCEPTIBLE TO
DIFFRACTION AROUND LARGE OBJECTS SUCH AS BUILDINGS. LIGHT WAVES HAVE SHORTER WAVELENGTHS, WHICH TEND TO
PRODUCE MINIMAL DIFFRACTION EFFECTS, ALLOWING THEM TO TRAVEL IN STRAIGHT LINES.

How DOES THE WAVELENGTH OF A WAVE INFLUENCE ITS DIFFRACTION AROUND
OBJECTS?

W/ AVES WITH LONGER WAVELENGTHS, LIKE RADIO WAVES, DIFFRACT MORE EASILY AROUND OBSTACLES, WHEREAS SHORTER
WAVELENGTHS, LIKE VISIBLE LIGHT, TEND TO PASS STRAIGHT THROUGH WITH LITTLE BENDING OR SPREADING.

\WHAT PRACTICAL APPLICATIONS ARE THERE FOR THE DIFFRACTION OF RADIO WAVES
BY LARGE OBJECTS?

THE DIFFRACTION OF RADIO WAVES ENABLES RELIABLE RADIO AND TELEVISION SIGNAL TRANSMISSION AROUND BUILDINGS AND
OTHER OBSTACLES, AS WELL AS IN RADAR SYSTEMS USED FOR NAVIGATION AND OBJECT DETECTION.

\W/HY IS LIGHT LESS AFFECTED BY DIFFRACTION COMPARED TO RADIO WAVES?

LIGHT'S SHORTER WAVELENGTH CAUSES IT TO HAVE A HIGHER RESOLUTION AND LESS DIFFRACTION, ALLOWING IT TO MAINTAIN
A STRAIGHT PATH AND PRODUCE SHARP IMAGES, UNLIKE RADIO WAVES WHICH BEND AROUND OBJECTS MORE EASILY.

CAN DIFFRACTION EFFECTS OF LIGHT BE OBSERVED WITH VISIBLE OBJECTS?

YES, DIFFRACTION OF LIGHT CAN BE OBSERVED IN EXPERIMENTS LIKE THE DIFFRACTION GRATING OR WHEN LIGHT PASSES THROUGH
NARROW SLITS, BUT THESE EFFECTS ARE MUCH LESS NOTICEABLE IN EVERYDAY SITUATIONS COMPARED TO RADIO WAVE
DIFFRACTION.

\WHAT ROLE DOES THE SIZE OF AN OBJECT PLAY IN WAVE DIFFRACTION PHENOMENA?

THE SIZE OF AN OBJECT RELATIVE TO THE WAVELENGTH DETERMINES THE DEGREE OF DIFFRACTION. LARGE OBJECTS COMPARED TO
THE WAVELENGTH CAUSE LESS DIFFRACTION FOR LIGHT BUT CAN SIGNIFICANTLY DIFFRACT LONGER-WAVELENGTH RADIO W AVES.

How DOES THE CONCEPT OF WAVE DIFFRACTION IMPACT THE DESIGN OF WIRELESS



COMMUNICATION SYSTEMS?

UNDERSTANDING WAVE DIFFRACTION HELPS IN DESIGNING ANTENNAS AND TRANSMISSION STRATEGIES THAT CAN EFFECTIVELY
UTILIZE OR MITIGATE DIFFRACTION EFFECTS, ENSURING BETTER SIGNAL COVERAGE AND QUALITY IN COMPLEX ENVIRONMENTS.

ADDITIONAL RESOURCES

Rabio W AvVEs ARe DIFFRACTED BY LARGE OBJECTS SUCH AS BUILDINGS, WHEREAS LIGHT Is NoT NoTICEABLY DIFFRACTED

INTRODUCTION

IN THE REALM OF ELECTROMAGNETIC RADIATION, THE BEHAVIOR OF WAVES AS THEY ENCOUNTER OBSTACLES PLAYS A PIVOTAL
ROLE IN VARIOUS TECHNOLOGICAL APPLICATIONS—FROM WIRELESS COMMUNICATION TO OPTICAL IMAGING. AMONG THE
FUNDAMENTAL PHENOMENA INFLUENCING WAVE PROPAGATION ARE DIFFRACTION AND REFLECTION. A PARTICULARLY INTRIGUING
ASPECT IS THE STARK DIFFERENCE IN HOW RADIO WAVES AND VISIBLE LIGHT INTERACT WITH LARGE OBJECTS, SUCH AS
BUILDINGS. THIS DIFFERENTIAL BEHAVIOR IS ROOTED IN THE PHYSICAL PROPERTIES OF THE WAVES, INCLUDING WAVELENGTH,
FREQUENCY, AND THE SCALE OF OBJECTS RELATIVE TO THE WAVE’S WAVELENGTH.

THIS ARTICLE EXPLORES THE PHENOMENON THAT RADIO WAVES ARE DIFFRACTED BY LARGE OBJECTS SUCH AS BUILDINGS,
WHEREAS LIGHT IS NOT NOTICEABLY DIFFRACTED. WE WILL DELVE INTO THE UNDERLYING PHYSICS, ANALYZE THE IMPLICATIONS
FOR COMMUNICATION AND IMAGING SYSTEMS, AND REVIEW EXPERIMENTAL EVIDENCE AND PRACTICAL CONSIDERATIONS THAT
ELUCIDATE THIS CONTRAST. THROUGH A COMPREHENSIVE REVIEW, WE AIM TO CLARIFY WHY THESE DIFFERENCES EXIST AND HOW
THEY INFLUENCE VARIOUS TECHNOLOGICAL AND SCIENTIFIC DOMAINS.

FUNDAMENTALS OF ELECTROMAGNETIC W/ AVE PROPAGATION

BEFORE EXAMINING THE SPECIFIC PHENOMENA OF DIFFRACTION, IT IS ESSENTIAL TO UNDERSTAND THE BASIC PROPERTIES OF
ELECTROMAGNETIC WAVES, PARTICULARLY RADIO WAVES AND VISIBLE LIGHT.

W/ AVELENGTH AND FREQUENCY

ELECTROMAGNETIC WAVES ARE CHARACTERIZED PRIMARILY BY THEIR WAVELENGTH (\(\LamMeDA\)) anD Frequency (\(F\)).
THESE ARE INVERSELY RELATED VIA THE SPEED OF LIGHT (\(c \AapProX 3 \TiMes 1078\, \TexT{M/s}\)):

\[

F = \rrac{c}{\LAmBDA}

\]

| WAVE Type | TypicaL WAVELENGTH | TYPICAL FREQUENCY | NoTES |

. B —— Dl -
| Rabio WavVES | 1 MiLLIMETER To 100 kiLoMeTERS | 3 kHz To 300 GHz | USED IN COMMUNICATION SYSTEMS
| VisigLE LiGHT | ~400 nm To 700 nM | ~430 THz To 750 THz | HUMAN EYE SENSITIVITY RANGE

THE VAST DIFFERENCE IN WAVELENGTHS—RANGING FROM MILLIMETERS FOR RADIO WAVES TO HUNDREDS OF NANOMETERS FOR
VISIBLE LIGHT—FUNDAMENTALLY INFLUENCES THEIR INTERACTION WITH OBJECTS.

W AVE BEHAVIOR: REFLECTION, REFRACTION, DIFFRACTION, AND ABSORPTION

ELECTROMAGNETIC WAVES CAN UNDERGO SEVERAL INTERACTIONS WHEN ENCOUNTERING OBSTACLES:
- REFLECTION: W/ AVES BOUNCE OFF SURFACES.

- REFRACTION: W AVES BEND WHEN PASSING THROUGH DIFFERENT MEDIA.

- ABSORPTION: ENERGY IS DISSIPATED WITHIN THE MATERIAL.
- DIFFRACTION: W/ AVES BEND AROUND EDGES OR SPREAD AFTER PASSING THROUGH OPENINGS.



THE PROMINENCE OF EACH PHENOMENON DEPENDS ON THE WAVE'S WAVELENGTH RELATIVE TO THE OBSTACLE'S SIZE.

THE PHYSICS oF DIFFRACTION

DIFFRACTION IS THE BENDING AND SPREADING OF WAVES WHEN THEY ENCOUNTER OBSTACLES OR APERTURES. |T IS DESCRIBED BY
THE HUYGENS-FRESNEL PRINCIPLE, WHICH TREATS EVERY POINT ON A \WAVEFRONT AS A SOURCE OF SECONDARY WAVELETS.

Key FACTORS INFLUENCING DIFFRACTION

- W aAveLeNgTH (\(\LaMBDA\)): LONGER WAVELENGTHS DIFFRACT MORE READILY.

- OjecT Size (D): THE SIZE OF THE OBSTACLE OR APERTURE RELATIVE TO \(\LAMBDA\) DETERMINES THE EXTENT OF
DIFFRACTION.

- EnGe GEOMETRY: SHARP EDGES PRODUCE MORE SIGNIFICANT DIFFRACTION EFFECTS.

THe DiFFrACTION PARAMETER: THe \(D/\LAMBDA\) RATIO

THe raTIO oF oBSTACLE sizE \(D\) To waVeLENGTH \(\LAMBDA\) IS CRITICAL:

- WHen \(D \LL \LAMBDA\), DIFFRACTION IS PROMINENT, AND WAVES TEND TO BEND AROUND OBSTACLES.
- WHeN \(D \GG \LAMBDA\), WAVES PREDOMINANTLY REFLECT OR ARE SHADOWED WITH MINIMAL DIFFRACTION.

IN PRACTICAL TERMS, THIS MEANS THAT WAVES WITH LONGER WAVELENGTHS <LIKE RADIO \X/AVES) ARE CAPABLE OF BENDING
AROUND LARGE OBJECTS, WHILE SHORTER WAVELENGTHS (LIKE VISIBLE LIGHT) TEND TO BE BLOCKED OR REFLECTED.

DIFFRACTION OF RaDIO W AVES BY LARGE OBJECTS

RAbpIo WAVES, WITH THEIR COMPARATIVELY LONG WAVELENGTHS, EXHIBIT PRONOUNCED DIFFRACTION WHEN INTERACTING WITH
LARGE STRUCTURES SUCH AS BUILDINGS, HILLS, OR MOUNTAINS.

THE RoLE oF W/ AVELENGTH IN DIFFRACTION

BECAUSE THE WAVELENGTH OF RADIO SIGNALS CAN RANGE FROM METERS TO HUNDREDS OF METERS, LARGE OBSTACLES—ON THE
ORDER OF SEVERAL METERS OR MORE—ARE COMPARABLE TO OR SMALLER THAN THE WAVELENGTH. THIS SCALE CREATES
CONDITIONS CONDUCIVE TO DIFFRACTION:

- DIFFRACTION AROUND BUILDINGS: RADIO SIGNALS CAN BEND AROUND CORNERS OR EDGES OF STRUCTURES, ENABLING
COVERAGE BEYOND LINE-OF-SIGHT.

- GROUND AND ATMOSPHERIC DIFFRACTION: W/ AVES CAN BEND OVER TERRAIN OBSTACLES, FACILITATING COMMUNICATION OVER
HILLY OR URBAN ENVIRONMENTS.

PrRACTICAL EXAMPLES AND APPLICATIONS

- CeLLULAR CoVERAGE: CELL TOWERS RELY ON DIFFRACTION TO EXTEND SIGNAL REACH INTO URBAN CANYONS.

- RADIO BROADCASTING: TRANSMITTERS CAN BE RECEIVED BEYOND DIRECT LINE-OF-SIGHT DUE TO WAVE BENDING.

- RADAR SYSTEMS: DIFFRACTION EFFECTS ARE EXPLOITED TO DETECT OBJECTS BEHIND OBSTACLES.

EXPERIMENTAL EVIDENCE

EMPIRICAL STUDIES HAVE DEMONSTRATED THAT RADIO WAVES CAN DIFFRACT SIGNIFICANTLY AROUND LARGE STRUCTURES:

- UrRBAN PROPAGATION STUDIES: SHOW ATTENUATION AND SIGNAL STRENGTH VARIATIONS ATTRIBUTABLE TO DIFFRACTION.

- MoBILE COMMUNICATION TESTS: DEMONSTRATE THAT EVEN IN COMPLEX ENVIRONMENTS, SIGNALS CAN REACH RECEIVERS DUE
TO DIFFRACTION.



WHY LIGHT Is NoT NoTICEABLY DIFFRACTED BY LARGE OBJECTS

IN CONTRAST TO RADIO WAVES, VISIBLE LIGHT EXHIBITS NEGLIGIBLE DIFFRACTION AROUND MACRO-SCALE OBJECTS LIKE
BUILDINGS. THIS IS PRIMARILY BECAUSE OF ITS EXTREMELY SHORT WAVELENGTH.

W AVELENGTH CONSIDERATIONS

- TypicaL VisIBLE LIGHT WAVELENGTH: ~400 nm To 700 nm (\(4 \1iMes 107{-73\) m To \(7 \TiMes 10"{-7}\) m).
- BUILDINGS AND OTHER LARGE OBJECTS ARE MANY ORDERS OF MAGNITUDE LARGER (~METERS TO HUNDREDS OF METERS).

Given THE \(D/\LAMBDA\) RATIO:

\[

\rrac{D}{\LaMBDA} \GG 1

\]

FOR EVERYDAY OBJECTS, LEADING TO MINIMAL DIFFRACTION EFFECTS.
GeoMeTRIC OPTICS DOMINANCE

IN THE VISIBLE SPECTRUM, WAVE BEHAVIOR IS WELL APPROXIMATED BY GEOMETRIC OPTICS!

- SHADOWING: OBJECTS CAST SHARP SHADOWS WITH MINIMAL LIGHT BENDING AROUND EDGES.
- REFRACTION AND REFLECTION: MAJOR INTERACTIONS ARE REFLECTION AND REFRACTION, NOT DIFFRACTION.

EpGE DIFFRACTION IN LIGHT
\W/HILE DIFFRACTION OF LIGHT OCCURS AT EDGES, ITS MAGNITUDE IS NEGLIGIBLE FOR LARGE OBJECTS:

- THE FRESNEL DIFFRACTION PATTERN IS ONLY SIGNIFICANT WHEN THE OBSTACLE SIZE IS COMPARABLE TO THE

W AVELENGTH—IMPOSSIBLE WITH MACROSCOPIC OBJECTS.

- For EDGES OF BUILDINGS, DIFFRACTION EFFECTS ARE CONFINED TO VERY NARROW REGIONS—DIFFRACTION FRINGES ARE TOO
SMALL TO BE OBSERVED WITH THE NAKED EYE.

EXPERIMENTAL EVIDENCE

- SHADOW FORMATION: SHARP SHADOWS CAST BY BUILDINGS AND WALLS.

- OpTICAL IMAGING: CLEAR IMAGES WITH MINIMAL BENDING OF LIGHT AROUND LARGE OBJECTS.

- DIFFRACTION EXPERIMENTS: ONLY OBSERVABLE WHEN USING SMALL APERTURES OR EDGES SCALED TO THE WAVELENGTH (E.G.
IN MICROSCOPIC OR NANO-OPTICAL SETUPS).

’

COMPARATIVE ANALYSIS: SCALE, W AVELENGTH, AND DIFFRACTION

| PARAMETER | Rabio W AVES | LicHT (VisiBLE SPECTRUM) |

A R IR . |

| W/ AVELENGTH | MILLIMETERS TO HUNDREDS OF MeTERS | 400-700 nM (NANOMETERS) |

| OBJECT SiZE FOR SIGNIFICANT DIFFRACTION | COMPARABLE TO OR SMALLER THAN \(\LAMBDA\) | MUCH LARGER THAN
\(\Lamepa)) |

| TypicaL DIFFRACTION BEHAVIOR | PROMINENT AROUND LARGE OBJECTS | NEGLIGIBLE AROUND LARGE OBJECTS |

| PRACTICAL IMPLICATION | USEFUL IN NON-LINE-OF-SIGHT COMMUNICATION | SHARP SHADOWS AND DIRECT LINE-OF-SIGHT
IMAGING |

THE CORE REASON FOR THE DIFFERING DIFFRACTION BEHAVIORS STEMS FROM THE RELATIVE SCALE OF THE WAVELENGTH TO THE
OBJECT SIZE. RADIO WAVES, WITH THEIR LONG WAVELENGTHS, "“See” LARGE OBJECTS AS MORE COMPARABLE IN SIZE, LEADING TO
OBSERV ABLE DIFFRACTION. LIGHT, WITH ITS EXTREMELY SHORT WAVELENGTHS, PERCEIVES LARGE OBJECTS AS EFFECTIVELY
OPAQUE, REFLECTING OR ABSORBING THE WAVES WITH NO NOTICEABLE BENDING.



IMPLICATIONS FOR TECHNOLOGY AND SCIENCE
(UNDERSTANDING THESE DIFFRACTION PROPERTIES IS CRITICAL IN VARIOUS FIELDS:
W IRELESS COMMUNICATION

- COVERAGE PLANNING: ENGINEERS LEVERAGE DIFFRACTION TO IMPROVE SIGNAL REACH IN URBAN ENVIRONMENTS.
- ANTENNA DESIGN: ANTENNAS ARE OPTIMIZED TO EXPLOIT DIFFRACTION AND REFLECTION FOR BETTER COVERAGE.

OPTICAL IMAGING AND PHOTOGRAPHY

- SHADOW AND ReFLECTION CONTROL: KNOWLEDGE OF MINIMAL DIFFRACTION GUIDES THE DESIGN OF OPTICAL SYSTEMS.
- NANO-OPTICS: AT EXTREMELY SMALL SCALES, DIFFRACTION BECOMES SIGNIFICANT AGAIN, ENABLING THE MANIPULATION OF
LIGHT AT NANOSCALES FOR FUTURE TECHNOLOGIES.

RADAR AND REMOTE SENSING

- TERRAIN AND URBAN MAPPING: DIFFRACTION EFFECTS ARE MODELED TO INTERPRET RADAR DATA ACCURATELY.
- OBSTACLE DETECTION: EXPLOITING DIFFRACTION ALLOWS DETECTION OF OBJECTS HIDDEN BEHIND BARRIERS.

LIMITATIONS AND ONGOING RESEARCH
\W/HILE THE CLASSICAL UNDERSTANDING OF DIFFRACTION DIFFERENCES IS WELL-ESTABLISHED, ONGOING RESEARCH EXPLORES:

- NEAR-FIELD DIFFRACTION EFFECTS AT NANO-SCALES.

- W AVE BEHAVIOR AT THE INTERFACE OF OPTICAL AND RADIO FREQUENCIES, SUCH AS TERAHERTZ RADIATION.

- METAMATERIALS AND ENGINEERED SURFACES DESIGNED TO MANIPULATE WAVE PROPAGATION, INCLUDING DIFFRACTION
CONTROL.

THESE ADVANCEMENTS PROMISE TO FURTHER REFINE OUR UNDERSTANDING OF WAVE-OBJECT INTERACTIONS, POTENTIALLY
BRIDGING THE GAP BETWEEN THE BEHAVIORS OF DIFFERENT ELECTROMAGNETIC SPECTRA.

CONCLUSION

THE CONTRAST IN HOW RADIO WAVES AND LIGHT INTERACT WITH LARGE OBJECTS SUCH AS BUILDINGS IS A DIRECT
CONSEQUENCE OF THEIR VASTLY DIFFERENT WAVELENGTHS RELATIVE TO OBJECT SIZE. RADIO WAVES, WITH THEIR LONG
WAVELENGTHS, ARE EFFECTIVELY DIFFRACTED BY LARGE OBSTACLES, ENABLING NON-LINE-OF-SIGHT COMMUNICATION AND SIGNAL
PROPAGATION AROUND CORNERS. CONVERSELY, VISIBLE LIGHT, WITH ITS NANOMETER-SCALE WAVELENGTH, INTERACTS WITH
LARGE OBJECTS PRIMARILY THROUGH REFLECTION AND ABSORPTION, WITH DIFFRACTION EFFECTS BEING NEGLIGIBLE.

THIS FUNDAMENTAL DIFFERENCE INFLUENCES COUNTLESS TECHNOLOGICAL APPLICATIONS, FROM CELLULAR NETWORKS AND RADAR
SYSTEMS TO OPTICAL IMAGING AND MICROSCOPY. RECOGNIZING AND HARNESSING THE PHYSICS BEHIND DIFFRACTION PHENOMENA

ALLOWS ENGINEERS AND SCIENTISTS TO OPTIMIZE SYSTEMS ACROSS VARIOUS DOMAINS, PUSHING THE BOUNDARIES OF CURRENT
TECHNOLOGY AND DEEPENING OUR UNDERSTANDING OF WAVE BEHAVIOR.
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