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E3.18

Consider a balanced transmission line feeding a simple dipole antenna.

(a)

(b)

()

(d)

(e)

If the dielectric material between, and completely surrounding, the current carrying
metal conductors is non-magnetic and has a dielectric constant of 2.3, calculate the
phase velocity of a TEM-wave as it propagates down the transmission line, inside
the dielectric.

(4]
Valence electrons within the current carrying metal conductors are free to travel.
What is the name commonly given to the mean velocity at which these electrons
travel and give the order of magnitude for its speed in high conductivity metals?

[2]
Within the current carrying metal conductors an evanescent wave propagates.
Calculate the phase velocity of this wave if the metal is made from copper (having a
bulk DC conductivity of 5.8 x 10’ S/m) at 10 GHz.

[4]
Within the metal conductors, the current density is given by, Jc = N e v,, where
electron charge is € = 1.6 x 10™"° C. For copper at room temperature, the number of
valence electrons is N = 8.47 x 10% /cm’. If the metal conductor has a circular
cross-sectional diameter of 2.25 mm and the current flowing is 10 A, calculate the
time average drift velocity, v;.

[4]

For a half-wave dipole in free-space, calculate the distance to the boundary of the

radiating far field at 10 GHz. In relation to the speed of light, comment on the phase
velocities of the electric field within both the near-field and radiating far field.
6]
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(a)

(b)

(©

(d)

E3.18

Describe, with the aid of a diagram, a branch-line coupler having a distributed-
element implementation, indicating lengths and impedances. Indicate its main
characteristics.

(5]
Replace the distributed-element implementation in 2(a) with an equivalent lumped-
element version. How does the performance compare with that in 2(a)? With a
coupler having an impedance of Zo = 75 Q, calculate the components values for a
design frequency of 3.0 GHz.

(5]
Replace the lumped-element implementation in 2(b) with an equivalent lumped-
distributed version. With a coupler having an impedance of Zo = 75 Q and line
sections of ¢ = 30°, calculate the components values for a design frequency of 3.0
GHz.

5]
(5]

Draw the topology of a balanced amplifier employing the coupler given in 2(a).
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(b)

(c)

(d)

E3.18

Describe the various mechanisms associated with power loss in guided-wave
structures.

(3]
Describe the various modes that can be supported by CPW, GCPW, CBCPW and
FGC transmission lines and, where possible, indicate how unwanted modes can be
suppressed. Calculate the cut-off frequency for the TM; and TM, modes, given an
alumina substrate having a height of 635 um and dielectric constant of 9.8.

(5]
Define the quality factor of a dielectric, in terms of both energy and also propagation
constant. From this latter definition, derive from first principles the relationship
between the quality factor of a low loss dielectric in terms of both frequency and in
loss tangent. The alumina substrate in 3(b) has a loss tangent of 0.0002, calculate its
quality factor.

. [5]

State the general equation for power flux density and also the equation for surface
power density on a conducting surface. From first principles, prove that power flux
density at the surface of a metal is the same as the surface power density on a
conducting surface.

7
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E3.18

A short transmission line is used to transform an arbitrary termination impedance,
Z = R + jX, to the reference impedance, Zo. The impedance looking into the transformer is
given by the following expression:

z+ jZry tan ¢

z = 4.1
IN Zry + jz tan@ @

where the normalised variables used have their usual meanings

(@)

(d)

Using this equation, derive the equations for the characteristic impedance of the
transmission line, Zrx, and the corresponding electrical length, 3.

(7]

From the expressions derived in 4(a), what are the mathematical limits for the
resistive and reactive values of the termination impedance that can be mapped into
the input impedance of the short transmission line transformer?

(3]
A load termination consisting of a 5 pF capacitance in series with a 8 Q resistance
must be matched at 1800 MHz to a 50 Q reference impedance using a short
transmission line transformer. Using expressions derived in 4(a) and 4(b), calculate
Zrx and 9 for the short transmission line transformer.

[7]
Comment on the suitability, or otherwise, of implementing the short transmission
line transformer caiculated in 4(c) using conventional microstrip and thin-film
microstrip technologies.

3]
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(a)

(b)

(©)

(d)

E3.18

State the boundary conditions for electric and magnetic fields at the interface
between air and a perfect conductor.

2]
Explain why a rectangular waveguide of cross-sectional dimensions a and b has a
lowest frequency at which electromagnetic waves will not propagate. Derive an
expression for the lowest mode cut-off frequency.

(4]

For a rectangular waveguide of cross-sectional dimensions 2.0 mm x 1.0 mm,
determine the cut-off frequencies of the following modes: TEqo, TEor, TEqy, TMyy,
TE,.

(4]

List which of these modes are degenerate and discuss mode conversion between
degenerate modes.

(2]

Define the terms phase velocity and group velocity. Also derive formulas for them in
terms of the guide mode cut-off frequency and signal frequency.
[4]

Identify the centre of the band of frequencies in the waveguide where only one
mode will propagate and calculate the group and phase velocity of the propagating
mode at this band centre. Show that the product of your group and phase velocities
is 9 x 10" in Sl units.

[4]
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(b)

(d)

E3.18

A microwave oven operates at 2.45 GHz. If the internal dimensions of the oven are
36.0 cm x 34.5 cm x 24.5 cm, illustrate the E-field energy distribution inside the
oven when it is empty. What happens to this distribution when food is placed inside
the oven and what is the role of the turntabie?

(8]

With a peak E-filled intensity of 200 V/m, estimate the average power dissipated per
unit volume in a portion of meat having a dielectric constant of 38 and loss tangent
of 0.4.

(51

If the portion of meat in 6(b) has a mass of 1.0 kg and dimensions of 20 cm x 20 cm
x 20 cm and is assumed to have a specific heat of 5 kJ/kg K, estimate the
approximate cooking time to raise the temperature of the meat from 0 °C to 100 °C.

(5]
Given the complex wavenumber, calculate skin depth from first principles, for the
portion of meat in 6(b). If the portion of meat is thicker than a few skin depths, what
action can be taken to ensure that the meat is cooked more uniformly?

5]
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Model answer to Q 1(a): Computed Example
With a transmission line supporting TEM-mode propagation, the E- & H-field waves propagate
outside the conductors at the phase velocity inside the dielectric, vyq:

¢ 3.0x10® m/s

Tne 23
llll ¥

where, ¢ = speed of light in a vacuum; g, = relative permeability of surrounding dielectric = 1;
= = relative permittivity of the surrounding dielectric = 2.3

Vpd = =2.0x10° m/s

[4]
Model answer to Q 1(b): Computed Example
The free electrons inside the conductors travel at the Fermi speed, vy

2E
vf= — =1.6x10% m /s for copper
m

where, E,= Fermi Energy; m = rest mass of the electron The student does not need to know this
detailed calculation, but should appreciate the order of magnitude.

[2]
Model answer to Q 1(c): Computed Example
The E- & H-field waves propagate inside the conductors at the phase velocity, v,.:
Vpe = @ s = 2o = 4.1x104 m/s  for copper at 10 GHz
B HoTo
(4]

Model answer to Q 1(d): Computed Example
Conduction current, Jc = N e v,, flows when (Ne) electrons drift at a time average drift velocity,

| I

N .e Area

=1.86x10" m/s with10A4 flowing in2.25 mm dimeter copper wire

Yy

[4]

Model answer to Q 1(e). Computed Example
As the radius of the detached electric field loop increases, its curvature straightens out towards a
line. With antenna radiation, this spherical wave approximates a plane wave, whereby the E- &
H-field and direction of propagation are all mutually orthogonal (i.e. TEM propagation in free
space). At a distance greater than 2L%/)o0 (where L = largest spatial dimension of the antenna’s
aperture = Ao/2 in this case), the radiating far field (or Fraunhofer) region exists. What is
important is to note that, within this region, the radiation pattern of the antenna is not a function
of distance from the antennas. Therefore, the boundary for the radiating far field is Ao/2 = 3 x
10%(2 x 10 x 10”) = 15 mm. Beyond this boundary, the electric field will be propagating at the
speed of light (3 x 10® m/s). However, close to the antenna and well within this boundary the

velocity will be greater than the speed of light.
[6]
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Model answer to Q 2(a): Bookwork
90" 3dB Directional Coupler (Branch-line Coupler)

Zo ~ / Zo
Zo/ A/ g

Z N2
/0 // / Z Zo

Z0

I

e Works on the interference principle, therefore,
narrow fractional bandwidth (15% maximum)

¢ No bond-wires or isolation resistors required

e Wider tracks make it easier to fabricate and is, therefore, good for
lower loss and higher power applications

¢ Simple design but large

e Meandered lines are possible for lower frequency applications

Model answer to Q 2(b): Bookwork and Computed Example
[he lumped-element equivalent of a A,/4 transmission line is shown below.

/:Kg/4 L=Zo/w

All the previous distributed-element couplers can be transformed into equivalent lumped-element
couplers by simply replacing all the A,/4 lengths of transmission lines with the above n-network.
Since lumped-element components have a lower Q-factor, when compared to distributed-element
components. there is an insertion loss penalty. Also, because this n-network is clearly a low-pass

1
2aNLC

[ 4.0 nHand C = 1.6 pF for the Zo = 75 € sections of line
{ -2.8nHand C= 1.0 pF for the Zo = 53 Q sections of line

filter. having a cut-off frequency, f, = , there is also a bandwidth penalty.

Model answer to Q 2(c): Bookwork and Computed Example
e [Lumped-Distributed Couplers

I=hg/4 «c b

in this ‘reduced-size” technique, each Ay/4 line is replaced with the above n-network.
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_ Zo Cosg
" Sing wZo

With ¢ = 30°,
/.. = 150 Qand C = 0.61 pF for the Zo = 75 Q sections of line
/.. 106 Q and C = 0.87 pF for the Zo = 53 Q sections of line

Model answer to Q 2(d): Solution given in class

7X
Ry,
73X

A
P

4

Model answer to Q 3(a): Bookwork

Power Loss in Guided-Wave Structures

fransmission lines are generally realised using both conductor and dielectric materials, both of
which should be chosen to have low loss characteristics. Energy is lost by joule’s heating, multi-
modeing and leakage. The former is attributed to ohmic losses, associated with both the conductor
and dielectric materials. The second is attributed to the generation of additional unwanted modes
that propagate with the desired mode. The latter is attributed to leakage waves that either radiate
within the substrate (e.g. dielectric modes and surface wave modes) or out of the substrate (e.g. free
space radiation and box modes).

Model answer to Q 3(b): Bookwork and Computed Example

Multi-Modeing in Conductor-Backed CPW Lines

With an ideal CPW line, only the pure-CPW (quasi-TEM) mode is considered to propagate. In the
case of a grounded-CPW (GCPW) line, where the backside metallization is at the same potential as
the two upper-ground planes (through the use of through-substrate vias), a microstrip like mode can
alse co-exist with the pure-CPW mode. With the conductor-backed CPW (CBCPW) line, where the
backside metallization has a floating potential, parallel-plate line (PPL) modes can also co-exist.
The significant PPL modes that are associated with CBCPW lines include the fundamental TEM
mode (designated TM,) found at frequencies from DC to infinity and the higher order TM, modes
that can only be supported above their cut-off frequency, fo,= nc/(2h V&,). By inserting a relatively
thick dielectric layer (having a lower dielectric constant than that of the substrate), between the
substrate and the lower ground plane, the pure CPW mode can be preserved. This is because the
capacitance between the upper and lower conductors will be significantly reduced and, therefore,
there will be less energy associated with the parasitic modes. Alternatively, the parallel-plate line
modes can also be suppressed by reducing the width of the upper-ground planes, resulting in finite
ground CPW (or FGC). Finally, in addition to all the modes mentioned so far, the slot-line mode
can also propagate if there is insufficient use of air-bridges/underpasses to equalise the potentials at
both the upper-ground planes.

PURE-CPW + SLOT-LINE + MICROSTRIP + PARALLEL-PLATE (TEM + TM,)

————— CPW |

et e CBCPW| |
For TM1 and TM2, given a substrate having a height of 365 pm and dielectric constant of 9.8. the
cut-off frequencies will be 75.5 and 150.9 GHz, respectively.
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Model answer to Q 3(c): Bookwork and Computed Example

Lossy Dielectric, Lossless Conductor

E3.18: pages 4 of 9

Here. electromagnetic energy flows through the dielectric and not inside the conductor (which

merely acts as a guide).

Peak Energy Stored in either the E — field or H — field

)=w
¢ Total Energy Lost per Second (Average Power Loss)
Q= ﬁ_ where = o Q=1
2 g alg

where, altenuation per unit guided—wavelength=alg [Np/Ag]

' Note that, Power Attenuation =10log,, (eAZ“)"" ): ~20a/g log,,(e)=~-8.686 aAg [dB/Ag]}

For a low loss dispersionless dielectric: o = %\/Z' = f(a)) and P =w+us' = f(a))
£

' 1"

. Vife) . &
therefore, aAg = ——# flw) since o'=we"andtans ==— .. Q

we &'
()-factor = /tand = 5,000

Model answer to Q 3(d): Bookwork

Lossless Dielectric, Lossy Conductor

L 2 1)

" tans

I'he losses in the conductor result from a flow of electromagnetic energy, from the dielectric into

the conductor.
Surface Power Density, P, =|J|* Rs  [W/m?]

where, J; =surface current density [A/m]

now, Power Flux Density, P, (z) = Re{EX (z2)H, (z)*}

E -
where 7 = H—X = Zs within a conductor
,

E,(2) £, )
P(2)= Re{E()( o j} e{ o }

but, E . (0) = ZsJs

Ji ZsZs*|Js|’ ,
P,(0) = Re{’ ; o } Re{s—;—li} ~|J,FRs=Ps QE.D.

5 ¥ A
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Model answer to Q4(a): New Detrivation
z+ jz TY
TIN Zpy T2 tan6

tan 9

2o
L Zyy (Z + jZypx tan 9)= Zo(Zrx + jZ tan 9)

Re{LHS) = Re{RHS)}

~O0=tan") {————ZTX (2o - R)}
XZo

Im{LHS) = Im{RHS}

ZrxX _ Zyx(Zo-R)

tan@ = 5 Z
_ 0
ZoR ZTX
2
X*“Zo
A =4/ ZoR —
X Zo—R

Model answer to Q4(b): New Derivation
I'rom the last expression in 4(a), the limits are:

R#Zo and X <./R(Zo-R)

Model answer to Q4(c): Computed Example
For a 5 pF capacitance in series with a 8 Q resistance at 1800 MHz, the termination load
impedance is Z = 8 —]17.684 Q.

Using the expressions from 4(b), R is not equal to 50 Q and X < 18.33 Q, so both values are
within the acceptable mathematical limits.

Using the expressions from 4(a), Zrx = 5.26 Q and 3 = 14°,

Model answer to Q4(d): Bookwork
The value of Zrx calculated in 4(c) would be considered very low in general. In practice, a
conventional microstrip line could not be used to implement such a low impedance because the
width of the signal line would be too wide. However, thin-film microstrip technology may be
suitable as the widths of the lines are much narrower.

Microwave technology 0
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Model answer to Q 5(a): bookwork
E-fields can only meet a perfect conductor at normal incidence, while the H-field must be
perfectly parallel.

Model answer to Q 5(b): bookwork
here must be m, n half wavelengths of fields across the ¢, b dimensions, respectively, so that the
I':-ficld components vanish at the guide walls.

I'he cut-oft wavelength is given by:

I'or example, with the TE|, mode, m = [ and n = 0:

Model answer to Q 5(¢): computed example
Fora - 0.002mand b = 0.00] m:

¢ - S 275GH:z
T 2a
-5 150 GHz
2h
) oy ELANL T 77
e vite 2V a® b7
, 2741 =150 GHz

Model answer to Q 5(d): bookwork

TE,, and TM, are the degenerate modes as they have different field patterns but share the same
suided wavelength at any frequency (i.e. they must, therefore, share the same cut-off frequency).
I'hey are ‘phase matched’ over long distances and so mode conversion happens easily at
discontinuities.

Model answer to Q 5(e): bookwork

e
\/O \\

T A
\ S
\
N
! 51

9}
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I'he above figure shows the side-view of a generic parallel-plate waveguide, supporting two plane-
waves propagating between and reflecting off the wall plates. Propagation within the waveguide can
only be maintained as long as 6 < 7/2:

ni, 2 _ A

sing = - b = /{" <l since A, = 2 i.e. the " mode cut-off wavelength (e.g. n = 3 above)
n

with 4, = free space wavelength and » = the mode index.

'he guided wavelength is shown in the above figure, and is given by:

ni, 2 A,
cos) = —— =2 <
ni, 2 A,
A‘.l
cost
hut (sin® 0+ cos™ 0)=1

: . . 1) c .
I'he guided-wave pattern travels at the phase velocity, v, =—= ; > ¢, while the energy travels
cos

. Ow e
at the group velocity v, = Y =ccosf < c . The product of these two velocities is v,v, = c’.

Model answer to Q 5(f): computed example
11, 75GHz and f|,., =150 GHz

TE20

i :MZIDSGHZ
C dband 2 .

v é\/ii\mu/hum/): 402)(1 08 ’/n/S

c U )=2.24x10° ms

<N nndband

4] : _ 6 2.2
Y (f mithand >‘))J (f }mn/hum] ) - 9XI O m /‘S
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Model answer to Q 6(a): Bookwork and Computed Example

Resonant Cavity

Magnetron

________________
» P Ideal (unloaded)
. e~ . E-field Distribution
Revolving Turntable of Standing Waves

A1 2.45 GHz the wavelength in free space is 122.5 mm. Therefore, there are approximately 6 x 6 x
6 144 points of E-field maxima (not shown above).

I'he E-field distribution illustrated above will be completely altered at all points other than at the
cavity walls. Because there are both E-field maxima and minima distributed within the cavity, there
will be localised hot-spots and cold-spots in any food. With time, thermal conduction will help to
even out these hot and cold spots. In an attempt to avoid hot and sold spots, a turntable below the
food or metallic stirring fan above the food “sees” a time and space variant E-field distribution.

Model answer to Q 6(b): Computed Example
The peak E-field intensity is Ep =200 V/m. For meat having ¢;” = 38 and tand = 0.4.
7 mee, tand = 2.07 S/m

. 2 3
Power absorbed per unit volume, Py, = & Egus | dictectric interfuce ~ 41.4 KW/m

Model answer to Q 6(c): Computed Example

. . . mS AT
Power dissipated (i.e. absorbed) within the food, P = ’; W]

m = mass [g]

S, = specific heat capacity [kl/kg K]
AT = raise in temperature [K or °C]
t =time [s]

pS AT

/]

p = mass/volume [g/m3]

e Power dissipated per unit volume, F. =

{f the meat has dimensions of 20 x 20 x 20 cm” then using the result from 6(b):
/- 41.4 kW/m® and volume = 8 x 10° m3, P =P,xvolume = 3312 W

Withm = 1.0 kg, S,= 5 kl/kg K, AT =100°C
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mS, AT 1000x5x100
P 331.2

=1510 s = 25 minutes

Model answer to Q 6(d): Computed Example
Propagation constant, y = + jf8 = jk where k = w\fue

Sy :j(u,/uie’—jg”i where &=
@

. : . 0
y = Joyue (1 -.1—}

we

W] —

. ; e
y=jo #5[1”1 j

But. skin depth, 5= -
24

With ¢ = 2.07 S/m and & = 38: & = 1.58 cm. At this depth the power will have fallen to 1/e* or
14% of its surface value. Since the thickness of the meat is approximately 10 skin depths thick, the
meat should be cubed and separated so that it can cook more uniformly (e.g. 1.5 inches
width/length/height dimensions almost correspond to 2 skin depths).
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