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Learning Objectives

dMathematically describe an EM wave:
o Direction of motion, wavenumber, frequency, polarization, ...

ldentify radio spectrum and power levels used in common commercial wireless products
dPerform basic power calculations in dB scale

dPerform basic mathematical operations in polar coordinates
o Conversions to cartesian coordinates, rotations, integrals, averages, ...

dUse tools from MATLAB to compute and plot key antenna parameters
o Directivity, gain, efficiency, ...

dCompute received power in an angular region using the radiation density and intensity.
dCompute the free-space path loss using Friis Law

(dDerive Friis Law
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Electric and Magnetic Forces

dTwo closely related forces:
o Electric: Forces between charged particles

o Magnetic: Forces between moving charged particles

(JForces operate at a distance:
o Enables communication.

o ...and many other phenomena in the universe - -

(JRepresented by a vector field
o Force strength has a direction and magnitude

o Changes with position 7 = (x,y,z) and time t
o E-field: E(r,t) in N/C (force / unit charge)
o B-field: B(r,t) in N/(Am) (force / unit charge / velocity)

FIGURE 2.4 Electric field lines begin and end on charges.
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Plane Waves

JEM field governed by Maxwell’s equations

LAl solutions can be decomposed into plane waves Electromagnetic Wave

JEM plane wave at position 1 = (x,y, z)
o E(r,t) = Eqe, cosQu(ft +1712) + ¢)
° B(r,t) = Bye, cos2n(ft + 17'2z) + ¢)
° By = (1/c)Ey,, ¢ = Af = speed of light

dSometimes write:
o E(r,t) = Eye, cos(wt + kz + ¢)
> B(r,t) = Bpe, cos(wt + kz + ¢)

2T
o k = = wave humber
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Plane Waves lllustrated

JEM plane wave

o E(r,t) = Eye, cosQr(ft —A712) + ¢)

° B(r,t) = Boe,, cos(2r(ft —17'z) + ¢),By = c"'E,
Five key parameters:

o Amplitude, frequency, direction of motion, phase
o Polarization (see below)

(Diagrams on board
o Fixed position, variation in time
o Fixed time, variation in position.

dPhasor notation: E(r,t) = Real[E(T)eiwt]
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Plane Wave Direction of Motion

LEM field constantin x — y plane

dMoves along z-direction:
E(x,y,z,t + 6t) = E(x,y,z — cét, t)

“Poynting” vector:
1 |Eo|?
S=—EXB=
U cu
o Represents “energy flux”

cos?2n(ft — 17 12))e,

o Energy consumed=V-S

o Units = W /m?

o n = cu =characteristic impedance
o Vacuum:n =n, = 3770
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Polarization

Polarization: Orientation of E-field relative to direction of motion

Linearly polarized: Constant orientation
o Vertical: E(r, t) = Eye, cos(wt + kz)
° Horizontal: E(r,t) = Eye,, cos(wt + kz)

UAlso, circularly polarized
o Sum of V and H that are out of phase

° Ep[ey cos(wt + kz) + e, sin(wt + kz)]
o Called left hand and right hand

Two degrees of freedom:
o Consider any plane wave in some direction

o Can be decomposedasV +H or LH + RH
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Plane Wave Decomposition

dEvery electric field is a linear combination of plane waves

(dEach plane wave in the decomposition has:
° Frequency
o Direction of motion
o Gain, Phase
o One of two polarization

(A Decomposition can be found from a 4D Fourier transform
o E(x,y,z,t) = Ey(ky, ky, k2, f) and Ey(k,, Ky kz f)
o Converts time + space = wavenumber and frequency

o Note that there are two polarization components

This decomposition is used in many EM solvers
o And your EM class if you take it

W TANDON SCHOOL
NYU | Zroonssioo




EM Spectrum
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JFrequency of EM radiation has wide range
JEncompasses many forms of radiation

(JRadio waves are uniquely valuable since they can propagate far
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(dBasics of Electromagnetic Waves

:>Power and Bandwidth of Signals

(JBasics of Antennas

JFree Space Propagation

W TANDON SCHOOL
NYU | Zroonssioo




Signals for Communication

Antenna

TX si | |
>1gNa > ] messsss) EM radiation

Carries information

Signal: Any quantity that varies in time
o Continuous, discrete, complex, real, ...

Signals for wireless communications:
o Modulate an information bearing signal to a signal in the EM radiation

dThree key characteristics of the signal: power, bandwidth, center frequency
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Energy and Power of Signals

Consider a scalar-valued, continuous-time signal x(t)
QDefine instantaneous power: |x(t)|?

QTypically |x(t)|? this is proportic;nal to the actual power
1403]

o Ex 1: For a voltage, power =

_ _E@I?
o Ex 2: For an EM plane wave, power flux =

UEnergy:
o Ey = [ |x(©)|?dt
o Signal is called an “energy signal” if E,, < o

Power:

. 1 .T/2
© Px = 711_{1(’)10;]‘_7,/2|X(t)|2dt

° Energy per unit time
o Signal is called a “power signal” if limit P, exists and is finite
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Power: Linear and decibel scale

(JReceive or transmit energy per unit time
o Measured in Watts (W) or mW
o Power values in W or mW called linear scale
° Use notation P, or P, ,, when units need to be specified

JPower often measured in dB scale:
° P gaw = 10l0g4(Py, / 1W)
° Plggm = 10Iog10(P|mW/ 1mW)

JdExample: P =250 mW (typical max mobile transmit power)
> P|gaw = 10l0g;0(0.25W / 1W)
> Pgam = 10l0g;0(250mW / 1mW)

NYU | Zroostpe




Some important dB values

(dSome conversions don’t need a calculator:
o 10log10(2) = 3 [Most important: Doubling power = 3dB]
> 10log10(3) =4.7 ~5
° 10log10(10) =10

(dYou can cascade these.
(JEx: What is 50 mW in dBm?

JAns:

10 10g10(50) — 10 10g10(102/2)
= (2)101og;¢(10) — 10log;0(2) = 2(10) —3 = 17 dBm
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Typical Wireless Power Transmit Levels

J100 kW = 80 dBm: Typical FM radio transmission with 50 km radius

d 1 kW =60 dBm: Microwave oven element (most of this doesn’t escape)
(d~300 W =55 dBm: Geostationary satellite

(1250 mW =24 dBm: Cellular phone maximum power (class 2)

(1200 mW = 23 dBm: WiFi access point

(132 mW = 15 dBm: WiFi transmitter in a laptop

J4 mW =6 dBm: Bluetooth 10 m range

(1 mW =0 dBm: Bluetooth, 1 m range
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Bandwidth and Carrier Frequency

Power density spectrum:

- EE i ES
o All signals can be decomposed into frequency components — :‘_-'j-:-:
(Use Fourier transform) ~Yheyegen o o
o PSD measures the power per unit frequency E ZE 53:' )
o Indicates range of frequencies of the corresponding EM wave S s wEs oo 5 >
o Measured by a spectrum analyzer e 0 .

JTwo key parameters for RF signals:
o Carrier or center frequency, f = f,
o Bandwidth W

Note for a real-valued signal: ‘ | ‘
Always two images —f,

v
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Importance of Bandwidth

(Data rate generally scales linearly in bandwidth
o If the transmit power and bandwidth increase by N = the communication rate increase by N
o We will see this in detail later

JEx: Compare GSM (2G) and LTE (4G)
o Single channel of GSM system = 200 kHz
o Single channel of LTE = 20 MHz
o |f power scales sufficiently, LTE would in general have 100x data rate
o LTE, in fact, can have even more capacity due to other improvements

CH-1 CH-2 CH-3 CH-4

UFigure to the right: 802.11ad channels + 21000 >
N

o The channels are > 2 GHz //

1 i | } | | I | -
55.26 56.24 5B.32 5040 B048 6156 6264 6172 64.80 65.808 67.86 GHz
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Radio Spectrum
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Inside the radio wave spectrum

Almost every wireless technology - from cell phones to garage door openers - uses radio waves to communicate.
Some services, such as TV and radio broadcasts, have exclusive use of their frequency within a geographic area.

Most of

the white

areas on this chart

But many devices share frequencies, which can cause interference. Examples of radio waves used by everyday devicesire reserved

" for military, federal
gu:é't?[:;d 2.4 GHz band government and
P Used by more than 300 industry use
consumer devices, including
Garage Wireless microwave ovens, cordless
BroadcastTV  door Cell medical Cell phones and wireless Wi-Fi  Satellite Security
Channels 2-13 openers phones telemetry phones networks (Wi-Fi and networks v alarms
G| Bluetooth) —
3 500 1 15 2 3 4 5 50 300
kHz MHz GHz GHz GHz | GHz GHz GHz GHz GHz
] [Jd1, i : ]
‘ \—‘ Signals in this
=] - zone can
. o ) : only be
AMradio  Remote-  BroadcastTV GPS Satellite Weather CableTV Highway Police sent short.
535 kHz controlled UHF channels (Global positioning radio radar  satellite toll tags  radar obst ctéd
to 1,700 kHz toys 14-83 systems) transmissions LIOS R
distances
PERMEABLE ZONE SEMI-PERMEABLE ZONE LINE-OF-SIGHT ZONES
Frequencies in this range are considered Diffcult for signals
more valuable because they can penetrate to penetrate dense . N
dense objects, such as a building made objects Signals in this zone can

out of concrete

travel long distances, but
could be blocked by trees

and other objects

Highest
frequencies|

Visible
Microwaves Infrared light Ultraviolet X-rays Gamma rays
Lowest o
frEquencies ; RADIO WAVE SPECTRUME
3 kHz waveler-lgth 300 GHz wavelength What iS_ ahertz?
The electromagnetic spectrum 1 — D e
Radio waves occupy part of the electromagnetic ower igher seconc.ror radio waves, acycle
. . frequenc frequency s the distance from wave crest to

spectrum, a range of electric and magnetic waves ~_ DV crest

of different lengths that travel at the speed of light;

other parts of the spectrum include visible light and :

x-rays; the shortest wavelengths have the highest 2 Wavelength
frequency, measured in hertz Distance from crest to crest

Source: New America Foundation, MCT, Howstuffworks.com
Graphic: Nathaniel Levine, Sacramento Bee

1 kilohertz (kHz) = 1,000 hertz
1 megahertz (MHz) = 1 million hertz
1 gigahertz (GHz) = 1 billion hertz

© 2008 MCT




Bandwidth and Center Frequencies

m Center freq (MHz) Bandwidth
GSM-850: 824-849 (UL), 869-894 (DL) 200 kHz per
GSM-900: 890-914 (UL), 935-959 (DL) channel
GSM-1800: 1710-1784(UL), 1805.2-1879(DL)
GSM-1900: 1850-1910(UL), 1930-1990(DL)
UMTS FDD GSM + other bands ~2100 and ~1900 5 MHz per carrier
LTE Mostly Mostly in 2100 to 2600 MHz 1.4 to 20 MHz,
FDD 10 MHz typical
802.11abg 20 MHz
802.11n TDD 2.4 GHz (ISM band) and 5 GHz (U-NII band) 20, 40 MHz
802.11ac 20-160 MHz
802.11ad TDD 60 GHz (millimeter wave spectrum) 2.16 GHz

W TANDON SCHOOL
NYU OF ENGINEERING




NYU

Millimeter Wave Bands

(ONew bands for 5G
o 100x more bandwidth than conventional bands below 6 GHz

o Bands at 28 GHz and 38 GHz opened up by FCC
o 5@G systems operating are in trials now

=100-GHz spectrum in
millimeter-wave bands
<600-MHz spectrum in A

current cellular bands "rag GHz 70 to 90 GHz

— E‘BGHzI, EﬂGHzI, l

|

300 MHz 3 GHz 30 GHz 300 GH=z
A=Tm A=100m A=10mm A=1mm
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:>|Basics of Antennas

JFree Space Propagation
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Excellent Text for Antennas

This lecture is based on classic text
o Balanis, “Antenna Theory”
o Most of the figures here are from this text

If you want to learn more, study the text:

o Provides full EM theory view
o Many excellent problems and examples
o Designed for RF engineers

dWe will use only a small portion here

(JTake an EM class for more!
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Waveguides and Transmission Lines

dTransmission lines and waveguides: Any structure to guide waves with minimal loss

(dSome texts:
o Transmission lines refer to conductors and waveguides to hollow structures

(dMany examples

ol a llP alear/e ll[allle a
0000000000006*

>
4 G} (¢} 0, ol [6, ollojle o ©
L3 A ()
PCB traces
Coaxial cable Waveguide Microstrip: External layer

Stripline: Internal layer
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Antenna

m m Transmit antenna: Radiates electromagnetic waves

W W Converts signals:

o From guided signals in transmission lines to

Edeld

o To radiation in free space

| JReceive antenna: Collects EM wave

USRP with four
vertical antenas

|
|
|
I
|
T

Source Transmission line Anicnna Radiated free-space wave

Figure 1.1 Antenna as a transition device.

W TANDON SCHOOL
NYU | Zroonssioo




Radiation Patterns

JAantenna radiation typically shown via a pattern
o Value of scalar as a function of position

o Antenna usually at origin

. Major lobe
First null beamwidth G

(FNBW)

o QOrientation of the antenna is important

Half=-power be;lmwidlh\
(HPBW)

(dMany possible quantities:
o Power, electric field, ...

o Normalized or un-normalized

(JCan be 2D or 3D

2D 3D
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Spherical Coordinates

(JRadiation patterns are often given in spherical coordinates , Polar coordinates
WSpherical coordinates: (¢, 8,1) A 6 ¢)
o @ € [—m, m]: Azimuth, counter-clockwise angle in xy plane ro
°c 0 =0, € [% g]: Elevation, angle from xy plane \5'
o r = 0: Radius from origin y
ﬁ_ 1
(Many texts use polar or inclination angle:
X
o Use 0, = % — 0, €10, 7]
o Measures angle from z axis Spherical (polar form) & Cartesian
o Most antenna and math texts use polar form r=4/2% 49 + 2, £ = rsinf cos,
o But, MATLAB antenna toolbox uses elevation form @ = mtau%? y = rsin @ sin o,
i o z - z=rcosf
JRemember right hand rule! 6 = arccos eyl
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Spherical Coordinates in MATLAB

(JConversion between spherical and cartesian

% Generate four random points in 3D x =r .* cos(elevation) .* cos(azimuth)

X = randn(z,4): r = r .* cos(elevation) .* sin{azimuth)
z = r .* sin{elevation)

% Compute spherical coordinates of a matrix of points

% Hote these are in radians!

[az, el, rad] = cartZsphi(X(l,:), X(2,:), X(3,:)):

[x,¥,2] = sph
Xhat = [x:; vr z]:

(Conversion to a coordinate system

#% Conver=ion to a new frame of reference

% Convert back
2cart (az,el,rad);

% Angles of new frame of reference

% Hote these are in degrees! -
azl = 0; .
ell = 45;

% Botate to the new frame of reference
% Thi=s takes row wvectors!
X1l = cartZsphvec(¥X,azl,=11);
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Radians and Steradians

(JRadian:

o Circle of radius one
o Angle for unit length on circumference
o 21 radians in the circle

LSteradian
o Defined on sphere of radius one

o Angles corresponding to unit area on surface
o 4 srin the sphere

infinitesimal area and solid angle:

14
‘ — =sinf dé dgp  (sr)

=

dA =rsinfdfdp (m?) do-=

° Note: 6 is the inclination angle not elevation
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(a) Radian

{b) Steradian

.a'

Jrev;l |r

Equivalent
in area

Area=r?




Radiation Density

: 1 1
Recall instantaneous energy flux for a plane wave: S(t) = ;E(t) X B(t) = ; IE(®)||*n
o m = normal vector in direction of the plane wave, n = cu = characteristic impedance

Typically consider fields at some frequency w = 2nf: E(t) = Re[Eei“’t]

Time average power (S(t)) = % |E||*n

o Note factor of 2

QCan write (S(t)) = W n, W = % IE||?
o Radiation density: W =W (r,0,¢) = % |E(r, 0, ®)|? = radiation density

o Maximum power available if aligned in the direction n
o Units W /m?
o This is a function of position W (r, 6, ¢)
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Radiation Intensity

From previous slide: Radiation density: W = W (r, 0, ¢) = % |E(1,0,p)|?

LW
° Units —
m

2
QAlso define radiation intensity: U = r?W = ;_77 |E(1,0,9)|?

: w
o Watts per solid angle: o

In far field, radiation pattern typically decays as:
1
© E(T', 91 ¢) ~ ;EO(QI ¢)
2
o In this case, U(r, 6, ¢) = r*W(r,0,¢) = Z—n |E(r,0,$)|* ~ % |Eo(6, )|

> Only depends on angular position U(r, 8,¢) = U(0, ¢)
o Does not depend on distance r
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Total Radiated Power

UTotal radiated power:
T/2 T

Prog =ﬂ udQ = j jU(Q,qb)costqde

-m/2 -1
o Units is Watts

o Note cos 8 term! Angle here is elevation angle not polar angle

dTypically measured in dBm or dBW:
Pra PTCL
° PraaldBm] = 1010810 [2245], Praa[dBW] = 1010gy, |25

o Power relative to mW or W
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Isotropic Antenna

lisotropic antenna: Radiates uniformly in all directions o _
Theoretical isotropic pattern

(JRadiation density and intensity are uniform
> Radiation density: W (0, ¢, r2) = —ad

4172

o Radiation intensity: U(6,¢) = %
o Do not depend on angles 8, ¢

A Mostly theoretical construct:
o Most real antennas have some “directivity”

In fact, there can be no coherent (linearly polarized) isotropic radiator
o E-field would be always tangent to sphere

o Such an E-field would have to go to zero in at least one point
(“Hairy Ball Theorem”)
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Antenna Directivity

(dMost real antennas concentrate power in certain angles Theoretical isotropic antenna
o They are non-isotropic

L Antenna directivity:
- D(6,¢) = TP

Prad
o Measures power at an angle relative to average

o Average in linear domain is one
o For isotropic antenna, D(8,¢) =1

dMax directivity: D4, = maxD (6, ¢p)
o Directivity in direction with maximum power

[dimensionless]

dTypically measured in dBi
o dB relative to isotropic

> D(6,) [dBi] = 101log|

4tU(0,¢)

rad

Horn antenna with directivity
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Antenna Gain and Efficiency

Most antennas have losses

dDefine efficiency: p Antenna /

| i
rad —
€E = P E [0,1] Gﬁ{l;jm Eﬁéﬂed
: . in ,
o Radiated to input power in TX mode | \
o Remaining power is lost in heat in the antenna ) Antenns in tranemitting mode
o Losses in the conductor and dielectric . Losses / heat
| T
COLossless antenna: € = 1 v, :
O N
JAntenna gain: | o)
B _ 4nU(6,9) | ' R, —
° G(0,¢) =€eD(0,¢) = ——— X, ! P
tn I H .
o Radiation intensity per unit input power ~—#— Radiated power
o For losses antennas, gain = directivity P;
Input power
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Antenna Toolbox in MATLAB

JPowerful routines for: Antenna Toolbox

Design, analyze, and visualize antenna elements and antenna arrays

o Design and analysis of antennas

Antenna Toolbox™ provides functions and apps for the design, analysis, and vis
antennas using either pradefined elements with parameterized geometry or arbit

(1Benefits:
o Supports many antennas

Antenna Toolbox uses the method of moments (MoM) to compute port propertie
such as the near-field and far-field radiation pattern. You can visualize antenna ¢

fou can integrate antennas and arrays into wireless systems and use impedanc

o ACCU rate EM mOdellng beam forming and beam steering algorithms. Gerber files can be generated fron

large platforms such as cars or airplanes and analyze the effects of the structure
using a variety of propagation modeals.

o Nice visualization tools
o Simple to use Get Started

Learn the basics of Antenna Toolbox

Also, free to NYU students

> Just download it with MATLAB — -y | = | .
dBut...very slow for complex antennas DIPOLES vonoroLes | tooms | siRaLs | iy SLOTS

PATCHES FRACTALS WAVEGUIDES BACKING OTHER
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Patterns in MATLAB: Dipole Example

% Simolation constants

fc = 2Be9;

vp = physconst('lightspeed'):
lamkda = vpsSfc:

+% Dipole antenna
% Construct the antenna object
ant = dipole(...
'Length', lambda/2, ...
'"Widch', 0.01*lambda ):

TANDON SCHOOL
OF ENGINEERING

dipole antenna element
AT

s
0 [

y (mm) X (mm})

ant .show () ;

(MATLAB has powerful tools for calculating antenna patterns

in value : -50 dBi
Azimuth : [-180° , 180°]
Elevation : [-80° , 90

Show Antenna e

ant .pattern(fc)



Microstrip Patch Example

(JA more complex antenna

Qutput : Directivity
Frequency : 28 GHz

(Many other parameters il 29,6 B 1

Azimuth : [-180° |, 180°]

o Substrate selection (e.g. FR4, Rogers) Flevstion: (507, 4071 5
o Shapes, notches, ... B
% Create a patch element ®
len = 0.49%*%lambda; 0
groundPlanelLen = lambda; E
ant?Z = patchMicrostrip(... <5
'Length', len, '"Width', 1l.5%len,
'GroundPlanelength', groundPlanelen, ... -20
'GroundPlaneWidth', groundPlaneLen,
'"Height', 0.0l1*lambda, -25
'FeedOffsec', [0.25%1len 01}
-2
% Tilt the element 30 that the maximum energy is in the x-axis g
ant2.Tilt = 90 Show Antenna v

% Display the antenna pattern after rotation
antZ.pattern(fc) ;
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More Complex Antennas

JFor complex antennas:
o MATLAB antenna toolbox is often too slow

CST simulation of 28 GHz array
on a handset with cover

o Cannot handle packaging, covers, obstacles, ...
o Need other tools (e.g. Ansoft HFSS and CST)

https://blogs.3ds.com/simulia/
5g-antenna-design-mobile-

phones/
(dUse MATLAB custom antenna object
o Store offline computed pattern
phasePattern = zeros(size(dir)); s Demo of custom antenna
ant3 = phased.CustomAntennaElement(... 0 element in MATLAB

"AzimuthAngles', az, 'ElevationAngles', el, ...
'"MagnitudePattern', dir, ...
'PhasePattern’, phasePattern);

L b
o

Directivity (dBi)

w

# Plot the antenna pattern.

# Note the format is slightly different since we are using
# the pattern routine from the phased array toolbox
ant3.pattern(fc);

)
o

N
23
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Field Regions

JAntenna patterns depend on the region

. . Far-field (Fraunhofer)
Reactive near field: region

o Reactive pattern dominates

Radiating near-field (Fresnel) region

dRadiating near field or Fresnel region:
o Angular pattern depends on distance Reactive

near-field region

Far field or Fraunhofer region: R, = 0.62 VD

o Angular pattern independent of distance i _IY R, = 2D
R,
N

o Radiation is approximately plane waves

(dCan be approximately calculated using:
o D: Maximum antenna dimension

o A: Wavelength
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Rayleigh Distance

Distance R, to far-field = Rayleigh distance
dMost cellular / WLAN systems operate in far field

JEx 1: Half wavelength dipole antenna

o f.=2.3 GHz:
A 2D% 2
OD_E' RZ—T—E—6.5cm

(JEx 2: Large cellular base station
o D= 7m, f.=2.3GHz
© R2 = 751 m

JEx 3: MmWave wide aperture antenna
o D = 40 cm, f. = 140 GHz
© R2 = 149 m
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Far-field (Fraunhofer)
region

Radiating near-field (Fresnel) region

Reactive
near-field region

T _I Ry =0.62D

D 5
i —IF Ry=2D).




NYU

Outline

(dBasics of Electromagnetic Waves
(dPower and Bandwidth of Signals

(JBasics of Antennas

:>Free Space Propagation

TANDON SCHOOL
OF ENGINEERING



Antenna Effective Aperture

dSuppose RX antenna sees incident plane wave
o Assume polarization aligned to the antenna

UThe effective antenna aperture (or area):

wie,
Ae<9,¢>=% [m?)

o W = Power density of incident wave [W / m?]

o P, = Power delivered to load at the receiver [W]

The effective area that the antenna collects Reccve
o We will see this is different than the physical aperture

LA, will depend on the direction of arrival
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Aperture and Directivity

W(9;¢) [mz]
Py

From previous slide, effective apertureis: 4,(6,¢) =
o Ratio of received power to incident radiation density

UAperture-directivity relation:

/12
41

A.(6,9) = D(6,¢)

o True for all lossless antennas
o Proof: nextslide

. yE Receiver
dConsequence: Average aperture is always o
o Why? 2 [] A,(6, ¢) cos 0 dOd = —— [[ D(6, ) cos 6 dfdep =
y- AT e ) (47_[)2 ) ppm

dindependent of the physical size of the antennal!
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Proof of the Aperture-Directivity Relation

Suppose Ant 1 transmits power P;

L o D, P
CRadiation density is: W = ——
4TTR
. A,DiP; P, A,D
COReceived power at Ant 2: B, = A, W ="t = L = —=—
ATTR? Py  4mR?
. P, A;D
OTX from Ant 2, the gain must be the same: = = ==
Py  4mR?
o This is a consequence of reciprocity
Dy _ Dy
dHence, for any two antennas: — = —= _ |
1 AZ Transmitter Receiver

dFrom simple antenna calculations for a short dipole:

_3 4 3 _ Dy _m -
D, = ~ A, = ot A, 1 (Needs basic EM theory)
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Friis’ Law

Consider two lossless antennas in free space

P A.D 250 Free Space 1-Way Path Loss (km]) RFCafe.com
QFrom previous slide: = = == —lokm e i
P 4TTR? ——100kHz | |
N ) e
QFrom aperture-directivity relation: 4; = D; — a . | I '/,/?/4
41 = | - 10GHz — i .. )
% 150 100 GHz I | /5’,.:::,5,;
. ) . 5 1THz
This leads to Friis” Law (for lossless antennas): e
: | //?///
2
Pr A 70 R B B B I P
t n 0
aQ a a + o Ly oy s y L4
"Gy "G, R4 2 % %, % %
‘ Distance (km) 7 % 6@@ Oa%

o Path loss is proportional to R?
o Path loss Inversely proportional to 22 = proportional to f;?

W TANDON SCHOOL
NYU | seecises




Polarization Loss

Friis’ Law assumes incident wave is aligned in polarization
dIn general, need to consider polarization loss Pu

dRecall: polarization vector for a plane wave: ~—y,
o Direction of the E-field in phasor notation

o A complex vector in 3-dim \

Y

dPolarization loss factor:

PLF = |pg - pwl|* = cos? Yy T
° p,:. Polarization vector of the TX wave from antenna : ~,
o p,,: Polarization vector of the RX incident wave § : . S
° . Angle between them |
L= BB, 12=1 L= 1B, -B, 2= oy, pLE= 19,5170

(aligned) (rotated) (orthogonal)
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Antenna Impedance and Matching

dNot all power from radio may be delivered to antenna

(9)
. Reflected Power ( )
dSome is reflected back €= == = = = [\ Antenna
750
. . L. Radio
dDescribed by reflection coefficient I' 500
o Also referred to as 511 forurard Power >

o Complex ratio of forward to reverse wave

JAlso described by impedance mismatch: °r 7
o — Zin—Zo =10

ZintZo p_‘__

_ 2 oI -20F -
dFraction of power transferred: 1 — |T|

1+|T| =0 ' )

. . . _ 24 28 32

JAlso given as voltage standing wave ratio (VSWR) = PR | Frequency [GHz]

Ali et al, Small Form Factor PIFA Antenna Design at 28
GHz for 5G Applications, 2019
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Friis’ Law with Losses

Three losses in practice:

o Polarization loss =
o Conductive / dielectric loss A & Q\;
. ! (6, ) /
> Impedance mismatch Trssiing s e
Fe Gy D ey T o)

= R »  Receiving antenna,_
(B, Gr. D, g, Trs Prd

Friis” Law with lossy antennas:

P

2 2 Y 2
th €162(1 — [Ty [*)(1 — |I;|#) D, Dy anr | €°S OpoL

o ¢;: Efficiency of antenna
° Oppr: Angle between the polarization vectors
o Note that gainis: G; = €;D;
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Demo: Plotting Path Loss on a Path

JCompute the path loss on a path
o TX is isotropic at the origin
o RXis micro-strip patch element. Moves along a line

(MATLAB code
o Computes angles to RX

o Computes free-space omni directional path loss
o Interpolates directivity
o Adds directivity to FSPL

95

8
Path loss (dB)
(o] o] w
o (93} o

~
&}

3
~J
o

= Omni
==\With directivity

8
=]
w

¢ 0 0 0.2 04 0.6 0.8 1
50 50 Time
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[azpath, elpath, dist] = cart2sph{X{1,:), X{(2,:), X(3,:));
azpath = rad2deg{azpath);
elpath = rad2deg{elpath);

% Compute the free space path loss along the path without
% the antenna gain. We can use MATLAB's built-in function
plOmni = fspl{dist, lambda);

% Compute the directivity using interpolation of the pattern.

% We can use the |ant3.resp| method for this purpose, but the

% interpolation is not smooth. So, we will do this by hand using
% MATLAE's interpolation objects.

F = griddedInterpolant({el,az},dir);

% Compute the directivity using interpolation
dirPath = F(elpath,azpath);

% Compute the total path loss including the directivity
plDir = plOmni - dirPath;

% Plot the path loss over time. Can you explain the

plot(t, [plOmni; plDir]', 'Linewidth', 3);

grid();

set(geca, ‘Fontsize®, 16);

legend('Omni', 'With directivity', 'Location', 'SouthEast');
»label( ' Time');

ylabel('Path loss (dB)');
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