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The Electromagnetic Spectrum

Figure: NASA

Remote sensing
using radio waves:

Just light we can't
see without tools.
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Properties of Waves
Relationship Between Frequency and Wavelength

—

Speed of light, ¢

c= 3x108% m/sec
= 300,000,000 m/sec

Speed of light (m/s)
Wavelength A (m)

Frequency (1/s) =

Examples: Frequency Wavelength

100 MHz 3m
1 GHz 30 cm
3 GHz 10 cm
10 GHz 3cm




Properties of Waves
Phase and Amplitude

Amplitude (volts)

Al
/\ | Phase, 0 Asin(09)

Amplitude (volts) 90° phase offset

Al

_Phase, 6 Asin(6-90°)




y(x, t) = Acos(ot — kx + ¢,)

| Wavenumber

Angular frequency k= 271/\
W = 27‘|:f — 27’[/ T

Wave phase velocity
c = /A= wk=3x10%m/s

Frequency (1/s) = Speed of light (m/s)
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(b) v(x.7) versus ratx =10




Properties of Waves
Constructive vs. Destructive Addition

Constructive Partially Constructive
(in phase) (somewhat out of phase)

Pestructive Non-coherent signals
(180" out of phase) (noise)

7



Polarization

Electromagnetic Wave - Electric Field

- Magnetic Field

Vertical Polarization Horizontal Polarization
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TEM Waves: transverse electromagnetic (TEM) modes neither
electric nor magnetic field in the direction of propagation
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Electromagnetic waves in free
space propagate in TEM mode
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Phase Velocity, Group Velocity, Index of Refraction
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Refraction and Dispersion

Green
Q . Blue
Indigo
Violet
L Glass prism

Dispersion of White Light




lllustration of Atmospheric Effects

Elevation Refraction

IONOSPHERE
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Index of Refraction n=—_ inthe lonosphere

(&
P .
is a function of frequency
) X
n°=1- 1
' Estinzﬂ 1 1yrg o d , ) ) 1/2
1-iZ - =t 5 (ZY sin” 0+ Y2 cos? (1 — X —i2) )
n is the index of refraction |
> 2\ /5 18]
@y @, v ~Ne e
=5 e = — a)N = C()H =
@ 0 w gOme me
@ = the angular frequency of the radar wave,
Y, = Ycosf, Y, = Ysinb,
¢ = angle between the wave vector k and B,
k = wave vector of propagating radiation,
B = geomagnetic field, N = electron density
e = electronic charge, m_ = electron mass, v = electron collision frequency

and & = permittivity constant.




Dispersion relation: the concept

Key concept for wave behavior within a propagation medium.

Describes the relationship between SPATIAL frequency (wavelength)
and TEMPORAL frequency.

Some wave modes relate wavelength to frequency linearly,
but waves in most media have nonlinear relation between wavelength and frequency.

Linear dispersion example:
EM radiation propagation through free space
(wavelength / velocity = c)

Nonlinear dispersion example:
splitting of light through a prism 7
(effective speed of light depends on wavelength \

due to glass’ non-unity index of refraction)

Wikipedia CC-3.0

ISR 2017 Workshop: Arecibo 2017-07-24 to 2017-07-28 1
P. J. Erickson



Dispersion relation: the concept

Simple linear case: uniform phase velocity
w(k)=ck
Most propagation speeds depend nonlinearly on the wavelength and/or frequency.

NB: for a nonlinear dispersion relation, the pulse will typically spread in either spatial
frequency or temporal frequency as a function of time.

A
Example of pulse spreading spatially
from time Ato B to C.
B
c
e Y p hitp://www.mathcaptain.com/statistics/dispersion-statistics.html

ISR 2017 Workshop: Arecibo 2017-07-24 to 2017-07-28
P. J. Erickson




Radio Propagation in the lonosphere

Index of Refraction (no B field) Plasma Frequency Phase Velocity

Significantly Above Critical Frequency

Above Critical Frequency

Topside

F region peak
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RADAR
RAdio Detection And Ranging

Antenna
Propagation

| | | Target
Cross
T / Section

. Reflected

Transmitted Pulse
Pulse (“echo”)

Radar observables:
- Target range
» Target angles (azimuth & elevation)
» Target size (radar cross section)
» Target speed (Doppler)
» Target features (imaging)
18



Radar Block Diagram

. Waveform
. Transmitter
Propagation Generator
Medium
Signal Processor
l . Pulse Doppler
Antenna Receiver S Compression Processing
Main Computer
Console /
Tracking & Display
Detection Parameter
Estimation i
Recording
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Radar Range Equation

Antenna Aperture A
Transmitted Pulse

Transmit Power P+

1 L= Target Cross Section O
-—
Y Received Pulse
Lk R .

Transmit Transmit Spread Losses Target Spread Receive Dwell
Power Gain Factor RCS Factor Aperture Time

Receéx;«zo:gs;gnal [P ] [4;:2;\} [4 ;RZ} [ |1_ } [ o] L;Rz} [A] [ <]
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Antennas

Most basic form
of antennas — a
wire element
with a time
varying current
flowing in it

|
O

Dipole antenna
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. Parabolic dish
Log periodic Horn antenna
Reflector antenna
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Antennas

Four primary functions of an antenna for radar applications:

e |mpedance transformation (free-space intrinsic impedance to
transmission-line characteristic impedance)

e Propagation-mode adapter (free-space fields to guided waves)
e Spatial filter (radiation pattern — direction-dependent sensitivity)
e Polarization filter (polarization-dependent sensitivity)

Horn antenna

Helical antenna

Parabolic reflector antenna



Impedance transformer

* Intrinsic impedance of free-space, n,= E/H is

No =/ /€ =120 1= 376.7Q

» Characteristic impedance of transmission line,
Z,=VI/I

* A typical value for Z_ is 50 Q.

* Clearly there is an impedance mismatch that must
be addressed by the antenna.

24



Propagation-mode adapter

During both transmission and receive operations, the antenna
must provide the transition between these two propagation

modes.

TRANSMITTING ANTENNA

transition

Transmission line

Generator
or transmitter
—————
Guided (TEM) wave M

: . Transition
One-dimensional wave )
region  Free-space wave

orantenna  ragiating in
three dimensions

RECEIVING ANTENNA

Plane wave

>

-

Tapered Elines E lines

Tapered
transition
Guided (TEM) wave

Receiver

—

Transition region
or antenna
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Spatial filter

Antennas have the property of being more sensitive in one
direction than in another, which provides the ability to spatially
filter signals from its environment.
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Directive antenna. Radiation pattern of directive antenna.



Radiation pattern — antenna gain

Isotropic antenna Directional antenna

T G = antenna gain

| Side lobes




Propagation med

ium — losses

Radio waves are affected by the medium they propagate in.
Effects dependent on the refractive index of the medium and

wave frequency

Radio wav

Atmospheric attenuation

Reflection off of earth’s surface

Over-the-horizon diffraction

Atmospheric refraction

re also refl ff of th rf

AVAVAVAVI %
Nl

Attenuation usually
measured in dB

SNR dB = 10log, , Sonpover

noise power

dB value times by

+30 dB 1000
ﬂ +20 dB 100

+3 dB 2

-10dB 0.1

-20dB 0.01

—
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Radar equation

Transmit Transmit Spread Spread Receive Dwell

Losses

Power Gain Factor Factor Aperture Time

Received Signal AdnA 1 1
Energy = [PT][;}[MRE}[L 4::R1}[A][I]

Radar cross section tells us about the target
properties

It is the effective target cross section as seen by the
radar




Radar Cross Section (RCS)

/ RCS
Incident X o - Reflected
Power Density Power
(Watts/m?) (m?) (Watts)

Radar Cross Section (RCS, or s) is the effective cross-
sectional area of the target as seen by the radar

measured in m2, or dBm?2

30



Hard targets vs. Soft targets




Volume scattering - lonosphere

* Volume scattering cross section ov has units of area/volume
e Signal is proportional to range resolution

 What about the ionosphere ?
Cross section of a single electron = 10 m?

Cross section of a bunch of electrons in a

10 km3 volume in the ionosphere assuming electron
density = 10'2 /m3, is 1019 x 10*?

X 1028 =10°m? I1)

CAN be measured by an incoherent scatter radar.



Radar Range Equation

Antenna Aperture A
Transmitted Pulse

Transmit Power P+
1 L ' Target Cross Section G

< — | | .'...
@ 00

. Received Pulse
|« R g

Transmit Transmit Spread Losses Target Spread Receive Dwell
Power Gain Factor RCS Factor Aperture Time

Rocaved Signal ] ][] U ) o] 1A 1 Ce
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What the radar transmits:
Pulses and waves

How many cycles in a pulse?

PFISR frequency = 449 MHz Radar wavetorms

Long pulse length = 330 us m.odulate the waves
# of cycles = 148170 with on-off sequence

35



Pulsed Radar

What would be the duty
cycle for a continuous

EUISih (100 ps) wave (CW) radar?
eng
— |«
Tx Peak 1 mw)
bulse power
Power Return

i‘ :} Time

IPP (Inter-Pulse Period) (1 ms)

Duty cycle = Pulse Length/IPP (10%)
Average power = Peak power x Duty cycle (100 kW)
PRF (Pulse Repetition Frequency) = 1/IPP (1kHz)

36



Range Resolution

[Range resolution is set by pulse Iength}

Pulse length =1

Range resolution = ct /2 for a
single target.

p )

Maximum unambiguous range

H H MUR = c*IPP/2
AN N

le |
>
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Pulse duration vs. Range resolution

Pulse Duration Range Resolution

L L
L L

L I
L
I




Radar Waveforms

What do radars transmit?

Waves?

or Pulses?

Waves, modulated
by “on-off” action of
pulse envelope

39



Radar Waveforms

Pulse at single frequency

VVVV

Pulse with changing frequency

VW

Frequency

Frequency

Time

Time

40

Linear
Frequency-
Modulated
(LFM)
Waveform



Radar Range Measurement

* Target range = %

where ¢ = speed of light
T = round trip time

41



Range Resolution and pulse compression

Problem: Pulse can be very long; does not allow accurate range measurement

1msec x ¢ =150 km

—2

=TT

I

Solution: Use pulse with changing frequency and signal process using “matched filter”

T = |V | >
filter I

Uncompressed pulse Compressed pulse

42



Detection of Signals in Noise

Detected Target

False
Alarm Detection
- \ ] Threshold
a;: Missed
o Target /
: \
A RMS
i M\j (A M\} Y W /[ LIty U L«—" Noise
Level
.
Range
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Coherent Integration

<

Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5
« Coherent target returns
- Noise samples at low SNR * Resultant signal

Coherently Integrated Pulses

Deep space targets at 30,000 — 40,000 Km

44
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Moving target: Doppler

Positive Doppler = target moving toward the observer shift
Negative Doppler = target moving away from the observer



Doppler Shift Concept

AT M E R
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Sign conventions

The Doppler frequency is negative (lower frequency,
red shift) for objects moving away from the radar

The Doppler frequency is positive (higher frequency,
blue shift) for objects moving toward the radar

These “color” shift conventions are typically also used on radar

displays of Doppler velocity ' .
G
| - .H : . -l _. : i

ey
Away from radar

Toward radar



Doppler shift frequency

Tx signal: cos(2nft)
Return from a moving target: cos[2nrf (t + 2R/C)]

If target is moving with a constant velocity, such
that R=R, + v t

then,

Return: cos[2n(f, +t + 21/ R, /c]

Doppler frequency:
2fv./C=-2v /X,

49



Pulsed Doppler Radar system

cos wt
s(t) l
waveform ' transmitter
generator "'?5' -+ (amplifier)
l p(t) = s(t)cos w,t
antenna

circulator /\f):q ::' ::‘) i) ‘>

1

' p (1) = a(t) cos| wt +0 (1)] Image courtesy
a : . low-noise - of NASA
demodulator - amplifier (LNA)
So, a pulsed Doppler radar not
only detects the target location,
e but also otbserves the target
receiver movemen 50
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