Pottie and Kaiser: Principles of Embedded Network Systems Design


Lecture 3: Signal Propagation

Basic wave propagation phenomena

· simplest propagation model is a wavefront propagating from an isotropic source in free space.  

· energy is launched from the source with equal intensity in all directions.  

· For any sphere centered on the source, regardless of the radius r the same total amount of energy must impinge on its surface.  

· surface area of the sphere is given by 4r2, so if Pt is the transmitted power, the power impinging on an area A of the surface is 
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· signal intensity drops as the second power of distance from the source.  

· Receiving devices do not capture all the energy impinging upon them, and it is sometimes difficult to determine the receiving area (e.g., think of a whip antenna).  

· common practice to refer to the effective area Ae of a receiver, which takes into account the various signal losses.  

· for radio frequency (RF) propagation, usually the directionality of the transmitting and receiving elements is described by the antenna gain.  

· gain is the ratio of the peak intensity of the radiated signal compared to what the intensity would have been with an isotropic source. 
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Beam (intensity) pattern for dipole antenna

· antenna gain is related to the antenna effective area by
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· Substitute to obtain free space propagation formula
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· signal to noise ratio (SNR) is often a strong indicator of the reliability of detectors, whether for sensors or communication systems. 

· added to the desired signal is noise of power N0. 

· assumed to be independent of the location of the receiver and uncorrelated with the desired signal.  

· Then the SNR is given by


[image: image5.wmf].








· Free space propagation is never actually encountered except in space.  

· distortion, scattering, and attenuation caused by the propagation medium.

· collected together as a propagation loss Lp. 

Geometric Optics Approximation

· Geometric optics accounts for combination of reflection and refracted transmission at the boundary between media, when this boundary is large compared to the wavelength. 

· angle of reflection is equal to the angle of incidence, and the angle for the refracted ray depends on the indices of refraction ni of the two media.
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· If a ray originating in the high refractive index medium arrives at an angle exceeding the critical angle c, then total internal reflection occurs.  

· set 2=90 degrees in the above equation, so that sinc=n2/n1.  

· Allows guided propagation (e.g., waveguides, fiber)
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Reflection and refraction

Diffraction and Shadowing

· Huygen’s principle: every point on a wavefront can be considered as the source for a new spherical front.  

· Accounts for diffraction, while also predicting plane waves

· The intensity of the wave behind the barrier is much less than for the incident plane wave.  

· Even the path of grazing incidence to the barrier suffers a 6 dB loss. 

· reflective barriers can also increase signal strength beyond what would be predicted with free space loss, by confining the wavefront.  

· These waveguiding gains and diffraction effects are collectively referred to as shadowing.
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Knife Edge Diffraction

Statistical Models

· model received signal as sum of multiple rays, each of which is characterized by 

· propagation delay , 

· attenuation 
· phase shift   (Note: phase shift is not actually independent of the delay; =2fc, where fc is the carrier frequency)  

· all are time varying, so equivalent baseband complex impulse response is 
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· amplitudes are usually modeled as Rice or Rayleigh distributed

· generally decay with delay, corresponding to longer paths

· time variation in impulse response between source and receiver may be due to their motion, or to motion in the medium.  

· correlation among the impulse responses seen at different times and spatial locations.  

· fastest variations over short time and space scales will be due to the different phase sums of the rays at any given delay, rather than any large change in their attenuations

· take place on the order of a wavelength.  

· called multipath fading. 
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Intensity variations due to multipath fading

· Larger scale variations are typically broken down into 

· distance attenuation 

· empirically observed long-term trend in signal loss as a function of distance, typically the range to some power

· shadow fading.  

· variation about the distance loss  (on the scale of multiple wavelengths to average out the multipath fading), caused by objects that are many wavelengths in size.  

· common statistical model for shadow fading is as log-normal statistics. 
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Combined effects of distance loss, shadowing and multipath

Optical Signals

· electromagnetic radiation with wavelengths around 500 nm; can be visible or IR

· detectors for radio signals linearly responsive to signal amplitude but optical detectors are linearly responsive to the number of photons, i.e., to signal intensity.

· optical communication systems modulate intensity levels.  

· higher frequency of optical signals typically requires line of sight, a dominant reflector, or guided propagation for successful transmission

· For short distances, diffuse reflections can still be successful for low data rate communication

· standard spreading of wavefronts applies, with lenses playing the analogous role to antennas in RF systems of increasing directionality. 

· reflection and refraction explain both lens behavior and guided propagation by fibers.  

· lens is constructed out of a higher refractive index medium such as glass (n=1.5 nominally)

· two circular surfaces having different radii of curvature, r1 and r2, 

· Rays propagating from an object at position O create an image at position I.  
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Thin lens

· the various parameters are related by


[image: image13.wmf]




· changing the signs of the radii of curvature will change the lens from being convex to concave. 

· focal length of the lens is obtained by setting o to infinity, and then i=f, 

· it is the location that the lens will focus an incident plane wave upon

· Alternatively, a source at location f will generate a plane wave at the lens output, which then spreads according to Huygen’s principle
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Focal length of a lens

· Lenses may be arranged in series with other lenses or mirrors to provide the desired degree of magnification or directionality to a light source.  

· E.g.,  to make an distant object projected upon the viewer appear to be a magnification factor M times larger than in reality. 

· Light gathering ability is also important, so that light from a large area is collected and then focused

· Larger apertures permit greater intensity increase, and the detection of fainter objects.  

· price of intensity increase and magnification is reduction in the optical field of view, the range of angles for which objects can be detected.

· Zoom in cameras uses a complex assembly of lenses and mirrors

· Simple cameras have fixed wide angle lenses

Acoustic and seismic signals

· Acoustic and seismic signals are examples of pressure waves.  

· Sound (acoustic) waves are longitudinal waves

· seismic waves take a variety of forms.  

· There can be energy transfer among these forms as acoustic signals can be coupled into the ground, while vibrating structures generate 

· Geometric optics and diffraction effects suffice to model the basic observed phenomena

· However, propagation medium can be complicated, with variations within the medium resulting in very large differences in propagation velocity.

Acoustic Propagation

· Given B is the bulk modulus of elasticity and 0 is the density of the medium acoustic propagation velocity is 
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· Frequency, humidity, pressure, and temperature all affect velocity and attenuation.  

· Atmospheric conditions also affect the range of acoustic propagation.  

· Temperature gradients can cause refraction towards or away from the ground

Speed of sound in various media
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· Unlike radio propagation, the ground reflected ray does not result in cancellation for acoustics as no phase change occurs for compression waves.  

· basic features of distance loss, shadowing, and multipath are observed, although multipath is typically referred to as reverberence  in the context of the acoustics of auditoria.  

· A “live” concert hall has long reverberence (i.e., large delay spread), with the reverberence affected by whether an audience is present or not, and the presence of absorbers such as carpets and fabric wall hangings. 

Microphone directionality

· As we’ll see, microphones work by transducing electrical signal from pressure wave distortions of a membrane

· Waves of particular orientation will cause larger vibrations, thus microphones are directional

· Size of membrane (microphone aperture) affects sensitivity; many other factors involved

· Can have vastly different directionality, dynamic range

· Prices in part reflect this (also linearity of response, frequency range)

· Sound path to microphone plays role similar to lens

· Ears

· Parabolic reflectors

· Arrays of microphones can be electronically steered (like antennas) to scan different directions

Acoustic Gradients

· Sound intensity in principle obtained from combination of the multipath components

· Includes ground bounces, reflections off walls, partial transmission through barriers

· Also can have diffraction over tops of barriers

· Direct path ray often dominant, especially when barriers absorb little sound

· In practice, very difficult to compute actual intensity map, due to many uncertainties in reflectivity, absorption of barriers and complicated geometry

· Must experiment to determine whether multipath components or direct path will dominate

· Directionality of microphones can affect measurements
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· Can create intensity map from different positions; gradient following algorithms seek to progress to regions of higher intensity

· Can use differences in measurements from one position to another to estimate direction of a source
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· If have array of sensors throughout maze, can get simultaneous intensity estimates from multiple positions, yielding partial sound map

· Gives better inference of position of source

· E.g. simplest algorithm is to estimate position as being nearest microphone with strongest intensity

· If can do coherent combining, may estimate position much more accurately, although multipath can make computations very complicated

· In simple form, a least squares optimization

Seismic Propagation 

· Waves in the bulk medium can be either shear or longitudinal waves (with quite different velocities

· surface waves can also form which follow a rolling motion.  

· velocity of propagation can differ drastically from one location to another based on the composition of the ground.  

· In earthquakes, this results in focusing effects whereby ground motion can vary widely in nearby locations. 

· Earthquakes also provide powerful stimuli for evaluating underground layers, each of which has different propagation velocities, resulting in some combination of reflection and refraction at each boundary.  

· multipath is also present in seismic signals.  

· frequency-dependent dispersion and attenuation, as the earth is generally low-pass, i.e., higher frequencies are attenuated.  

· Only at very close range are high frequencies observed.  

· in earthquakes a rolling motion indicates an epicenter that is far away, while sharp vibrations indicate the epicenter is nearby.  

Example: Location of geological layers

· Depths of geological layers determined using a surface array of sensors 

· source (such as an explosive) is excited at a known time and location.  

· signals are then observed at each of the node locations.  

· The layers have different propagation velocities, and so to solve the equations for both depth and velocity an array is required.

· suppose the first layer has a depth of d, and the first two detectors are at ranges of x1 and x2 from the source
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Reflections from a single geological layer

· reflected path from source to node 1 has length 2r1, from source to 2 it is 2r2 where 
[image: image19.wmf]and
[image: image20.wmf].  

· propagation time to node 1 is 2r1/v, and time to node 2 is 2r2/v.  

· Eliminating r1 and r2, there are two non-linear equations in d and v.

Sensor coupling

· coupling of the measurement device to medium has big impact on measurements.

· buried seismometer has much superior sensitivity to one on surface.

· Typically a seismometer or geophone must be buried at least 10 cm or firmly attached to a rigid structure for good results. 

· seismic channel can be decomposed into the components 

· coupling between source and medium

· dispersive medium

· additive noise source

· coupling between the medium and the sensor.  

· This type of model applies to many sensing systems

· The noise level is highly environmentally dependent.  

· In an application such as identification of a vehicle based on its seismic signature, must deal with estimating not only the signature of the vehicle but also the coupling of the vehicle to the medium and the noise due to other vehicles

· Can sort out some of these through calibration


[image: image21.wmf]
Model of signal propagation
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