Revision Essentials

Part IIA, 2001

Electromagnetics

Gauss’s Law:

The total electric flux out of a closed surface is equal to the net charge within the surface:
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Relationship between electric field and flux density:
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Relationship between electric field and potential:
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Relationship between electric flux density and charge density:
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Current continuity equation
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Rho is the net charge density in a region.

Dielectric materials:
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relative permettivity = 1 + electric susceptibility.

Boundary conditions at the interface between materials:
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Where t and n mean tangential and normal to the interface.

Capacitors:

Capacitance:
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for an air-spaced parallel plate capacitor:
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A is area and d is plate separation.

General electrostatic equations:

Poisson’s Equation:
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If the region is charge-free, Laplace’s Equation applies:
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The uniqueness theorem:

Any solution to Laplace’s Equation which also satisfies the boundary conditions is unique.

Solving capacitance problems with Laplace’s Equation:

· Define equipotential surfaces

· Deduce coordinate dependance

· Integrate Laplacian in appropriate coordinates

· Apply boundary conditions to find potential function

· Find field and hence flux density, charge and capacitance.

Magnetostatics:

Ampere’s Law:
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for a long straight wire.

Integral form of above:
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Where J is current density.

Differential form of above:


[image: image14.wmf]J

H

=

´

Ñ


Inductance:

Definition:
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Relationship between magnetic flux and flux density
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Relationship between magnetic flux density and magnetic field:
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Boundary conditions:

Normal field/flux:
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Tangential field/flux:
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where n2-hat is the unit vector normal to surface 2 and pointing into surface 1.

Js is the surface current density.

Magnetic circuits:

	Electric circuit
	Magnetic circuit

	Current
	Flux

	Resistance
	Reluctance

	Conductance
	Permeance

	emf
	mmf
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where l is length and A is area.

EM Waves:

Maxwell’s Equations for waves:
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JC is conduction current density.

EM waves always have a magnetic and electric component at right angles.

Uniform plane wave:

If our wave travels in the z direction, then E and H must lie only in the xy plane.

Assuming that E lies in the x direction, the equation is:
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Beta is the phase constant:
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The magnitude of H is related to E by use of the impedance of free space:
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Energy transfer- the Poynting Vector:

Instantaneous Poynting Vector:
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Average Poynting Vector:
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represents the average power flow through a unit area.

Polarisation:

Linear polarisation is described in terms of the direction of E.

Circular polarisation: if you stand at the source and watch the wave moving away from you, then a vector rotating clockwise is a “right-hand circularly polarised wave”.

Elliptical polarisation works similarly, and is the general case.

Waves in Materials

General wave equation:
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this can be redefined as:
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where
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Sigma is conductivity.

This forms a plane wave thus:
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for propagation along the z-axis with E in the x-direction.

We can further redefine gamma as:
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This means that the plane wave becomes:
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This is the same as the free space equation if alpha and sigma are zero.

Beta is the phase constant, as before. Alpha is an attenuation factor.

The impedance of the material is:
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Laplace Transforms:

Transforms for circuit components:

Laplace impedance of a capacitor:
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Laplace impedance of an inductor:
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Kel’s “Cover Up” rule for Partial Fractions:

Start with the first bracket in the denominator. Find the value of s that makes the bracket zero. Then substitute in this value of s, ignoring the bracket you first thought of:
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Stability:

If you half poles in the right-half s-plane, the system is unstable.

Shifting Theorems:

2nd Shifting Theorem:

If a function f(t) has a Laplace transform F(s), and f(t) is delayed by time T, the new Laplace Transform is e-sTF(s).

1st Shifting Theorem:

If f(t) has the Laplace transform F(s), then the Laplace transform of eatf(t)=F(s-a)

Initial Value Theorem:
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Final Value Theorem:


[image: image39.wmf](

)

{

}

)

(

0

s

sF

s

f

®

=

¥


as long as F(s) only has LHP poles.

Convolution:

The convolution of two functions in the time domain is equivalent to their multiplication in the s-domain. Convolution is written with an asterisk.

Noise

Noise is random and continuous and described by a Gaussian probability density function.

Deterministic noise has a repetitive element, and can be detected by autocorrelation- multiple peaks appear in the autocorrelation function.

Adding noise voltages:

For uncorrelated signals, we add the powers of the sources.

Nyquist’s Equation for Thermal Noise:
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where k is Boltzmann’s Constant and T is the absolute (Kelvin) temperature of the noise source. This equation gives the power delivered into a matched load.

Noise Factor and Noise Figure:

A noisy system has a noise factor, the ratio of the total noise output by the system to the noise introduced at the input. For a perfect system, the noise factor, F is 1. F is a linear quantity and may be calculated using the following formula:


[image: image41.wmf]GFkTB

P

out

n

=

)

(


This gives the output noise power in terms of:

· system power gain (G)- expressed as a linear ratio

· the noise factor, F

· the input noise power kT 

· the noise bandwidth of the system, B (note that this isn’t the same as the 3dB bandwidth)

Alternatively, noise figure is used.
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The Black-Box System Noise Model:

This works only for matched-impedance systems; i.e. ones where all system blocks have identical input and output impedances.

A few components:

· Amplifiers: manufacturers will quote gain and noise figure.

· RF mixers: active mixers will have gain and noise figure. Diode mixers will have loss. typically noise factor equals linear loss.

· Passive attenuators: noise factor equals linear loss.

To find the noise factor of a system, sum the following series:
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The noise factor also has a couple of other forms:
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This means that you can measure noise factor by measuring signal-to-noise ratio. You can also express the noise factor in terms of the equivalent noise temperature Teq.

Improved component noise models:

A resistor may be modelled by a noiseless resistor in series with a noise voltage source. The rms noise voltage is as follows:
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If there’s a d.c. current flowing in the resistor, flicker noise is added as a further noise voltage source:
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Capacitors and Inductors:
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Two port noise model (for non-matched impedances)
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You can transform this arrangement using Norton/Thevenin theorem to give three voltage sources and a series resistance.

There’s an optimal value for the source resistance: it’s 
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When solving equivalent-circuit problems, move all the noise sources to the input, by use of circuit theory and allowing for gains and losses. Then you can reduce the system to a simple noise model like the one above and solve the problem.

Solid State Physics

Metal-semiconductor junctions: Ohmic contacts and Schottky diodes.

For n-type semiconductor:

-if the work function of the metal is larger than that of the n-type semiconductor, the result is a Schottky diode.

-if the work function of the metal is smaller, the result is an ohmic contact.

For p-type, the reverse applies.

Ohmic contacts are necessary for joining semiconductor devices to metal wires. Schottky diodes are often used in ICs as they’re easier to manufacture than p-n diodes. Schottky diodes are also faster switching than p-n diodes because they are majority carrier devices.

Transistors: the Ebers-Moll model:

The simple transistor model (three-blocks) does not account for physical differences between emitter and collector- it gives the impression that the device will work with E and C reversed.

The Ebers-Moll model:

Advantages:

· precise electrical model of electronic behaviour of device (based on physics!)

· can be significantly simplified in most circumstances.

· covers all operating modes of BJT

Disadvantages:

· contains no explicit capacitive effects- cannot describe frequency or transient response.

The equations:
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where:

IE = emitter current

IES = emitter saturation current in normal mode

VEB = emitter-base voltage

(I = current transfer ratio in inverted mode.

(N = current transfer ratio in normal mode.

ICS = collector saturation current with emitter-base shorted

VCB = collector-base voltage.

ICN = collector current in normal mode

ICI = collector current in inverted mode

Ebers-Moll Equivalent Circuit
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The components shown in black are active in the normal mode. The grey components are only effective when in inverted mode, and may be ignored in the normal mode.

If you’re interested in bandwidths, use the hybrid-pi small signal model.

Control

Linear Translational Dynamic Systems

Components:

Mass (M)

Spring (K)

Viscous Damper (fv)
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To solve these, draw the free body diagram and equate forces to get X(s)/F(s)

Time responses

1st order systems

General form:
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Time constant:


[image: image54.wmf]a

1

=

t


Settling time is 4(- 98% of maximum value.

Risetime:
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More general form:
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final value is:
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Second Order Systems

General form
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Natural underdamped frequency ((n) is maximum frequency at which system will oscillate without damping.

Damping ratio (() is a measure of the number of cycles of oscillation before the oscillation dies away. If the ratio is zero, the system oscillates indefinitely. If it’s unity then there is no oscillation at all.

It’s possible to rearrange to give the transfer function in terms of (n and (.
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This equation is given in the exam, as are the ones for settling time, percentage overshoot and peak time.

Steady State Errors

To find a steady-state error in a unity-negative-feedback system, use the following equation:


[image: image60.wmf])

(

1

)

(

lim

)

(

0

s

G

s

sR

e

s

+

=

¥

®


Where G(s) is the OLTF and R(s) is the excitation function.

System type:

to find this, look at the denominator of the OLTF- system type is the smallest power of s.3

	Input:
	Step
	Ramp
	Parabola

	Type:
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Absolute Stability

Construct the Routh Array. For every sign change down the left-hand column an unstable pole exists. If you get a zero in the column, replace it with an infinitesimal positive number and carry on.

A row of zeroes needs further treatment: using the row above reconstruct a polynomial (the auxilliary polynomial). Then differentiate with respect to s and replace the zero row with it.

A row of zeroes implies poles on the j( axis. The roots of the auxilliary polynomial give the values of the poles.

Root Locus Sketching Rules

· plot open-loop poles and zeroes

· number of branches = number of open-loop poles

· real axis segments exist when the total number of poles and zeroes to the right of a test point is odd.

· The locus begins at open loop poles and migrates to open-loop zeroes or to infinity if there is an excess of poles over zeroes.

· The poles migrate to infinite zeroes along asymptotes. These asymptotes intercept the real axis at the point where:
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· The angles these asymptotes make with the positive rel axis are given by:
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· If a pair of branches cross the imaginary axis, find the crossing point using the Routh array (keeping K as a symbol) and then manipulate K to give a zero in the left-hand column. Then find the auxilliary polynomial and find roots to give axis crossings.

· The gain at any point on a branch is given by the product of the distances to the poles divided by the product of the distances to the zeroes.

Distributed Circuits

Transmission line theory:
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Input impedance of a terminated line:
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where:
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How to use a Smith Chart:

Normalise your impedance by dividing through by the system’s characteristic impedance.

To convert between complex impedance and reflection coefficient:

· mark your impedance on the chart (point A).

· draw a line from the origin through A to the edge of the chart. (inner edge – B)

· the magnitude of ( is the ratio:
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· the phase angle is then read off the scale at B.

To calculate the impedance of a transmission line with arbitrary termination:

· normalise

· mark your load impedance on the chart (A)

· draw a line from the origin through A to the edge of the chart.

· read off the wavelengths from the chart.

· add this number to the length of your transmission line (in wavelengths).

· mark this position on the edge of the chart.

· draw a line back to the origin from here.

· measure the distance from O to A and then mark this on the new line.

· read off the new impedance value

· denormalise.

To convert from impedance to admittance:

· normalise

· plot the impedance on the chart

· rotate through 180 degrees

· read off the new value!

Single-stub impedance matching

· normalise

· convert to admittance on Smith chart

· using a ruler (or compasses), rotate your admittance around until the real part = 1. Make a note of the imaginary part, ystub’

· draw in a line from the origin through this point to the edge of the chart.

· read off number of wavelengths

· plot –ystub’ on the chart, together with the actual admittance of the stub (usually 0 or (). Read off the wavelength values for these points, and subtract one from the other. This gives you the length of the stub in wavelengths, and from that you can find the length in metres.

Attenuators:

· use a tee-section or pi-section circuit.

· can be used to reduce reflections from an impedance mismatch.

Power Analogue:

Amplifiers:

Efficiency: 
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Class A amplifiers:

Transistor is biased so that it conducts during whole waveform. Lots of power is wasted in the emitter resistor- they draw the same amount of power regardless of signal size. Efficiency improves with bigger signals. Class A amps are mostly used by hifi buffs… You can improve them by putting a current source or transformer in the emitter path.

Class B amplifiers:

Two transistors working in push-pull mode. Top transistor pulls the output up towards VCC1 and bottom transistor pulls down towards VCC2. Much more efficient (no bias and no quiescent current), but suffers from crossover distortion due to 0.6v switch-on requirement for each transistor. Gain is 0 at crossover point.

Class AB amplifiers:

Using class B circuit but with small quiescent current to keep the transistors biased. This eliminates the crossover distortion at the expense of slightly lower efficiency. The bias must remain stable across component variations (transistors are hugely variable) and be resistant to changes in temperature. In bipolar technology, increased heat can increase current through transistors, generating more heat and causing thermal runaway.

Safe Operating Areas

For a bipolar transistor:


For a MOSFET:

​Switched Mode Power Supplies

· High efficiency (theoretically 100%)

· Small heatsinks, small transformers

· Versatility

· More complex than linear

· Generate more EM interference than linear.

· Sometimes need a minimum load

Boost Converter design:

Duty cycle:
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where E is the emf in the coil: 
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Maximum coil current:
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Where IO is the output current and kr is the ripple factor (usually 0.1)

Maximum number of turns:
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round this to the nearest integer.

Operating frequency

find change in flux:
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Then:
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