Pottie and Kaiser: Principles of Embedded Network Systems Design


Lecture 4: Sensor Principles

Sensor system ideal architecture 
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Ideal open loop sensing system

· first stage of sensor system is a transducer 

· receives the input (noisy) physical signal 

· converts the received physical signal into an electronically observable signal.  

· E.g. change in temperature may be converted into a change of resistance if the transducer is a temperature-sensitive resistor,  or a light intensity signal may be converted into an electronic current by a photodiode detector.

· next component is the analog signal processing interface.  

· detects the electronically observable transducer output and conditions this signal for the subsequent analog-to-digital converter stage.  

· A/D samples the analog signal and presents this to an appropriate (and optional) digital signal processing stage.  

· output signal is available for processing by the ENS processor platform.

· Often transduction process is non-linear; frequently compensate using feedback

 [image: image2.emf]
Ideal closed loop sensing system

· part of the output signal supplied to transducer input after having been converted by the feedback transducer network.  

· In limit of high loop gain, physical signal amplitude at the transducer input will be nulled; nonlinear response will be reduced or eliminated.  

· relies on the presence of a well-characterized feedback transducer network.

Sensor system non-ideal operation

[image: image3.emf]
Non-ideal, realistic open loop sensor system with associated noise and interference sources.

· input physical signal is emitted by the source and propagates through the channel.  

· sensor signal channel contributes a distortion in the frequency domain and may also exhibit nonlinear amplitude dependence in extreme examples 

· Noise signals present at the site of the source also contribute to the input signals and these also propagate through channels

· often think of this as “interference” or environmental noise

· most important noise source to be considered next is that of the transducer itself. 

· all transducers display a noise associated with their operation.  

· E.g. for temperature-sensitive resistor device, fundamental thermodynamic noise (Johnson noise) results in a time dependent output voltage signal for finite resistance values.  

· E.g. the arrival rate of photons is nonuniform at the input of a photodiode leading to photon shot noise. 

· Transducer cross-talk also a noise source.  

· E.g. get signals derived from the input physical signal of interest (for example an atmospheric pressure signal) but temperature variations create an interfering signal that is indistinguishable from the desired signal but yet arises from entirely separate phenomena.

· analog signal processing interface also contributes noise in amplifying

· May use multiple amplifier stages beginning with low gain but low noise stage to mitigate effects

Sensor system standard figures of merit
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· Often, responsivity is incorrectly applied as a measure of sensor performance and a large responsivity value is regarded as desirable.  

· responsivity merely provides information on the sensor transfer function.  

·  resulting output amplitude determined by input amplitude and responsivity may be simply adjusted by the addition of proper attenuation or amplification.

· Sensitivity is determined by forming the ratio of output noise amplitude (computed in the absence of input signals) divided by responsivity. 

· often referred to as a noise equivalent signal

· NOTE: low sensitivity is better
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· Sensitivity is frequency dependent

· Both the noise sources and the factors contributing to responsivity depend on frequency, often in complicated fashions

· Sensing systems typically designed for particular frequency ranges

· Various normalizations employed in reporting sensitivity; need to be aware of them in making comparisons

Pressure sensors

· pressure sensor transducer transforms pressure to an observable displacement.

· Design constraints include sensitivity, capability to deal with wide temperature ranges, and cost. 

· earliest transducers, dating from the 1600’s, were based on the displacement of mercury or water columns.  

· In the 1800’s the aneroid (without fluid) transducer was developed. 

· based on a sealed capsule that would mechanically deform in the presence of a pressure difference between the external environment and the sealed capsule. 

· was highly non-linear and showed a narrow dynamic range. 

· improved by the use of a metal aneroid with corrugated surfaces, producing a force-summing diaphragm with linear response and wide dynamic range (1930’s aircraft apps).  

· MEMS devices are based on bulk-machined aneroid devices, of the basic form illustrated below.
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Basic MEMS pressure transducer

· transducer consists of a circular diaphragm of radius, r, thickness, t, of material of elastic modulus, E, Poisson’s ratio, (.  

· formed from single crystal silicon.  

· Pressure difference results in diaphragm deflection; maximum displacement is given by
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· output measurement is to be made at diaphragm center; responsivity is
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· system suffers from a cross-talk signal resulting in a variable offset 

· if capacitance measurements are used to measure the diaphragm deflection, then errors result since both pressure and temperature may yield this deflection.

· improvement based on directly measuring diaphragm curvature rather than deflection.  

· capacitive signal ratio between the center (Cs) and edge measurements (Cref) yields pressure.  
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 Capacitive detection transducer

· diaphragm system responsivity shows a strong dependence on r and t.  

· Reducing sensor scale carries a large reduction in signal.  

· Additional responsivity scaling issues are obviously associated with capacitor area.

Microphone

· broad applications in telephony, consumer electronics, hearing aids, sound-recording systems and medical ultrasound systems.  

· Hydrophones are microphones adapted to monitor acoustic waves in water environments.

· transducer usually consists of diaphragm that converts acoustic pressure waves into displacements.

· displacements may then be converted to electrical signals by a variety of means

· Carbon microphone: variation in resistance of a carbon contact

· Condenser microphone: variation in electrostatic capacitance

· Dynamic microphone: motion of a coil in a magnetic field

· Ribbon microphone: motion of a conductor in a magnetic field

· Crystal microphone: twisting/bending of a piezoelectric material

· Carbon microphones developed by Alexander Graham Bell in the 1870’; commonly used in telephones.  

· Crystal microphones can be very small; used for hearing aids. 

· sensitivity and responsivity of microphones are frequency-dependent.

· Directionality of microphones controlled by design of the air pathway to the transducer

· In hands-free automotive applications and in sonar, signals are coherently combined from an array of microphones

Antennas

· Variations in the strength of magnetic and electric fields induce currents in conductors within these fields, 

· variable currents within conductors induce radiation of electromagnetic waves.  

· Antennas can be used either for transmission or reception of EM waves.

· common to think of antennas as components of radio communication systems, but they are also transducers that can be used to measure RF signals.  

· efficiency of energy capture to a receiver depends on the antenna geometry and how impedance is matched first between the antenna and the medium and second between the antenna and the electronics.  

· Due to the reciprocity between transmission and reception, an antenna that is efficient in transmission will also be efficient in reception.  

· Antennas are additionally designed for shaping the pattern of reception or transmission, usually with increased gain in particular directions. 

· Efficiency generally decreases rapidly when the dimension is less than one half wavelength (or a quarter wavelength over a conducting ground plane), since it becomes difficult to arrange for a resonant response. 

· center-fed /2 dipole or equivalently the end-fed /4 monopole over a ground plane has impedance that is almost purely a resistance of 75 , with close to zero reactance.  (Actually slightly shorter antennas are used so that the reactance is more nearly zero). 

· This is a good match to transmission lines, resulting in simple matching circuitry. 

· Whip antennas can be inductively loaded to allow somewhat smaller sizes; patch antennas over high-dielectric coefficient media also allow for some size reduction.  

· fundamentally energy capture decreases as the antenna shrinks.  

· also critical to consider the environment in which the antennas operates—the packaging of the radio receiver, and the presence of nearby conductive entities (e.g., people) can radically alter the antenna efficiency and beam pattern.  

Antenna Figures of Merit

· Efficiency: the fraction of input energy that is radiated (and by reciprocity, the fraction of incident radiation that is captured)

· Gain: the ratio of the peak intensity in the pattern to that of an isotropic antenna

· Beamwidth: the angle between the 3 dB points of the main antenna lobe (set of angles with largest intensity).

· Sidelobe suppression: the ratio of the peak intensity to the intensity of the largest sidelobe
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Antenna sidelobes

Digital Cameras

· Some materials and structures display electronic response upon exposure to light or other electromagnetic radiation. 

· photosensitive materials and structures can also be used to

· measure light intensity (a photodetector)

· measure temperature (via an infrared sensor) 

· generate power (a photovoltaic cell).  

· Photodetectors find their largest application in fiber optic communication systems as a major component of the receiver. 

· Photosensitive materials are also at the heart of copying machines. 

Digital Camera

· consists of 

· (possibly movable) lens assembly

· array of photosensitive devices

· low-noise amplification and analog to digital conversion circuitry. 

· Traditional cameras use similar lens assemblies but instead of an array of electronic devices record images using chemical reactions in a film.  

· speed of a film refers to how quickly it must be exposed to light in order to produce the desired reaction.  

· different types of electronic devices also vary according to their response time.

Lens Assembly Parameters

· magnification (also called the image scale or scale of reproduction) is the ratio of the image size to the object size.  

·  depends on the focal length of the lens (related to the curvature and type of glass used in the lens).  

· focal length is how far an object at a far distance (“infinity”) will be focused as an inverted image on a plane behind the lens.  

· The longer the focal length, the greater the magnification but the smaller the field of view, i.e. size of scene imaged.  

· The aperture, or f-number, is ratio of focal length to diameter of an incident light beam at the lens.  

· light beam diameter in simple assemblies is roughly the same as the physical diameter of the lens, but can be larger or smaller. 

· The angle of focus refers to the range of angles for which an image will be reasonably sharply and uniformly focused.  

· 60 degrees for a 35 mm lens 

· 28 degrees for a 135 mm lens and a 24 by 36 mm picture format.  

· A smaller picture format (with denser pixels) enables smaller lenses. 

· A zoom lens is a complex assembly of up to 20 optical elements designed to allow constant image sharpness as magnification is changed.  

· rated according to the maximum change in magnification, typically 2-3 but as much as 6-10.  

· Reflective losses at the air/glass boundaries are reduced by special lens coatings of metallic fluorides.  

· cuts losses of 4-8% at a single interface down a factor of 10 or better over a broad range of frequencies. 

Example: Magnification and aperture size

· A zoom lens enables increase in magnification of a factor of 5

· Compare the time to take a low resolution image of a scene at distance d at low magnification versus the time to take a picture of a portion of the scene at high magnification at the same distance.  

· Assume the aperture size and thus light-gathering ability is the same in both cases.

Solution: 

· larger magnification does not change the amount of light reflected from the individual objects in view

· causes the objects to occupy a larger area in the focal plane.  

· in telescopes for example it is the size of the aperture that is more important than pure magnification.  

· For same light intensity, shutter speed must be decreased proportionally to the magnification factor squared, or 25 in this case.  
· can compensate in the design by having a larger aperture in the zoom assembly than for a 35 mm lens.  
· light-gathering capability remains a concern when miniaturizing lenses for embedded systems, both for visual and infrared cameras
Semiconductor transducers

· basic transduction principle used is the photoelectric effect.  

· In metals and semiconductors, manifested as emissions of electrons caused by exposure to light.  

· proportional to light intensity, with kinetic energy of the electrons being proportional to the light wavelength.  

· Three different responses of materials can be observed

· Photoemission: electrons are ejected from the surface of the solid

· Photoconductivity: material changes conductivity when irradiated

· Photovoltaic effect: radiation causes current to flow across the junction of two materials (usually doped silicon). 

· Photoemission is exploited in photo-diodes, the basic devices for measurements of light intensity.  

· Photoconductivity allows measurements over broader ranges of frequencies

· basis for infrared, ultraviolet, and x-ray detectors, in addition to detectors in the visible range.

Devices for Digital Cameras

· charge coupled device (CCD) and the active pixel sensor (APS) device based on CMOS integrated circuit technology.  

· located at the focal plane of the camera and present a two-dimensional array of sensor pixels.  

· photoelectric effect frees electrons, which then accumulate in a capacitor.

· accumulated charge is then periodically dumped, measured, amplified and digitized, typically according to a scale of 256 levels. 

· charge accumulation is directly proportional to light intensity and exposure time, arrays of such devices can produce gray-scale images.  

· Variable shutter speeds are used to avoid saturation or to permit a sufficient number of photons to be absorbed to produce measurable readings.  

· CCD and APS systems are rated according to their quantum efficiency: 

· the ratio of free electrons to incident photons. 

· Efficiencies of 70% are common, compared to a light conversion efficiency in film of 2%. 

· allows much faster shutter speeds and thus smaller cameras

Color Images

· Color images are generated in the Bayer sensor by a layered system of lenses, color filters, and CCD or APS focal plane devices.  

· lenses increase efficiency by concentrating energy on the photosensitive areas of the substrate with the CCD or APS focal plane.  

· The color filters are laid out in the pattern below
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· basic unit consists of one red, one blue, and two green filters due to reasons of the sensitivity of the human eye to colors.  

· while the number of pixels in an array is typically quoted for commercial purposes as the number of CCDs, in fact the number of pixels is 1/4 that stated.

Camera formats

· 35 mm camera refers not to lens size but to a film format of 36 x 24 mm.  

· image size in a digital camera is much smaller than this: 8.8 x 6.6 mm or smaller is typical.  

· lenses with smaller focal lengths (and thus also smaller physical dimension) will produce the same magnification.  

· A 7 mm lens for the above quoted focal plane will produce the same magnification as a 50 mm lens in a 35 mm camera.

· Pixel density has been steadily increasing  

· sharpness of an image is directly related to the number of pixels.  

· Digital cameras were introduced at resolutions of 2 Mpixels but now typically have far denser arrays resulting in quality that can exceed that of film.

Calibration

· process whereby the measurements of one sensor are compared to another taken to be a measurement reference.  

· at time of manufacture, it may be possible to trim (alter) the device so that its measurements are within a stated specification. 

· Many devices also include adjustable components that will enable tuning of the outputs. 

· broad range of factors that can cause sensor measurements to drift over time, affecting the transducer, packaging, and electrical components.  

· Must have some procedure for physically adjusting the sensor, scaling the data according to calibration measurements, or both.  

· A calibration procedure can be regarded as a macro-scale feedback mechanism for stabilizing sensor measurements

· relies upon some measurement standard that can be used only in particular times and places.

· calibration and compensation performed in the laboratory test environment may not be applicable at deployment. 

· E.g. installation or deployment of a sensor may lead to a temperature value and distribution that is not equal to that in the test environment. 

Effect of Non-linearities

· Calibration easier when the sensor has a linear response over the range of conditions it is expected to measure.  

· a single measurement suffices to adjust the data produced by the sensor.

· If the drift mechanisms are approximately linear over the epochs between calibrations then linear interpolation can be used to adjust the data.  

· For a non-linear response, many calibration measurements may be required for each time, and interpolation may be complex and error-prone.

Experimental reproducibility

· must record not only the observations of some particular sensor, but readings of other sensors which characterize the conditions that affect the primary sensor readings (such as temperature).  

· Other metadata to be recorded include issues such as 

· integration time for the measurements (which affects the signal to noise ratio and responsiveness to environmental dynamics)

· position, orientation

· days in the field, etc.  

· readings divorced from their context are neither interesting nor useful.
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