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ABSTRACT

A new method of producing variable solid
state elements for inductance, capacitance, positive
or negative resistance, or the combination of them
has been developed on the basis of the galvanomag-
netic effecté. The elements are versatile and can
provide pure resistance or pure reactance with a
wide range of magnitude or impedance of any quality
factors; and they can be easily miniaturized for
integrated microelectronic circuits,

Experimental results obtained from proto-
type elements indicate thaf the experimeﬁt agrees
well with the theoretical model and that the
elements will be useful not only for microeléctron-

jics, but also for many other applications.
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CHAPTER T _

iNTRODUCTION , -

In the past ten years a number of different
techniques have been proposed for the fabrication of
monolithic resistors and capacitors for microcir-
cuits, These elements still have some limitations
from the view point of their applications, but they
do accomplish some desired functions (Lin, 1967;
Ghandhi, 1968)., However, monolithic or miniaturized
inductors with high values of quality factor, Q '
have not yet been successfully achieved. Although
considerable effort has been made to develop a méthod
to represent an inductance by means of an active cir-
cuit, such as the use of transistorized gyratqrg
impedance convertors or operationél amplifiers
(Laxpati and Mittra,»l962; Josephs, George and Billette,
1965; Capparelli, 1967), they are quite inferior in
electrical characteristics to cémmonly available con-
ventional inductors and take up considerably more space
than active elements (Barnwell, 1970), This is why in
practice their use is generally avoided whenever
possible and why in most practical‘integrated circuits
desired functions are accomplished by means of special

circuits without the use of inductance.




The trend toward miniaturization makes it
desirable to fabricate circuit élements using semicon-
ductors. In 1965 Kataoka et al were the first to
produce a solid state inductor based on the magneto-
reactive characteristics of the Hall effect. They
connected a capacitor to the Hall terminals of an InSb
specimen so that the current flowing through this
capacitor will produce a potential across the current
terminals, which is not in phase with the applied
voltage; and therefore the impedance across the cur~
rent terminals is not purely resistive, but consists
of both resistive and reactive components. This
method is quite limited and there are many disadvan-
tages associated with it. The ma jor disadvantages
ares

(1) it is difficult to obtain a high in-

ductance because this would require a high

magnetic field or a high capacitance across
the Hall terminals,

(2) it is difficult to vary the impedance

across the currént terminals to any values

desired, and

(3) it is difficult to obtain a practical

value of Q .

They reported that the highest value of @ for a mono-

Hall terminal InSb element at 10 k-Gauss is 0.19




(Kataoka et al, 1965) and that for a five-Hall terminal
one is 0,64 (Toda, 1966). The multi-Hall terminal
method proposed by Kataoka et al (1966) does not in-

crease appreciably the value of Q . They also sug-

gested a F-D-N (P-type semiconductor-dielectric mater-
jal=-N-type semiconductor) structure for the magnetore-
active elements but the value of @ still could not be
increased to a value higher than unity. Because of

the inherent shortcomings of the models of Kataoka et

al, the present project being describied in this thesis
has been carried out to study the shortcomings and to
find a method to overcome them.

In this thesis Chapter II describes the basic
principle of the magnetoreactive elements proposed by
Kataoka et al and their shortcomings. Chapter III des-
cribes a new element developed in the Materials Re-
search Laboratory of the University of Manitoba. Ih.this
element an active source instead of a passive element

is connected across the Hall terminals so that the

input'impedance of the element is a fuhction of both
the magnitude and phase of the current passing through

the Hall terminals., The method of producing an active

source derived from the circuit to be connected to the
current terminals of the element and the electrical
characteristics of this new element are described in

Chapter IV, and some experimental results showing the
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good agreement between the theory and experiments are

given in Chapter V. General conclusions are given in

Chapter VI,




CHAFTER II

THE PRINCIPLES OF PASSIVE MAGNETOREACTIVE ELEMENTS

It is well known that the resistance of a Hall
semiconductor specimen can be varied by varying either
the magnetic field or the external resistance con-
nectéd across the Hall terminals. (Motto, 1962;
Weiss, 1968). The Hall voltage between the Hall
terminals produces a current flowing through the ex-
ternal resistance and hence creates a second Hall
voltage across the current terminals, It is this
second Hall voltage which oppose the external applied
voltage across the current terminals so as to increase
the resistance between these two terminals. This
effect is generally referred to as the "magnetore-
sistive effect" and its validity does not depend on
the form of applied fields; fhat is, the same effect
can be observed either with d.c, voltages or with a.c.
voltages. |

If a reactance instead of the pure resistance
is connected to the Hall terminals, the Hall current
will produce a second Hall voltage across the current
terminals, which is no longer in phase with the
applied a.c, voltage = that the impedance across the
current terminals will consist of a reactive component

as well as a resistive component. The element which




can produce a reactance in a magnetic field is called
the magnetoreactive element. In the following the
principle and characteristics of such an element fab-

ricated in various ways are discussed,

2.1 The Hall Effect

Before considering the a.c. electric field,
let us review some basic phenomena of the Hall effect
in a semiconductor under a steady applied magnetic
field-E?and-a d.c. electric field-E?which is perpendi-
cular to E? « In this case the electrons will move
circularly until they suffer a collision with imper-
fections, the average time between two éollisions
being called "the relaxation time". After one collison
the electrons will start to move again under the in-
fluence ofighand-??as shown in Fig. (2,1). The angle
e betweehﬁﬁ?and the current.j%is called the "Hall

“angle", which is positive for electrons and negative
. A —> —
for holes., For a fixed direction of B and F the
‘ N —_ = -

Lorgntz force | ¢ (F + v x B) | acting on the
electrons is in the same direction as that acting on
the holes although the general direction of the cur-
‘rent due to electrons may differ very little from that
due to.holes ---- mainly due to the differerce between

the mobilities of electrons and holes,

When the applied electric field F, is in the
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(a) electron (b) hole

Fig. (2.1) Charge carrier movement in the

semiconductor under a steady magnetic field
B and a d.c, electric field F which is per-
pendicular to B.

v
T —————— > Fyx» Jx
d Fy
l + + + + + + v
F
X
> Fy

Z

Fig, (2.2) ®he Hall specimen under the
magnetic field B, and electric field Fy.




X ~direction, and the applied magnetic field Bz in
the Z -direction, the Hall field Fy will ve in y -
direction as shown in Fig. (2.2). The Hall angle is

thus defined by

Fy
ten 6 = — (2.1)
Fx
and the Hall field by ‘

wheref?H is the Hall coefficient. Since in the steady

state the Lorentz force must balance the electro-
static force due to the Hall field, thus Fiy can also
be written as

F‘y = vaz

i

He Fy B,
Jx Bz
g

(2.3)

where Jx and U are the current density and electron

velocity in the ) -direction, respectively; Ueis the
electron mobility, and n is the density of mobile

electrons. Thus,

R, 1

Ty )

If Hall element has the thickness d and the width w,
then the Hall voltage is

VH = F,}' w

RH Jx Bzw




Geometrical influence factor fH

1.00

0.75

6 =72° w\-a | E—
82 540 e
| 1

0.50

6.25

0 | | L |
0 005 1.0 l/w 1-5 2.0 2-5

Fig. (2.3) The effect of the specimen dimension on
the Hall voltage. (after Hausler, 1968)
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H

— (Jydw) B,
R |

= '}fi 1x B,
Ky

Ix Bz (2.5)

where Ix is the total current in the X-direction,
and Ky is the Hall sensitivity which is defined by

Ry

Ku = (2.6)

The geometrical shape and dimension affect
the Hall voltage. The Hall voltage taking into account
the geometrical influence is given by (Wick, 1954, |

Haeusler, 1968).

Vi = KulB4(E,00

where fH is the geometrical influence factor which is
a function of the Hall angle @ , and the ratio of the
length to the width of the Hall specimen. For rect-

angular Hall specimens Haeusler (1968) has calculated

£

§ as a function of -2 and @ and their results are
H w

shown in Fig. (2.3). it can be seen that the geomet-

4

rical influence can be ignored if the ratio -i; is

larger than 2.

The Hall field, the Hall coefficient and the
conductivity of a semiconductor depend upon tempera-

ture (Debye, 1954; Korin and Maita, 1954; Harman,
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Georing and Beer, 1956). From Equations (2,3) and
(2.4) the Hall field and hence the Hall coefficient
are proportional to mobility of carrier and are inver-

sely proportional to carrier concentration. The mob-

ility generally increases with decreasing temperature
because of the effects of scattering by lattice, ion-
ized, impurity and dislocation. For intrinsic semi-

- conductors the mobility is approximately proportional

-3/2 . . . .
to T and the carrier concentration is approximate-

1y proportional to T /2 exp [é'E_K&T] where | is

+he absolute temperature, E9 is the forbidden gap and

K is the Boltzman constant (Debye 1954; lMorin and

Maita 1954)., The temperature dependence of both
carrier mobility and carrier concentration for extrine-
"sic semidoncductors containing impurities is far more
complicated. However, in general, the mobility de-
crease, while the carrier concentration increases with

increasing temperature for a certain temperature range,

Fig. (2.4) shows the temperature dependence of the
Hall coefficient,electron mobility and concentration
of si containing Arsenic and Boron, and Fig, (2.5)

shows the temperature dependence of the Hall coef=~

ficient and resistivity of InAs.

If the magnetic field remains steady but the

applied electric field is alternating and sinsoidal,

the Hall field and the Hall coefficient will not be




The following data are for Figs. (2.4)

(3)9 (b)v (C.), (d)s (e)s (f)- The re-

sults shown in these are obvtained by
Morin et al (1954).

"The Composition of samples and summary
of extrinsic range results.

Majority

impurity Minority’

jonization  Net impurity  impurity Mass

Sample energy concentration concentration param- _Added
No. ev em™3 em™3 eter  fmpurity
n type .
131 0.056 1.75 X10u 1.0 XioH 0.5 arsenic
130 0.019 2.1 X101 5.25 X10u 1.0 arsenic
129 0.048 1.75 X106 1.48 X101 1.2 arsenic
139 0.046 1.3 Xiov 2.2 X110 1.0 arsenic
126 ? 2.2 X101 ves - arsenic
140 degencrate 2.7 Xiow ves “ee arsenic
. # type

159 0.045 3.1 X104 4.1 X108 0.4 noue
127 0.045 7.0 X10u 2.2 X101 0.4 boron
117 0.043 2.4 X101 2.3 X101 0.6 boron
119 0.043 2.0 X107 4.9 X101 0.7 boron
141 ? 1X10t boron
125 degenerate 1.5 X10t .- een boron
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affected unless the frequency of the electric field
approaches the value corresoonding to dielectric
relaxation time 'Cd . The frequency dependence of the
Hall field plotted in ratio of Fy at frequency @ to
F‘y at d.c, field is shown in Fig. (2.6) in which

wd = o ’ a)c = —%—and a)P = m ~angular plasma

€r€o
frequency;on, T € and g are respe’ctively the d.c.

~conductivity, collision relaxation time, relative per-

mittivity, and permittivity in vacuum. The value of
W 4 for germanium is of the order of 272'10wradians/
sec, and for most semiconductorsoud is much higher
than what are concerned in this thesis, However, the
effect of frequency on the Hall field and Hall coef-
ficient have been reported by many investigators
(Champlin, 1960; Nishina and Spry, 1958; Barlow and
Kataoka, 1958; Barlow 1962; Miller, 1961).

From Equations (2.3), (2.4) and (2.6) the
higher the carrier mobility, and the lower the carrier
concentration, the higher are the Hall field and the
Hall coefficient. Table (2.1) gives some semicon=-

ductors which are generally used for Hall devices.,

2.2 Equivalent Circuit of a Hall Specimen

If the current terminals are considered as
two input terminals, and the Hall terminals as two
output terminals as shown in Fig. (2.7) a Hall speci-

men can be treated as a four-terminal network. Thus
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Table (2,1) Representative values of materials parameters at 300°Kt

R I S . JLar,

o . : S T R a7
Material cem?[C Q-cm cm'_'3 cm?{V-sec - Rlpt2 " kyty  R(R[YDS YIC

n—Si 360,000 200 - 2%x71013 1500° - 25,000 0-09 120 <001

oo 7000 45 . 1x10% 1300 3300 - - 0-07 16, <0-01
5—Ge 87,000 25 5x1018 3600 - 17,000 05 .85 4
21,000 5 3-5x 1024 3600 9000 . 05, 45 03

3 4250 1 . 17x10% 3500 4000 05 2 - <0-01
GaAs .1700 02 3.7 %1015 8500 3800 . 3 -1 01

S 15 . .0-0045  4-2x1017 3300 , . 220 04 141 0-01
InAs 13700 01 1-7x1015 35,0000 12,000 50 60 3
570 0-02 1-1x1016 28,000 4000 30 20 0

\ 115 0-005 5-5x1016 23,000 1600 20 8 - ¢ <001
InSb | 380 0-005 2x1016 75,000 .. 5400 225 27 2

19 0-0006  3-3x1017 32,000 770 40 38 0-01

Bi 50 ~0002 ~6x1017  ~5000 200 - 1 . 1 ~0-4

1 Data from Ross et al.!9 and from unpublished results at Battelle.
$ Hall coefficient factors of approximately 1+18 were used for Si and Ge; lower values for the 111-V materials,
§ The normalization factors k1 and ks are chosen so that the values of the respective figure of merits are unity in
the case of bismuth. ‘
Il Denotes that specimen is intrinsic or nearly intrinsic.

After Beer (1966)

:
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Fig. (2.7) Four-terminal Symmetrical Hall
specimen and its equivalent circuit.
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the input voltage YV and the output volﬁageVH can be
expressed in terms of input current I and output current Iy

as

v 12, + 1,2,

»& = I ;ZZ| + IH ZZZ oo (2.8)
where Z,,,le, Z..,_l and Zzzare the Z -parameters which

define the characteristics of the network. The Z-para-

meters are given by

v

N
1

= input impedance =

] 1H=0
Z,, = output impedance = Yy _ (2.9)
IH I:O
Z,z = reverse transfer impedance = v
Iulg-0
_ ) Vi
' Za, = forward transfer impedance = -—
Ilt-o
For a Hall specimen, these Z -parameters are:
le = Rl
VA = R
-2 2 (2.10)
Zl2 = l<H'E3
Zy =-KaB

wheré R, andl?z are in fact the resistance of the Hall
semiconductor specimen measured from the current term-
inals, and from the Hall terminals, respectively.

For a three terminal re:tangular Hall speci-

men, the equivalent circuit is shown in Fig. (2,8).
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Fig. (2.8) Three terminal un-symmetrical
Hall specimen and its equivalent circuit.
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In this case RZ is the resistance of the Hall specimen
measured between one Hall terminal and the common term-
inal.,

For the Hall specimen consisting of multi-Hall
terminals, the equivalent circuit is shown in Fig, (2.9).
In this case Ry ---- Rgpmrepresents the resistances of
the specimen measured between the corresponding two
Hall terminals. If the Hall sensitivity is the same
for each pair of Hall terminals, we have

E, = KuB (Iy*Tpt =t lym) (2.11)

and E2| =' E22= Eza': """" :Ezm"KHBI

2,3 Magnetoreactive Elements

The fundamental configuration of the magneto-
reactive element developed by Kataoka et al (1965) is
shown in Fig. (2.10). They connected a passive react-
ive element Xd across the Hall terminals, The elec-
trical characteristics can be expressed by a four-

terminal network, as

\4 R,I + KuBIy

Py (2.12)
VH = KHBI—RHIH:‘JXdIH

where all parameters have the usual meaning as given
in the previous sections. From Equation (2.12) the

input impedance of the element is given by




O,
i

1
"o Vy1

——n I
O——!
o— =20 Vi
o_———.
|
o— |

‘ & IH3 VH3

A L

2 ¢ — -

Fig. (2.9) Hall specimen consisting of multi-Hall
terminals and its equivalent circuit.
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mono-pair Hall terminals.
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2n? 2 o2
R2+Xd R2+xd
R + j X

Thus the impedance Z may be divided into two parts,

"
A
g &
»n

i

the real component R and the reactive component X ;

and they are

K:B*R,
+ 2 2.14
R, X (2.14)

2 2
X = - %ﬁ@'}% (2.15)

]

R

It can be seen that the sign of X is just opposite to
the sign of X4 . This implies that if passive load
connected to the Hall terminals is a capacitor the
input reactance X will behave like an inductive re=-
actance. The magnitude of X is proporticnal to the
square of the magnetic field as long as the magneto
resistance effect of Ry is relatively small,

The quality factor @ of this element is given

by

_X. _ KB,
Q R~ RyR: + R X+ K2B*R, (2.16)

The value of @ depends on the magnetic field. For a
magnetic field of 10 kilogauss at room temperature the
maximum value of @ is only 0.2. For such a low value

of @ , the application of this element is limited.
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To increase the value of Q , Kataoka et al
(1968) has suggested to use the multi-Hall terminals
specimen, as shown in Fig. (2,11). Using the equiva-
lent circuit for this element shown in Fig. (2.9), we

can write
V = Rgl + KHB(IHI+IH2+-"'+Ium)

\/Hl = KHIBI’- RZIIHI =‘jxdlIHl (2.17)

=<
n N
i

Kua Bl = Ra2lya = jXgoLpz

VHM #_ KHmBI ~RomIum = d de IHm

The input impedance is then given by

Z =_\-/-== R, + (KuB) (L) +Tup* -+ Liim)

I I
Ku B + Ky B
Rait gXar Raz+jXgo

ceeee g KmB 1 (2.18)
RZM"'Jde
i Xdl:Xd:’.: ""=de=xd ) Rzl':Rzz:"":Rzm:Rz

cand Ky =Kuz= -------- = Kum= K, i then Equation

(2.18) can be written as

m (Ku B)2
Ry + jXd
RI + m(KH B.)2R2

Rz + Xj
. om(KuBY Xy
J RZ + X5

R + ;X (2,19)

Z = R, +

il




From Equation (2,19) we obtain

i m (KuB)2 R,
R = R+ RE +2Xj (2,20)
m(KuB)" Xy
= - (2.21
X R? +Xj )
and él = -%%—

R/ R: + R,X§+m(KuB)’R,
Although the multi-Hall terminals specimen increases
slightly the value of the reactive component, it does
not appreciably improve the value oi‘GQ . The reasons
for the small @ are that the second term on the right
hand side of Equation (2.20)can not be made negative
because the direction of the Hall current IH depends
only on the polarity of the Hall generator which is
proportional to K, B ] and it tends to increase the
effective input resistance. Furthermore, the phase of
the Hall current lycan not exceed + 90° with respect

to Hall generator voltage. It should be noted that

the load connected to egch pair of Hall terminals may
be made identical, but RabandKy’s are not identical
because the positions of the Hall terminals are differ-
ent. HoWever, because of the physical limitation of
the size of Hall specimens and electrodes, both G}and

X can not be greatly increased by this method,
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(2.12) Experimental results of four-pair Hall
terminal magnetoreactive elementsl, 25 3 and L
indicate the number of Hall terminals,
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2.4 The Experimcntal Ferformance of the Magneto -

reactive Elements

Kataoka et al (1968) and Toda (1965) have re-
ported that the quality factor for a mono—pai; Hall
terminal element is 0.2 and that for a five-pair Hall
terminal element is 0.63, An experiment using a four-
pair Hall terminal element fabricated on a InSpHall
specimen with a 10}1F capacitor connected to eéch pair
of Hall terminals has also been performed in the
Material Research Laboratory of the University of
Manitoba., The results shown in Fig. (2.12) are in
good agreemeﬁt with the theory. However, the value of
Gl is too small, the magnetoreactive element to re-

present an inductance is not practical.
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CHAPTER TIII

THE PRINCIPLES OF ACTIVE MAGNETOREACTIVE ELEMENTS
We have pointed out that the passive magneto-

reactive elements with only passive reactors connected
to the Hall terminals proposed by Kataoka et al (1968)
can not provide an inductance with a quality factor
high enough for practical applications., Although
many other methods are also available (Josephs et al,
\1965;_’Capparelli 1967) for representing inductance
for microelectronk:éircuits, the equivalent inductors
with the performance close to that of conventional
coil inductors have not yet been achieved. In this
chapter we propose a new method to produce high in-
ductive reactance with high quality factor. Before
doing so, we explain the basic concept of this new

method.

3.1 Eguivalent Impedance of An Active Network

Consider a simple active network consisting of
a power source and an active load, and its equivalent
circuit as shown in Fig, (3.1). The equivalent imped-
ance of the active load is defined as the ratio of the
voltage across the active load to the current flowing
into it, Since the voltage and the frequency of the

power source may not be the same as those of the active
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load, we have to use the superposition theorem to
solve this problem, From Fig. (3.1), the current flow-
ing into the active load (see Appendix 1) is

I(wo,wl, t) = Io(wo) - I‘(w')

E, (W) . E, (w,)
Zo (W) + Z, (o) Zo (W) + Z,(w)
(3.1)

and the voltage across the terminals a and b is

V(wo,w;,t) = Z(wd I, Z (W), + E, (W)

Z, (w,) E,(we) + Z, (w,) E (W)
Zo (Wo)+ Z, (wo) Zo W)+ Z, (W)

| (3.2)
Thus the equivalent impedance of the active load can

be written as
V (Wo,w,,t)
I(w,, w,,t)

Z (Wo,w,t) =

— W) Z (Wo)+ Z,(w))
= Zwe) + —EL L@+ Z, }
T T (W, 0, 1) | Zow) + Z,w)

(3-3)

Case 1l:

1f Zo and Zf,are independent of frequency,

then Equation (3.3) becomes




aIn ’
A
Power Active
\'s
source load
5 o]

(a) An active network consisting
of power source and active load,

Eo(W,) 0 | | By (W)

L

bv

(b) The equivalent circuit.,

Fig. (3.1) An active network and its
equivalent circuit.

33




34

E, (w,)
- —y Y
Z(wolwl;t) Z‘ + I(wo,(l),,t)
(Z,+ Z,)
E, W) -1 (3.4)
E, ()
If E (w, )/E (W) is expressed (see Appendix I) as

L AT

:Z'-{-

£ cos § (wo,w,.t.%)

tj & sint(w,w,t.h)  (3.5)
where ¥ (W,,w,,t,%) = (Wo-w)t — ¥,

then Equation (.3.4) becomes

(Z,+Z,) {6 cos Yw,w,t,%) ~ 1}
2 28 cosY(w,w,t, %)+ ]

Z (wd;wl)t) = Z| +

(3.6)

where ycw,,w,,t,z/,)-_- (wo—w,)t—#, with
t 4 2L
W, - W,

the voltage of the powef source is E, /0 and the voltage

and with this as the assumption that

of the source in the active load is E,L%,both angles

referring to t = 0.

Case 23
If the frequency of the power source is identi-

cal to that of the active load, i.e. W, =W, = W




Equation (3.3) becomes

Z(w) = Z,(w) + E (@)

I (w)

Eg (w) - 1
E/(w)

Let us now write Z, and Zo as

= Z,(w) +

Z(w) = Ri(w) +4X(w)

Zo(w) = Ry w)+ jXo(w)
and take 1 as reference

Iw) = [11e°

E,(w) = |E,| e

E,(w)= |E| e

35

(3.7)

(3.8)

(3.9)

Substitution of Equation (3.9) into (3.1) gives

[E,l 9% - |E,|eif
(Ro*R)) + j(Xo+X)

I (w

(Ro* R)(IE,Icos of - B cos 8]+ (Xo+X) (IEd sine(+ IEil SinB]

i

(Ro +R)? + (Xo+X)?

. (KXot X[-IE, | cosu +|E]cosg)+ (Ro*R)(IE,\Sin~ IE | sing)

t4

(Ro + R;)z + (X¢+X|)2

(3.10)




Since we take IW)as reference, the imaginary part of
I (W) must be set zero, We thus have

Xo + X, _ E.Sinx - E sing
Ro + R, E, cosx - E,cosg

(3.11)

Substituting Equation (3.11) into Equation (3,10),

we obtain

|E.l cose ~ |E, | cosa
(Ro+R* + (Xo+X,)?

{ (Ro+R)) +(X.+X,) [ [Eof Sin ot - IE.ISL‘nﬁJ}

|E,lcosx— | E\fcosg

IT(w) =

{E,] cos - ‘E.,COSA{ (Xo-l-X.) } o
(Ro#R)? + (X +X,)? (Ro# R'H Ro+R:

[E,l cosu - [E,| cosp

]

Re + R,
- [Eol Sin - [E,/5inA
Xo + X,
(3.12)
and hence Equé‘bion (3.3) becomes |
V(w)
(w) =
L= T
[E.| e9%

= R,(UU) + 4 X, (W) + —l'i—l—e—d.;—

= Rw) +4X (w)-l- — COSﬁ J L Sin3




= Rw) + j X (w) (3.13)

The real and imaginery part of ZWare

R (w= R, (w)+ ﬁ—'l-' cos A

{ Ro(w)+ R, ] [El cosa

= R'(w) M |Eo|cosx — |E,lCos 8
- RoW)+ R (w)  (3,14)
= R (w) + Ted cose
and ,E:’ coss
Xw) = X, (w) + "—i-—" Sing

{ X (w)+X, ()} IE| sins

[Eol Sink - JE,I scn 8
= X, (w)+ Xo(w) + X, (w)
_‘_E_o_’_ Sino( _1
IE\l Sinpg (3.15)

From Equation (3.1%4) and (3.15) we can express the

quality factor (see Appendix II) as

[ X (w)]
(w) = ——
2 R (w)

[, + |2| sing |
R, (w) +]EI-"COSB

Q is positive when R (w)is positive and @ is negative

(3.16)

when R(w)is negative,
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= R(w) + j X (w) (3.13)

The real and imaginery part of ZWare

R (w)= R, (w) + ’E' oS A

R (w) f Ro(w)+R,(w}IE [ cosa
! |Eo| cosx — |E,ICos 8

Ro@)+ R (w)  (3,14)
Rt(w) + '.E&'f_?f_?‘__l
,E:' cosa

and

Xw) = X, w) + & sing |

o [1l

I Xo )+ X, ()] IE I sinp ‘ |
[Eol Sinek ~ |Ei) sin 8 |

X, (w) +

Xo(w) + X, (w)

lE,l 9mo(
’E.l s‘-ﬂﬂ —1 (3915)

{1

X (w)+

From Equation (3.14%) and (3.15) we can express the

quality factor (see Appgndik II) as

| X (w)] |
R (w)

lx,cw>+l | sing |

Riw) +|%[cos B

Q is positive when R (w)is positive and @ is negative

Q(w) =

(3.16)

when R(w)is negative,
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From this simple analysis it can be seen that
Rw),X(w), and Q(wjcan be varied to any desired value
by adjusting either the ratio }%ﬂ\ or the relative

3

difference & and £ .

3.2 Eguivalent Impedance of An Active Hall Element

An active Hall element can be considered as a
Hall specimen with an active loaﬁ connected between
the Hall terminals as shown in Fig. (3.2). This
element can be considered as an active network similar
to the active load described in Section (3.1). Since
the current flowing at the current terminal I pro-
duces a Hall potential between the Hall terminals E,,
‘and fﬁé current flowing at the Hall terminals, I
produces a second Hall potential across the current
terminals E, , the equivalent circuit of Fig. (3.2) is
shown in Fig. (3.3). E2 is proportional to I and E,
proportional to I oo E,(w)and Z, are respectively
the Thévenin source and impedance of the power source,
R, and R, are the resitance of the Hall element mea-
sured respectively betwéén the current terminals a and
b, and between the Hall terminals ¢ and d. The active
load connected across the Hali terminals can be con;‘
sidered as consisting of an impedanceless power source
E4 (w) and a series impedance Zy .

Referring to Section (3.1), and assuming that




I (wos w]_vt) ‘

R
Power Iy (Wy,Wy,t)
a —_—
S
(W, W ) Activg
A" e 1st
Source Hall
4 load
O
b
Fig. (3.2) An active Hall element consisting
of an active Hall load.
= I (wo:wl:t) IH (woow]_s't)
- q —> —
), 3 —O—
Ry R2
ZO ZD

el )

Fig. (3.3)

Equivalent circuit of Fig.

(3.2).
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the difference between frequencies W, and W, is small,
then Z(Wo)¥ Z, (W) and Z (W) & Z (w,), ve

can write

EZ(wO)wl) = KH BI (wo,w,) (3017)
E,(wo,w.) = KH B T (wo,wi) (3.18)
L, (wo,wy) = Eg (o, = Eg (w)
! , R, + Zy
(3.19)
I (wo UJ) = E"(w') "E, (wmw:)
T 2 (3.20)

-~ and the voltage between a and b is

V (wo;wl) = R|I (wo,wi) + E,(wo;wl)
(3.21)
8imilar to Equation (3.3), the equivalent impedance
of the active Hall element between a and b can thus

be written as

V(W W)
l (wo, W)

]

Z (wo,w:)

E (wol (U,)
= R + ==X
' I (wa,wl)

R, + R, + Zo (3.22)
Y EeWe
E, (Wo,w)




b1

substituting Equations (3.17) ~ (3.20) into Equation
(3.22), we obtain

2
(KuB)™  Egw) KuB

Rz + Zd I (Wo,wy) [Rz"'Zd]
4 (3.23)

Z (Wo, W) = Rl +

This equation degenerates into Equation (2,13) when
Eq4=0.
Now consider the case in which Woe=W,=wW . Then
Equation (3.23) becomes |
(KuB)* _ Ejw) KB
Ra+2Z4 1(w) [Ry +Z4])
| (3.24)

Z (Wo,n) = R, +

Again by taking I(w) as reference in phase, we then

define the phase relations as

I (w) = 1] e’

I,w = |1e%

E,w) = [E,)e* (3.25)
E, (w) _ IE,| e 98

Eyjw = IEdled?

Zg (w) =  Rdw) +jXq2)

Introducing Equation (3.25) into Equation (3.24)
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and writing Z(w)= R(w) + 4 X (w) , we obtain the

real part of Z((w)

R(w) = R, + {KuB)" (Re +Rq)
(Ry+Rg)? + X

KHBIEI-‘!H(RNRJ) cos Y + X, sin 'z/}
(Rz #+ Rg)* + X5 |

(3.26)

and the imaginery part of Z (w)

~ (K BP Xy + KB [S4|{(R, +Ry) sin - X4 cos %)
(Rz +Rd)2 + X§
(3.27)

X (w) =

and the quality factor:

| _ Xl
QW) = R (w)

_ = (KB X+ KyB|Z{(R2 #+R) 5in Y X4 cos¥] |
R (Ry*Ra)®+ RXE + (KuBF(Ry+ Rg) = KuB [ES[§(Ry +RN) cOSY#XgSin%])
| (3.28) |

In practice, Xd can be made zero i.ie. X4 =0 o

Under this condition ¥ = ), then Equations (3.26) -
(3.28) become

R + (KHB)Q__ KuB |E4l cos ¥
! Ra + R4 17/ (R2 + Ry)

R (w)

KuB |E4]l Sin ¥
[I| (R2+ R4)

X (w) = — (3.30)




] — Ky B sin |
57| (Ri(Re +Ra) +(kuBY] - kuB o= ¥
(3.31)
Equations (3.29) - (3.31) can be further simplified

Q (w) =

by making Ed (w) > Ea‘“’) and Rd>” KuB
These conditions can be easily satisfied in practice.

With these conditions these equations become

Rw)= R, - ﬁﬂli—'l"' cos ¥ (3.32)
| - KH B ’Iy’ g“
X (W)= (1] n¥ (3.33)
and
Q (w) [~sen Y
w) = -
2 l%; | - cos ¥ o (3.34)

where |I,] = [Edl/Rol R sincelEd[ >> |E, | and

Re¢ > KyB.

These equations imply that R, X, and Q can
be adjusted to any desired values simply by adjusting

the ration Ll-’- and the angle X.
H

b3
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CHAFPTER IV

RESISTIVE AND REACTIVE ELEMENTS

On the basis of the concept of the equivalent
impedance of an active Hall element (with an active
load connected between the Hall terminals), such an
element can be considered as one of the methods to
Synthesize a given impedance. In this chapter the
fabrication principles and the electrical character-
istics of such elements will be discussed. For
simplicity, the time dependent elements which in-
volve two or more different frequencies will not be

included.”

4,1 Fabrication of The Element and General Reguirements

For a time-independent element, the frequency
of the power source must be the same as that of the
active Hall element., This rules out the possibility
of using a separate source for Eg in the active Hall
element (see Figs. (3.2) and (3.3)), because it is
impossible in practice to make the frequency of E4
the same as that of the other active network ( we
consider it as power source in Section‘(j.l)) to be
connected to this element without an automatic syn-
chronizing system connected in between, The latter

is complicated and not practical., For this reason,




we derive Ed from the active network to be connected
to this element. Fig. (4.1) shows the basic arrange-
ment of the resistive and reactive element using
Galvanomagnetic effect (R.R.E.G,) in which B is the
constant applied magnetic field, § represents the
semiconductor Hall specimen, A, the amplifier énd P,
the phase shifter,For a desirable element the equiva-
lent impedance Z (uDshouid be independent of the
current ] (w). To satisfy this requirement, [Iul
must be proportional to |I| . This means that the
amplifier must be linear i.e. its output current must
be proportional to its input current, (cf'EquatiQﬁs
(3.32) to (3.34)).

The type of the active network to be connected

to the element and required characteristics of R.R.E.G.

determine the choice of the Hall specimen, amplifier
and phase shifter, In general the following factors
are,important for choosing these components:
(a) Hall sensitivity Ky must be high so
that smaller magnetic field and smaller ampli-
fication are reQuired to produce the required
magnitude of Z (w),
(b) Thevamplifier must have high current
gain and must be isolated from both the
input and output to avoid any possible

oscillations of the amplifier caused by the




I (w)

)
30
/

vV (W)

Fig., (4.1) The resistive and reactive element
based on galvanomagnetic effect (R.R.E.G.).
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feedback through the Hall specimen,.

(¢c) The phase shifter should be designed in
such a wéy that the attenuation of the ampli-
fication is as small as possible,

(d) The magnetic field can be produced by
permanent magnetic films deposited on the
surfaces of the Hall specimen, »Since most
magnetic films are conductive or semiconduc-
tive, it is desirable to deposit first a di-
electric film on the Hall sample surface be-
fore a magnetic film is deposited to isolate

the Hall specimen from the magnetic films.

_»{Some typical values of input impedance, output
Mi&bedance, current gain and voltage gain of trans-
istor amplifiers are given in Table (4,1). According
to the requirements given in (b) we use the common
emitter configuration for the amplifier and differ-
ential amplifier arrangement to isolate the input
and output of the amplifier., Fig. (4.2) shows the
circuit diagram of R.R.E.G. in which(:P is the phase
shifting capacitor,‘Truto'Trs are the transistors

and R{,is a bypass resistor of very low value which
should be so small that its disturbance to I (w)is
negligibly small . Fig. (4.3) is the equi#alent
circuit of Fig., (4.2) in which A, and Ajare respec-

tively the current gains of the first stage and the




\ -

Table (4.1) aftér Ghausi (1965)

Common Common Common
base collector ‘emitter
configuration configuration configuration
Input - -
impedance 3.5 ohms 237 K-ohms 1.620 ohms
Output _ _
impedance 138 K-ohms 55 ohms 72 K-ohms
Current ’ . :
gain - 0,98 50 -, Lk
Voltage

8




>O P

vV (W)

Fig, (4.2) Circuit diagram of R.R.E.G.
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Fig. (4.3) Equivalent circuit of R.R.E,G.
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second stage of the amplifier, Zyj and Zips are respect-
ively the input impédances of the first and the second
stages of the amplifier., The output impedances of

both stages of the amplifier are gssumed to be large enough

for a constant current output,

L.,2 Analysis of the R.R.E.G.

To simplify the analysis we first define the

three parameters H (W), G (W), and P(w), The Thévenin

impedance M (w)across the terminal a, and b in Fig.
(4.,1) consists of the internal resistance Ri between
the current terminals of the Hall specimen, the com-
bination of the bypass resistor Rp, . the input im-

- pedance of the amplifter Z3; and series resistance Rg.

Thus

Rb.Zﬁ
= +R+—-‘—"—"'
H (w) Rs i Re+Zs,

The current gain and generation constant, G (W) ig

(4.1)

defined as the ratio of the magnitude of the second

Hall potential to the magnitude of the current flowing

into current terminals of the Hall specimen when the
phase shift and the atﬁenuation factor P(w)is unity.

It is

| Ky B Iy ()]
G (w) =
LT o =1

The phase shift and attenuation factor, Pwis ge-

(4.2)

fined as the functional variable which indicates the

phase shift J of the output current I (W) from the in-
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put current I (w), and also indicates the attenuation
of the current gain of the A and P unit, and it is ex~

pressed as

Pw) = [Pw] (cosy + jsiny) (4.3)

The value of P (W)can be positive, or negative, or

complex,

Using the three parameters, we can write the

equivalent impedance of the R.R.E.G. as

CZ(w)= HW) + GWw) P(w)

Hw + Gw)|Pw| (cosy+jsiny)

]

Rw) + jX(w R

The equivalent impedance can also be expressed as the
ratio of the voltage across the termimals a and b to

the current flowing at the current terminals of the

Hall specimen.

Thus
V (W)
Z(w)= ——
1 (w)
Rs I(w)+ R, 1w+ —b—ﬂ—,f +Zz,, I(w)

I(w)

R ‘Lc
(W) —b —_—Wlp

+
I (w)




- Ry Z R i
= Rs +R, + 251 + K,BA b,
s ' Rtz HBAA: Rup+2Zy I+jWCp Zzz

(ky5)

By comparing Equations (4.4) and (4.5) we get

_ Ry 7
| H(w) = Rg+R, + m‘;— (4.6)
and
G (W= KuB A A (4.7)
R
ST S— (4.8)

Rb+zll 1+ J(IJCFZIg

If ZII/ﬂ_and ZIz are expressed as

Zy = Ry w) + ) Xg (w)

ZIZ = RIZ (w) -+ J‘XIZ (w)

then from P(w) = ‘PCW)I ( cos 3’+JS[H Y)

we obtain
[PW)]cos ¥ = (Ry+t Ro R")(I‘-w.c"xr") ~ RoXnwGRyy
| {(Ro# R+ XP }{ (14 WCpX 1 ) + (wCpRe |
(&.9)
[P sin) = — LR (Ro+Ro Ry +Ry Xy (1= 0GXsa)
{ (Re+Ru)* X2 H 1+ w6 X5+ (w6 Ra '}
' (4,10)

1f Z1t and Zrz are real only, then X;n =X, = O
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Equation (4.6), (4.9), (4.,10) become

= Re Ry (4.11)
Hw) = Rs +R, + Rb + R1y
| P(wf Cosy = Ry (4.12)

(Rp+Ru) [1+ w6 R11J2

R, W Cp Ry,
(Rp +Ru) LI+ wWe Ry,

|P(w)]sin¥= — (4.13)

'In practice Rbcan be made very small as compared with
Rz; +  If Rp <« Ry then Equation (4,11) to (4,13)
become

;/_H(w) = Rs+ R, +R} (4,14)

Rg (4.15)
Rul1+wG Rz2)?

|PW)lcos{ =

. - Rpwcp R
PWw)sif = £ 12
' , L”X Rzl[l'f'WCkaz]z (L“ol6)

4,3 The Electrical Characteristics of R.R.E.G,

The electrical characteristics of the R.R.E.G.
are determined by the chéracteristics of Hw), g (w)
and P(w). For low frequencies HM)and §(w)can be
aséumed to be constant. The frequency.characteristics
of RW), X (W) angd Q Ware dependent only on P(w),
Figs (4,%), (4.5), (4.6), and (4.7,) show the variation

of R, X, and @ with the phase angle Y forH =0,
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H=6a,H=100andH=1208. In ail cases

[Pw)] G (w) is set equal to 10, It can be seen that
R; X. and Q depends greatly on J and theoretically &
can be made +0oor ~00 by adjusting Y . The following

are the phase shifts at which @ is a miximum,

H (ohm) Q (max) ¥
0 r oo 90° and 270°
6 t oo 126° and 233°
10 + 0o ~ 180°
12 A 1.5 150° and 210°

Consider the effect of the phase shift f on
the frequency response of R.R,E.G., we refer to
Fig. (4.8) which is part of Fig. (4.3), For a cur-
rent source .IA, which is taken as a reference cur-

rent and is proportional to I y the input current

A

to second stage of amplifier (L aq is
L
L. = dWep I (%.17)
A2 1 + R Al
d’wcp I2

There are two ways to connect the output terminals of
the amplifier to the Hall terminals, They either are

e —>c and f—d, or are e—-—»d and f—c, the differ-
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Fig., (4.8} Simple phase shifter for current source.
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- The real and the imaginary parts of PWang P (W) ag

.63

ence between those two cases being only 180° phase
difference, For these two cases, the phase-shift

and attenuation factors are

TWC
Jwe, + Ry,
I , _WCp Rz

| + WG R ¢ 1+ (WGpR2) (4.,18)

or
' ’ WC R 2
"(w)= — + -
P W)= = aemr td To (wcoray
| (4.19)

functions of fequency w are shown in Fig. (4.9) and
Fig., (4.10)., |

Fig. (4,11) shows a simpie phase shifter for a
voltage source Vg, which is considered to be propor-

tional to 1 . For this case the input current iAz

into the second stage is given by
L] VA

Lyg =
A2 l
: RIZ + d’wcp
Again, there are two possible ways of connection as

(b.20)

-in the cases for a current source., For these two con-

nections the phase shift and attenuation factors are




@)

Fig.

(4,11)

et
\J

Simple phase shifter for voltége source,
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P (w)=

I
-+

_ (W)’ Rya . W Cp
[+ (WCpRsa )\ |+ (WCpRr)* (4.21)

or

(WC)'Ree _:  WCp

| +(WCpRy12 )? | + (WCpRs;)
(4,22)

P'(w)=~

The real and the imaginary parts of P (W)and P“w)
as functions of W are shown in Fig, (4.,12) and Fig.
Having known the P (w) or P,(w)as function of

frequency, we now can determine R (w) and X (W),
Figs. (4.14) and (4.15) show the frequency dependance
of R (w)and X (W) for several values of G withH as
a constant. Figs. (4.16) and (4.17) show the fre-
quency dependence of ng) and X (w) for several values

of H witnh G as a constant,
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R or X (in ohm)

Fig. (4.,14) Frequency dependence of R and X
for wvarious G with H = 10 n
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Fig. (4.16) Frequency - dependence of R and X for
H= 10, 20 and 30 L with G = 10,000,
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CHAFTER V

EXPERIMENTAL RESULTS AND DISCUSSION

In this chapter we shall describe the experi-
ments designed to prove the theory given in Chapter
IV and to show the use of the R.R.E.G. as an element
in'simple oscillator and tuned circuits, We shall

discuss step by step as follows:

5.1 Equivalent Impedance with D,C, Power Source and

D,C, Active Hall Load

~_In order to show how an active source connected
éééoés the Hall terminals causes the change of the
equivalent impedance looking at the current terminals,
we use the experimental set-up as shown in Fig. (5.1)
in which R, and R, are the internal resistance of
the Hall specimen across the current terminals and
the Hall terminals respectively. The Hall specimen
is an n-type I, Ag of which R, = 3.30 and R, = 3.0
in the absence of magnetic field, and R} = 6.2a and
R, = 6,00 when B= 10 kilogauss. Rgand R¢ are
resistance which are connected in series to the
sources Eo and Ed .

Referring to Fig. (5.1) we can write
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(a)

(b)

Fig. (5.1) Experimental set-up (a) and
its equivalent circuit (b).
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RE 4 kB1, —R_ (1

V = RI + Ro H Rc* Ro
Ri R,

Thus the equivalent impedance looking at the terminals

2 and b is

=V
‘ : ( )
KuBI, (R+Ro
R+ Eo, - KuBIy S (5.3)

To visualize the characteristics of Z , We have

the following three cases:

(a) when R,> R, ana E, KuB Iy thenI~E:,

(-]

”M/«“Iﬁ this case the power source can be consider-
ed as a constant current source, and the volte

age V becomes

V= RI1+ KBl (5.4)

and the equivalent impedance becomes
- L, |
Z = RI -+ KHB T (505)

Since Ry» I and KyB are constant for a given
magnetic field, the values of V and Z should
increase linearly with increasing Iy which
can be adjusted to any value and to either
positive or negative direction. Fig. (5.2)

shows that the experimental results are in

7l
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Theoretical

esesessee Experimental

1.4

-4

Fig. (5.2) V as a function of I,; for the
case R, > Ry and E, > KyBlIy.




I(mA) or Z(ohm)
2-7-\

Theoretical

....;..Experimental

Fig. (5.3) I and 2 as functions of Iy for
the case Rg~(Jand V = E,,




excellent agreement with the theoretical pre-
diction. The experiment was performed with
Eo = 10VRy = 100KQ, I = 0,1mA and B = 10K

gauss.,
(b) when Ry ~ 0 the power source can be con-
sidered as a constant voltage source. In

this case, we have

V": Eo (5.6)

[ = -Ee KBl (5.7)
R| ‘
and Z Y Eg R! (508)
Eo - KHBIH

I increases linearly with Iy but Z increases
with decreasing | Inl and vecomes infinite
when Eo-"-' KuB IH . Fig. (5.3) shows
some experimental results for Ro =0,

Eo = 5mV. and B = 10 Kilogauss. Again,the
experimental results are in excellent agree-
ment with the theoretical prediction.

(¢) when Rye is of such a value that the
power source can neither be treated as a
constant current source, nor a constant
voltage source. In this case we used

E, = 5mV, R, = 10 and B = 10 Kilogauss
for the experiment, The results shown in

Fig. (5.4) are in good cgreement with the
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Experimental
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Fig. (5.4) Vv, I and Z as functiorsof Iy for

R, having the same order of the value of Ri.




theoretical prediction.

5.2 Eguivalent Impedance with A,C, Source and A.C.

Active Hall Load

When the frequency of an a.c. power source and
that of an a.c, active Hall load are different, the
equivalent impedance of the a.c, active Hall load is
given by Equation (3.3). We rewrite this equation

as follows:

Z (Wo,w,t) = Z,(w,) +

E, (w) { Z, (Wo) + Z,, (W)
Iwe,w,t) | Z,(w) + 7, w,) }
(5.9)

Epr-siﬁblicity, we use pure resistance R, and Ry,
which are independent of frequency, to represent Z,

and Z,; then Equation (5.9) becomes

Z(Wo,W,,'t)z R, + E, (w,) ' (5.10)
I(wo,w“t)

in which E,(W,) is the Hall potential produced by Iy,

E, = KyBI, (5.11)
- Suppose we take I as reference

I = 11140  (5.12)

and write
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I, =1L (we-wi)t + ¥
= [ I X (Wo, wi, t) (5.13)
in which t £ 2R The phase angle J i
€ Do, . P ang is

time dependent, the physical meaning of which is given
in the Appendix I. Introducing Equatiens (5.11), (5.12)

and (5.13) into Equation (5.10) we obtain

Z (w"f wl/t) = R (wo’ w"t) + J‘X (wOI wl/t)

(5.14)
|
in which |
,,,,,,,,
K

R(We,w,t) = R, + ——ﬁB—,-'—I-' Cos ¥ (wa i t)

(5.15)

and

X (wclwlrt) = —&-}IL,,M Sl:h r (Wo,w“ t)

(5.16)

The quality factor is therefore

‘X <w°l w'/t) ,
R (Wo,w, t)
_ I KuB |Z] sin ¥ (wo,w,t)

R, + KuB |2 cos ¥ (w.,wt)
R (5.17)

Q (wo/ w‘/-t)
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and the phase angle ¢ (Wo ,w,, t) which indicates the
relative magnitude of X (Wo,w:, L) and R (we, w,t)

is given by

ﬁ(w"/wl/t) g tan-'.x(walwl;t)
| R (wo, Wi t)

= tan” @ (wo,wi,t) (5,18)

The absolute value of Z (wo, W,,t) 1is thus

| Z (Wo,wi, )| = ‘/_{R(wa,w,,t)}zﬂ— {X (w0, )}

r//

e |
- E

- VR + (KB Hel )+ 2 KR [§2] cos¥ (w1 B

(5.19)

Using the experimental set-up as shown in
Fig, (5.5), we obtained a series of results for

] Z(WwWe, W ,t) | as a function of ¢ (Wo,w;,t)

for H_&_«' = 0.5, 1, 1.5 and 2 at f,= £ =0 KH,
and f,-—fl = -“—JZ"—;[—‘Q—' = 0.l Hz and they are shown
in Fig. (5.6). For this case both @ (W, w,, t)

and , Z (Wo ,w,,t) | are time dependent as shown
in Fig. (5.7). The rate of the chénge of | Z (wo,wi,t)|
and ¢ (Wo, w,, t) depends upon the frequency
difference between 'E')T:—_ and igr';. .

When We and W, are iden*tical or derived from
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- the same source, both ¢ and Z are independent of
time, In this case the value of Z depends mainly on
L%f‘ and the phase angle [’ between I and Iy. Using

the experimental set-up shown in Fig. (5.8) I, was

derived from the same source - the test oscillator of
the Hewlett Packard vector impedance metér, which was
also used to produce I, therefore the frequency of I
and that of IH are identical. Fig. (5.9) shows the
value of |Z|ana ¢ (= ten - "fz)'(') as functiorms of Y

and I-:I-[ﬁ} . For this experiment Hall specimen has

Ky = 3.86 ohm/weber Ry = 4,41 0., R, = L,bh with
B = 5Kilogauss. The experimental results are in good
agreement with the theoretical prediction, It is in-

teresting to note that when Iy is large, the value of

¢ becomes closer to the value of § , and that Z
has an inductive component when X is positive and

a capacitive component when [ is negative.

5.3 Resistive and Reactive FElements Based on

Galvanomagnetic Effect (R.R.E.G.).

Referring to Fig., (4.2) and Equation (4.5) the
equivalent impedance of the R.R.E,G. is given by

R;, ( Ry, “JXPI)
Ry + Ry ~ 4 Xpi

Rb )(— JXP:L )
+ KaBAM, (g ) 220

Z(w)= Rs +R, +
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= H + 6P

where
|

= (5.21)
Xn= Fo 5.
X = (5.22)
Re2 W Cp,

- Ry { Ryt ~ g Xp1)
H = Rg+R + ——=u—d7¢ (5.23)

' Re+Ry =4 Xer

G = KHB A«AZ (5.2“‘)

P_-:.( Ry )(__ a‘xn')
A\ Rp +Ry =% R1z = 4 Xp2

_ RyRy (R, +Ry) +RuXm
R R5+ Rl + (Rb'*'RI’)z + Xpﬁ

(5.25)

Ku B A‘l A; Xp2 Ry {sz (R, + Ry ) + Xpi Ry, }
{ (Ry +Ry) Riz = XpiXes}! + { Xp2 (Rs+Rp1) + Xpy Rea |

(5.26)

X — Rl;z XP'
(R, + Rz, )* + X7

!
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KuBAA, [XPz Ry tXpe (Rp+Ra)+Xp Ry = Rep Xp2 Ry, (R, +RI,)J
{Rzz (RptRy,) }2 + { Xp2 (Ry+ Ry }z

(5.27)

+

If Cp —pmi.e. G, is replaced with a short circuit,

then Equations (5.23), (5.25), (5.26) and (5.27)‘be-

conmne
| Ry R
H = Rs+R + RH‘R{:—' (5.28)
P o= (R (_J____‘  Xpz > (5.29)
Ry + R Rra "JX?J
R = +R, + R Rai_ + KyB AA. szz Ry (R + Rz))
Rs : Rb + RI[ (&(Rb‘f‘Rz,)Jz"' [sz(Rb'fRIl)]z
(5.30)
X = KuBA;Az {RuXpm (Ro*Ra) — RyRyXpz (Rp+Re) |

[Rzz(Rb‘fRn)]z + [sz (Ryt th)]z
(5.31)

Using the circuit of Fig. (4.2) and 2n41235
transistors, we obtained a series of results for R

-and X as functions of frequency under various cond-

itions and they are shown in Figs.(5,10)-(5.17).
These results indicate the following features;
(a) The shape of the frequency dependance

of equivalent imnedance curves is not altered
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by changing the value of phase shifter
capacitance,
(b) The curves tend to shift toward a

higher frequency range when _Cpg is changed

to a smaller value,
(¢c) "For fine control it is better to use
two phase shifters, one for coarse control

and the other for fine control,

The magnitude of equivalent impedance depends
on the current gain and generation constant G. The
experimental results for G = 0,583 x lOLP and Ry, =1Kn

and G, = 1.23 x 104 and Ry = 567 n are shown in

2
Fig. (5,18), The frequency ranges of the impedance

for both conditions are different because the input
impedance Rppwas changed by changing the gain of the

amplifier,

5,4 The Use of R.R.E.G., in An Experimental Tuned Circuit

We have shown in previous sections that R.R.E.G.

can be made as a pure resigtance element with positive
or negative values, or.a pure inductive reactance, or

a pure chapacitive reactance, or the combination of

both. In this section we shall show how such an
element can be used in an oscillator circuit and a
tuned circuit. The experimental circuit for oscilla-

tion is shown in Fig. (5.19). For this case when
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IH =0 we have

o . Rp Ry
zZ =H=Rs tRi+ g0 (5.32)

and when IH#O, we have

Z=H + &P

i

H + G|Pl cos ¥ + jGIPIsin)

"

= R + JX | (5-33)

The oscillation occurs when R = O and X=ch
i.e. when H=-§IPlcos{ and Xe, = G Pl sin y .
For different values of phase shifter, we can adjust

Cr and}?s to meet the conditions for oscillations,

Fig. (5.20) shows the values of X (= X¢,) and
H (= - GIPlcos¥) as functions of frequency.
We also use this elément in a tuned circuit as

shown in Fig. (5.21) for parallel reasonance and

Fig. (5.22) for series reasonance. The experimental
results are shown in Fig,(5.23) to(5.26) for C,,. =041 P‘F,
0.74 F, 0.555uF , 0.355 uF ana 0,185 pF

The higher the reasonance frequency, the broader is

the bandwidth of the reasonance and the lower is the

value of the quality factor @ .
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CHAPTER VI

CONCLUSTIONS

The experimental results on the electrical

characteristics of the proto=-type resistive and re-
active elements based on galvanomagnetic effects
(R.R.E.G.)‘are in good agreement with theoretical
prediction. From the results we can conclude that

(1) The R.R.E.G. can be made either as an

inductance, a capacitance, a positive or
a negative resistance, or a combination of

them, The magnitude and the characteristics

of the R.R.E.G, depend upon the magnétic
fiéld, the ratio of the Hall current to the
current flowing through the current terminals
and the phase angle between these two cur-

rents, and'the_operating frequency range.

(2) If frequency of the exciting source

connected to the Hall términals is different

from that of the active network to be con-
nected to the current terminals, the equiva-

lent impedance of the R.R.E,G. will be time-

dependent. The rate of change of the imped-
ance depends upon the difference between the

two frequencies,
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(3) 1If the whole system involves only one
frequency, the equivalent impedance becomes
time-~independent, but i% depends upon the
relative magnitudes and phése angles of the
Hall current Iy at the Hall terminals and
the current I at the current terminals.

(k) 1In order to make the equivalent imped-

ance independent of I , the ratio %ﬂl

must be kept constant, ’?ono'so, the amplifier
must be linear and the rhase shifter must be
stable. _ '

(5) The béhaviour of R.R.E.G, in the oscil=
;lator circult and in the tuned circuit is |
similar to that of a conventional reactive
element., The higher thé'yg;ueof the Quality
factor, the narroﬁer is>tﬁéaband~width of the
resonance. |

(6) There are many possible applications of
R.R.E,G. For example, the negativé caéaci-
tance of R.R.E.G. can be used to eliminate
the stray capacitance of ahy circuits,‘such
as antenna circuits, Similarly; the negative
resistance or the negativé inductance can be
used to eliminate the un@anted resistance or

inductance in a circuit., As such elements
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can be easily miniaturized, they can be used
to represent any parameters for microelec-

tronic circuits,




APPENDIX A

THE TiME DEYENDENCE OF EQUIVALENT IMFEDANCE
The impedance of‘a network looking at two

terminals is usually defined as the ratio of the
voltage between the two terminals to the current
flowing into the network and it is time-independent
because it uéually involves not more than one fre-
quency at a time., If the impedance involves two
different sources of two different frequencies, then
it becomes time-~dependent, From Equation (3.4)'
we can write

_ E. cwo,t5
Z (w.,w,,t) = § [ E, cw.,t>)

If we write

E. (w.,t) = |E,| eéw,t

and

E, (w,t) = IE.] RICTAS T

where %, is the phase angle between E, and E, at

| t= 0 then
- (W, t) _
& = Pl = |g|cos {wa-wit - %]
+ g,scn {(wo-w,)t—%}
2T

where T £

112




113

It can be seen that if Woe=WwW,, Z Dbecomes
time-independent, Fig. (A.1l) shows the time-dependent
phase relation between annd E,for I E,, = | E'I and
Fig. (A.2) shows the variation of 8 with time., Since

8 is a function of time, Z depends upon time,




t

Fig. (A.1) Phase relation between E, and E3 for the case |E,| = |Eq].
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APPENDIX B

THE PHYSICAL MEANING OF @

The quality factor @ is usually defined as

Xl
Q= 2

X = L for the impedance consisting of an induc-

tive reactance and X = wlc for the impedance

‘consisting of a capacitive reactance. The quality
factor at resonance is given by

GQ = W energy stored
o ® average power dissipated

In our resistive and mactive eiements based on
éalvanomagnetic effects (R.R.E.G.) the value of R
- can be negative. Under this condition Q is negative,
The negative Q indicates that the impedance element
does not dissipate energy, but rather, generates
energy. Generally the higher the valﬁe of GQ , the
lower is the energy dissipation when GQ is postive,
and the lower is the energy generation when @ is
negative. Thus the eleﬁent having a negative @ can
be used to compensate the energy dissipation of the

element having a positive Q.
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