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b)

The Questions

The Michelson interferometer, shown in Figure 1.1, can be analysed as a general
two-port network. By inspection of Figure 1.1, write down equations for the
effective forward voltage wave transmission coefficient (S;) and input voltage
wave reflection coefficient (S;,) for this passive and reciprocal network. Clearly
define all variables used. Hints, the electrical path lengths can be represented
by (k,dx) , where k, =27/1, A is the wavelength for a monochromatic input
source, x is the designation of a particular path and the beam splitter is both
symmetrical and reciprocal.

[6]

Given that the optical path difference is given by 6 =2(d3-d4), if dl=d2=21
and both mirrors are made from perfectly conducting metals, simplify the equations
obtained in 1(a).

[3]

For this interferometer to function properly, an ideal beam splitter must reflect 50%
of any incident power and allow the rest of the power to be transmitted through

without attenuation.

i) Write down the effective forward voltage wave transmission and
forward voltage wave reflection coefficients for an ideal beam
splitter, given that they must be in phase quadrature with one
another. Hint, there are a number of possible solutions, so only
choose one.

[4]

i) From the solution obtained in 1(c)(i), show that the beam splitter
obeys the conservation of energy principle.
(2]

ii) Using the solution obtained in 1(c)(i), simplify the equations obtained
in 1(b).
[2]

iv) From the solution obtained in 1(c)(iii), show that this Michelson
interferometer obeys the conservation of energy principle for
0 =nA and (n+1/2)A, where n is any positive integer.

(3]
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Figure 1.1A Michelson interferometer

Radio Frequency Electronics page 2 of 10



a) Draw the circuit diagram of a simple class-A amplifier, having ideal components and
describe clearly the function of each component. Describe the performance

characteristics of a class-A RF power amplifier and state its applications.

[6]
b) Consider a 4 x 75 um FET with the following specifications:
ng|BD= 2N
V,=-1.5V
V=05V
Liss = 60 mA
Small-Signal Power Gain =4 dB
All variables have their usual meaning
Calculate the following for delivering the maximum linear output power:
i) Optimal bias voltages.
2]
ii) Optimal load impedance.
(2]
iii) Values of maximum linear output power and peak output power.
(2]
iv) DC power and power dissipated per unit gate width. '
[3]
V) Drain efficiency and power-added efficiency.
(2]
c¢) Explain the Cripps technique for impedance matching of power amplifiers.
(3]
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a) Using a signal flow graph or otherwise, derive an expression for the input voltage wave
reflection coefficient for a 2-port network that is terminated with a load impedance Z;.

[5]

b) From the expression derived in 3(a), describe how stability circles can be created on the

Smith chart. What does this stability circle represent when it encompasses the

impedance matched, z,, point on the Smith chart and when it does not encompass this

point?
[5]

¢) Given a 2-port network with the following S-parameters:

0.5 0.5
Sl= 3.1
[ ] [IO 0.5:' G
What is the input voltage wave reflection coefficient if the output port is terminated with
a load impedance Z; = -5 Q and a reference impedance Zo = 50 Q?
[3]

d) For the 2-port network given in 3(c) the Rollett’s stability factor is 2.3. Comment on the
apparent contradiction between the Rollett’s stability factor and the input voltage wave
reflection coefficient found in 3(c). What is the maximum gain that can be achieved
with a passive load impedance termination?

[5]
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a) What are the levels of insertion loss and return loss at the -3 dB cut-off frequency for a
lossless filter? You are asked to design a filter with a maximum pass band return loss
level of -6.868 dB. What will be the worst-case pass band insertion loss ripple for a
lossless filter?

[3]

b) Using the worst-case pass band insertion loss level calculated in 3(a), design a lumped-
element L-C band stop filter to meet the following specifications:

Lower pass band -3 dB cut-off frequency: 540 MHz
Upper pass band -3 dB cut-off frequency: 660 MHz
Stop band bandwidth: 60 MHz
Band stop attenuation: >45dB
Source impedance, Zs: 500
Load impedance, Z;: 100 ©

[10]
c) Define group delay and explain the general relationship between its frequency response
and that of sharp cut-off insertion loss characteristics.

[3]
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Bubterworth Low-Pass Prototype Elemant Valuos

Butterwarth Low-Pass
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Ry/Ry [ Ly Ca L Cy Ly [
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Chebyshev Low-Pass Prototype Element Chebyshey Low-Fass Prototype Elament Values for 0.1-48 Ripple
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a) Draw the topology of a double-balanced amplifier: If 3 dB quadrature couplers are used
in conjunction with identical non-ideal single-ended amplifiers, use S-parameter
analysis to determine expressions for the overall insertion gain and input return loss.
Assume the couplers are perfectly matched to the reference impedance, Zo, and the

interconnections between the main components are ideal.
[10]

b) For the topology in 5(a), if the working single-ended amplifiers have a forward voltage
wave transmission coefficient of S;; = |10|.£35°, determine the overall insertion gain and
input return loss if one of the amplifiers fails, such that S, = 0. Assume that there is no
change in the input or output impedances of the failed transistor. What is the main
application of this topology and what are its advantages and disadvantages when
compared to a single-ended amplifier?

(10]
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6. A 500 MHz small-signal amplifier has an output impedance of 20 —j 15 Q. Using the Smith
charts provided, design suitable impedance matching networks to transform this impedance

to 50 Q.
a) using a quarter-wavelength transformer

(3]
b) using a short-circuit stub

[8]
c) using a discrete inductor and capacitor

(6]
d) make general comments about the loaded-Q factor of the matching networks in 6(a),

(b) and (c) and how this relates to the resulting bandwidth of the networks.
' (3]
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The Solutions for E4.18 (2007)
Ao €

Model answer to Q 1(a): New Application of Theory

The effective input voltage wave transmission coefficient is given by:

SZJ = exp(_jkr;dl)p.s' exp(_}'knd:;)pm exp(_jknd:;)f.\' exp(_‘j‘kudz)
+ exp(—jkr,dl )T\- cxp(—f‘kuda}')pm exp(_f.kudd')rox exp(—ﬂc”dZ)

p. =voltage wave reflection coefficient of the beam splitter
7, = voltage wave transmission coefficient of the beam splitter

£, = voltage wave reflection coefficient of a mirror

Sl 1 = exp(_jkndl)ps exp(_.fkod3)pm exp(_.jk::‘d}))o.\'
+exp(—jk,d)t, exp(—jk,d4)p, exp(—jk,d4)r,

[6]
Model answer to Q 1(b): New Application of Theory
Given:
dl=d2=24 ..exp(-jk,dl)=exp(-jk,d2) =exp(-j2z) =1
And the mirrors are made from perfectly conducting metal, . p,, =1
S2| = _p.\'r.\' [cxp(*fzkud:;) + cxp(_J;Zkr}d4)]
Sy, =—p,’ exp(—j2k,d3)—,” exp(—j2k,d4)
[3]

Model answer to Q 1(c): New Application of Theory

(i) Since 50% of the power is reflected and 50% is transmitted through the ideal beam splitter then it
must have the following solutions for its forward voltage wave transmission coefficient and input
voltage wave reflection coefficient:

expli(£p, £7/2)]

T, =p.exp(Xjr/2)=

exp[j(Lt, £m/2)] 1

. =T expjni2)= eg p,=t—
Ps =T, eXp(T) 2 g P >

[4]

(ii) For a lossless 2-port network, the beam splitter must satisfy the following in order to obey the
conservation of energy principle:

|e,|” +|p,| =1 and this is confirmed!

[2]

Radio Frequency Electronics E4.18: pages | of 10

0



(i)
$y1 = 4L exp(~j2k,d3)[1 +exp(c jk, 6]

Sip= i%exp(—ﬂkudzm —exp(4jk,6)]
(2]

(iv) For a lossless 2-port network, the interferometer must satisfy the following in order to obey the
conservation of energy principle:

2 L2 .. .
Sy|” +|Sy|” =1 and this is confirmed, since:

IS21] =1 and [S;;| = 0 when § =nd

IS21/=0and |S;;|=1 when § =(n+1/2)4
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Model answer to Q 2(a): Bookwork
The topology for a class-A amplifier is given below:

Vbp
Lp
Cp
“  IpEAL || , Output
ot || FET R Port
Port ‘ [
L¢ 4
Vee

Lp and Lg are Radio Frequency Chokes (RFCs), ideally having infinite inductance. Cp and
Cg are DC blocking capacitors, ideally having infinite capacitance. Since the field-effect
transistor is also ideal, there is no need for any impedance matching networks.

In practice, all these inductors and capacitors will be finite in value and lossy. They may
also be absorbed into any impedance matching networks.

The class-A amplifiers have the following characteristics, when compared to other classes:

e Output current flows for the full period of the input voltage cycle.

¢ No high order harmonics are generated and, therefore, minimum output signal
distortion (in the time-domain) is found.

e This gives the best Pout to Pin linearity.

¢ Maximum dynamic range.

e |deal for non-CW applications (e.g. AM, multi-carrier and band-filtered CW
modulated signals).

e Continuously dissipates power (as heat), even when there is no input signal.

e Low theoretical efficiency (<50%) and, therefore, it can get hot without cooling.

[6]

Model answer to Q 2(b): Computed Example

(i)

Vd‘_\‘ ||nux = ng !HH ] I/-'p‘ = IO‘SV
Vds| . —Vk
. Vdd = % =557
) [2]
(i)
Vds|. .. —Vk
=L b VE 670
’ Idss

[2]
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(iii)
242
R,
P OUT|PEAK — 2Pmr'r|MAXMN =150mW = +22dBm

[Vds[ —Vk

] =T75mW = +19dBm

OUTIMAXLIN —

(iv)
Tidis
Py = Ids|, Vds |9=%Vdd =165mIV
P P00 TN il =14 el Bi
G 251

5 Py = (Pin+ Py ) — Pout =120mW
but, Wg =4x75um =300m
P

5SS — 0.4W | mm
We
(v)
Pout
Npray =——=45%
D
P 1
Mooy = —”ﬁ[l - —_‘] =27%
P G

Model answer to Q 2(c): Bookwork

[2]

[3]

[2]

Cripps Technique assumes that the optimal load resistance is identical to that calculated using the I-
V characteristics of the transistor and that the optimal load reactance is the conjugate of the FET’s
small- or large-signal output reactance (since Cds is not a strong function of the input power level).

The input stage is then matched to the complex conjugate of the resulting input impedance of the
FET (having the optimal load impedance at its output), using the resulting linear S-parameters at the

Poutmaxuin point.

Radio Frequency Electronics
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Model answer to Q 3(a): Bookwork
a, S21 b,

oy

I S11 S 1‘1‘

C

b, S a,

Flow graph representation of a device with output load termination

Using Mason’s non-touching loop rule it can easily be shown that:

S218120°1
Uip =511+ o L',[
1-8S72I1
7. _7
where, I'] = ——M
Z1 +Zo

[5]
Model answer to Q 3(b): Bookwork
Conditional stability occurs when the magnitude of the input voltage wave reflection coefficient is
equal to or greater than unity. Therefore, the stability circle for the terminating impedance can be
determined by equating the expression in 3(a) to unity. When the circle encompasses the matched
impedance, zo, point then when the terminating impedance’s voltage wave reflection coefficient is
inside the circle this corresponds to conditional stability and instability outside the circle.
Conversely, the opposite is true when the stability circle does not encompass the zo point.

[5]
Model answer to Q 3(c): Computed Example
'L =-1.222 and therefore I'n=-3.3

[3]
Model answer to Q 3(d): Computed Example
A Rollett’s stability factor of K = 2.3 is greater than unity and, therefore, it would normally
represent an unconditionally stable circuit. However, since the magnitude of the reflection
coefficient of the load is greater than unity then the circuit is now unstable.

When K is greater than unity (and the magnitudes of S71] and $22 are both less than unity), the

device is unconditionally stable and the maximum gain that can be achieved is called the maximum
available gain (MAG), given by:

MAG = @[K-JKQ ~1]=4.575 = 6.6 dB
=2
[3]
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Model answer to Q 4(a): Lecture Discussions

From the conservation of energy, for a lossless tow-port network: \SZIP =1-|91 1\2

At the -3 dB cut-off frequency, |S21|2 = 0.5 and, therefore, |S11 |2 =05
In other words both the insertion loss and return loss levels are -3 dB.

For a maximum return loss level or —6.868 dB, the worst-case insertion loss level is 1
dB.
(5]

Model answer to Q 4(b): New Application of Theory

-3 dB cut-off frequencies are at fp1 = 540 MHz and fp; = 660 MHz

centre frequency, fo = \( fpy fpo)

pass band bandwidth, Bp = fps- fop = 120 MHz

stop band bandwidth, Bs = 60 MHz

fifc = Bp/Bs = 2

From the attenuation curves, the 5" order 1 dB ripple Chebyshev filter with Rs/R, = 0.5
meets the specification with a stop band attenuation margin of 3 dB. The normalised
values for the low-pass prototype is given below:

0.565 1.128

4.414 4.653 2.207
For a band stop filter, the capacitors are replaced by a series L-C resonators and the
inductors are replaced by parallel L-C resonators. The un-normalized shunt connected
series tuned circuit element values are:

Epln and Ls= RL

Cs=—% —
27?7(; RL 272'313'];,2

The un-normalized series connected parallel tuned circuit element values are:

&}

B 1 BpLnR|
P = 2 aBpCaR], ’ 2nf 2
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ANV ANV
(C2=23.474 pF C4=11.758 pF
C1=2.365 pF (C3=2.493 pF C5=1.183 pF
L1=30.047 nH 1.3=28.504 nH 1.5=60.095 nH

0

. e
— — ()
el —15=
L —_ _,_) O—

30—
L b
faRva _35— . fo—
\D_J/r:j /Yo P T S—
MO0 — 45—
70 ~ ;

_‘L“)D 1 I 1 I 1 ] 1 ] 1 I 1 I 1 I I I 1 I

|
500 520 540 560 580 600 620 640 660 680 700

| freq, MHz
The slight deviations in pass band levels are due to rounding errors in the component

values (3 decimal places).
[10]

Model answer to Q 4(c): Lecture Discussions

Group delay is defined as 7 =-04S21/0w

With sharp cut-off frequencies, high order filters are needed. This means that there are large
numbers of passive filter components, where electromagnetic energy is exchanged between
them. As a result the signal stays within the filter longer than for filters with a less sharp
insertion loss cut off and, thus, the group delay is higher. Also, more energy is dissipated in the
components and, therefore, insertion loss is higher unless larger components are employed.

[5]
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Model answer to Q 5(a): New Application of Theory

1/2 S21/2
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Return Loss = IO]og{ 0 |2 }—) —0

2

[5]
Model answer to Q 5(b): Lecture Discussion
The main application of this amplifier is power combining, since the output power is ideally a factor
of 4 greater than that of the single-ended amplifier. If one of the single-ended amplifiers fails then
Satloveral = 3S21/4 and Insertion loss is 1010g{(3]8;;|¢’4)2} =17.5dB,i.e.adrop of 2.5 dB from a
fully working amplifier. The input return loss should not change if the impedance of the failed
amplifier doesn’t change and is, therefore, still minus infinity. Therefore, this type of power
combining amplifier is useful because it provides redundancy in the case of failure and also ideal
port impedance matching. The disadvantages of this topology is that it requires 4 identical single-
ended amplifiers. Also, practical losses in the couplers result in a direct loss in power gain and
output efficiency will be significantly reduced.

[5]
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Model answer to Q 6(a): Computed Example
There are a number of possible solutions.

—>—

Zout = 20— j15Q
Z0 =500
e T

2o

S =
st Tout

L
B e
1=Ag/4
Znx
200
Zout 50 Q
v
Xe=-15Q
LX; =+4150 L= L 478nm
w

[3]

Model answer to Q 6(b): Computed Example
There are a number of possible solutions.

fI7 rit
jXc < > +—>
i 0,=156°/2=78° 0,=90° I~
T 77 R
20Q i
0.4-0.3 z’=141.1 y'=141.1
e s

bstus = -1.1 i.e. inductive

8]
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Model answer to Q 6(c): Computed Example
There are a number of possible solutions.

L
20Q

x,=-02 X, =-Zox,=-10Q2

1
X, =——— 5C=318pF
o p

z'=04- ;0.5

y':% ~1+j1.22
by, I

B =—+==—=-0.0244 .. L=13nH
Zo wl,

Model answer to Q 6(d): Textbook

[6]

On the Smith chart, loaded Q-factor is zero at the centre and infinite on the unit circle. This
means that the L-C network has a point closer to the unit circle, when compared with that
using the quarter-wave transformer or single stub solutions. Also, the bandwidth will be
less, since loaded Q-factor is inversely proportional to bandwidth. Since the stub solution
has more length of transmission line, it will operate over a narrower bandwidth, when

compared to the quarter-wave transformer solution.
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