ACTIVE TUNING ELEMENTS FOR INTEGRATED
BROADCAST FREQUENCY RECEIVERS

by

C. S. Yap

Submitted in partial fulfillment of the regquirements

for the degree of Master of Science

Department of Electrical Engineering,
Faculty of Pure and Applied Science,
The University of Ottawa,

Ottawa, Canada

© C. 5. Yap 1972




ACTIVE TUNING ELEMENTS FOR INTEGRATED

BROADCAST FREQUENCY RECEIVERS



ABSTRACT

Recent developments in phase~locked loop systems
have permitted the complete integration of bpoadcast receivers,
except for antenna tuning. This thesis investigates techniques,
for tuning the antenna, which are compatible with integrated
circuit technology. In particular, forms of immitcance
converter are studied and their performance evaluated in
relation to the above application. It is concluded that a

new current-amplifier form of positive immittance converter ‘

provides a reasonable compromise between the requirements of

the tuning system and the integrated circuit technology.
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INTRODUCTION

The development of integrated circuit technology
is having a profound effect on the design of integrated
receiving systems. The conventional tuning systems of
discrete component receivers are.being replaced by systems
where the overall bandwidth is determined at the detector
(ref. 0.1, 0.2, 0.3). However, amplification is found to
be desirable between the antenna system and the detector and

intermodulation distortion can be introduced.if large

interfering signals are present. This interference can be
reduced by antenna tunine and this thesis is concerned with
integrated circuit methods for its implementation.

Several forms of antenna systems are suitable for
broadcast receivers, but the tuned ferrite rod is presently
the most economical. Thenggienna must always be tunéd to the
same frequency as the detection system, so tracking is an
important consideration in the choice of a tuning system.
Becéuse integrated receiver systems must contain amplifiers,
they are also a good choice for the tuning system. Thus the
thesis will consider the design of‘active circuit tuning
systems for ferrite rod antennas, within the constraints of
integrated circuit batch of fabrication technology.

Active circuit tuning systems contain amplifiers

which change the immittance of one element of a tuned circuit



as presented to another. The amplifiers are connected in a
feedback configuration and because the batch fabrication implies

that they are not compensated, system stability is an

important design consideration. For this reason, the thesis
will depart from the more conventional active network
synthesis approach, in favour of one more related to control
theory. All elements will be treated as imperfect transducers
in a feedback loop and the immittances at input porfs derived
on this basis.

Chapter 1 presents the theory of immittance converter
in two approaches. The first approach uses the classical "i.l
network theory. The second uses an approach based on control
philusophy. Using the second approacl several Ibrms iy
immittance converter are developed. Chapter 2 presents
receiving systems with active tuning elements using phase
locked-loop techniques and shows possible ways of tracking the
antenna with the local oscillator. Chapter 3 deals with the
circuit realizations of the immittance converters. Chapter &
presents the results and performance characteristics of
immittance converter employed to tune antennas. The thesis
concludes with the results achieved and an indication of
which forms of immittance converter are most promising for

antenna tuning systems.



CHAPTER 1

- THEQORY OF INMITTANCE CCNVERTERS

1.0 Introduction

In this chapter immittance converters are considered,
using two separate approaches. First, it is treated as a two
port network using classical active network theory (ref. 1.1 -
1.9). This treatment develops a description of the port
characteristics of a converter without reference to the Q...
practical realization. However, the converter is realized
as a feedback circuit and the second treatment approaches
immittance converters more from the point of view of control
theory. The converter is considered as a system of transducers
and an immittance is a voltage to current, or current to
voltage transducer, with the input and outpﬁt at the same port.
Then the introduction of amplifiers into the system can change
the magnitude and sign of the immittance as measured at the

input-output port.

1.1 Classical Active Network Theory Approach

In classical network theory, the immittance converter
is considered as a two port linear active network as shown in
Fig. 1.1, together with the positive sign and direction for the
voltages and currents at the two ports. For an ideal immittance

converter, the



immittance measured at one port is equal to the immittance

at the other port multiplied by a constant which may be

positive or negative.

11 Ip
+ [¢ v S .4____@ +
V1 T T V2
| )

Fig. 1.1 A general two port network

For a general treatment, the voltages and currents

at the two ports may be con\}eniently related by the g \

parameters method (1.10).

The hybrid g equivalent circuit is shown in Fig. 1.2.

Il IZ
+ O— I - —<—0 +
Vi 811 Vo
- O— — -~

Fig. 1.2 Hybrid g equivalent circuit for
a two port network

8121, is a current controlled source at port 1 and gp;Vy is
a voltage controlled source at port 2. The two ports are

defined by



Il = gll Vl + glz Iz eeoev0sessvrcone (l.l)

<
N
1]

ng Vl + g22 I2 essesenesecsoe e (102)

where the g parameters are defined by

I I
Vo Vo
821 % y) ;=0 e 822 T I, vy=0

g12 and gp; are dimensionless current and voltage ratios, and

g11 has the dimension admittance and 8pp OF impedance. If
port 2 is terminated with a passive load 21, according to

the sign defined in Fig. 1l.2.

7

ZL = - ;; se000C0OOOCOIOOORIOOIOIOORIOGE (1.3)

Iz

Solving 1.1, 1.2 and 1,3, the admittance measured at port 1l

I g12 €21
1 S Ry °
Yl - — gll - LN ] (1 4)
V1 Zp + g22
If gll = 0, gzz = 0 $0000006068000000 (1.5)'
€12 821
Yl = - Zz 008000000 COOIOCOIOOGOIGOOEOES (1,6)
Z
or Zl = e — s0ee0s000000000008 0000 (l.?)
€12 821

1.5 states the necessary and sufficient conditions for the two

ports to be an ideal impedance converter.

If port 1 is terminated with an impedance 2j, it



can be shown that the input impedance at port 2

2, = & €12 - €21
2 22 gll+l/ZL escccenesveonessece (1.8)
and Zz = —glz‘gzl ZL .ooooootcooooooooooooo (109)

if the conditions for 1.5 are satisfied.

1.1.1 Immittance Converters

If gy1 = 0, g22 = 0y 823 is positive and g;5 is
negative, the above becomes a positive immittance converter.
These conditions are shown in Fig. 1.3. There is no inversion

in voltage across or current through the load with respect

to the voltage or current at port 1.

I I2 4
O S e Oy
' A 211 = 0 PASSIVE
=0
Vi g22 =~ TVZ LOAD
g12 | ( IMMITTANGE)
-0 l g2l = + [ o=

Fige 1le3  An ideal positive immittance converter

1.,1.2 Voltage Inversion Negative Immittance Converters

If g37 = 0» 822 = b, g12 and 8oy aré negative,
the above becomes a voltage inversion negative immittance
converter. These conditions are shown in Fige lo4e There
is no current inversion at either port but the voltage at

port 2 is inverted with respect to that at port 1.



I Iz
Ot g11 = 0 —ﬁ>—o————————1
gop = O .PASSIVE
vy g1o = - Vs, LOAD
- . ( IMMITTANCE)
g21 = -
o 0o I

Fig. 1.4 An ideal voltage inversion negative
immittance converter

l.1.3 Current Inversion Negative Immittance Converters
If g13 = 0, gp2 = 0, g1p and gp; are positive, the \
above becomes a current inversion negative immittance b

converter. These conditions are shown in Fig. l.5. There

is no voltage inversion at either port, but the direction for

the current I, through the load is opposite to that of Ij,

I Iz
vy 822 = ° Vo PASSIVE
812 = + LOAD
) goy = + l ( IMMITTANCE)

Figo le5 An ideal current inversion negative
immittance converter
In the above treatment, it is assumed that
g11 = 822 = 0. In practical realizations, g;; and gpp are

finite and their effects on Zj and Zp are seen from 1.4,



and 1.8. However, their values can be made zero at a

single frequency by network compensation techniques.

1.1.4 Effect of Time Delay in Hiesh Pass Form

The amplifiers are imperfect i.e. g11 and gpp are
finite, and all amplifiers introduce a time delay. Now con-
sider the effect of g1, g2z and the time delay on the overall
system when the positive immittance. converter is used to tune
the ferrite rod antenna. High pass form (Fig. 1.6) is first
considered in which port 2 is terminated with a capacitance

1

C, and port 1 with an inductance L. Thus 2p, = 3;; .

Because of delay gj35°gp) can be written as

(g1n = Jx12)(eg21 - ixp1)
-je -jez
Gioe 12 G21e 1
-j0
Be where B

£12°821

Gy2°G21

9 812 + 83 = uwtyy + wigp

tq1s, tge are time delays in the amplifiers.
glz'ng = B(l"je) if 0 1is sSmall eeececssccevecee (1,10)

Substituting Zy and 1.10 in 1.4

_ , B(1=je)
1= &1 * uc + gy

on normalizing the denominator and expanding

B(wC 0 + w202g22 + ij--szC2 ngz)

Y, = +
1 11 1+ (go2 wC)2




BwC 8 sz Cz 800

€11 + +
1+ (gzzuuC)2 1+ (gzzcuC)z

o+ Ld es o800 (loll)
1l + (gzsz)z 1l + (gzzu./C)7

j Wz C26g22

1+ (gzgtuc)z

can be neglected. As (gzzuuC)2‘<< 1, 1.11 can

be approximated as
Yl c’/ gll + szczgzz + Bw(C e + ijC P00 000000000s e (1'12)

The first, second and third term of L12 représents the losses

due to gy7s 855 and the delay respectively. None introduces \

a negative admittance, so the system is inherently stable.

These losses merely reduces the systen Q.
Let the total loss

202

gt =gL+g11 + BwCé + Bw 822 eesececes (1.13)

where g7 = =55 the loss of the antenna. Fige 1.7 is the
w L

equivalent circuit for Fig. 1l.6.

+ V1, I1 . + V2, I
; l | 822 [O—<—

i=gipIz | ¥

g L
E L H (V V=g21Vy  ==C

-

(of |
o

Fig. 1.6 An immittance converter used to tune a
ferrite rod antenna (high pass form)
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L
1. g_t — BC
Fig. 1.7 Equivalent circuit of Fige 1.6
The overall Q of the systenm
Q = 1 = —u-/—-B—g- ssesosaeessossossesd (l,ll{,)
wlgy g1 .
and the resonant frequency :
?.
fo - l ooooooo.oonooonooooooooo (1.lh
: i

o7 vV LCB

1.1.5 Effect of Time Delay in Low Pass Form

We will now examine the low pass form in which port

whose series loss is Rpe

2 is terminated with the antenna L

By the similar procedure as before

B(g22+R,) BwL o

Z 22 Z 2.2
(Rptgz2) +w L (Rptgpn) +W L

Yl = gll +

:‘WLB ooooooooooooooooooocoo (1.16)

( Ry +g22 )2+ l.Usz

w 212 >> (RL+g22)2, 1d6can be approximated as

, BleztR) _BO _ 3B iieeees (1017)
LU2L2 wi Wi

as

Y, = 811
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117 shows that the delay e (6 = wty) introduces a negative

. 6 .
admittance 275 which causes the system to be unstable.

l.2 Control Theory Approach

The voltage controlled source €21V, and the current
~controlled source g12I2 in the Hybrid equivalent circuit of
Fige 1.2 can be partitioned as shown in Fig. 1.8 using a
voltage amplifier and a current amplifier. This method of
partitioning the controlled sources into voltage and current

amplifiers leads to a convenient means of circuit realization.

Il +12
+ C = I . + 0—"6—'
T VOLTAGE A
Vi AMPLIFIER v
- O— = 2
[_ Y |IMMITTANCE
CURRENT
AMPLIFIER

Fige 1.8 An equivalent circuit of Fig. 1.2 when
partitioned into a voltage and current
amplifier .

A feedback loop is formed if the two ports are
terminated with immittances. Voltage applied at port 1 is
amplified and becomes Vo at port 2. The immittance terminated
at port 2 will transform V, into a current 12: which will be
amplified and becomes I; at port l;~thus completing the feed-
back loor. Because of the existence of this feedback loop,

control theory can be applied to advantage to determine its
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terminal characteristics and system stability (ref. 1.11,
1.12, 1.13). .

Every element within the loop is considered as a
transducer. The immittances are considered as voltage to
current or current to voltage transducers with the input and
output at the same port. The following example will help to
illustrate this point. A voltage controlled current source,
such as a field effect transistor has a transfer admittance,
which can be expressed as i& « When the output port is conn-
ected in parallel with thev%nput port, so that feedback is

negative, as shown in Fig. 1.9, the input has the characteris-

tic of an admittance ~2 as shown in Fig. 1.10. The input ‘
Vl '
i
2
o | A VOLTAGE
—o CONTROLLED SOURCE
vy SUCH AS FIELD
ot 1 | A +———0 . EFFECT TRANSISTOR

Fig. 1.9 A two port network arranged to have an
input admittance

immittance is reciprocal, that is, for an input current there

is a corresponding voltage and vice versa. Thus, it is

ip

Vi

Fige 1.10 Reciprocal relationship of
I2 and Vl ' :
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impossible to deduce, from input immittance measurements,
whether the two port of Fig. 1.9 has a transfer admittance
or a transfer impedance, or whethef the device is voltage or
current controlled. However, if the feedback were positive
and the input immittance becomes negative; the voltage‘and
current relationship is no longer reciprocal and it is
possible to deduce whether the device has a transfer admitt-
ance or impedance from the input immittance measurements.

If it is a voltage controlled negative admittance Y5, the
system will be stable if it is driven by a voltage source but

unstable if driven by a current source. The condition of E“M

stability is
,Y1+Yo| D0 vesessssesesesssssass  (1.18)
where Y, is the output admittance of the driving source.

If the input is a current controlled negative
impedance Zj, the condition of stability is

|20 + 2] D0 cerviiviiieiieiiinnes (1.19)
where Z, is the output impedance of the driving source.

The foregoing discussion is concerned with the
sfability criteria for an immittance converter at a single
operating frequency. However, a practical converter must
be stable at all frequencies and must meet the general
stability criteria of e.g. Bode (ref. 1l.14) and Nyquist
(ref. 1.15)s Thus, in order to perform a complete design,
an approach more oriented to control theory and suitable for

determining both the overall stability criteria and the
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terminal characteristics will prove convenient.

1.2.1 Two Amplifier Immittance Converters

The immittance converter in Fig. 1.8 can be drawn in
control form as shown in Fig. 1.11, which is a single loop
feedback system. All the circuit elements in the system are
treated as transducers. The system contains a voltage ampli-
fier, a current amplifier and a transfer conductance Gy. The
voltage amplifier is the voltage controlled voltage source of
figure 1.8 which has a gain Gy = V2 » the current

Vi 11, = 0
amplifier is the current controlled current source which has

gain Gy = El and the transfer admittance Gy is the
12 Vl = 0
terminating admittance Y. Note that a one-port immittance Gy

is now treated as a two-port transducer. This is possible
because it is placed in a zero impedance loop and its input

and output are different quantities.

—.——___.—_—————.——.-_.—_

Fig. 1.11 A control form representation of the
immittance converter of Fig. 1.8

Because the transfer function of the voltage and
current amplifiers are pure numbers, being in series with Gy,

they do not change the dimension of Gys but modify its
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magnitude by the product of their transfer functions GGy
Thus the dotted box in Fig. 1.11 is a transfer conductance
GyGyGy. |

With the output feedback to the input, they are at

the same port and the system becomes an admittance.

Yl S = GVGIGy Sesve 000 ceceretsnssee e (1.20)

Alternatively the V and I relationship at the input
may be stated in terms of a transfer resistance G, as shown in

Figo l.12,

Fige 1.12  Another control form representation of
the immittance converter of Fig. 1.8

Zl = GVGIGZ 0 0000 OPONONONBNOGIONIOOIOIOOOOLOIOOLILEYS (1.21)

The following two points are noted for the above
two configurations:

(1) In both cases the transfer conductance or resistance
is placed between the two controlled sources. So that it is
isolated from the input of the system.

(2) The sign of Yy or 21 depends on the sense of the
feedback. Y1 or 21 is positive if the feedback is negative and

negative if the feedback is positive.
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1.2.2 One Amplifier Immittance Converters

As the transfer function of the voltage and current

amplifiers are pure numbers, removing a voltage or a current
amplifier does not affect the dimensions of the transfer
function of the series chain in Fig. 1.11 and Fig. 1.12, but
reduces it by a factor equal to the gain of the amplifier
removed. By doing so, four different forms of immittance
converter are formed., Fige. 1.13 and Fige 1l.14 are formed
respectively by removing a current and a voltage amplifier
from Fig. 1.11, and Fig. 1.15 and Fig. 1l.16 are similarly
formed from Fig. 1l.12.

V.‘L Vl 1
w v Gy " Gy i
o # 1op '
Fige 1.13 An immittance Fig. 1.14 An immittange
converter formed from Fig. 1l.11 converter formed from Fig. 1l.11

by removing the current amplifier by removing the voltage amplifier

i iy
1 GZ ' > Gz
Vo —} Vo A
Figs 1l.15 An immittance . Fig., 1.16 An immittance
converter formed from Fig. 1.12 converter formed from Fig. 1.12

by removing the voltage amplifier by removing the voltage amplifier

The input immittance of Fig. 1.13, l.14, 1.15, 1l.16 are
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respectively

Y1 = Gy(14Gy), Y3 = Gy(14G1), 21="Ggz(14G1), 21 = G,(1+Gy),
i.e., as an amplifier is removed, the original transfer
immittance Gy or G, is seen directly by the input. Thus the
input immittance can be partitioned into two components:

one is Gy or G, the other is a converted immittance introduced
by the amplifier. For the configuration shown in Fig. 1.13,

with negative feedback (i.e., the amplifier gain Gy is negative),

thus
i,
Yl = E = Gy - (G\/Gy)
- Gy + Gva X (lo22)

Eqe. L.Z2 can be represented by Fig. 1l.1l7 where Gy and GVGy are

in parallel,

Yl —3= G

|
l
|
n
I Gy G
P vy
|
o i
I

Fig. 1.17 Y; represented by Gy and GyGy in parallel

with positive feedback'(Gv is positive), thus
Yl = Gy - (GVGy) = Gy - Gva vs6000cs0s0000s0esc (1.23)

Eq. L23 can be represented by Fig. 1.18 where Gy and -~GVGy are

in parallel.
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o I

Fig. 1.18 Y; represented by Gy and -GVGy in parallel
For the configuration shown in Fig. 1l.14 with negative feed-
back (the current amplifier is inverted or Gy is positive),
thus

Yl = Gy + (Gle) = Gy + GIGy peecesencsceecvee (1.24)

With positive feedback (the current amplifier is non-inverted

or Gy is negative), thus

Yl - Gy + (Gle) = Gy " Gle e0ceces0rssse0esee (1025)

Eq.L24 &L25 can be similarly represented as shown in Fig. 1.17

and Fig. 1.18 respectively.

For Fig. 1l.15, with negative feedback (G is positive), thus
Zl = GZ + (GlGZ) = GZ + GLGZ 0000000006000 000 (1.26)

Eq.1.26 can be represented by Fig. 1.19 where G, and GiG,

are in series.

° =)
Gy
2y —> L.
. G1Gyg
(o} J

Fig. 1.19 2, represented by G, and GG, ;n4series
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With positive feedback (G is negative), thus
Zl = GZ + (Gle) = GZ -'GlGZ‘ e6 00 rsv00s0 B0 (1.27)

Eq. L27 can be represented by Fige. 1.20 where G, and -GG, are

in series.

> 1

GZ
Zl —_—D |

had GIGZ
O- i

Fige 1.20 2y represented by G, and -GG, in series

For Fig. 1.16 with negative feedback (Gy is positive), G,G,

is positive, thus

21 = GZ + (GVGZ) = GZ + GVGZ EXXNENE RN NN (1,28)
With positive feedback (G, is negative), thus

Zl = GZ + (GVGZ) = GZ - GVGZ 0000000 s0000000 (1.29)
Eq. 1,22 and 1,3 can be similarly represented by Fig. 1.19 and 1.20
respectively. ' '

The trivial case of a simple passive immittance is

treated as a single transfer immittance Gy or G, with the out-

put and input connected to the same port, as shown in Fig.

1.21 (a) & (b).

vy ﬁ}l o
Gy A
: $ A
(2)° Yo j(b)

Fig. 1.21 A simple passive immittance treated as a single
transfer immittance
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The sense of the feedback is always taken to be negative.
The circuit configuration for the one amplifier

immittance converter in Fig. 1.13 to 1.16 are shown respectively
in Figo l.22 to 1.250

o— I
© Cy T Gy
f—
v I
d o ! /i:__
C T —— -
Fige. 1l.22 Fig. 1.23
o o
&
O- I
I
Gy v
Gy
[ fm— 4 ' A M ————
Fig. 1.24 Fig. 1.25

Figse 1.22, 1.23, 1l.24 and 1.25 are the circuit configurations
of Figs. 1.13, 1l.14, 1.15 and 1l.16 respectively.

l.2.,3 Effect of Time Delay in One Amplifier Immittance
Converters

Since all amplifiers introduce a time delay t4, the

current gain Gy is complex and can be expressed as

Gr Gy - JXg

= BIe-J_eI

Bl(l-j éI) o-ooo;oo;oaoocoo (1030)

If OI IS small,
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where By = \/Gl + XI

~lXI
and eI = tan :
Gl
= w'[;d

Similarly, the voltage gain

- -Jje \'

GV - Bve

By(1l-je y)

s 00000600000 CQOCBROIROODINPSGTODS (1.31)

Substituting eq. 1,30 & 1.31 in eqe 1.23, 1e25, 1.27 & 1.29 .

(assuming positive feedback in all cases), we obtain ﬂ!'
respectively
Yy = Gy - Gy[By(1-j6 y)] =Gy - GyBy + § GyBy oy . (1.32)

Gz[Bl(l"j el{

o3
[
[}
[op]
N
]

21 = Gy Gz[Bv(l-i 9v>]

The immittances due to the time
configurations employed to tune
tabulated in Table l.l. If the

sign is changed. An alternative

G, = G,Br + J G,B; €67 « (1.34)

Gy - GgBy + J GzBy ey (1.35)

delay for the above four

a ferrite rod antenna :are

feedback is negative, the

approach to account for the

time delay is given in section l.4.2.

A general comment on

made, As in the two amplifier

system stability can now be

immittance converters, in the

cases where the time delay introduces positive immittances,

the system is inherently stable but it lowers the system Q
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whereas in the cases where the time delay introduces nega-
tive immittance, the system Q is increased as it approaches

instabilityo

1.3.0 Stability Considerations

The basis of a closed loop system stability is deter-
mined by the roots of the characteristic equations of the
closed loop response. The Nyquist Criterion and Bode Criteria
(ref. l.14 and 1.15) are convenient criteria which can
yield system stability information from the characteristic
equations.

For a system whose open loop gain is G(S) and feed-

back factor H(S) the closed loop response can be stated as

tput _ G(S)
-QJ"LI_II‘IP%I%. - 1+GTS)H(S—y 000 0B OGOPOSEONOOIOOESOPODS (1036)

and the characteristic equation is

1 4+ G(S) H(S) = 0 eeeevesecesesesss (1e37)
The roots of the characteristic equation are the poles of
1.36, thus the relation of the roots and the system response
(stability) can be stated as:
| (1) If all the roots are in the left half of the S-plane,
the transient will die out and the system is stable.

(2) If more than one pair of roots are on the imaginary
axis the response is undamped sinusoidal oscillations and the
system is considered unstable.

(3) If one or more roots are in the right half of the

S-plane, the response will increase with time and the system
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is unstable.
Physically all linear systems have a limit of linearity.
Once they become unstable, they saturate and the lobp gain

G(S) H(S) is reduced to unity.

le3.1 Ryaquist Criterion

Nyquist criterion is a ponvenient'technique to discover
if the characteristic equations has any roots in the right
half of the S-plane. Following the Nyquist path in the
clockwise direction, the magnitude and angle of G(S) H(S) are
plotted in the G(S) H(S) plane, a Nyquist diagram is obtained.
The Nyquist locus will make N = Z - P encirclements of the
critical point (-1,0), where

2 = nuiber of zeros of the characterisitc equatioi
in the right half plane.

P = number of poles of H(S) G(S) in the right half
of the S-~plane

The encirclement of (-1,0) is clockwise if (Z-P) > 0 and anti-
clockwise if (2-P) <o0.

For most systems G(S) and H(S) are stable functions,
isee P = 0. For a stable system N must be zero. Thus,
assﬁming P = 0, Fig. 1.26 shows the Nyquist locus for a
stable system as it does not encircle the critical point
in an clockwise direction; Fig. 1.27 shows the Nyquist
locus for an unstable system which makes an clockwise
encirclement of the critical point and Fig. 1.28 shows the

Nyquist locus for a conditional stable system.
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d

- e
(-1,o>k—/0\ w)/r’m

Fig. 1.26 Nyquist locus Fig. 1.27 Nyquist locus
of a stable system of an unstable system

Q..

Fig. 1,28 Nyvaunist locus
of a conditionally stable
system
A conditionally stable system is undesirable in
practice, because once oscillation starts, the system

saturates and reduces the loop gain G(S) H(S) to 1 |- 180°

and oscillations persist.

1.3.2 Bode Criterion

If the transfer function is a minimum phase function,
which is defined as one which does not have any poles or zeros
in the right half of the S-plane, or the relationship between
the magnitude and phase is unique, Bode criterion can be |

applied to determine the system closed loop stability.



b

TE R IEY I Mty

26
In general, G(S) H(S) can be stated as
K (S+21)(S+2p) ==e-mu- (S+zq)
G(S) H(S) = "L eocso0s e (1038)
S (S+p1)(5+p2) —mem=a- (S+pn)

where K' is a constant and {, is a positive integer. The z's
and p's may be zero, real or complex conjugate. Under sinusoidal

conditions, S = jWwW, Eq. 1.38 can be writtén as

K (1+5% )(1+ ) (1+T5“’)
G(S) H(S) = £ o 3;’ veseses (1439)
., wu
(Jw)™(1+ ——-pl)(l+ _PZ) (L+34.

Pn
where K = K' 7" z3/77" p;
i=1 1

The magnitude is given by

- -y N '.14'.,‘-'
20 logjo LG(jLU)H(jLu)J_= 20 logyy K + 20 logy, Ll + :E—J 4 - - -

~==-+420 logjg [l + %l£] - 20 logjg (jIU)£ - 20 loglo (1 + %%)__
m

—————20 1oglo [1+-Ij)-l-2‘)—] veesesesosesssssYT LIRS (l.’+0)_

and the phase is given by

j W
arg[G(jW) H(jvJ)] = arg K + arg[l + .Jz..].-__]+ .....

+arg[l + l“i] - arg (jw)g’ - arg (1 + %f—j—) ——————

Zm

-arg[l"'.j.yi.] oooooooocooooo-o‘noooootooooooaooooo (loL,'l)
Pn :

A pair of complex zeros in 1.38 consists of two terms in

1,40 & 1.41 which can be replaced respectively by

20 logyg [1- (___) + 2?; ‘”J
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‘ 2
and arg |1 - (Jﬂ_) + 2j L
[ Wy, ‘5 W,

A pair of complex poles in 1.38 consists of two terms in 1.40

&l.41 which can be replaced respectively by

1
20 loglo
1-(2_)° &+ 25§ L

and arg 5 1 .
(L)% 4 2) §
“p P

Plotting 1.40 in db. and 1.41 in degrees vs logw separately

form the Bode plot, e.g. as shown in Fig. 1.29. For most R ‘
practical purposes, straight line approximations are adequate.

/ |
magnitude :
db
|
° RS
)
phase |
degree |
i
0 \
-180 , >
N w

Fig. 1.29 Straight line approximation in Bode plot

The closed loop system is unstable if the magnitude

is greater than zero db. when the phase is =180°, This

corresponds to the Nyquist locus encirles the critical point
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(- 1, 0)e In order to be stable, the magnitude must be less

than zero db. when the phase is -180°,

1.3.3 Bode & Nyguist Criteria Applied to Two Amplifier
Immittance Converters.

An immittance converter can be used to tune a ferrite
rod antenna in two possible forms, the high pass and the low
pass form as shown respectively in Fig. 1.30 (a) and (b). They
are similar with the interchange of the L and C and the two

forms will be considered in detail belowe.

v v
=TC sgL

P

—

Fig. lﬁig An immittance converésg arranged to tune
‘ an antenna in (a) High pass form (b) low
pass form

(a) First consider immittance converter systems employing
practical inductances and capacitances and ideal voltage and
current amplifiers, i.e., the voltage amplifier has infinite
input impedance and zero output impedance and has no delay
and the current amplifier has zero input impedance and
infinite output impedance and there is no delay.

Then the L and C separately introduces a phase shift of

almost 90° at the tuned frequency. .In the high pass case the

S
)
{
1
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phase shift is leading and in the low pass case the phase shift
is lagging. The Pode magnitude plot for the above two cases
are shown in Fig. 1.31 and Fig. 1.32 respectively.

The slope is 12 db/oct. in both cases. It is positive
for the high pass case and negative for the low pass case.
AB is the operating region. As the slope is rising at 12 db/oct.

in the high pass case, in order not to violate the Bode

A A
A
1 1
vain +12db/oct. goin
db db -lZdb/Octo

B -d---0 \
A N |
W ) — _ :

W :
B\ 1
. .

Fig. 1l.31 Bode Magnitude plot Fig. 1.32 Bode Magnitude plot
for the high pass for the low pass
form form

Criterion of stability the magnitude must decrease to zero db.
when the phase is -180°. This problem does not exist in the
low pass case as the L and C cause the magnitude to fall at a
rate of -12 db/oct. right to zero db. satisfying the Bode
Criteria of stability.

(b) Systems employing practical amplifiers

Practical amplifiers have finite input and output
impedances, which introduce a loss into the system as will be
discussed later, and a time delay tg which adds a lagging

phase angle 8 = wty radians to the loop., The time delay
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modifies the Nyquist locus for the two forms as shown dotted

in Fig. 1.33 & Fig. 1.34 respectively.

Ad
W =0
0 -
( o
o~ \'\
~ LU:O
_J -j T
Fig. 1.33 JNyquistlocus for Fig. 1l.34 Nyquist locus for
the high pass the low pass formd
form '

It is seen that the time delay renders the low pass
form potentially unstable as the Nyquist locus will exceed
-180° phase shift, but increases the system stability in the
high pass case. Equivalently it can be said that the time delay
introduces a loss to the high pass form and a gain (negative
immittance) to the low pass form (refer to section l.l.4% and

1.1.5).

1.4 Circuit Analysis for the Complete Antenna Tuning System
Using Two Practlcal Amplifier Immittance Converters

(I) Effect of Time Delay as a loss Factor

At any frequency W, the time delay ty thpough the
circuit can be represented by an equivalent resistance
Tp = tUthd or ryp = 7%; in series with the inductance L

of the antenna or the capacitance C. As shown in Fig. 1l.35,
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® is the phase angle due to the delay tgqe As

Q = wL: 1 -3 1 _l-
rq WCrp  tapn 6 = %

The approximation is valid if

vis : _ 2
e<-3—6-rador5°, S.rp= WLe = WLty

as 6 = Lutd

wt
or Irp = e = d=f-q seesoscssrecsnne (1042)
Wwe w(C C

which is positive in the high pass form and negative in the

low pass form.

) S
wL

0T
T
Fig. 1.35 Vector diagram to illustrate the
effect of phase delay

(II) Equivalent Circuits

As the immittance converter is used to synthesize a
variable capacitor to tune the antenna with an inductance
L, it is convenient to draw the equivalent circuit for the
system with the immittance and converter losses all referred
to the port in which the antenna is terminated. There are
two convenient methods to handle these losses and by these

methods they can be partitioned as explained below. Because
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at the shunt port, the input of the voltagé amplifier is in
parallel with the output of the current amplifier, and at

the series port the input of the current amplifier is in series
with output of the voltage amplifier, it is convenient to
express the input immittance at the above two ports as

i .
Y1 = —and 27 = XQ respectively. Thus it is also
11

convenient to represent the losses in the high pass form by a
conductance g shunting the tuned system as shown in Fig., 1.36
(a) while in the low pass form by a resistance r in series with
the tuned system as shown in Fig. 1.36(b). g and r can be |

expressed respectively by Eq. l.43 and 1.44 as the sum of the |

losses.
r
A
L g = ¢ EL = C
(a) (b)
Fig. 1.36 (a) Equivalent circuit for the high pass form
(b) Equivalent circuit for the low pass form
g = g1+g2 + mewace + €n ccevesncen (1043)
= r1+r2+ ------- +rn ess00c00ees (1.’4"4’)

where g1, ocoeo &n3 Iy :ese Ip are the various losses in the
amplifiers referred to the shunt port and the series port
respectively.

The equivalent circuit for the high pass form is shown

in Fig. 1.37 (a) in which the admittances and losses are all



33

referred to the shunt port. The admittance transformation
ratio from the series to shunt port is B (eq. 1.20, B = GyGp).
The equivalent circuit for the low pass form is shown in
Fige. 1.37 (c) in which the impedances and losses are all
referred to the series port. The impedance transformation
ratios from the shunt port to the series port is B (eq. 1.21)
Fig. 1.37 (a) and (c¢) can be simplified to Fig. 1.37 (b) and
(d) respectively, where g and r are given by Eq. 1.43 and l.44
n = 5 as only five losses due to the imperfections of the

amplifiers are considered important.

g1, r] - Equivalent shunt conductive and series resistive loss

of the antenna respectively

gpr Tp = Equivalent shunt conductive and series resistive loss

due to time delay

g3s Ty - Equivalent shunt conductive and series resistive loss

at the shunt port

gy» T4 - Equivalent shunt conductive and series resistive loss

‘due to output resistance (in series) with the series
port

ggs T = Equivalent shunt conductive and series resistive loss

due to the loss shunting the series port

Their values are tabulated in Table 1.2, The

corresponding Q and the tuned frequency for the two forms are

respectively,
Q = l f = 1 XX N NN N (1045)
R
and =,E_U_L, fLP-— l ee0cs00ces 0ot (lou'é)

Q I S
LP = 27 LC/B

1
!
5
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(b)
(a)

(c)

(d)

Equivalent circuit for the high pass form
which can be simplified into (b)

Equivalent circuit for the low pass form
which can be simplified into (d :
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Fig. 1.38 (a)and(b) are respectively the Nyquist locus for
the complete antenna tuning system using immittance
converter arranged in the high pass form and low
pass form., Fig. 1.38 (c)and(d) are the Bode curves
for the two forms respectively
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(III) Using Bode and Nyguist Criteria to Examine Their
Stabilities

Due to L and C, the phase shift of the loop at low
frequency is almost 180Y leading in the high pass form and
180° lagging in the low pass form, owing to the series
resistive losss in L and the losses at the shunt and series
port of the converter, while the magnitudé increases at 12db/oct
in the high pass form and decreases.at -12 db/oct in the low
pass form. As the frequency increases and, if there is no
time delay, the Nyquist loci for the two forms are as shown
dotted in Fig. 1.38 (a) & (b). Because of the time delay
introducing a phase 1aé angle 8 = Wt,y, the actual Nyquist
locus for the high pass form deviates from the negative real
axis at w = w;q; while that for the low pass form will cross
the negative real axis, causing the system to be conditionally
stable. -As the frequency increases, the magnitude and phase
angle of the Nyquist loci for the two forms continue to change
as mentioned above until w = w, the stray capacitance Cg
scross L comes into effect, which reduces the Nyquist locus
magnitude by 6 db/oct in the high pass form and increases it
by 6 db/oct in the low pass form and Cg also adds 90° phase

lag in the high pass form and 90° phase lead in the low pass

form. The amplifiers roll off at 6 db/oct at the high frequency

end, Thus the Nyquist locus for the two forms are as shown
in the figures. Without Cg, the Nyquist locus for the two

forms are shown dashed in the figures. It is seen that Cg4
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restores the stability in the high pass form. The corres-
ponding Bode Curves for the two forms are shown in Fig. 1.38
(¢) & (d) respectively.

lo4,1 Circuit Analysis for the Complete Antenna Tuning

System Using One Amplifier Negative Immittance
Converter

The one amplifier voltage controlled negative
immittance converter employed to tune an antenna is shown
in Fig. 1.39. (The reason for the choice is given in

section 3.2).

Fig. 139 One amplifier voltage controlled
negative immittance converter (with
losses) employed to tune an antenna

The imperfections of the current amplifiers are
ry - input resistance of the amplifier

r, - output resistance of the amplifier

tq - time delay in the amplifier
The equivalent circuit for Fig. 1.39 is shown in

Fig. 1.40, where
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L yl/z Cih== ¥24 Co== y3< V4 < V3

Fig. 1.40 Equivalent circuit of Fig. 1l.39

the losses can be represented by
y = y'l+y2+ sesesssecs Yn XX xx (1.4?)

n is the number of losses and in this case n = 5 as

only five losses are considered important and where

y1 = equivalent shunt admittance of the antenna

yo - equivalent shunt admittance of the input of
the amplifier

Y3 = converted value of y2

y4 - equivalent shunt admittance of the output of
the amplifier

Y5 - equivalent shunt admittance due to time delay

C» - converted value of C3 = - A C3

The above losses are tabulated in Table 1.3
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r
y1 = L r; is the series loss of L
(w L)2 .
yo = 1 , rq is the input resistance
(wc)zr1 of the amplifier
y3==-4 y1 - A is the gain of the
amplifieryyrthe feedback factor
Vi = Yo = 1 r_ is the output resistance
b ° ¥y, of the amplifier
- - .G, t5 is the amplifier delay
Y5 = ¥ ty A tgme

Table 1.3 Losses of the one amplifier.negative
immittance converter employed to tune an
antenna

Fig. 1.40 can be simplified to Fig. 1.41 and the
condition for the system stability is
y 7 0
ieeey (yl + ¥t ¥g +y), + y5) 2 0

L —=C= éiy
Cl(l—A ) «

Fig. 1l.41 Simplified equivalent circuit of Fig. 1.40

The Nyquist locus for the one amplifier voltage

controlled negative immittance converter used to tune a
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ferrite rod antenna is shown in Fig. l.42. Curve a is the
Nyquist locus if the losses in the antenna and the input
and out impedance of the current amplifier are considered.

Curve b is the Nyquist locus if the time delay in the amplifier

i
1
i
i

Fig. 1.42 Nyquist locus for the one amplifier
voltage controlled negative immittance
converter

is also considered but with negative feedback; it is seen that

this will reduce the system Q. As Gj increases, it is tilted
more to the right. Curve C is the Nyquist locus if time delay
in the amplifier is considered but with positive feedback.

As Gq increases it is tilted to the left. It is seen that the

system Q is increased as it goes towards unstability.

1.5 Gyrators

An ideal gyrator is an active 2 port linear element

and its transmission matrix.has been defined (ref. 1.16) by

0 +

[4ev]

toooooooocooooo- (1048)

o Q-

+G
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where G is the gyration conductance. The symbol has been

used for a gyrator is shown in Fig. 1.43.

S . Iz
O <0 o
" T ) Tvz
[0 e N | 0 ' ‘

Fig. 1.43 Symbol for a gyrator

The equation for the two ports can be written in

matrix form as

L v
G 2 ................. (1.49)
0

-Iz

' 0

I, G

Eq. 1.49 can be split into two equationss

Il ) sz ...0.0....0.0.‘0..... (ll50)
Iz = -le

The input impedance at port 1 is

z; - -IZ/C - 1,1 = ‘l sceecescecessses (1;51)

Il GVo 57 -Vz G‘Zz

.Zl

Iz
Eq. 1.51 shows the well known impedance inversion

characteristics of a gyrator.

1.5.1 Gyrator formed by cascading an NIC with an NII

It is of interest that impedance inversion can also
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be obtained by cascading a negative immittance converter (NIC)
with a negative immittance inverter (NII) (ref. 1.17, 1.18,

1.19) as shown in Fig. l.44, i.e.,

I Io
I I .
O—>—" [ e——r~O 1 ‘ 2
Vi T )( TVZ -_— Vl NIC NII V2
C ‘ O foreO

Fig. l.44 A gyrator formed by cascading an NIC
with an NII

This is shown below by manipulating the transmission
matrix [A] . For an NII with impedance inversion ratio 1/H,

the equation for the two ports éxpressed in matrix form is

Vq 0 + L Vs
- VE |
= - 6000000000 (1052)
Iy + ¢ H 0 -Is
where the transmission matrix
0 %
A - . H [ F N NNNNENENN N (l 53)
NII -
+V'H OJ

The transmission matrix for an NIC with convertion

ratio K is given by

/K0 (1.54)

[A NICJ = 1
0
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When cascading an NIC with an NII, their transmission

matrixes multiply, thus

[Amc] [Anxi] _|avE o 0 ==
0

-
° +\/—% veveessassnsssess (1455)
L+\/_I% 0

The right hand side of eq. 1.55 is the transmission

1
)

matrix of a gyrator of gyration conductance G =,/ % .

However, this is not an economical way to realize a gyrator.

1,5.2 Transconductance gyrator and transresistance gyrator

As with immittance converters there are two types of

gyrator (ref. 1.20):

Transconductance gyrator

As indicated by eq. 150, 2 transconductance gyrator

can be formed by two voltage controlled current sources
(ref. 1.21, 1.22) or two transconductances. connected back to

beck as shown in Fig. l.45 one with no phase inversion and one

with phase inversion. =

i'c i o 2'

Fig. 1.45 A transconductance gyrafor formed by two
voltage controlled current sources
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A voltage controlled current source can be decomposed into

a voltage amplifier and a current amplifier with a passive

conductance g between them as shown in Fig. 1.46.

Fig. 1l.46 A voltage controlled current source decomposed é
into a voltage and a current amplifier with a :
passive conductance between them.

The transconductance

G = Gy 8 G1

where Gy and Gy are the gain of the voltage and current
amplifier respectively. Thus if the two passive conductances
are brought out of the gyrator and each forms a port, the
original two port device becomes a four port device (ref. 1.20)
as shown in Fig. 1.47. The transconductance gyrator is formed
by port 1 and port 3 when port 2 and port L4 are terminated by
passive conductances. The transfer resistance gyrator is
formed by port 2 and port L4 when port 1 and port 3 are ter-

minated with resistances as will be discussed in the next

section.
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y° Y

l‘ir e 39'
Fig. 1.47 Four port configuration of a gyrator
formed by two voltage and two current

amplifiers

For the transconductance gyrator, the input

admittance at port I is given by

Yz YL’, . GVl GVZ . GIl GIZ * }l- seeesscee (1057)

3

Yy

GZL ......'.....O......l..o.........o (1058)

I3

Y3

Assuming Yo = Yi = g and G = Y2 Gy] GI11 = Yy Gyp G12s» where
Gyls Gy2s GI1 & Gr2 are the gain of the voltage amplifiers
Vl, Vo and current amplifiers I; and Ip respectively. Eq.
1.58 shows that it has the characteristic of admittance

inversion.
Eq. 1.57 indicates that:
(1) 1I1f Y3 and Y, are conductances, port 1 and port 2

become an admittance converter.
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(2) If Y3 and Y, are conductances, port 1 and port 4
become an admittance converter.

Transresistance gyrator

If port 1 and port 3 of Fig. 1.47 are terminated with
resistances, then port 2 and port 4 form a transfer resistancé
gyrator because it now consists of two current controlled ;
voltage sources. The input impedance at port 2, when port 4 ?

is terminated with 24, is given by

GVl GVZ GIl GI2 secssscsccee (1059)

Z1 73 !
&2 R |

2
Zz = g— 000000000000 0000CFRBOOOROIROORCREOROEES (1060).
Zh
if Zl = 23 = r and Z2 = Zl le G-Iz = Z3 GV?.'GI].'

Egqe 1.59 indicates that:s

(1) If zy and Z3 are resistance, then port 1 and port 2
become an impedance converter.
(2) If Zy and Z; are resistance, then port 2 and port 3

become an impedance converters.

1.5.3 Stability Considerations for Gyrators

A gyrator can be terminated with two capacitors to
form a resonant circuit. In the transconductance gyrator, the
two capacitors will introduce a 180° phase lag while in the
transfer resistance gyrator 180° phase lead. The Nyquist plots
for the above two cases are shown in Fig. 1.48. The time
delay tg in the four amplifiers will introduce a phase lag

angle 6 (@ = Wtyg), which will bring the Nyquist curve of
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the transconductance gyrator across the negative real axis

and brings that of the transresistance gyrator away from the
axis, as shown dotted in the figure. According to the Kyquist
stability criterion, the transfer conductance gyrator employed

in this way is unstable.

JA
lead
- O~ o~
-
j lag
Fig. 1.48 Nyquist locus for the transresistance

gyrator and transconductance gyrator when terminated
with two capacitors.

1.5,4 Effect of Time Delay in Gyrators

The immittances due to the time delay tgq in the
transresistance gyrator and transconductance gyrator will be

deduced below.
Let le and Ypq be the transfer admittance for the

transconductance gyrator and Zjp and Zpy be the transfer

impedance for the transresistance gyrator. They can also be

written as

-i012
Y12 = Va1 ®
-J621
Y = ¥y €
21 21 .e ooooo.ooooooo'oooo (1061)
212 = 212 © 12
-j621
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where yj2» Y21» 212 and zp3 are the modulus of the Yz, Yp3»

Z1p and Zpj respectively and 8 ij is the phase shift from
point i to J in the circuit.
Consider the input admittance Y (eq. 1.58) of a

transconductance gyrator when loaded with a capacitor C.

yiz e 3812 ypy 7020

Jwe

Y =

-3 + 0 ‘
yi2 Y21 o i(e12+021) |

jwe

Let 612+ 621= 6 = ‘.U'td

= J12 Y21 -] Y12 Y21
e 7l JTY = =2l fo(1-56) if 8 is s
300 W e (1-3 8) small

i

Yi2 Y21 _ Y12 Y21 8
jwc w e

= w - ylz yZl td e00000ec0OB D (1062)
jwc c

The first term on the R. H. S. of eq. 1.62 is the simulated
induptance and the second is a negative conductance due to
the time delay tg, which will cause instabilitye.

Similarly, for the transfer resistance gyrator, by

using eq. 1.60, it can be shown that

..je
z72 221 ©
23

21

41 z12 %21 jwe + 232 221 WCB ... (1.63)
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Eq. 1.63 shows that the time delay introduces a positive
resistance 235 Zp; W C8 . The Q of the simulated inductance
is

212 221 WC _ 1 ,' : :
715 721 wCB S 8 in radian/sec.

which is inversely proportional to the phase delay 6 .

l.5.5 - Remarks

In both types of gyrators, the two reactanceé placed
at the input and output port tune each other because each will
gyrate an inductance (or capacitance) from the capacitor
(or inductor) terminated at the output port to tune the cap-
acitor (or inductor) terminated at the input port. Meanwhile,

the gyrator will also gyrate the inverse of the reactance

placed'at the input port to tune the reactance terminated at
the output port. Although both types of the gyrator perform
the same gyfation function, they have different properties.
In the transconductance gyrator, time delay will introduce a
negative conductance when both ports are terminated with
capacitors and thus they may be unstable; but thetime delay
will introduce a positive resistance when both ports are
terminated with inductors. For the transfer resistance gyrator
the situation is reversed.

A summary of the configurations for one amplifier

-

jmmittance converters, two amplifier immittance converters and

the gyrators is given in Table lo.k4.
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CHAPTER 2

RECEIVING SYSTEMS WITH ACTIVE TUNING ELEMENTS

2.1 Introduction

The introduction to the thesis gives reasons why
synchronous detection systems and phase-locked-loops'will be
uséd in integrated broadcast receivers and why active tuning
will be desirable for the antenna systems. .Since the active
circuit tuning systems which are the subject of the thesis will
be used with phase-locked receiver systems, this chapter will

be concerned with these systems.

The above mentioned phase-locked systems may take
many forms, but they all have the general form shown in Fig.
2.1, i.e., the system provides a signal which tunes +the local
oscillator to the correct frequency and the same signal may

be used to tune the antenna system. If the receiver is a

‘:?7 RECEIVING SYSTEM WITH
SYNCHRONOUS DETECTOR
ANTENNA
ég e I
TUNNER AUDIO
| - Fdc dc signal
A control FREQUENCY
TRACKING A OCA CONTROL
0SCILLATOR
. .

Fig. 2.1 A general form of phase-locked systems.

53
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tuned-radio-frequency system, the local oscillator is tuned
to the same frequency, as is the antenna.

This chapter will open with the general theory of
phase~locked-loop systems. Then a particular system will be
used as an example and finally possible tuning systems which
appear to meet the requirements of the receiver system will
be discussed (ref. 2.1). _

An important requirement is that the antenna must be
automatically tuned to the local oscillator frequency, that is,

the local oscillator must track the antenna and this can be

obtained by active tuning elements such as immittance

converters and gyrators.

2.1.1 Phase-locked-loop

A block diagram of phase-locked-loop system is shown

in Fig. 2.2 (ref. 2.2). Phase-locked loop techniques have

been well developed in the literature (ref. 2435 2.4, 245,

2.6). The principle of operation is briefly as follows. The

phase comparator compares the instantaneous phase of the

PHASE : LOW PASS de S

i
COMPARATO! FILTER AMPLIFIER

Vg(t)=Egsin wg

va(t)

-

—< vCo —

V.(t)=E,si
ol ®) o?tsotfﬁo)

Fig. 2.2 A block diagram of phase-locked loop system
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incoming signal with that of the voltage controlled
oscillator (VCO) output and produces an error voltage
proportional to the phase difference of the two input signals.
The error voltage is filtered to reduce noise and high
frequency components and then amplified. The amplifier out-
put is used to control the VCO forming a corrective feedback
loop so that the VCO varies in such a direction to reduce
the phase difference between the incoming signal and its
output frequency until they are locked or synchronized, if
the input signal is close to the free-running frequency of
the VCO or it is within its capture range. This brings out
the following two significant features which make the phase-
locked loop techniques compatible with the integrated
circuif technology.

(a) Since the VCO automaticélly tunes to the carrier
signal, the system does not demand high accuracy and high
stability of component values which can be accomplished by
integrated circuit without difficulty. |

(b) Since the centre frequéncy f, of the synchronizétion .
detector is equal to the carrier signal, the frequency
conversion is directly from radio frequency to audio and no
intermediate frequency stage is needed. The bandwidth of
the radio frequency signal is determined by the low pass or

audio filter.
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2.1.2 A Synchronous AM Detecting System

A basic synchronous AM detecting system (ref. 2.7)
is shown in Fig. 2.3. The received signal Vg(t) and the
synchronous local oscillator output V (t) are mixed in the
mixer, producing the desired output Vp(t) which is filtered
and then amplified to the desired level. .The above process

can be expressed mathematically as follows:

Vg(t) Va(t) Vm(t)
: . LOW PASS AF
—_—] M Sy > et
MIXER FILTER AP
\ Vo(t)
LOCAL
0SC.

Fig. 2.3 A basic synchronous detecting system

Let Vg(t)

A, [1+S(t)] cos (w.t+ 8¢)
Vo(t) = Ap OS (Wot+By) eesesconssnasssscsns (2.1)
The mixer output is given by
Va(t) = Agho [1#5()] cos (W t+0g) cos (wot4e,)
. 2AcA0 [l+S(t)] {;os [(tuc+tuo)t + 6, + 90]

+ cos [(womup)t + 6 = eo]}............ (2.2)

Because of synchronization i, = W,
Vm(t) = 3Ach, [1+S(t)] cos (2w, t+8,+8,)

+ 3A A, cos (8,-6,) + BAcAoS(t) cos (8c-60)

RN NN ENER (2.3)
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After filtering, the output is

V(%)

3AcA,5(t) cos (80~6p)

CS(t) COS Bf eesesececccrcscccace (2.4)
where C = 3A A, and 65 = 8,-8,. 8¢ is the phase difference
between the received carrier and the local oscillator
frequency. Vm(t) is maximum when 6¢ = 0 and zero when 8r = 900,
Thus to obtain the maximum outpﬁt not only the oscillator
frequency must be equal to the carrier frequency but also

the phase angle of the oscillator frequency must be equal to
that of the carrier frequency. Fig. 2.4 is a complete AM
synchronous detecting system which meets the.requirements.

It is a two phase synchronous detection system: the in-phase

and the guadrature-phase.

Var(t) AUDIO
MIXER LOW PASS || AR ag} OUTPUT
™ I ™ FILTER AMP. , .
A
LOCAL I APC « PHASE
0SC VARACTOR ‘<[—FILTER DET.
Vg (t)
.=
9O0OPHASE A
SHIFT
1
' MIXER L.OW PASS AF
> II >1 FILTER i ANP. e
Vag(t)

Fig. 2.4 A complete synchronous AM detector

N:
§
S
»
®
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If there is no frequency and phase difference between
the received carrier and the local oscillator, the in-phase
channel will give maximum audio output while the quadrature-
phase channel give zero output due to the 90° phase shift in
ite The phase detector will produce no phase-correcting
voltage. If there is a phase error in the local oscillator
output, the audio output in the in-phase channel is reduced
while some will present in the quadrature phase channel. The
phase detector will produce a dc phase correcting voltage
whose magnitude depends on the phase error and whose sign
depends on the sign of the phase error. After passing through
the automatic phase control (APC) filter, the dc voltage is
applied to the varactor thereby correcting the phase angle

of the local oscillator frequencys. Such a phase control

loop will not only control the local oscillator phase angle but
also correct its frequency over a few KHz in AM broadcast

band.

2.1.3 Tracking the Antenna with the Local Oscillator

Active tuning elements such as immittance converters
‘'which can change the magnitude of the immittance of one element
of a tuned circuit can be used to tune the antenna or the
1ocal oscillator. Gyrator is another form of active tuning
element which can change the inverted magnitude of an immit-
tance, which is one element of a tuned circuit, can also be
used to tune the antenna or the local oscillator. However, it
is easier to track two similar active tuning elements

fabricated on a silicon ship than if they are of different kind.
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Thus with two similar active tuning elementé on a

-chip, one is used for the antenna tuner and one for the
local osciliator, the tracking problem will be solved.
There are three feasible sets of active tuning elements
1isted in Table 2.1 that could be used for this tracking

purposes.

CASE ’ ANTENNA LOCAL OSCILLATOR

IC

]
-

GY

L]
LA

GY

il
]
-
O | R | B

™
L
S

Table 2.1 Three feasible sets of active tuning elements

Case I Employs two jdentical immittance converters as the
active tuning elements and two jdentical pairs of passive
elements I and C. Due to fabrication discrepancies, final

tracking adjustments can be made by trimming the trimmer

across C or adjusting the inductance in the local oscillator.

Good screening for this inductance is essential.
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Case II An immittance converter is used to tune the antenna
and a gyrator is used for the local oscillator. This scheme
replaces one inductor with a capacitor and thus has the
following advantages:

(1) Capacitomscan be made in integrated circuits but
inductors cannot

(2) Inductors are generally more expensive than capacitors.

(3) It eliminates the screening problem for the inductor.
The screening problem for the capacitor is not difficult.
Because of the very small distance between its two plates,
its stray capacitance associated with the nearby objects is
small compared with its original value and screening can be

done by proper arrangement of the two plates and earthing

one of them, thus eliminating the external electrostatic
effects. But inductors will extract and store electromagnetic
energy from the space and also have mutual coupling with its
nearby objects and thus it needs careful screening by housing
it properly in an earthed high conductivity metal can. How-
ever, as'this scheme employs two different active elements,

it is not so easy for them to track as for one with two

similar active elements.

Case III Two identiéal gyrators are employed, one for the
antenna tuner and one for the oscillator. Both inductors
are on the antenna tuner. One of them may be screened or

both unscreenéd (thus eliminating the screening problem)
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and placed 90° to each other in order to produce a better
receiving field pattern. Final tracking adjustments can
be made by trimming the trimmers added across the two

capacitors.




CHAPTER 3

CIRCUIT REALIZATI ON

3.1 Introduction

This chapter will consider the circuit realization
of the immittance converters and gyrators treated in Chapter
1. The immittance converters and gyrators are partitioned
into voltage and current amplifiers which are the basic
building blocks. In addition, constant current sources and
current gain control are employed in all the circuit
realizations. They are also considered as basic building

blocks. Thus, it is most convenient to realize these blocks

firstand then employ them to realize the separate immittance
converters and gyrators. The capacitors and inductors
terminated at the series and shunt ports are conventional passive
elements and need no further description.

It was shown in Chapter 1 that there are two possible
forms to employ the immittance converter to tune the antenna,
i.e., the high pass form and the low pass form. It was
shown that the time delay in the high pass form introduces a
loss factor whereas in the low pass.form a negative parasitic
impedance. Thus for reasons of stability the high pass form

is preferred and chosen for realizations.
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VOLTAGE PHASE
AMPLIFIER INVERTER
PORT L \ CURRENT \
> cyrrEnT | AMPLIFJER )
ATTENUATOR ~.
= I GAIN=1
ANTENNA : —_—
WCONTROL -

Fig. 3.1 A system diagram for the immittance converter
in the high pass form to tune the antenna

3,1.1 Realizations of the High Pass Form Two Amplifier
Immittance Converter

A block diagram of a convenient two amplifier

immittance converter system is shown in Fig; 3.1 It con-

gists of a unity gzain voltage amplifier, unity gain current
amplifier, current gain control, constant current sources,
voltage level shifting and phase inversion for overall

negative feedback.

3.1.2 Voltage Amplifier

The block diagram of a unity gain voltage amplifier

is shown in Fig. 3.2 and its ideal characterisitcs are input

impedance Zj = ¢, output impedance Zg = 0 and time delay

tq = 0. Because 2y = and Zo = 0, its current gain and
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pover gain are infinite.

[ Yo
= ©

Fig. 3.2 A unity gain voltage amplifier

Unity gain (ref. 3.1) is employed, because it is
easy to obtain by using a differential amplifier with a
feedback factor'/l= -1 (obtained by returning the output
to one of the inputs as shown in Fig. 3.2). For example, if

the voltage gain G, = 106, the amplifier gain Gyo with feed-

back factor}& -1 is

G 6
Voo 20 = 1999999
l-’l Gy 1+10

GVo

which is accurate to 0.0001%. If Gy =0, Gy, = 1. Component
variations dﬁe to temperature changes or aging may cause
considerable changes in Gy but negligible changes in Gyq»

ji.e. the unity gain is insensitive %o component variations.
This is an important characteristic as the immittance
conversion ratio depends on the amplifier gain.

As the current gain Aj; of a voltage amplifier is
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closely related to the performance of an active tuning
circuit, the following will consider

(1) the relation of Aj of the voltage amplifier, its
input impedance Z; and output impedance Z,, and

(2) the relation of A; and the Q of a I C tuned circuit,

when they are incorporated in an active tuning loop.

(1) Since the current gain Aj remains unchanged with or
without the series voltage negative feedback, the feedback
will increase Z; by the same factor that Z, is reduced. Thus,

when Gyg = 1

iO
7; " Mo = AL
But iQ = 21
ll ZO
Thus : AiO=Ai='§l ecsse0sscssssoecscre (301)
(o}

(2) If the amplifier is used in active tuning and assuming
a lossless LC circuit, Zo will be in series with the LC
circuit and Z; in shunt with it as shown in Fig. 3.3. The

final Q of the circuit is given by

o ==
21 é: L

jn—

Fig. 3.3 Effect of amplifier loss on LC circuit
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- WL

- o000 000OsOBOOOOYS (3.2)

5
(wi)® | Zo
21

if 27 D> wlk

As seen from eq. 3.1, a large current gain is required for
high Q. Field effect transistors have an extremely high

Ay (Ay = 106, say). However, they are not generally
compatible with integrated circuits. Thus bipolar transistors
will be considered, but because of their small current gain
(A; = 102), three cascaded stages will be required to have

the same order of current gain as that of a single field
effect transistor. The increased number of stages will
increase the time delay ty. As shovn in sections l.l.4, 1.2.3
and l.5.4, t4 can introduce a positive or negative
immittances. Thus extra losses or instability may be
introduceds So a compromise has to be sought between Aj

and tg. The circuit diagram is shown in Fig. 3.4. A simple

OUTPUT

—0

Fige 304 A circuit diagram of a unity gain voltage
amplifier
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differential amplifier is employed to avoid time delay. As

a large ratio of Zl/zo is required for high Q, a large current
gain A; is needed. High Z; is obtained by adding an emitter
follower Qy to the input of the differential pair and also

by returning the Q4 collector to that of Q2 as shown dotted

in Fig. 3.5 so that the negative feedback will eliminate the
effect of Cpe of Qy on Z3. Assuming the output is terminated in

a low impedance (Ref. 3.5)

I
2N918 'g
Q3 3
2N918 - >
o— ZNV.L =
Qy 2N918
4 -————'°I
Q1 1 b
[o3 - )

Fig. 3.5 A unity gain voltage amplifier with high input
impedance :

.ZlV ~ 2(31‘3 (/3)
= 2 /32 e veesessssesecssssee (3¢3)

26
IE(ma)

where Ure

o

current gain of Q%, Qos Q3 and Qyu
(assumed equal)
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It is noted that in Fige. 3.4 and 3.5 all resistors
are replaced by constant current sources. To provide bias
currents Iy, I2, and I3 ordinary constant current sources
shown in Fig. 3.10 (a) and (b) will suffice, but to bias Iy
6

a constant current source with a.lo x 10° output resistance
will be required so that its shunting effect across the

series port will be negligible. As constant current sources
will be required in the rest of the realizations, we will
discuss them in the following section. As the output impedance

of the voltage amplifier Z, is the same as -the input impedance 23

of the current amplifier, it is considered in section 3.1k,

Fale3 Consfant Current Sources

The function of a constant current source (refs 3.2)
is to provide a ~onstant bias current for a circuit. Its

circuit symbol is shown in Fig. 3.6. Its ideal vractical

characteristics (shown in Fig. 3.7) are

AV
(1) Its ac output impedance Rq = AIO = ¢0 over the
0
operating range. .
Vo :
(2) 1Its dc resistance Rge = o should be small.
o
(3) The lowest operating voltage Vo, should be smallo
o A
. I,
GD % RO 1
0 Vo v i
Fig. 3.6 A constant current Fig. 3.7 Characteristic of
source an ideal practical constant

current source
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The above mentioned characteristics for a constant
current source are not obtainable but may be approximated in
practice. Non-ideal constant currént sources are realized
by

(1) A resistor and a DC power supply
(2) The collector of a transistor
The second method gives much superior characteristics

than the former.

(I) Constant current source formed by a resistor and a DC
power supply :

In this method R, = Rgc. In order to have a constant
current of 1 mA and R, =1 NN, a DC power supply of
1 x 1073 x 106 = 102 volts is required. This example

illustrates the'drawback of this method,

(II) Constant current source formed by the collector of a
transistor

A. By the collector of a common base transistor

The output characteristics of a common base transis-
tor is shown in Fig. 3.8, In the active region (emitter base
foreward biased, collector base reverse biased), the output
resistance of the collector is given by

ry (rp+ere)

cesocevecncee (3.’4‘)

the base resistance

where Ip
re = the collector resistance
ro = the emitter resistance

and Rg = the input source resistance

R, is of the order of megohms and provides a
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good constant current source which needs a dc

supply voltage of the order of oﬂe volt only. The small
slope of the output characteristics in the active region is
due to the following:

(a) As I, = & Ip, the decrease of the base width
(because the spacé charge in the collector base junction
increases towards the base as Vop increases) reduces the
chance of carriers recombination in the base and thus
increases the o as Vgp increases.

(b) The decrease in base width, as Vop increases,

increases the charge gradient in the base and thus increases

the minority carriers Ip injected across the emitter junction.

A
1e=20mA
&=
= 15
o
>
[
O 10
x
a
2 5
(|
5
o 0
Il’% . >
-2 - -6

-.25 0
COLLECTOR TO BASE VOLTAGE

Fig. 3.8 Output characteristic of a common base
transistor
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B, By the collector of a common emitter transistor

The output characteristics of a common emitter of
a transistor is shown in Fig. 3.9. The active region, which
is beyond the knee of the curves, can be used as a constant
current source with an output impedance
Rg + Iy + K1

RS + Iy + Tg

r. = rc(l-d) +r

Y e

In this region, the slope of.the curves is larger than those
in the common base configuration because the base width
modulation effect on I, by Vpc mentioned abc;ve is more
serious in this case. Because I; = /BIB. assuming & = 0.98,
0.5% change in € will cause 34% change in }3.

Although common base configuration provides higher

source iinpedance, the common emitter configuration is preferred
as this form is conveniently fabricated in integrated circuit.
However, stablizing circuits can be employed 1o improve the

output impedance.

s ' = .20mA
= Lot
g
2o
=
© 30' -015
<t
O E
& o 20
EH --10
5
O 10 ;
-5
0! 1 2 3 5>

COLLECTOR-EMITTER VOLTAGE Vog

Fige. 3.9 Output characteristic of a common emitter
transistor -



Three constant current sources (ref. 3.2) are
shown in Fig. 3.10. In Fig. 3.10 (a), R3 stabilizes the
emitter current of Q;, it is a good constant current source
but not economical in integrated form as it employs three
resistors. Fig. 3.10 (b) shovs a practical constant curreent
source, the emitter current of Qy is stabilized by that of Q)
which is connected as a diode. If Q) and Qp are identical,

. VatVy

1~

Fig. 3.10 (c) is a cascode form constant current
source whose output impedance is more than 10 M L because
of the followings'

(1) The collector of Qg is employed as the emitter
load for Qg which stabilizes the emitter current of Qg
extremely well.

(2) The Darlinton pair Q¢ and Qp increases the current

gain of the composite transistor. The higher the current

gain the less effect of Ip on Rye If /3=‘w». Ig=0

then I; = Ig, the output characteristics are horizontal and

RO = o3 ,
+V
Vg 2
i:z!éizg Rf; %RZ
+, - ‘
i ~R2(Va+V RZ Vv,
) 7 |n -
RyZ i ()Q Q7 e
Q2
Q '
RZ% . A s
3 Qy
Vb Vb Ty

(a) ) (b) : - (e)

Fig. 3.10 Constant current sources
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3.1.4 Unity Gain Current Amplifier

The ideal characteristics of a unity gain current
amplifier are Zy = 0, Z, = ® and tq = 0. In practice, this
means a low value of Z;, a high value of Z¢, a small time
delay t3 and a gain close to unity. These appear to match
the characteristics of a common base transistor amplifier.
However, the common base amplifier alone does not provide the
required high Zo and low Z;. Other circuit techniqués such
as negative feedback are employed to reduce Z, and cascode
form output to increase Z,. Fig. 3.1l shows the circuit
diagram of the current amplifier. The large time delay is
avoided by the short feedback loop and the high ‘A cut-off

frequency of the common base configuration.'

g
OUTPUT &D
2N918
i Q2 ’ 2N918

o> k) Q

INPUT @ Ivl

o Y

Fig. 3.11 A unity gain current amplifier

Q1 is a voltage amplifier whose output is fed back
to the base of the common base amplifier Qp in order to

obtain low Z,. Bias is provided by the constant current sources.
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An approximate treatment is given below.

_ .

L = 13 where V; is the input voltage and i

the input current.

1e1rel

iy
But i, = —e2 thus 71 = ==L L ==

B2 B2 i

r
But iez ~ il, thus Zl ot "'El seevevssssvacee (3.5)

P2

Experimentally Z3 given by eq. 3.5 is valid at low

But vy ~ ig] rey» thus 23 %

frequencies, but increases at high frequencies (see Fige 4.1)

and reduces the Q to an unacceptable value. This is unexplain- N :

~ . o .
able by the well known relation /3 = i. (where/ﬁ is the
”

v .
common emitter current gain at low freéuency, f{ is the 3 db X

cut off frequency and f/j, is the 3 M ﬁ cut off freauency).

As f4 = 600 MHz for transistors 2N918 and/e = 100,
then iB = 6 MHz. But experimentally %B = 1.3 Miz. Evidently,
the parasitic effects due to the stray capacitances Cpel and
Cpe2 at the emitter base of Q3 and Q2 at high frequencies must
be considered. Cpep has a larger shunting effect on Z3 as its
capacitance is magnified by the voltage gain G, of Q3. Thus

the total stray admittance shunting the input is
YSh = jwcbel + jwcbez (1+GV) XX EXEXEN NN N (3.6)

In future work, accurate circuit analysis and redesign
the amplifier for low 23 throughout the operating frequency

range are required.
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3.1.5 Current Gain Attenuator

A method used to control the current gain is shown in
Fig. 3.12. This is a conventional method which is used by
integrated qircuit manufacturers (ref. 3.3) eg., in receiver

automatic gain control systems.

0
OUTPUT

Vi+V

DIFFERENTIAL I
BIAS o

INPUT

Fig. 3.12 A current gain attenuator

The current gain M is defined by

Ica
Icl"'IcZ

0000000008000 000800000000000 (3.?)

M =

where Iy + Igp = Iy + Igp = Ige i8 supplied by the constant
current source and 1 2 M > 0.

The ratio of the collector cur?ents %ﬁ% can be
controlled by a differential bias voltage (V3-V2) at the bases
of Q3 and Qp; the relation between tﬂe bias and the current
gain is developed below. -

It.is well known that the-dc voltage current relation

(Fig. 3.13) for an ideal pn junction is given by

I = Iél (qu/kT -.l) ev0s00000s0 0000 (308)
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<
\j

Fige. 3.13 de voltage and current relation of an ideal
pn junction

\.". N
where q = l.6 x 10-19 Coulomb, the electron charge ‘
V = the applied voltage across the pn junction ?k
i
k = 1.38 x 2023 joule/OK, Boltzmanns constant {
' PnaDp  NpeD
Ié: A'q ( 2; 2 gﬁ Z) the saturation current

where A' = area of the junction in cm?

= acceptor carrier density (cm-s) in the N region

Pno
Npo = donor carrier density (cm's) in the P region
Dp & Dp = diffusion constants for holes and electrons
respectively ‘
Lp'= diffusion length of holes in the N region in cm

diffusion length of electron carriers in the P
region in cm

For the same type of npn transistors and assuming

uniformity of the emitter base junction, the collector
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currents of Qi and Q2 are respectively,

'y
T
Iea =ﬂlIBJ. = 1L Io1 (e - 1)
T \
31
D T
= 13-1-, A{ q (p“ODp + 2pony (o L. 1) eee (3.9)
Th1 1
qVz
And | I, =/9ng2 = XB2 . op b (e ¥T2 | g
T’(Z
qVy
T )
= '—'—B'?' Az'q (pnon + npOZQ'l) (e 2 - l) s (3010)
The Lp2 In2

vhere Tgy, Tps electron carrier life time in the base of
Q1 and Q, respectively

>

T’ll’ tpo electron carrier transit time through the
gL base of Q3 and Qp respectively
From €qo 3.9 and 3010 qu
KTy
'z‘Bl Alq (pnole + n'poan) (e 1 1)
Tl 7n1 bpl Inl
I aVp
2 —_—
TRz 27" Ipe Lpl
Tpy alq (pnole . npoan)
loge _I_c..:-]'- - 1oge T,‘ll Lpl Lnl
7:'12 2 Lp2 In2
v, |
+ -lq; (%!'-— Eg) 00000000000 CIOSSIOTS (3.11)
1 2
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In integrated circuit Q) and Q, are fabricated on a
silicon chip. Since they are made under the same diffusion
and doping conditions, then the following equalities hold

within a reasonable degree of accuracy, certainly better than

1%.

Ty = Toe
Pnol = Pno2
' s0s0sesroee (3.12)
Npol = Npo2
Int = Im2
Also T) = Tp = T

since both the junctions are on the same chip. However,
because of the limitations of the photolithography, the

equality A& = A% may not hold to the same degree of accuracy.

USing €Qe 3.12, €qe. 3011 becomes

I A
loge el = 10g _} + ﬁ% (V1 - V2)

Ie2 A
L
I.q142
loge cl i K' (Vl - V2) seesesssocens (3.13)
Ic2A1

where ﬁ% = K', a constant. Eq. 3.13 shows that the dc

collector current Ip3 and I,» divides in such a way that the
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]
Ie182
[}
IcZAl

differential bias (Vy - V,). If ac signal currents are

logarithm of the ratio is proportional to the dc

superimposed on Ioj and Igp, it is shown below that they
will divide in the same ratio as that of Iy and Igpe From

€q. 3.8, the small signal resistance of the diode is

= &V - kI.1
dl Qa I

Thus the small signal resistance of the emitter and

base of Qy is

rl___dvl kT 1 X
dlgy a Igp  Ipy

where K = kT

q

Similarly,

- K

r [ =2 S

2 Ig2

' -I:l:.:_[_E.g.x.I_c_z o000 000000000000 (3.14)
rz Im la

If a signal voltage vy is applied at the emitter of

Q1 and Q2
) v . v
i1 = ;% and 1lp = ;%
i
l = r2 ee e OO0Os0OOODOOELE Ol
Thus —— 1 s0000O (3 5)

iz ry
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Using 3.13, 3.14 and 3e15,

iq I A
logg = = log, -SL = e -
ge 5 Ze T loge X + K (V1-V3),
i A' A'
o 2 = =
1obe ilA' —,loge Egli% - K(Vl'VZ) secsvseecsssce (3016)
2 1 c28l

Eq. 3.16 (see also eq. 3.9 and 3.10) is used to
determine the current gain M which is defined by eq. 3.7.
Thus when Vp = 0, Ig2 = 0, then M # 1. Also when Vp increases,
I,o increases and M decreases.

Two emitter coupled pairs fabricated on a chip and
with a common bias arrangement as shown in Fig. 3.14, one

pair can be used for example, the current gain control on the

antenna tuning system (sect. 2.1.4) and the other pair for the
current gain control in the local oscillator.
Uéing eqe 3016

ICBA4

loge—-—- « = = 1lo = K(Vl"VZ) se00e08 e (3.17)

[}
c2 A1 IouAs

+V
s
output .’f output OOII
differenyéal
bias
o—-———
INPUT I INPUT II

Fig. 3.14 Two emitter coupled pairs on a chip with a common
bias arrangement '
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. 38 Al 2
Providing -£ = f} then Loy = Le3 perfect tracking
~ 1 Ay ez  Icy

can be obtained. But because of the resolution limiations

of the photolithography (usually A] = Aé = A§ = AL';) trimer
capacitors may have to be added to the fixed capacitors in the
immittance converters (see table 2.1) to obtain satisfactory

tracking between the antenna and the oscillator.

Cascode output to increase output impedance

Because of the small input resistance re at the

emitters of Q) and Q2, the collector output impedance of Q3

Re + Iy + A
ro = rg (1-d) + rg o S b re

Rg + rp + Te

is not high enough to meet the requirements. A cascode

s
i
1
1
!

(ref. 3.4) form output is shown in Fig. 3.15. The collector

output impedance ro of Q1, is employed as the emitter load,

OUTPUT
BIAS
DIFFERENTIA
BIAS

Fige 3.15 A current gain attenuator with cascode
output

re of Q3, thus obtaining the high output impedance. Alterna-
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tively, the tracking mentioned above may be obtained by a

feedback technique which will force the ratio %21 to equal
cl

I . . .

—¢l . By this method the stringent requirement on the

Icz

similarity of the four PN junctions is eliminated.

3.1.6 Current Amplifier with a Gain Greater Than Unity

The ideal port characteristics of this amplifier are
the same as those of the unity gain current amplifier discussed
in the previous section, except that it has a gain greater
than unity. Its block diagram is shown in Fige 3.16. Because
a low input resistance is required, the input is a unity gain
amplifier and is followed by a stage with a gain greater than

unity. A circuit diagram is shown in Fig. 3.17. The current

gain Gy is determined primarily by R; and Rp, providing the

conditions stated below are net.

Fig. 3.16 A current amplifier with a gain greater
than unity
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ng %

h A Q2

i1 (::§>jj;:
_QL_(

O

Q
S1 C%D ’ 2Ry
o

Fige. 3.17 Circuit diagram of a current amplifier
with a gain greater than unity

The input resistance at the base of Q, is given

by . - Y
) - neglecting parasitic '
iz P (re + R2) LR ts associated with the
base of Qo
The current gain of the complete amplifier is given
b .
d G, ~ 202
1™ in
~ Rl asguming.Ql has a
~ ﬁz ° /32(re+R2)+Rl unity gailn
Ry .
= E;L lf R2>> re & szz >> Rl ceo0e (3-18)
2

Note that by using more devices to increase the current gain,
the time delay is also increased. -The input resistance is

g imilar to that of the unity gain current amplifier.
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Foil Realization for the One Amplifier Immittance Converters

Eight different kinds of one amplifier immittance
converter were developed in Chaptef 1. A single amplifier
is used to modify the value of the capacitor to tune the
antenna from the broadcast band frequency of about 095 MH2
to 1.5 MHz, and a 10:1 ratio in the change of the capacitor
value is required if the stray capacitance of the antenna is
considered. The characteristics of the amplifiers suitable
for the eight configurations are tabulated in Table 3.l1. In
the integrated circuit form, bipolar transistors will be
used. From Table 3.1, the voltage controlled negative
immittance convertér and the current controlled negative

immittance converter appear to match the characteristics of

a common base bipolar transistor. It is noted that in the
configurations, it is possible to realize the current gain
required with very small phase delay. As shown in section
Toelelt, 10243, 143.3 and 1l.5.4, time delay can introduce
parasitic immittances. From Table 1.1, for voltage controlled
negative immittance converter if Gy = jwC (Fig. 3.18), the

time delay td introduces a negative conductance

, a positive conductance

-wCeBy (81 = tgw); if Gy =

Jwi
glgl- For the current controlled negative immittance converter,
WL
when Gy = - ; (Fig. 3.19), the time delay introduces a

jweC
positive resistance gl%% ; when Gy = jwL, a negative
w

resistance -wIL61B1.
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< ‘&

el §
Fig. 3.18 A voltage controlled Fig. 3. 19 A current controlled
negative immittace converter negative immittance converter

Note that the magnitude of the immittances due to the
time delay tgq are proportional to the product of the phase

delay 6(8 = wtg) and the amplifier gain By. Thus tq must

be reduced so that it does not cause system instability where
it introduces negative immittances; and causes minimum circuit
losses, required by high Q, where it introduces positive
immittances.,

Alternatively, the effect of time delay tg can be shown
by a vector diagram. For example, for the voltage controlled
negative immittance converter (Fig. 3.18), if the amplifier
has no delay, Fig. 3.20 (a) shows.its vector diagram. C is
the passive capacitance and G is the circuit losses represented
as a conductance in parallel with C. OP is the input current
to a different scale. Because of positive feedback, the current
amplifier introduces a current OP' (oP* = A x OP, A is the

feedback facton in opposite phase to OP, a negative capaci-
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tance -AC and a negative conductance -AG. The equivalent
input admittance is shown in Fig. 3.20(b). 143 will cause

a phase lagging angle 8, as shown in Fige. 3.21 (a)e OP is

. the input current and 0P", the current feedback by the
amplifier, is displaced 8, from its initial position OP*

and it introduces a negative conductance -Gi. The equivalent

input admittance is shown in Fig. 3.21 (b).

+C

A

C |---qP o
|
[}
! | I
i
[}
. ., c /—-AC=— Gé -AGé

-G 0 ¢ +C
"1 =AC
(a) - (v)

Fig. 3.20° (a) Vector diagram for a voltage controlled
negative immittance converter

(b) Equivalent input admittance for (a)
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Gy
-G ”I Lﬁ‘ +G —— — = G Z-AGZ -G

— > =— CT -aC % N %Z
b
(R Lgl
b ,’
t 1
b /i
i i

P P-,--

-C

Fig. 3.21 (a) Vector diagram for a voltage controlled
negative immittance converter with a
phase delay angle 64
(b) Equivalent input admittance for (a)

Methods of finding the overall circuit @

There are two methods of finding the overall Q of
one amplifier immittance converter used in acfive tuning.
Method I:
Each circuit loss can be represented as a resistance
in series with the tuned circult or as a conductance in shunt

with the tuned circuit as in Fig. 3.21 (b), where the overall

circuit Q can be expressed as

wC

Q= ctotal

where Giotal is the sum of the shunt conductances.
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Method II
Each circuit loss can be expressed as an angle. If

the sum of the angles 8¢otg] £ %% rad. the overall circuit

Q zsé_!;___ . O4ota] CaN be easily found by drawing a vector
total

diagram. E.g., for Fig. 3.21 (a), the vector diagram is shown
in Fig. 3.22, where 63 is the angle due to the input resistance
ry of ‘the current amplifier and the antenna loss. 84 is due

to the time delay. OP is the input current vector and OP" is

the output current vector. Because of positive feedback, the

“T

' . 8, £ . o~ L
resultant is OR. If €2 £ 73 rad. Q &
C
/
62\
0 —
=G 7 G
4// \\\et
w/f.. .-~ AC
0} ¥
0P' |,

Fig. 3.22 Vector diagram to find the circuit Q of
Figo 3021 (a)

3.3.1 A Complete Circuit for the One Current Amplifier
Negative Immittance Converter

The system diagram for the voltage controlled
negative immittance converter and current controlled negative

immittance converter employed to tune the antenna are shown
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in Fig. 3.23 (a) and (b) respectively. They consist of a
current amplifier and a current attenuator.

Note that in Fig. 3.23 (a), L is in parallel with the
attenuator output and C is in series with the amplifier input
while in Fig. 3.23 (b), C is in parallel with the attenuator
output and L in series with the amplifier input. In Fig. 3.23 (a)
L has .one end grounded, but in Fig. 3.23 (b), C has one end

grounded. The time delay introduces a negative conductance

8183
we

in

-wC871Br in Fig. 3.23 (a) and a positive resistance
Fig. 3.23 (b). Interchanging the positions for L and C in

Fig. 3.23 (a), Fige. 3.23 (b) results and vice versa. \

L \\;\j>”__ A I ATT.

v e

(a) (b)

Fig. 3.23 A system diagram for the one amplifier negative
immittance converter to tune the antenna.
(a) Voltage controlled
(b) Current controlled
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L Eg
N
MN— 0
bias
C —— Q5
M 5 ( ZGQLL O
Q3 gain control
Qo 5

Fig. 3.24 A complete circuit for the one amplifier
negative immittance converter

The circuit realization for the voltage controlled
negative immittance converter of Fig. 3.23 (a) is shown in
Fige. 3.24. Interchanging the positions of L and C results
the realization for Fig. 3.23 (b). Thus an additional good
constant current source in parallel with C is needed to bias
the collector current of Qs in this latter case; also an
additional dc blocking capacitor in series with L is required.
Thus the realization shown in Fig. 3.24 is preferred.

3.2.2 A Circuit for the One Current Amplifier Positive
Immittance Converter

A block diagram for a one current amplifier positive

immittance converter to tune a ferrite rod antenna is shown
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in Fig. 3.25. It consists of the current amplifier of Fig.

3.16 and the current attenuator of Fig. 3.15 to contrel the

C ——
13 ! 10
3 4
V
currenty L
attenuatry
unity gain stégé gain
current amplifier of 10 L.
Fig. 3.25 A block diagram of a one current amplifier 4
positive immittance converter to tune an
antenna

resonant frequency. A typical circuit diagram is shown in

Fig. 3.26., A block diagram and an equivalent circuit are

shown in Fig. 3.27. Note that the value of C (320 pf) used in this
circuit is much smaller than for the negative immittance

converter and that it may be possible to integrate it.
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4V

N
bias o

| géL

Q ,
&D Qs CONTROL

C—— T AN |
(—

Q
’ Ro é 300
{

Fig. 3-26 A typical circuit for a one current amplifier
positive immittance converter employed to tune

an antenna

Fig. 3.27 Equivalent circuits for Fig. 3.26
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The overall Q of the circuit is found by the vector diagram shown in Fig.3.28,

OP is the input current vector, 8, is due to the amplifier input

- l o' -
resistance and the antenna loss, OP' is the output current vector with no

delay and OP” is the output current vector with a phase delay angle 9,.
y P p t

The resultant input current vector OR is the vector sum of OP and OP” .

If 92 é —— rad, the overall tuned circuit Qc:-é—-

2

Fig. 3.28.

Vector diagram to find the circuit Q of Fig. 3.26
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3.3 Circuit Realization for the Gyrator

As shown in Fig. 1.47 a gyrator can be formed by two
voltage and two current ampllflers. The block diagram of the
transconductance gyrator to tune the antenna of inductance I

is shown in Fig. 3.29.

|

Figo 3.29 A block diagram of the transconductance
gyrator to tune the antenna of inductance Ll

It is now shown that the effect of the input conductance

811+ the output conductance g22s and the phase delay 6 on the
Q;factor of the circuit shown in Fig. 3.29. For simplicity,

parasitic immittances are neglected. Thus

-0
Yi2 » Y21 = yi2 y21 ¢
yz (1 - je) e00 80000000 OGOCSDS (3.19)

- 36 .
where y = yj2 = y271 and e ¥ =1 - je for small 6.

Thus the equivalent circuit for Fig. 3.29 is as shown in Fig.

3.30 whose input admittance is
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(o]
<
)
7
o
O

I gu% gn% QD QD €22| &r2 Ly

38 °
-Vyye
Fige. 3.30 Equivalent circuit for Fig. 3.29

o

Yo7 Y32
Yoo 4 Y7,

Yy Y31 -

1
JWLZ

g22 + 812 +

After normalizing the denominator,

y?2 wily [wiy (gppters)] . y? wl, @
1+ w2 12 (g22+erp) 1+ w2Lf (gpptery)

Y] = g37 +

jwy?ly [ 1- wip8(gpz+er2))
1+ w? L% (g22+812)

+ X EEENENNNN (3.20) '

The third term on the R.H.S. of eq. 3.20 is the conductance
due to the phase delay 6 (8 = wWty) and the last term is the

gyrated conductance.

Ege 3+.20 can be written as

Yl = qu+ jwceq tevsssscssncescesse (3.21)
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where

” ]
y~wlp I.WLZ(%'ZZ"'ELZ)'*'@]
1+ w213 (gppterp)?

)
1}

eq €11 +

, 3
_ YcLo [l— sze(g22+gL2)J :
and Ceq - 00000 e00000 s (3.22)

2
1+ w23 (gapters)

Thus Fige 3.30 can be further reduced to Fig. 3431, where the

total conductance

E Li € % T Ceq

Fig. 3.31 Final equivalent circuit for Fig. 3.29

2
Vyewlo | wlp(goo+grs)+6
gF = ng + gll + 2 [ 2 22 12 'J sesoes (3.23)

1l +lﬂ2Lg (g22+gL2)2

as gp is positive for all w, the circuit is stable.

The overall Q of the circuit is

Q = i’u—c-—e-g- ' .00.0...000......0....00.. (3.24)
er

as the gyrated capacitance Ceq decreases as W increases, due

to g11s g22 and 6 (see eq. 3.21), the overall Q of the circuit
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is expected to fall as W increases. When the frequency
increases to such a value that Ceq vanishes and thereafter

becomes negative, the device no longer functions as a gyrator.




CHAPTER 4

RESULTS AND CONCLUSION

4,1 Introduction

The purpose of this chapter is to explore the range
of practical results that might be expected when tuning systems
using the immittance converters discussed in the previous
chapter are realized as integrated circuits.. The first
section deals with the results that have been obtained from

practical realization of the basic building blocks of the

immittance converters. The second section shows how the over-
all perfdrmance of the tuning system using immittance converters
to tune a ferrite rod antenna is governed by the performance

of the building blocks. Finally, some conclusions are drawn

about the most suitable form of immittance converter for

tuning broadcast band receivers.

4L,1.1 Circuit Parameters

The circuit parameters of several practical realiza-
tion of the building blocks have béen measured. The input
resistance, output resisténce and time delay, where applicable,
of the unity gain voltage amplifier, current amplifier, cascode
form current attenuator and constant current source are

tabulated in Table 4.1. Note that the input resistance 1 of

99
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the current amplifier (ICl = 1 mA Fig. 3.11) is approximately
0.26 - from zero Hy, to Lo ki, and then rises to 4% at

400 KHz and 2812 at 1.6 MH,. At low frequency from 0-40 KH,,
the measured results agree closely with the calculated value
(sect. 3.1.4), but above 40 KH, they do not.

Assuming rj oo El— » then r; between 1L and 402 at 400 KH,
and between 7.1 and 280 £ at 1.6 MH, can be obtained by
varying Iz from 0.10 mA to 4 mA. The time delay of the

Voltage amplifier, current amplifier and current attenuator

are respectively 3 nS,2 nS § 2 nS. They are subject to variations
from about 0.2 nS upwards depending on the/g'cut-off frequency
and wiring (the integrated circuit will reduce the wiring

délay drastically). Thus it is expected that the time delay

for an antenna tuning system using a one amplifier immittance
converter can be reduced to less than % nS

4,1.2 Performance Curves for One Amplifier Immittance
Converters

It has been shown that it is possible to achieve in
wide range input impedance, output impedance and time delay
fpr.practical immittance converters. e.g. the input impedance
may be in the order of 3041 if no special precautions are
taken to reduce it. If special précautions are taken input
impedances considerably lower than 1 {lcan be achieved. The
parameters of the final circuit may thus be chosen on the

basis of the design compromises and the degree of complication

acceptable.

N
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This section will study the effect of the important
parameters of the immittance converter on the final circuit

Q and its stability.

(1) One Amplifier Negative Immittance Converter (Fige. 3.24)

Fige 4.3 shows the effect of time delay tj, input
resistance r; of the current amplifieer and the antenna loss
(see Fig. 4.2) on the overall Q of the circuit. As tq changes
from 2 nS to 1 nS and 2nS, it has a predominant effect on
the circuit Q. Because a capacitance range of 10:1 is
required to cover the frequency range from 0.4 Miz to 1.6 Mi,,
the feedback factor A increases from a small fraction to close
unity. As shown by the vector diagram of Fig. 3.22, the
circuit Q is very sensitive to time delay when A is close to
unity. The circuit Q increases as time delay increases and
it runs into oscillations when OR crosses the 900 axis.

e.g.y for tg = 2 nS, Q= 1000 at 1.2 MH, and the circuit
tends to oscillate.

Fig. 4.4 and Fig. 4.5 indicate that for a one
amplifier negative immittance converter to have the required
circuit Q shown in the figures, the input resistance ry must
have the characteristic shown, ie. increasing from 174> to
69 .0 (Fig. 4.4) and from 45.1 to 615N (Fig. L.5) as the
frequency in increased from 400 KHy to 1.6 MHz. The ripple

of ry is due to the combined effect of time delay and antenna

loss.




103

(II) One Amplifier Positive Immittance Converter (Fig. 3.26)

Fig. 4.6 shows the effect of time delay tg, the input
resistance ry; of the current amplifier and the antenna loss
(Fig. 4.2) on the overall circuit Q of the one amplifier
positive immittance converter used to tune the antenna. As
time delay introduces a loss factor, the maximum Q is always
less than the Q of the antenna loaded by ry, which is shown
by the dotfed curve in the Figure. The sag in the middle of
the curve is due to the effect of time delay (see Fig. 3.28).
As the feedback factor A decreases from 14,6 at 400 KHj to

zero at 1.6 Miy, (i.e. the time delay has no effect on the
circuit Q at 1.6 Mi, and all curves meet at one point at

1.6 Mig.)

L,2 Concludine Remarks

From the foregoing sections, it is noted that there

are commonaiities between the two new forms of immittance
converter, the current amplifier negative immittance
converter and the current amplifier positive immittance
converter, when used to tune an antenna, as follows:s

1. Both use amplifiers whose port characteristics are
similar to those of a common base bipolar transistor.

2 It is possible to obtain the overall circuit Q required,
with normal value of input resistance of the amplifier and
ns are needed to reduce

in many cases no special precautio

it to a very low valuee.
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3. Since the antenna signal is circulated by the ampli=-
fier system, no other amplifiers need be connected to the
antenna. The signal can be taken directly from the
immittance converter amplifier. This applies to all
immittance converters treated in this thesis.

In addition, the current amplifier negative immittance
converter has the following attraction. The inductance L
provides a path for the direct current of Q5 (see Fig. 3.24)
and C blbcks the dc supply voltage from reaching Q emitter,
in addition of being resonanting elemtnes. As a result, the
integrated form of it becomes a simple and elegant circuit.

However, it has the following major disadvantage.
Only a limited capacitanée range can be obtained depending
on the operating frequency and the circuit parameters.
Because a large capacitance range needs a feedback factor A
close to unity, the circuit Q becomes sensitive to the time
delay (see Fig. 3.22 and Sect. 4.1.2) and other circuit
parameters. Thus, as A approaches unity, Q may rise to
infinity (depending on circuit parameters) and the circuit
may oscillate. The useful capacitance range is limited by
the circuit stability and sensitivity.

The above disadvantage of the negative immittance
converter does not apply to the current amplifier positive
immittance converter which has the following advantages:

1. It is a stable circuit because time delay introduces

only a Q loss and it can have a larger stable capacitance
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range than that of the negative immittance converter.

2, The normal input resistance of the current

amplifier without impedance reducing tricks can be used.

Howevef, it has the following problems associated
with it, although they are not serious, they must be overcome
to obtain satisfactory system performance:

1. The current amplifier must have a fixed stable gain
of approximately 10 to provide the required capacitance
range. e.g., in the circuit of Fig. 3.26, any changes in Rj,
R, or ry of Qp will change the fixed gain and thus its

resonanting frequency. Any change in gain will interfere with

the tracking (see sect. 2.1.4). \

2. Since the amplifier gain is higher than in the
previous case, the time delay through the circuit is aiso

greater.,

The thesis has shown that the current forms of
immittance converter appear to meet the requirements of a
tuning system for fully integrated circuit broadcast receivers.
However, the detailed design of the amplifiers and the noise
problems the system may introduce have not been studied and
further work in this direction is re@uired before these

immittance converters can be applied to practical integrated

broadcast receivers.



‘ Aousnbaal asurevy JerITrduwe
3 Jo 8oueysTsax andano pue asTyTTdwe usaand 8yl JO dSdueiSTSed andur
frud . S0 T T | i ;.‘””ﬂ_ I

a8eqToA 38U

!
by

-

! !
| |
[ .
!

vy

N R I T t
I _ ;
; + : !
; i . ;
1 ) ) I |
L - | "
SN VO - : .
! i A m T “ _ ! ;
1 . i
N . . N i i
ﬂ ! ! ! : .
. | [ : . : :
H N H - H .
! _ i ! BN TR T Tt e S0 T O 0 S A
R I At R I I | 1
...... | _ P




e T

BUUSUR pOJ ©3TIIOF ayj JO B papeoTun 2°h *STd
. ~<—0 YUY sdousnbaxg
WheT HWee*T WT. X008 1009 MO0+ M002 oomw

t-

234oH W9 T

107

0 S T - :
T 00T
\, EREN R 3
/ e Bl - R L. S

L. N N 02t

7 B R oNT

1 H . / | O@H

1T T - 08T
] | _ B - i34
H |
+ -1 ! l/.J

|- - I . DD SO (S U Sy PN A IS SRS SRS AU NN S SE0S S AN v S I U N
U Lo wl g - R ¥ 4 . xU/,

. 90 PR TN T SN I S Y A ; Pt
- - 3 B o B e e R e e :
e RS -+—4 —i- —~1-4-3 - TR I et o M el ol Rt RS ot ol '
T+1r—t-1-+— -y -1+ il o et - =t

- .-t — - -

N - O T

111
T
i
1

A

!
]

R
I

02e




- 100¢ ‘ . , T ;

§

H v -7 — i

- - - - - e L !

""" i i e —"———

¢ : - ; ! i
R PRSI S Y S S —— — e —— PSRRI I - — ;
e i N R ; ?; f I R P |

& ; = R : I 1. [ | i %
~.Flg. 4e3 ,——~Q-.Lactor 0f-the orie— BENES ey ey ‘ , [
sl ‘Curreny axmplifier. necrntwrr e} - g
‘immittance conver‘cer used to- o I R :

~tuncla ferrite rod antenna. | [T

o AR e Qs R
A U RN -

LONS 8

EasER co,

Y OIVISION

s

270,
50
FEL

c si.'%\g 7

R,

. '-;':':",'-.- o
Sndas i AR

e RSO TS RS e A e

ol 1.2 1.k 1.6

Frequency MHz




: 109 :
v T T g ] T 1 :
. = - ~{: - - - - — - -,A_. SIS B e [T SRS SRS U —nt 1
. - ] - - ( [ _ i - __..g i
. e e s ] e e '_ ST SRR ; - - e ‘

: H P !
N ;

go bl Input. resistance.- r1~-of«~the current- ampllfle S S—-
o -against frequency for the required Q, C=L70{pF, '

IERR EEERI B L-O 7 mH, tgq=l nS,: unloaded Q of the antenna
2_. - Flg‘ h 2) :

ey : —

i S . I A
‘ o i
e e
Ll | i
_ g S VSRR ;.. it
l

Y .8 1.0 1.2 1.4 1.6
Frequency MHZ ——>




10

1.6

i___.___
!
i
Lo N
C |
ety T
i

L.

[ SR .

|
.
‘ | _
: ‘ ! ! B R
“Inputiresistance ri-of the current |"7 T

/

1
i
s
1

required Q.
mH, tg=l ns,

Fo-te2)

Fi

ntenna-{

l.2

for
I=0.

Iifier-
70, pFy

. cel
g

5+

—t h e
7.
arl

0
of

q.

oaded.

0

Frequency

1

I

dT“%Fig;'
T

Bk R T X 7
eI LIV OOT-INIS®,

—_—

MH?Z




-

T KEUFFECL & CSSUR CO.

YCLESIX 70, DIVIFIO

B

i

= BEMI-LOGARITHMIC . .
i
i

2
A
w
1
'

‘Unldaded Q of |antenna (Flg.ﬂh.

Trod jantenna. |C=1445 pF4 1=0.7 1H,
) ;(,Jf?_.':”“

g

7Q—fdctor of ‘theone icurrent ampllfler ‘positiv
immittance converter used to  tune! a ferrlte

-

1=

.o

37 Q ¢

j (ZJ, Lduz_.ns_ff(jj_.td_u ng.

.o

T L2
Frequency MHZ —




REFERENCES

Qol Chu, L. P., "A Phase-Locked Ali Radio Receiver",
IEEE Journal on Radio & TV Broadcast Receivers,
P p..300-308, Octe, 1969

0.2 Grebene, A. B., "A NMonolithic Phase-Locked Filter/Demo-
dulator", a technical report of signetics,
California. (Signetic Part No. E-5021)

0.3 Grabene, A. B., "Frequency-Selective Integrated
Circuits Using Phase-Lock Techniques",
IEEE Journal of Solid-State Circuits, Vol. Sc-4,
No. 4, pp. 216-225, August 1969

Chapter 1 . ‘

l.1 Merrill, J. L., "Theory of the Negative Impedance
Converters*, The Bell System Journal, pp. 89-109,
January 195l

: 1.2 Linvill, J. G., "Transistor Negative-Impedance
; Converters", Proceedings of IRE, pp. 725-730,
June 1953
1l.3 Linvill, J. G., "RC Active Filter", Proceeding IRE,

Vol. 42 pp. 301-340, March 1954

: 1.4 Lundry, W. R., "Negative Impedance Circuits - Some
5 Basic Relations and Limitations®, IRE Trans.
: on Circuit Theory, pp. 132-139, September 1957

1.5 Yanagisawa, T., "RC Active Networks Using Current
Inversion Type Negative Impedance Converters",
IRE Trans. on Circuit Theory, pp. 140-144,
September 1957

1.6 Sypress, J. M., "Synthesis of Active RC Networks",
IRE Trans. on Circuit Theory, pp. 260-269,
September 1961

1.7 Huelsman, L. P., "Theory and Design of Active RC
Circuits", McGraw-Hill, 1968, pp. 112-154

1.8 Kuo, F. F., "Network Analysis and Synthesis",
p. p. 254-270, John Wiley, 1966

112



1.9

1.10

1.11

1.12

1.13

1.14

1.15

1.16

1.17

1.18

1.19

1.20

1.21

113

Rohrer, K., "Theory of Linear Active Network",
pPp. 217-251, Holden-Day, 1967

Larky, A. I., "Negative-Impedance Converters",
IRE Trans. on Circuit Theory, pp. 124-131,
September 1957

Mason, S. J., "Feedback Theory - Some Properties of
Signal-flow Graphs", Proc. IRE 41, pp. 1144-1156,
September 1953

Mason, S. J., "Feedback Theroy - Further Properties
of Signal-flow Graphs", Proc. IRE, 44,
pp. 920-926, July, 1956

Huggins, H. W., Entwisle, D. R., "Introductory Systems
and Design", pp. 49-134, Blaisdell Publishing
Co. 1968

Bode, H. W., "Network Analysis and Feedback Amplifier
Design", D. Van Nostrand Company, Inc.,
New York, N. Y. pp. 66-103, 1945

Nyquist, H. "Regeneration Theory", Bell System Tech.
Bell System Techn. Journal, Vol. 11, pp. 126-147,

1932
Tellegen, B. D. H.,; "The Gyrator, a New Electric

Network Element', Phillips Research Reports,
3, 81, 1948

Su, K. L., "Active Network Synthesis", pp. 25-52,
McGraw-Hill, 1965

Haykin, S. S., "Active Network Theory", Addison-
Weilay, 1970, pp. 176-190 :

Antoniou, A., "The Realization of RC-active Filters
Using Operational Amplifier", IEEE Proceeding,
pp. 1838-1850, December 1969

Daniels, R. W., "Gyrators, Negative Impedance Converters
and Related Circuits®, IEEE Trans. on Clrcuit

Theory, pp. 261-262, May 1969 |

HOJ.-t, A, G Hc’ Linggard’ Ro, "A.New Mul'_tiport
Antireciprocal Device and its Use in Network
Design", presented at the N.T.G. Meeting,

Munich, April 1967



114

l.22 Rao, I. N. & Newcomb, R, W., "Direct-coupled Gyrator
Sultable for Integrated Circuits and Time
Variations", Electronics Letters, July 1966,
Vol. 2, No. 1, pp. 250~-251

Chapter 2

2,1 Thompson, P. M., Yap, C. S., Peil, W., "Impedance
Converters for Tuning Ferrite Rod Antenna",
IEEE International Solid-State Circuits
Conference, Pennsylvania, 1970

2.2 - Gardner, F. M., "Phaselock Techniques", New York,
Wiley 1966, pp. 35-37
2.3 Gruen, W. J., "Theory of AFC Synchronization",

Proceedings of IRE, August 1953, pp. 1043-48

2.4 Costas, J. P., "Synchronous Communications",
Proceedings of IRE, Dec. 1956, pp. 1713-1718

2.5 Moschytz, G. S., "Miniaturized RC Filters Using Phase-~
Locked Loop", The Bell System Journal, Nay
1965, pp. 823-870

2.6 Gilchriest, C. E., "Application of Phase-Locked Loop
as a Discriminator or Tracking Filter",
IRE Trans. Telemetry and Remote Control, Vol.

TRC-4, pp. 20-35, June 1958

2,7  Chu, L. P., "A Phase-Locked AM Radio Receiver",
IEEE Journal on Radio & TV Broadcast Recelvers,

PP 300"308, Octs, 1969

Chapter 3

3.1 7ai, Y. Fe, "RC-active Filters Using Unity Gain
Amplifier", Electronics Letters, pp. L61-462 |

3.2 widlar, R. J., "Some Circuit Techniques for Linear
Integrated Circuits", IEEE Transaction on
Circuit Theory, Vol. CT-12, No. &4, Dec. 1965,

pp. 586-594

3.3 “RCA Linear Integrated Circuilt”, Circuits Technical
Series IC-41, pp. 135-142



115

3.’4’ Lynn’ D. K., Meyer, C. So’ Hamilton, D. J-,
"Analysis and Design of Integrated Circuits
McGraw-Hill, pp. 418-422, 1967

3.5 C. L. Searle, A. R. Boothroyd, "Elementary Circuit Properties

of Transistors", pp. 193-194, John Wiley, 1966




VITA

NAMEs Cho=-Sing Yap
BORN: Bahau, N.S., Malaysia
August 3, 1937

EDUCATION: Primary - Chi Wen Public Primary School
Bahau, N.S., Malaysia

Secondary - The Singapore Chinese High School,
Singapore

University - Graduate of the Institution of
Electronic and Radio Engineers,
England, 1966

University of Ottawa, Ontario,
Canada

Course - Electrical Engineering
Degree = B.A.Sc., 1968

PUBLICATION 3

P.M. Thompson; C.S. Yap; W. Peil, »Impedance
Converters for Tuning Ferrite Rod Antenna',

I.E.E.E. International Solid-State Circuits

Conference, Pennsylvania, 1970.

116





