
This video provides a relatively comprehensive overview of how phased-array and parabolic dish 

antennas work. Derived from a university course, the material includes essential math formulas, but the 

presentation is intended for a wide audience from students, to radio amateurs, to practicing 

professionals.  Several real-world examples are presented to provide a good grounding in this field.

Radio Design 201 Microwave Circuits and Antennas

Episode 8    Phased-Arrays and Dish Antennas
Slides downloaded from: https://ecefiles.org/

Companion videos at:   https://www.youtube.com/playlist?list=PL9Ox3wpnB0kpOb7NdpHAK-jDpsZm3Xedx 

This material is provided by ecefiles.org for educational use .

https://ecefiles.org/
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Today’s  “Lecture”  Topics

Topics

Phased Arrays  (Theory and Measurement)

Benefits of using Microwaves

Derivation of Beamwidth & Gain Formulas
• 1D Discrete Arrays

• Extension to 2D Aperture Antennas

• Dish antennas (Illumination-angle, gain, sidelobes, …)

• Feeds (Horns, Helix, Dipole/corner-reflector, …)

Application to Real-World Products/Design

Announcements

Review material from prior Episodes

Due Date:  ??



Patterns, Beamwidth, and Gain

𝜽𝟑𝒅𝑩 ≈ 𝟓𝟎𝒐
𝝀

𝑳

Beamwidth Directivity Gain

G ≈
𝟒

𝝅
𝟏𝟖𝟎𝒐 𝟐

L

𝟏

𝜽𝒆𝒍 𝜽𝒂𝒛



EM Wave Reflection



Microwave 1-D  “Slot Array”



Home-Lab Indoor “Antenna Range”

Measurements  ☺

1 m lower

-67 dBm

6 m distance

-53 dBm

Should be in the Far-Field, which 

for this “electrically large” 

antenna means a distance of:  

𝑫 >
𝟐 𝑳𝟐

𝝀

Need line of sight and minimal 

multi-path reflections

We measured -14 dB at an elevation 

angle of  𝑡𝑎𝑛−1 −1𝑚/6𝑚  = -13o

Receive antenna

is a wideband 

log-periodic

Transmitter is LiteVNA 

in CW mode at 5.75 

GHz

E field is 

vertically 

polarized 

here !

Receiver is TinySA Ultra in zero-span mode at 

5.75 GHz with -50 dBm Ref level and 5 dB/div vert

=
𝟐  𝟎. 𝟑𝒎𝟐

𝟎. 𝟎𝟓𝟐𝒎
= 𝟑. 𝟓𝒎



Microwave  2-D  Slot Arrays

For Doppler Storm Tracking in Aircraft

𝜽 ≥ 𝟓𝟎𝒐
𝝀

𝑫
G ≈ 𝟐𝟎𝟑𝒐 𝟐 𝟏

𝜽𝒆𝒍 𝜽𝒂𝒛
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Large-

Aperture

Antennas
Credit: NASA
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Today’s  “Lecture”  Topics

Topics

Phased Arrays  (Theory and Measurement)

Benefits of using Microwaves

Derivation of Beamwidth & Gain Formulas
• 1D Discrete Arrays

• Extension to 2D Aperture Antennas

• Dish antennas (Illumination-angle, gain, sidelobes, …)

• Feeds (Horns, Helix, Dipole/corner-reflector, …)

Application to Real-World Products/Design

Announcements

Review material from prior Episodes

Due Date:  ??



RXTX Voice / DataVoice / Data

d PrPt

Ae
Gt

Maximizing  Pr
(comm-link analysis, from Episode 5)

𝑷𝒓 =
𝑷𝒕 𝑮𝒕

𝟒 𝝅 𝒅𝒏
𝑨𝒆

Make this n=2

Make these large for 

maximum range

Use directional antennas, 

 microwave frequencies, 

 and line-of-sight 
     



RXTX Voice / DataVoice / Data

d PrPt

𝑷𝒓 = 𝑷𝒕  𝑮𝒕

𝟏

𝟒 𝝅 𝒅𝟐
𝑨𝒓

Friis Equation(s)

Radio Design 201:

𝑷𝒓 = 𝑷𝒕𝑮𝒕𝑮𝒓

𝝀

𝟒𝝅𝒅

𝟐

Classic Friis Equation: Original Friis Equation:

𝑷𝒓 = 𝑷𝒕

𝑨𝒕 𝑨𝒓

 𝒅𝟐 𝝀𝟐

Small wavelength is “better” ? Large wavelength is “better” ??

G = 
4𝜋𝐴𝑒

𝜆2
Remember: 

𝑮𝒕, 𝑨𝒕 𝑨𝒓, 𝑮𝒓

(in free-space)



Noise Limits in Receivers
(from Radio Design 401, Episode 2)

Pn= k T B

Pr

Pi1

Pi2

RFI

Added

Noise



Maximizing Range
(from Antenna Briefs, Episode 2)

𝐏𝒓  =  𝑷𝒕  𝑮𝒕
𝟏

𝟒 𝝅 𝒅𝒏 𝑨𝒆 >  𝐤 𝐓 𝑩 𝑺𝑵𝑹𝒎𝒊𝒏

• Use large transmit antenna gain Gt  (if possible and legal*)

• Have a clear path when possible  (line-of-sight, so “path loss exponent” n = 2)

• Use large receive effective aperture  (large receive gain Gr)

• Decrease bandwidth B  (and lower “antenna temperature” T) if possible

• Decrease required SNR  (e.g. use digital modulation with source/channel coding)

• Increase transmit power Pt as last resort 

• *Finally:  Get licensed, and follow the rules …

Need:



System-Level Example

Credit: NASA

𝐏𝒓  =  𝑷𝒕  
𝑮𝒕

𝟒 𝝅 𝒅𝟐 𝑨𝒆

         >  𝑷𝒏𝒐𝒊𝒔𝒆 = 𝒌 𝑻 𝑩 

𝐏𝒓  =

𝒌𝑻𝑩 =

* Assuming system noise temperature T = 21 K and downlink bandwidth= 500 kHz  (e.g. 500 kbps BPSK)

𝑺𝑵𝑹 = 𝟒𝟖 𝟏𝟕 𝒅𝑩  

6.7E-15 W  (-112 dBm)

1.4E-16 W*   (-129 dBm)

Pt = 100 W 

f =8.4 GHz

𝜆 = 0.036 𝑚  

3m dish

Ae=4.9 m2

Gt≈ 48,000 (47 dB)  
(@ 70% aperture 

efficiency)

*Rough estimates based 

on web search results

Goldstone 70m DSN dish

Credit: NASA

Mars Global Surveyor*

Ae ≈ 2500 m2

(@ 70% aperture efficiency)



Rover Relay Operations
Credit: NASA

Mars Global Surveyor*

https://descanso.jpl.nasa.gov/DPSummary/MER_article_cmp20051028.pdf

Rovers have a UHF whip antenna, and a Microwave dish.

UHF was used for most proximity data transmission.

Why?

DESCANSO Article  10

https://descanso.jpl.nasa.gov/DPSummary/MER_article_cmp20051028.pdf


Interstellar Communication ?



More on Gains and Effective 

Apertures

Some Definitions of Gain:

𝐺𝑡 ≜
𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑓𝑜𝑐𝑢𝑠𝑒𝑑

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐
RXTX

d PrPt

AeGt

𝐺𝑟 ≜
𝐴𝑒−𝑅𝑋𝑎𝑛𝑡𝑒𝑛𝑛𝑎

𝐴𝑒−𝐼𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐𝐴𝑛𝑡𝑒𝑛𝑛𝑎 RXTX
d PrPt

𝑮𝒕, 𝑨𝒕
𝑨𝒓, 𝑮𝒓



Transmit Antenna Gain Derivation

Transmit Antenna Gain

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑓𝑜𝑐𝑢𝑠𝑒𝑑

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐
=

𝑃𝑡 / 𝐴𝑠𝑝𝑜𝑡

𝑃𝑡/ 𝐴𝑠𝑝ℎ𝑒𝑟𝑒
𝐺𝑡 ≈ =

𝐴𝑠𝑝ℎ𝑒𝑟𝑒

𝐴𝑠𝑝𝑜𝑡
=

4𝜋𝑅2

𝑅 𝜃𝑎𝑧 𝑅 𝜃𝑒𝑙
=  

𝟒𝝅

𝜽𝒂𝒛 𝜽𝒆𝒍

If azimuth and elevation angles are in degrees:

4𝜋

𝜃𝑎𝑧
𝜋

180𝑜  𝜃𝑒𝑙
𝜋

180𝑜

=
4

𝜋
180𝑜 2

1

𝜃𝑎𝑧 𝜃𝑒𝑙
=  

𝟒𝟏, 𝟐𝟓𝟑

𝜽𝒂𝒛 𝜽𝒆𝒍
𝐺𝑡 ≈

Approximate since angles are typically 3dB, not sharp cutoffs



Reciprocity Theorems



Important Take-Homes

Simple half-wave dipoles are relatively isotropic, but have 

small receiving apertures at microwave frequencies:

  G ≈ 1.6 (2 dBi),     and Ae ≈ 𝐺
1

𝜋

𝜆

2

2

Aperture antennas can have very large gain at 

microwave frequencies: 

   Ae ≈ 𝜂 𝜋
𝐷

2

2
 and   G = 

𝐴𝑒

𝐴𝑒𝑖
=

4𝜋𝐴𝑒

𝜆2

D

Aperture Efficiency (e.g. 0.7)

But must be carefully pointed, since 𝜽𝟑𝒅𝑩 ≈ 𝟕𝟎𝒐
𝝀

𝑫



Microwave Circuits and Antennas

Radio Design 201   #8

(Part 3)

MegawattKS - YouTube https://ecefiles.org

Directional

Antennas

Theory and Practice

https://www.youtube.com/@MegawattKS
https://www.youtube.com/@MegawattKS
https://www.youtube.com/@MegawattKS
https://ecefiles.org/


Basic   Non-directional*  Antennas

* NOTE:  All antennas have some directivity

See Episode 7:  “Antennas and Feedline Systems”



Today’s  “Lecture”  Topics

Topics

Phased Arrays    (Theory and Measurement)

Benefits of using Microwaves

Derivation of Patterns and Beamwidths
• 1D Discrete Arrays and Fourier Transform Effects

• Extension to 2D Aperture Antennas

• Dish antennas (Illumination-angle, gain, sidelobes, …)

• Feeds (Horns, Helix, Dipole/corner-reflector, …)

Application to Real-World Products/Design

Announcements

Review material from prior Episodes

Due Date:  ??



Directional Antennas and 

Basic Linear Array

Array of microstrip patches,

or waveguide slots



1-D Array Analysis (the math)

L

Qualitative Description

Quantitative 

Analysis



Fourier Transform Implications

• More elements  (larger N, longer sequence) 

 => Narrower beamwidth

• Tapering off  𝐼𝑛 amplitudes at ends of array

 => Lower sidelobes

• Varying 𝐼𝑛 phases linearly (∠𝐼𝑛 = 𝑛 ∆𝜙) shifts 

pointing direction 

 => Beam steering !

𝐸 𝜃′, 𝜙 ≈  𝐹 𝜃′, 𝜙  
1

𝑟𝑜
 𝑒

−𝑗 2𝜋 
𝑟𝑜
𝜆

 
 ෍

𝑛=0

𝑁−1

 𝐼𝑛 𝑒−𝑗 𝑛 Ω where    Ω = 2𝜋
𝑑

𝜆
sin 𝜃′ ≈ 2𝜋

𝑑

𝜆
𝜃′

Array Factor = 

Discrete Time Fourier Transform

(D T F T)  of 𝐼𝑛 values

Element 

Factor 

Propagation 

Factor 

1 ∠ −2𝜋 
𝑟𝑜

𝜆

𝜃′

From

Wikipedia



Endfire vs Broadside Arrays

https://www.youtube.com/watch?v=Et1cX1yaCbc

https://www.youtube.com/watch?v=Et1cX1yaCbc


Pattern and Beamwidth

𝑩𝑾𝟑𝒅𝑩 ≈ 𝟓𝟎𝒐
𝝀

𝑳

Beamwidth

L

( See Part 2 of this Episode )



Beamwidth Formula Derivation



2 –D Array or Dish Beamwidth



Feed Antenna Choices

Array of microstrip patches,

or waveguide slots

Requirements:   Fairly broad pattern, and good Front/Back ratio



Feed Antenna Lectures and Labs



Today’s  “Lecture”  Topics

Topics

Phased Arrays    (Theory and Measurement)

Benefits of using Microwaves

Derivation of Patterns and Beamwidths
• 1D Discrete Arrays and Fourier Transform Effects

• Extension to 2D Aperture Antennas

• Dish antennas (Illumination-angle, gain, sidelobes, …)

• Feeds (Horns, Helix, Dipole/corner-reflector, …)

Application to Real-World Products/Design

Announcements

Review material from prior Episodes

Due Date:  ??



Inexpensive Dishes with 
1.7 or 1.4 GHz Feeds

https://www.youtube.com/watch?v=OkRbvtm3BfE
https://www.amazon.com/Satellite-Applications-Parabolic-

Frequency-Bandwidth/dp/B0C4CGKYBV

https://www.youtube.com/watch?v=OkRbvtm3BfE
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV
https://www.amazon.com/Satellite-Applications-Parabolic-Frequency-Bandwidth/dp/B0C4CGKYBV


Theory vs Stated Performance

𝑩𝑾𝟑𝒅𝑩

≈ 𝟏𝟓𝒐

𝑮𝒂𝒊𝒏 ≈ 𝟏𝟖 𝐝𝐁 

Stated: 𝑓 = 1.4 𝐺𝐻𝑧

𝐺 ≈ 18 𝑑𝐵𝑆𝑖𝑧𝑒 ≈ 0.99 x 0.61 m 𝐵𝑊3𝑑𝐵 ≈ 15𝑜

Calculated: =
𝑐

𝑓
=

3𝐸8

1.4𝐸9
= 21.4 𝑐𝑚𝜆

𝜃𝑎𝑧 ≈ 70
0.214

0.99
= 15𝑜 𝜃𝑒𝑙 ≈ 70

0.214

0.61
= 25𝑜

G ≈
𝟒

𝝅
𝟏𝟖𝟎𝒐 𝟐 𝟏

𝜽𝒆𝒍 𝜽𝒂𝒛
= 𝟏𝟏𝟎 → 𝐺𝑑𝐵 = 10 log 110 = 20.4 𝑑𝐵

G = 
4𝜋𝐴𝑒

𝜆2 ≈
4𝜋

0.2142 0.7 0.99 0.7 0.61 = 81

Or: 
→ 𝐺𝑑𝐵 = 19.1 𝑑𝐵

Guestimated illumination factors



Multi-band Dish with LPDA Feed

Log Periodic Dipole Array Feed

(600 MHz – 6.5 GHz)

Bolton “Long Ranger” Parabolic Antenna



Experiments in Modifying Dish for 
10 GHz Satellite TV

LNB with circular 

waveguide scalar ring

Alternative/LNB-matched “Offset-Feed” Dish



Early NASA Landers with Dishes

Lunar Lander and Rover
With dish using S-band helical  feed

(1971)

Kansas Cosmosphere

Museum in Hutchinson Viking Mars Lander
(1976)



Lunar Rover Relay Ops

https://apollojournals.org/alsj/HSI-481184-LCRU.pdf

https://apollojournals.org/alsj/HSI-481184-LCRU.pdf
https://apollojournals.org/alsj/HSI-481184-LCRU.pdf
https://apollojournals.org/alsj/HSI-481184-LCRU.pdf
https://apollojournals.org/alsj/HSI-481184-LCRU.pdf
https://apollojournals.org/alsj/HSI-481184-LCRU.pdf


Arrays of Dishes !

https://ngvla.nrao.edu/

https://www.sarao.ac.za/news/celebrating-

meerkats-boundless-scope-for-discovery/

https://ngvla.nrao.edu/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/
https://www.sarao.ac.za/news/celebrating-meerkats-boundless-scope-for-discovery/


Advanced  2-D Phased-Array  Designs
(Microwave Aperture Antennas)

https://solarsystem.nasa.gov/missions

/mars-cube-one/in-depth/

https://arstechnica.com/information-

technology/2021/11/starlink-unveils-2nd-

generation-satellite-dish-and-new-wi-fi-router/

https://www.youtube.com/watch?v=iOmdQnIlnRo

www.scribd.com/document/94178930/5-

3-Radar-Sensors

https://solarsystem.nasa.gov/missions/mars-cube-one/in-depth/
https://solarsystem.nasa.gov/missions/mars-cube-one/in-depth/
https://solarsystem.nasa.gov/missions/mars-cube-one/in-depth/
https://solarsystem.nasa.gov/missions/mars-cube-one/in-depth/
https://solarsystem.nasa.gov/missions/mars-cube-one/in-depth/
https://solarsystem.nasa.gov/missions/mars-cube-one/in-depth/
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https://solarsystem.nasa.gov/missions/mars-cube-one/in-depth/
https://arstechnica.com/information-technology/2021/11/starlink-unveils-2nd-generation-satellite-dish-and-new-wi-fi-router/
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https://arstechnica.com/information-technology/2021/11/starlink-unveils-2nd-generation-satellite-dish-and-new-wi-fi-router/
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http://www.scribd.com/document/94178930/5-3-Radar-Sensors
http://www.scribd.com/document/94178930/5-3-Radar-Sensors
http://www.scribd.com/document/94178930/5-3-Radar-Sensors
http://www.scribd.com/document/94178930/5-3-Radar-Sensors
http://www.scribd.com/document/94178930/5-3-Radar-Sensors


Past and Future Episodes



Thanks For 

Watching !

MegawattKS - YouTube https://ecefiles.org

https://www.youtube.com/@MegawattKS
https://www.youtube.com/@MegawattKS
https://www.youtube.com/@MegawattKS
https://ecefiles.org/
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   𝜽  𝟑 𝒅 𝑩 ≈   𝟓 𝟎 𝒐  𝝀 𝑳


  ≈  𝟒 𝝅    (   𝟏 𝟖 𝟎 𝒐 ) 𝟐


   𝟏     𝜽  𝒆 𝒍     𝜽  𝒂 𝒛


  𝑫 >     𝟐   𝑳 𝟐 𝝀


    t a n  − 1  ( − 1 m / 6 m )


  =      ( 𝟐 )   𝟎 . 𝟑 𝒎 𝟐  𝟎 . 𝟎 𝟓 𝟐 𝒎 = 𝟑 . 𝟓 𝒎


  𝜽 ≥   𝟓 𝟎 𝒐  𝝀 𝑫


  ≈    (   𝟐 𝟎 𝟑 𝒐 ) 𝟐  𝟏     𝜽  𝒆 𝒍     𝜽  𝒂 𝒛


   𝑷 𝒓 =    𝑷 𝒕     𝑮 𝒕  𝟒   𝝅     𝒅 𝒏  𝑨 𝒆


   𝑷 𝒓 =  𝑷 𝒕     𝑮 𝒕  𝟏  𝟒   𝝅     𝒅 𝟐  𝑨 𝒓


   𝑷 𝒓 =  𝑷 𝒕  𝑮 𝒕  𝑮 𝒓    (  𝝀  𝟒 𝝅 𝒅 ) 𝟐


   𝑷 𝒓 =  𝑷 𝒕    𝑨 𝒕     𝑨 𝒓      𝒅 𝟐     𝝀 𝟐


    4 𝜋  A e   𝜆 2


   𝑮 𝒕   ,   𝑨 𝒕


   𝑨 𝒓   ,   𝑮 𝒓


   𝐏 𝒓   =    𝑷 𝒕     𝑮 𝒕    𝟏  𝟒   𝝅     𝒅 𝒏


      𝑨 𝒆       >      ( 𝐤   𝐓   𝑩 )  (   𝑺 𝑵 𝑹  𝒎 𝒊 𝒏 )


   𝐏 𝒓   =    𝑷 𝒕          𝑮 𝒕  𝟒   𝝅    𝒅 𝟐


          𝑨 𝒆


  >      𝑷  𝒏 𝒐 𝒊 𝒔 𝒆 = 𝒌   𝑻   𝑩


   𝐏 𝒓   =


  𝒌 𝑻 𝑩 =


  𝑺 𝑵 𝑹 = 𝟒 𝟖        ( 𝟏 𝟕   𝒅 𝑩 )  


  𝜆 = 0 . 036   m


  ≈


  ≈


   G t ≜    P  d e n s i t y − f o c u s e d   P  d e n s i t y − i s o t r o p i c


   G r ≜    A  e − R X a n t e n n a   A  e − I s o t r o p i c A n t e n n a


   𝑮 𝒕   ,   𝑨 𝒕


   𝑨 𝒓   ,   𝑮 𝒓


     P  d e n s i t y − f o c u s e d   P  d e n s i t y − i s o t r o p i c =    P t   /     A  s p o t   P t /     A  s p h e r e


   G t ≈


  =    A  s p h e r e   A  s p o t =   4 𝜋  R 2   ( R      𝜃  a z )  ( R      𝜃  e l ) =       𝟒 𝝅   𝜽  𝒂 𝒛    𝜽  𝒆 𝒍


    4 𝜋   𝜃  a z    𝜋   180 o        𝜃  e l  𝜋   180 o =  4 𝜋    (  180 o ) 2  1   𝜃  a z    𝜃  e l =       𝟒 𝟏 , 𝟐 𝟓 𝟑   𝜽  𝒂 𝒛    𝜽  𝒆 𝒍


   G t ≈


  ≈ 1 . 6      


  ≈ G  1 𝜋    (  𝜆 2 ) 2


  ≈   𝜂   𝜋  (  D 2 ) 2    


     A e   A  e i =   4 𝜋  A e   𝜆 2


   𝜽  𝟑 𝒅 𝑩 ≈   𝟕 𝟎 𝒐  𝝀 𝑫


   I n


   I n


  (   ∠ I n = n   ∆ 𝜙 )


  E  (  𝜃 ′ , 𝜙 ) ≈  [   F  (  𝜃 ′ , 𝜙 )      1   r o    e  − j   2 𝜋        r o 𝜆     ]    [     ∑  n = 0  N − 1     I n      e  − j   n   Ω   ]


  Ω = 2 𝜋  d 𝜆  sin ⁡   (  𝜃 ′ ) ≈ 2 𝜋  d 𝜆  𝜃 ′


   I n


  1   ∠  ( − 2 𝜋        r o 𝜆 )


   𝜃 ′


    𝑩 𝑾  𝟑 𝒅 𝑩 ≈   𝟓 𝟎 𝒐  𝝀 𝑳


    𝑩 𝑾  𝟑 𝒅 𝑩 ≈   𝟏 𝟓 𝒐


  𝑮 𝒂 𝒊 𝒏 ≈ 𝟏 𝟖   𝐝 𝐁  


  f = 1 . 4   G H z


  G ≈ 18   d B


  S i z e ≈ 0 . 99   x   0 . 61   m


    B W  3 d B ≈  15 o


  =  c f =   3 E 8  1 . 4 E 9 = 21 . 4   c m


  𝜆


   𝜃  a z ≈ 70   0 . 214  0 . 99


   15 o


   𝜃  e l ≈ 70   0 . 214  0 . 61


   25 o


  ≈  𝟒 𝝅    (   𝟏 𝟖 𝟎 𝒐 ) 𝟐


   𝟏     𝜽  𝒆 𝒍     𝜽  𝒂 𝒛 = 𝟏 𝟏 𝟎


  →  G  d B = 10  log ⁡ 110 = 20 . 4   d B


    4 𝜋  A e   𝜆 2 ≈   4 𝜋    0 . 214 2  [  ( 0 . 7 ) 0 . 99 ]  [  ( 0 . 7 ) 0 . 61 ] = 81


  →  G  d B = 19 . 1   d B

