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Active Microwave Imaging Systems

Passive Imaging System: Detect the 
reflected or emitted electromagnetic 
radiation from natural sources, e.g., 
cameras, spectrometer, microwave 
radiometer, etc. 

Active Imaging System: Detected 
reflected responses from objects 
illuminated by artificially-generated
energy sources, e.g., real aperture 
radar, synthetic aperture radar 
(SAR). 

RADAR: Radio Detection and 
Ranging; 1904 Europeans 
demonstrated use for detecting ships 
in fog

SLAR: Side Looking Airborne 
RADAR, developed during World 
War II, for all weather, day-and-night 
aircraft operations; 

SAR: Synthetic Aperture RADAR, 
airborne systems developed in 
1950’s; 

Active sensors work independently 
with the sun radiation, and can work 
24 hours a day.



SAR wavelength, range? What 
happens if too short, or too long?



Why Q, V, W, K bands 
are rarely used in 
SAR? 



What are current C/L/X band 
systems? From Canada? 



Radar - How to measure distance and detect?



Radar - Which one closer? Why intensities different?  

Radar equation describe Pr (i.e., the power returned to the receiving  antenna) as a function 
of distances, scattering properties of the target (cross section), sending power intensity, and 
antenna gain (the extend to which the antenna is directionally sending out signal). 



SAR: Side Looking System Side-looking vs. nadir-looking, which one 
can discriminate target a from b?

SAR and RADAR use distance (i.e., the 
arrival time of the received signal) to 
discriminate positions of the targets. 

Fig. (a)  -- down-looking or nadir-looking, two 
targets have equal distance --> signal returns 
to antenna simultaneously → antenna cannot 
discriminate the two targets. 

Fig. (b) -- side-looking, two targets have 
different distances --> signal returns to 
antenna at different times → antenna can 
discriminate the two targets. 

The ambiguity associated with a 

nadir-looking radar.

Side-looking geometry resolves 

the ambiguity 
(https://www.csr.utexas.edu/rs/sensors/w
hatissar/rar.html)

https://www.csr.utexas.edu/rs/sensors/whatissar/rar.html
https://www.csr.utexas.edu/rs/sensors/whatissar/rar.html


Radar Geometry - Range? Azimuth? Swath? Resolution cell? 



Imaging Radar - How to get an image?

Between these two white spots (two targets), which one is closer to 
the sensor? Which one is detected earlier? 



Range Reolution - Can Radar discriminate A from B
For the radar to be able to distinguish A and B, their echoes 

PA and PB must be received at different times.

If L (i.e., the pulse length) and d (i.e., the slant range distance 

between A and B) satisfy: 

L < 2d

PA and PB would not overlap and the two signals would be 

recorded separately.

So, Radar range resolution (across track resolution) is equal to 

L/2, meaning that., shorter L (shorter duration, or bigger 

frequency B which is also called bandwidth) leads to higher 

discrimination capability. 



Why far-range has higher 
resolution than near-range? 



Azimuth Reolution - Can Radar discriminate target 3 from target 4?

Can Radar discriminate target 1 from 
target 2? Beam-width, Why near 
range has higher azimuth-resolution? 

How does antenna length D 
influence azimuth resolution? How 
to get higher resolution? 



How does SAR synthesizes an extremely long antenna to improve 
azimuth resolution? 



Radar records slant-
range distances, 
which need to be 
transformed to 
ground-range 
distances to correct 
the image. 



Geometric Effects: Foreshortening, Layover and Shadow

RADAR measures the distance to targets in slant-range rather than the true horizontal distance along the ground.

(1) Foreshortening: the base 1 and the top 2 are closer in slant range, and the slope appears “compressed” on SAR image;

(2) Layover: the top 4 is closer to radar than the base, and the slope appears “reversed” on SAR image; Layover looks similar 

to foreshortening on SAR image;

(3) Shadow: the radar beam cannot illuminate some areas due to vertical features or slopes;



Radar Equation: Backscattering



Oil spills --> 
smooth surface --> 
low backscattering
--> dark-spots on 
SAR image

Jensen, 2008

Influence of Surface 
Roughness



How does dielectric constant influence SAR backscattering



SAR -- Incidence Angle Effect

(1) Local incidence angle (LIA) increases from near range to far 
range;

(2) Smaller LIA leads to stronger backscattering;

(3) Rough surface is less influenced by LIA; 

An example of ENVISAT ASAR Wide Swath Mode over sea area (Topouzelis etc. 2016). 



Strong “banding effect” in HV

Strong “incidence angle effect” in HH



Penetration depth ← Dielectric constent + Wavelength





Radar backscattering 

mechanisms for forest, 

wetland and soil surfaces. 

(a,b,g,h): Nonflooded 

condition; signal scattering in 

the crown and on the ground. 

(c-f,i): submerged 

wetland/open water; strong 

double-bounce reflection 

between the tree trunks and 

the water surface. (g-i): 

Ground surface in wet (g), dry 

(h) and flooded conditions





SAR Polarization
Polarization, wavelength and intensity are three key 
characteristics of radiation. SAR can control the 
sending and receiving polarizations. Different send 
and receive polarization combinations lead to different 
channels in SAR system. 

SAR HH channel: send H, receive H polarization;

SAR HV channel: send H, receive V polarization;

SAR VH channel: send V, receive H polarization;

SAR VV channel: send V, receive V polarization;



What causes SAR 
Speckle Noise
(1) The constructive or destructive interference among many 
scatters within a SAR resolution cell lead to either bright or 
dark intensity value on SAR image. 

(2) Bright land cover types tend to have stronger noise effect, 
while dark land cover classes are less influenced by speckle 
noise;

(3) Statistically, the intensity value of speckle noise can be 
described by a long-tail Gamma distribution, which is different 
from the Gaussian noise that appears on optical remote 
sensing images.  

From earthstartsbeating.com



Which wavelength provides 
higher accuracy? X, C, or L? 

SAR Interferometry: how to use the change in signal phase to measure the 
change in surface hight? 



An example of an interferogram from the airborne UAVSAR instrument obtained over the San Andreas Fault in California. The fault line 
can be identified in the upper half where the pink and yellow colors meet. This color change in the “fringe” is caused by surface 

movement the occurred between the observation dates of the two polarimetric images combined to produce the interferogram. Credit: 

NASA/JPL-Caltech



This interferogram produced from UAVSAR data shows the fault movement after the 2014 Napa earthquake in 

Northern California. Each color band cycle shows 12 cm of displacement toward the airborne instrument, which 

flew to the north of the radar swath, traveling in a southwest direction and looking to the southeast. The ground 

motion is seen where the fringe colors are displaced. Credit: NASA/JPL-Caltech



Which direction/area has stronger changes in the line-of-
sight direction? 



RADARSAT Constellation Mission (RCM)



RADARSAT Constellation Mission (RCM) Imaging Modes

Resolution vs. Swatch width?





Temporal resolution - high latitude higher, why? 





RADARSAT Constellation Mission: Finding solutions for a better Canada

2019-05-14 - The RADARSAT Constellation Mission (RCM) uses a trio of satellites to take daily scans of our country and its waters collecting invaluable information. This important data helps captains safely navigate through
Arctic waters, farmers maximize their crop yields and first responders
save lives, among other solutions. (Credit: Canadian Space Agency)

Useful Links
RADARSAT Constellation: http://www.asc-csa.gc.ca/eng/satellites/radarsat/
Meet RADARSAT users: http://asc-csa.gc.ca/eng/satellites/radarsat/users.asp
What is the RCM?: http://asc-csa.gc.ca/eng/satellites/radarsat/what-is-rcm.asp

Find out more about this video: http://www.asc-csa.gc.ca/eng/search/video/watch.asp?v=1_2hffydah

http://www.youtube.com/watch?v=VGQp4iiKMJY


Advantages and Disadvantages of SAR 

Advantages:

(1) all weather and day-and-night operation capability;

(2) strong penetration capability;

(3) sensitive to surface roughness and dielectric properties (water content, biomass, oil spills, ice); 

(4) measure distance (by interferometric SAR);

(5) strong structure discriminative capability (by polarimetric SAR);

Disadvantages:

(1) incidence angle noise;

(2) speckle noise;

(3) geometric distortions;
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Passive Microwave vs. Radar? 



What wavelengths ranage? What if < 3 cm? 



What are components of Passive Microwave Signal?



What wavelengths? 



Wavelength vs. Resolution?





Conical scanning: how is it different from cross-track scanning



Radiation is governed by Planck’s Law
c2/λT

B(λ,T)  =  c1 /{ λ 5 [e         -1] }    

λ =  wavelengths in um, T = temperature of emitting surface (deg K), c1 = 1.191044 x 10-5 (mW/m2/ster/cm-4), c2 = 1.438769 (cm deg K)

In microwave region c2 /λT << 1, so that 

c2 /λT

e          = 1 + c2 /λT +  second order (recall that ex = 1 + x/1! + x2/2! + …) 

And classical Rayleigh Jeans radiation equation emerges 

Bλ(T)  ≈  [c1 / c2 ] [T / λ4] = ελ [c1 / c2 ] [TB / λ4], where T = ελ TB , with ελ being 

emisivity. 

Radiance is linear function of brightness temperature.

Why radiance in PM is linear function of brightness temperature? 



Emissivity vs. soil moisture (dielectric constent) and surface roughness (h)

Emisivity changes with polarization, 

wavelenght/frequency, dielectric constant, 

surface roughness and viewing angle. 



Emisivity changes with polarization, 

wavelenght/frequency, dielectric constant, 

surface roughness and viewing angle. 

Bλ(T)  ≈ ελ [c1 / c2 ] [TB / λ4]
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Hyperspectral Remote Sensing

RGB sensors have only 

three visible channels (i.e., 

R, G, B). 

Multispectral sensors

have more than 3 channels 

at VNIR and SWIR portions 

of the spectrum (400nm-

2500nm). 

Hyperspectral sensors

typically have hundreds of 

continuous channels at 

VNIR and SWIR portions of 

the spectrum (400nm-

2500nm)

Image from wiki.tum.de and middletonspectral.com



Hyperspectral Environmental 

Remote Sensing

Image Source http://www.markelowitz.com

Difficulties: 

-- the large data volume of hyperspectral image 
(HSI);

-- the innate high-dimensionality of HSI;

-- the spatial-spectral heterogeneity in HSI;

-- the limited training samples; 

-- the noise effect in HSI, and many other factors;

What do we want from hyperspectral image (HSI)?

-- subtle class labels, e.g., different crop types 
mapping, diseased and healthy crops discrimination;

-- biochemical parameters, e.g., chlorophyll content 
and water content in leaves;
-- biophysical parameters, e.g., leaf area index (LAI)

-- geochemical parameters, e.g., soil heavy metal 
concentration, soil moisture;

-- informative features extraction for visualization



Hyperspectral Imaging Approaches

(A) Point scan. (B) Line scan (i.e. ”pushbroom”). (C) Wavelength scan. (D) Snapshot. 





Pushbroom imaging approach



2. Crop classification Using Deep Learning and Spatial Modeling AVIRIS 

Hyperspectral Image with 224 Channels -- North-western Indiana, two-thirds agriculture, and one-third 

forest or other natural perennial vegetation

True color RGB image Ground truth map



Can you effectively discriminate the 16 classes on this 
image, and why?

True color RGB image

2. Crop classification Using Deep Learning and Spatial Modeling AVIRIS 

Hyperspectral Image with 224 Channels -- North-western Indiana, two-thirds agriculture, and one-third 

forest or other natural perennial vegetation



Visual classification 
very difficult: 

Too many channels!

Weak class 
signatures hiding in 
high-dimensional 
space;

Just visualizing 3 
bands cannot tell 
the differences; 

Spatial Modeling and Deep neural network classifier achieved 97.45%
overall accuracy using 5% of the training samples in each class; 

1. Crop classification Using Deep Learning and Spatial Modeling AVIRIS 

Hyperspectral Image with 224 Channels -- North-western Indiana, two-thirds agriculture, and one-third 

forest or other natural perennial vegetation



2. Feature Extraction - Why Important?

Approaches: 

-- Selecting several informative bands from many bands; 
drawbacks: ignore many other bands; which bands? 
bias in knowledge;

-- Dimension reduction to avoid “the curse of 
dimensionality” 

-- Data compression, reduce spectral redundancy

-- Reduce the need on large training samples

-- Visualization, exploration, pattern discovery

Transforming high-dimensional spectral space into low-dimensional space, where the most informative latent 
patterns in hyperspectral images can be revealed. 

Solutions: 

-- Use physical model (spectral mixture models) to guide 
feature extraction process, disentangle high-dimensional 
spectra into limited endmembers and their fractional 
abundance; 

-- Unsupervised deep learning approaches, e.g., auto-
encoder;

-- Simple nonlinear transformation of several bands, 
e.g., NDVI, NDSI; drawbacks: ignore many other 
bands; which bands? bias in knowledge; 

-- Linear transformation of all bands, e.g., PCA, ICA; 
drawbacks: how to transform? Statistical 
approaches, not informative; linear; 



Spectral Unmixing for Feature Extraction

Forward model:                                                     

where:                                                     

Within a 30m-by-30m IFOV, there are multiple land cover classes, i.e., 
water, soil and grass. 

0.2

0.1

0.7

The spatial heterogeneity of land cover classes leads to mixed pixels in HSI.  

The resulting spectra observation of this mixed pixel is a mixture of three 
pure spectra, i.e., grass, soil and water.  

Spectral unmixing aims to quantify the 

within-pixel spatial heterogeneity by 
decomposing the mixed pixel into pure 
spectra (i.e., endmembers) and their 
fractional proportions (i.e., abundances). 

Spectral unmixing is essential for 

Discovering patterns using a limited 
number of abundances maps

Features that are informative 
for pattern discovery and 
visualization



Classes are not separable

Clear modalities, 
more separable



The abundance maps achieved by different methods on four endmembers (tree, water, soil, road) 
respectively from top to bottom.

Abundance Estimation Results 



The proposed method 
provides endmember spectral 
curves that are closest to the 
ground truth. 

Endmembers Estimation Results



Denoising of Hyperspectral Crop Scene

Raw noisy hyperspectral 
band image

denoised hyperspectral band 
image

Noisy spectra

Denoised spectra



Hyperspectral Canopy Monitoring
● Platforms: satellite, UAV, manned 

airplane

● Biophysical & biochemical
Parameters: e.g., LAI, Chlorophyll
content

● Models: physical models & empirical 
models

● Many Applications: e.g., precision 
agriculture

● Challenges: big high-dimensional 
complex data, no advanced 
hyperspectral analytics



Cubert Frame Camera



69

Headwall 
Pushbroom 
Camera
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LiDAR (Light Detection And Ranging) - how to measure distance? Comparing 
with RADAR?  



Red (660 & 635 nm), green (532 & 520 nm), and 

blue-violet (445 & 405 nm) lasers

Laser (Light amplification by stimulated emission of radiation) -
is a device that emits light through a process of optical 

amplification based on the stimulated emission of electromagnetic 
radiation.

Spectral range?
Differences with ordinary light? 

https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Optical_amplification
https://en.wikipedia.org/wiki/Optical_amplification
https://en.wikipedia.org/wiki/Stimulated_emission
https://en.wikipedia.org/wiki/Electromagnetic_radiation
https://en.wikipedia.org/wiki/Electromagnetic_radiation


LiDAR Equation - What determines intensity? Comparing with RADAR?  



LiDAR - What Platforms?



Airborne LiDAR Geometry - how to calculate X, Y, Z?



LiDAR - What Applications?



LiDAR Advantages: 
Disadvantages: 





Questions? 
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