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A Transistor D-C Negative Immittance Couverter

I. INTRODUCTION

=zsirable networks the

(o))

In the realization of
designer has two gquantities at his disposal, resistance and
reactance. The latter is considered pure Imaginary, but
occurs naturalily with either sign. Resistance is a real
parameter restricted to positive values wher passively
obtained. To complete the group it is necessary to employ
active elements in order to achieve z negative resistance.
Various devices that exhibif negative resistance character-
istics have long been known. The utilization of these
devices has been deterred by their inherently large power
consunption. Junctior transistors are particularly

applicable in this domain due to their abiiitfy tc produce

&

o]

preciable amplification while demanding small amounts of

powar.

calied a converter. The converters considered will have
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R ]

current eguals Tthe output current and the input voltage

(1]

equals the negative of the ocutput voltage.” Hence, the

ideal converter has a voltage transfer of minus one, 2

with & negative input immittance. The circuits described
. . 2
are similar to those suggested by Linvilli ] with one important

difference. Due to the fact that there are two basic kinds
of transistors, NPN and PNP, one may cascade transistors

without resorting to cocupling condensers. This fact is

used with the result that a zero frequency converter is

obtained consisting of two transistors and four recistors.

Negative resistancses may be obtained in a variety
of ways. One specific configuration that converts a
passive load ©o0 its negative is described using the small
signal equivalent circuit to obtain various limiting
conditions imposed upon the transistor and the frequencies
of conversion. Equations are derived to permit the design
of a specific 2onverter. Due to the direct coupling the
guestion of temperature sensitivity is discussed. Cne
obvious use of a negative immittance is in oscillator circuics.

Osciliators are excluded from this paper, buf the question of

£

[ N - - s I

23, q. Linvill, "Transistor Negative Impedance Converiers,”
Proc. I.R.E., Vol. 31, pp 725-722, June 1952

Proc. I.R.E., Vol. &2,
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stability is dealt with. Finally, laboratory data is

presented to substantiate the analytical work.

II. GENERAL
Before deriving the eguations for a specific circuit,
consideration of what is required of a device if it is to pro-

duce a negative immittance is appropriate. This is most

ey
L)
[

conveniently done using the basic theorem presented by Boude .

-

The impedance measured beitween any two terminals in

a mesh of an active circult is:

F(o) -
Z = 70 —— (1)
oo}

where
Zo = The impedance that would be measured if
the active element was zero; that is,

the passive mesh impedance.

P{(o)} = One minus the loop gain with the terminals
: - o - o -
in question shorted; that is, A/A with

the circuilt in ifs normal condition .

E 8
x o -
A <4 -% 3 S &= L 1 P 4 o ok b % 4 S —~ =
& is the determinant of the circuit with the active element
o F
set equal to zeroc.
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The final condition uncovers a major distinction

between positive and negative resistances.

¥Whereas in

passive circuilt design the stability of a circuit is independ-

ent of the source, the stability of
device 15 intimately related to the

recuires that a negative immittance

2 negative resistance

sGurce. This fact
mist be driven from the

proper generator to describe it¢s operztion. Ko such restric-
tion is necessary when describing passive ismitiances.
is also possible for a negative resistance tc act differently

depending upon its past history.

st2bility will dezl more fully with this subject.

1II. SHORT CIFCUIT STABLE CONVERTER

N

(v

L

Unbalanced

e D-C Converter
Schemati t

2 yame 2 &
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Where

The input admittance, Yin’ is obtained from:

F(with terminal (1) to gnd open) F(o)

Yin = ¥, )
F(with terminal (1) to gnd shorted) F(co)

3 Y  may be obtained from the equation as A°/A§l, or from the

circuit by inspection as:

&, %1
Y =G + = G + G, for g > G
: 0 s gb + Gl s 1 bl 1
1
(Gcchl - 4,0,6,85)
‘ F(0)= ~ =
E A (Gc] + GQ)(GCQ + Gl)
ﬁ?’ for
g and g, >>G, 6 , G or G..
b1 b2 ¢ 02’ 2
] A Gcl
. Flo) = — = -
A C = o Gcg+u2
N 2




finally:

| B0 0p (2)

A restatement of the assumptions made in arriving at equation

(2) indicates the relation between transistor parameter and
external values.

a) a; and a, = 1

b) B, > G, and &, >> G,

c) g°1 << Gy and 802 << Gc2

At this stage the device is not a converter, since the

output terminal has not been designated. Choosing emitter

one as the output with 62 = Gc_ = G02 = @ and Gl =G + Gx
equation (2) may be rewritten as:
Y, = G(l-alag) - aya,6, = ~a a6, for G =@ (3)

*
Therefore, the circult produces a linear conversion of load

conductance, Gx’ to its negative at the inpus. Although

7

the linearity 1s not necessary, it obviously enhances the

*
Linear conversion is used here to indicate the straight line

relationship between ¥{n and Gx. I¥ should not be confused
with lirearity of the I/E characteristics.

(4]

it




utility of the device and is thersfore desirable.

Since

the a-c circult 1s symmetrical either collector base junction

may be chosen as the input and either emitter as the output.

Investigation of the d-¢ characteristics will show that the

d-c operation will vary depending upon the cholice of input

and output terminals.

converter is shown in Figure 2.

O

A circuit diagram of the admittance

;}____

Input

1

—

—

Filgure 2.

IvV.

CR

L
N,
Lo

QPEN CIRCUIT STABLE CONVERTER

Short Circuit Stable Converter Circuit Diagram

Sectlion IIT has shown that the input admittance

at either collector will be the negative of the lcad

admittance at either emitter.

Let us now consider the




input impedance at either emitter with a lcad on either
collector. The impedance is considered in this case due

to the fact that it will be shown that this configuration

is open circult stable, i.e., E/I has no RHP poles. Refer-
ring to Figure 1(b) the input impedance to node two, or four,
will be derived. Although node two is not a physically
accessible point it is at a voltage very near the Jjunction
of the internal emifter resistance, ros and the extermnal
emit

mitter resistor Re.

Since the admittance matrix is not a function of
the generatcr position, the equations of the short circui® stable
converter are still valid in connectlion with the open circuit stable
converter. F{o) 1is measured with the circuit in its normal
condition, and, therefore, it is unchanged. With the active
generator equal to zero the impedance from node two to
ground 1s essentially equal to that of node one to ground.
Since node two is not the physical input it is important

in calculating F(oo ) to remember that

m
I
g

e

n mind

b

does net go to zero but approaches g . Yith this
the input impedance To node two is arrived at, as shown in

Appendix "A" as:

- 10 -
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where RX is an impedance connected in parallel with Rc , and
2
: emitter one is the input terminal. As for the short circuit

W b

stable converter, the circuit is symmetrical a-c-wise but not d-c-
- wise. Figure 3 is 2 circult diagram of the open circuit stable

converter.

—

9. P

N1

Figure 3. Open Circuit Stable Converiter Circuit Diagram

V. DESIGN EQUATIONS

The design of acitive devices is often reduced to av

b

equivalent circuit that permits the choice of various para-
meters s¢ as to produce a final circult meeting the desired

operating specilications. This reduct

’
[ 5]

on assumes that the

Equations (3) and {4) have been derived with this assumption
in mind. Wnen the input generator is ol such a magnitude
so as to bact

bias the collector-base junction, these eguations will no
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longer properly describe the operation of the converter,

It is desirable to have an analytlcal expression
for the end points of the linear region. This expression
might be of the form, E = rI + v, where r and v are functions
of E. An alternative method is to partition the over-zll
characteristic into regions whereby an expression is obtained
for each region and the intersections of the appropriate
expressions determine the c¢rossover points. The advantage
of this method is that each of tlhie three eguations is linear

and the technigues of linear circuit analysis are applicable.

I, 1 =
1 Rx s 1
= T
I
o1 " +—0)
s o)
n s
1
! 1 T, -~ 2
I.4& 1
3 1
R ez
! R

t

Figure 2. Short Circuit 3tabie Converter, Active Region

Figure % indicates the converter with both transis-
tors operating in their active region. This region 1is

S -
defined by:




1‘;’ —

be = constant and o, =

a2=1.

With these definitions in mind the currents are:

E +V, -V - E -~V

1
- S 1 bel . E + Vl . s be1
17 S~ 7 tx

R R RX

Since Ibl = Ib2 = 0,
Vbee
I3=1,4 =1, = al(Il M Ix) = fe2 T R
V5e2

I,=1,-I,=1,-~- alc.g(ll + Ix) + a, - .

Substituting for the currents in terms of the known scurce

and supply volitages, the following results:

This result differs from equation (3) due toc the fact that

the a-c equivalent circuit analysis assumed vBc = Q.

<

1

when the input voltage
equal to V,, the

boundary between

- — % E b Fy 43 3 ] R 1 F exd o= o
I, =20. This results in the simrle one mesh circuit <¢f
i
K 2 PR O <
plus R in series with V.. lance:
P
- - Y o | T M
i =5 g + V.U
= o

I
[
(Wh]
!

(8)

oo,
W)

Muoaart?
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the converter in the cutoff region.

is the proper equation for
Since T, 1s cut cff only I,o flows in 1its c¢ollector and,
therefore, T2 is also cut off due to having both its emittfer

and base returned to the same voltage.

The final region 1s reached when E_ is made positive

enough so that the colliector-base voltage is zero. The
boundary between the active and saturation regions is defined

by Vcb = 0. When this occurs the collecter Jjoins the base

-

1ave been :cllowing each other, and the

&)

and emitter, which

three terminals degenerate to one, is results in two

forward biased junctions with an equivalent circuilt as shown

in Pigure 5{(a).

. L RR_
R R =% I R+ \/\mx
Ry T ga/e R/2

(At
b
]

i
(v

3
e
-+
1]
Re]
o
(%S
«
o
pud
®
b
ot
[0}
]
bty
-~
)
St
]
o
‘.:A

C Y
Es ] = e Co e T N g o~ F 4 4 3
{b) respectively. Hewce, the following eguation is valid




in the saturation region:

- 3 ~
Iy = (4@ + 6 )E; + 26(V, - V,) (10)

Equations (8), (9), and {10) describe the complete character-
istics of the short circuit stablie converter. It is seen
that only equation {8), the active region, zontains a negative
slope. The V and I intercepts of this slope are independent
of the supply voltage, but are determined by the transistor
emitter-base voltage drop. The siope in the cutoff region
is independent of Gx’ vwhereas the slope in the saturation
region is a function of the conductance to be converier.

Both cutoff and saturation curves have V and I intercepts

that are functions of the supply voltages.

Each of the three equations is linear, and,
therefore, the intersection of any two determines the

coordinates of points that have been teraed peak and valley

converter that will operate linearly for a known input swing.
- [ Y - > Y =~ a -
Equating (8) and (9) results in the coordinates of the peair
point:
T a {5 - 7 17
z:,s =
3 7
-— + .'.[RX
1111
vid
Tr - r iy
- y + (2R /R 4 2/ Ve
i =

(]




il

Equating (8) andg (1v)

E = + be
2 + R/RX 2 ]
(12)
_ Vl - V2 Vbe R + hax
LS = + . ( )
R + ERX 2 RRx

In calculating these points the small voltage,
Vbe, is assumed equal for both transistors and a8, is made

= 3 equal to unity. Interchanging load and generater, plus

substituting a current generator for the voltage generator,

results in the open circuit stable converter shown in
L Pigure 5.
: I [ 1
1 —_V
" I Ro Do =1
- E S
S _ (N P
N
- I
. X
ey > ‘C§r
= E ;x
T
1 ,‘ / Ic,\
S~ <
]
-2
T -~
2 ]
R R =5
Pigure 6. Open Circuit Stable Converter Active Region

Y
E3




This change, plus the

equations are linear,

&
g

duality to obtain

converter.

Active E =
S
Cutoff BS =

Saturation ES

These eguations may b

and (106) for E_ as a

nezk and valley point

This results

fact that the previously derived

permitis one to use the prinaiple of

»

equations for the open circuit stable

in

-R I - V‘oe(‘ R/R + 1) (13)
RI, - 7, (1%
RR_I 2R

£S X (v, - V) (15)
R+ %, R+ IR

e obtained by solving equations (8), (29),

-

o

function of IS. The coordinates of the
s are unchanged. Due to the change of

input point, and source, the polarity that saturates shors

circuilt stable conver

ter cuts off copen circuii siablis conv

Whereas the a-c eguivaient circuit is symmetriczl,
Pigures & and 6§ indicate that the compleie characteristics
are guite different when RX is connected to different emitters.
The eguatlons for both converters, with ?Y connected to T,
may be derived in the same manner as has been shown.
VI. FREQUENCY RESPOHSE

The equatlons previously derived indicate th ¢ the
inpuv immit{tance is the negative cf the load immittance. This
will be true for a restricted range of freguencies. Due =-
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The equations that describe this circuit are:

g(2 - ay) + Gx(l - al) + 2y, {2y

c QQG) Vl

Lin

. o (-(2y, - a,la +6.]) @2 - ay) + 2y,

Since Y, = A/All it 1s necessary to obtain A and 4,,.

Gi8yc + GX(Z - 2a; - ag)] + 2y,G,

_ npl
A = 26°(2 - - ae)

>
n

11

Let a; = aol(l - pTl) where T,
Po1

I

o2

[}
N
«

ao2

Therefore:
8 < ~nee \
-GG, + 26y, + 8ay,_ + p(G, + 2G)&G(T; + Tg)

Y =
Yin PR

a -

substituting:

g + pC

n

yO
-G, + p(GK; + 2CK) -G, + DA

Y =
in 1 + p(T, + 2RC) 1 + pB

R

- 19 -
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e e e e e e

where:
K=14 + R/Rx, and K, = (2 + R/Rx)('l‘l +T,).

Hence, the input admittance acts like a conductance in

parallel with a condenser.

The conductance vill be negative until the Re(Yin)
= 0. The frequency at whick this occurs may be found by
setting the real part of equation (16) equal to zero. Doing

this one obtains the following:

5 G, ¢
w,” = =-= (17)
(T2 + zﬁc)(m{1 + 2CK) AB

A seccnd signifzcant frequency may be defined as the 3 db

point of admittance. This frequency may be found as follows:

-G_ + pA -G + wPAB + jo(A + BG.)
Y = s = X - X
in 1 + pB 1 + @°B°
(o) -G, + weAB
RY, (w)=—=
e in 1+ m?BQ
Yin(o) = -G,
( ) a. -Gx + mgAB
RY_, (43 D =~_J“.=__—.—_ﬁ’
e”in*"3db 27 1+ a"B

\

- 20 -
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é-?
{
&

therefore,

414G .414&02

2 + (0B)°

This frequency may be taken as a design criterion analogous
to 3 db bandwidth as used in amplifier design. Given a
transistor with a known a cutoff fregquency and collector
capacity, a preacribed negative conductance may be obtained
up to a specified frequency by properly choosing R.
Naturally high a cutoff and low capaclity are desirablie in

obtaining nigh frequency operation.

The input impedance of the open circuit stable
converter is derived completely in Appendix B. The

results are as follows:

-1 + p(2RC + T, + 21,) -1 + pA
Zin = Ry = Ry T
1 + p(2CK + GK, - TlGX)RX 1 + pB

Therefore, the input impedance acts like a resistance in

series with an inductance. This resigstance will be

negative until Re(zin) = 0. Therefore,
w ? = % = %
= - 1
° (2RC + T, + 2T, }(2CK + GK; - T,G,) A B'

- 21 -




As was done for the short circult stable converter a 2 &b of

impedance may be computed as:

A1k .#11!»(1)02

WA - = = v
3® OB {ZA +8) T+ (Ba)"

These equations indicate the relationship between the open
circuit stable converter input impedance and frequency have
the same form as the short circuit stable converter input
admittance with a small change in @, and W34 * The section
deveoted to experimental results shows that for equal loads,
using the same circult, these differences are imperceptible.
The results of this section indicate the frequency dependency
of both converters and the equations developed may be used if
the designer is interested in frequencies above the audio

range.

VII. TEMPERATURE EFFECTS

A discussion of the capabllities of a device that includes
transistors 1s not complete without exploring the important
question of temperature. Although all transistor parameters
are a function of temperature, (this is due to the ever

present factor KT/gq), experience has shown that I.o» @ and r

are the most sensitive in direct ccupled amplifier design.

|
N
N
!
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Ico is the reverse collector saturation current

that is exponentially related to temperature. With the emitter

of a transistor open, so that only IC flows in the collectcr-

base Junction, this current will double with every 8°¢

v

[

ncrease

i X s .
in temperature. Shea[ ] has shown that a bias stabili

bty

ac-

ct

¥
tor, SB’ may be developed to defermine the change of collecto

R

current as a function of a change in Icc‘

s - BIC Re + Rb

BICO R, + Rb(l-a)

Rb = Effective resistance from base to grou .3.
R

e = Effective resistance from emi
This relationship assumes that a is constant over the temper-

ature range. For the oven circuilt stable converter the blas

stablility of T2 is:
Re + Rc z .
82 = - - = =2 .
Re + Rc\l~a; 2 - as
b1 Y
For Tt
F + R I T 2; + I 21“-4—"
s - Re + RCRX/RC + Ry ) Rx R _ or Rx ¥ o)
+ I + i- + R_{2 for R
Re RCRX/RC t Rx(i al) R 4 X( -al) 1 fo Rx G
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herefore, a one microampere change in I{‘o w11l produce twice

as nmuch change in the collector current of each transistor,
in the worst case. Some guestion may have come up regard-

having the resistors in each collector.

The removal of these resistors would make the device extremely
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+ould become the output resistance of the transistor and the

bias stability would approach 1/1-a.
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ons are valiid, but since the source is one of very low
internal resistance (a voltage generator) this resistance rust
be included in the calculation of S..
=l
The infternal emitter resistance, r_,
XT/q" X
equal to _Tlﬂ., This causes the input resistance of a

f=]
=

transistor to vary with temperature. Any external emitter

is approximately

resistance will reduce the effect of this variation. Since

= 26Q, a ma emitter current, it is simple to swamp out
the change of L in either converter.
If elther a were to change substantially the

assumption made in arrivi
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f

ot

equations {3} and (4) may be-

come invalid. Experiment has shown that the a of a
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transistor as suggested by Darlington.

VIII. STABILITY

Although .he term negative resistance implies an
element that behaves in the opposite sense of z positive
resistance, this 1s only partially true. As nas been shown,
& device has a negative immittance for a iimited range of
input levels. More imporitant than this distinction is the
fact that a negative immitiance device is conly stabls with

proper terminations.

Any circuit may be characterized by ifs pole-zer:
distribution in the complex freguency plane. Investigating

passive driving point immitiances one discovers that there are

no right half plane poles or zeros, and the passive circuit

| 2]

s unconditionally stable. Hence, one might intuitively say

ct

hat if an active circuit has no right half? plane polies or
zeros, it too 1is unconditionally stable. Let us consider

0

any network. for which

2

e desire one particular varizble

in or e, - If the network has only one impressed source

en or in, then,
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Usin = 0 4 botl
ng p S + Jmw, both A and A ar 3
an 2Te polynomials in p.
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Using one term
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verm of the above we find the fellowing possibl
£ possible

solutions for i :
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It is apparent that any solution involving a
positive O ultimately will result in an infinite response.
Hence, it is clear that the condition for .tability is that
the root Py mist lie in the left half plane. Since P is a
.!

‘n/en

must lie in the left half of the complex plane for the net-

root of A we can conclude that the poles of Ann/& =

work toc be stable. Similarly, we would have concluded that
the poles of A/Ann = en/In must lie in the left half plane

if we had started with a current source.

Iet us now consider what circuit elements will

a

produce right half plane poles. It has been stated that

n

i5~§ any combination of RLC is stable. Therefore, it is cliear
:}{L that only a negative resistance, or conductance, will move

7 O from the left to the right half plane. We can then state
"fﬁ that il z negative resistance, Rn, is fed from a generator,
gj;' whose source resistance, RS, is of greater magnitude than
i;}' R_, the circuit is stable. Hence, if a negative resistance
fed from a current generator (Rs‘* o )} an unconditionally
stable device results. An alternative explanation of this

results when cne considers a circuit with a net negative
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source, rather than a sink. Hence, with
2 source already present there is no reguirement for & drive

to produce an output.




From the above, the terms “short circuit” and

#

circuit” stable may now be associated with devices that regquire

v

voltage and current generators, respectively.
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a cowo-terminal active device plus its ferminations must satisly

14y

A dual discussion resulis in the fact that a negative

conductance should be driven from a voltage generator (GS'* W ).

devicas are open circuii stable, and all collector driven
devices are short circuis stable, with passive coupling and
resistive lcads as long as }a’.s 1, or for passive loads zas

€8s than unit. These statements are

M
3
ot

iong as a is real

true for unbalanced devices also. Figure € indicates the

circuit with a passive three-terminal load.
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Converter Oscillator Reccrder !

. (o © ’e REe)

i R ——O- g f

— y
] 500 Et ' ""‘
Rigure 10. Test Procedure

Hen«e, the recorder is continuously monitoring the input
voltage and input current to the converter. All the date
presented utilizes the circults of Figure 2 or Figure 3
with R = 10K, and transistors that have the following

measured parameters:

Transister Sylvania 2N35 Sylvania 2N34
r, X 10° 3.3 3.3

a .952 .96
S 800 Loo

re 20 50

Ico X 106 5 1.5
faco X 106 T00 ke 800 ke
¢, x 1712 18 15
Zener Voltage 30 45

- 31 -
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filgure 11 indicates the input con uctance of the

short c¢ircuit stable converter as a function of Gy. All curves
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sy comparison of slopes.
It can be seen that the linearity is extremely good for Gx > 200uv.
The reduced linearity is due to the appearance of the G(l~ala2)
term in equation (3). A similar set of curves for the open
circult stable converter as a function of Rx is shown in Figure

12. The linearity in this case is reduced when R}:"ala2 - 1)
becomes significant with respect to R. The tables below

compare the measured and calculated¢ values for both converters.

GX 800 406 200 100 50 T
Measured -Gin 720G 36C 178 83.6 35.5 p g
Calculated -G, 725 364 182 91.0  45.5 pu &
RX 1.25 2.5 5K 10K 20K KQ
[leasured -Rin 1.10 2.30 4.35 8.30 16 K&
Calculated -R 1.13 2.26 4.55 g9.05 18.1 KQ

in

Figure 13 1s a plot indicating the complete
characteristics of the short circuit stable converter. The
curves show the peak and valley points plus voltage and current
bias as a function of Gx‘ Figure 14 is a plot of the open

circult stable converter complete characteristics

!
L)
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!




Figuves 15 and 16 are presented to show the comparism
between an experimental curve and a curve plotted using the
equations derived for each linear region. These curves also
indicate that the peak and valley coordinates may be correctly

computed.

Although no attempt has been made to analytically
consider distortion, it was felt that some data shoulcd be

presented indicating the magnitude of the distortion in the

active reglon. Using a one kilocycle signal, wave analyzer
measurements showed that the total harmonic distortion was at

all times less than cne per cent.

Pigures 17 and 18 show the effect an increase in
temperature ha- on the short circuit and open circuit stable con-

verters, respectively. There is no perceptible change in siope and,

fold 5
o] anac

N\

therefore, point by point measurenents were made at
< 1

72 °C. These showed a three per cent change in the open circuit

stable converter but none in the short circuit statle converter.

The recordings do, however, indicate a radical change in peak,

valley, and bias points. These changes are due to the
dependency of Ico and V_, with temperature. The design

are of importance. As they stand 1 is neglected and

is assumed smail and constant. This d-¢ shift is inherent




it

to the direct connection and must be considered

. must operate over an

temperature range.

it

in the

extended

The equation given for the admiftance of the converter

as a function of frequency may be verified using the following

circuit :

¥ b

=1
=
Lt

» Converter

By varying Rm and L

This may be seen as follows:

.
- P Y = - .
Ym Gm ' oL ’ X Gx + PCy
m
Therefore,
1
= - \ i m——
Yeotal (Gm Gy) + pey + n
pL
p2L”-CX + 1
I=58,=1{(G. -3a.) + = 1B
T m X oI
m
R A
I =10 (a -6, + =<
r * ( m x) .
Y“m

]
L
£

}

m 2 voltage null 1s obtained across r.




|

2

Hence, at ® L C_ =1, and G_ = G_, the voltage across r is
m X m X

equal to zero. By recording Gm and Lm as a function of o

-1
1723
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e adm n

oo

ttance as w varies may be piotted as shown

F

Flgure 19.

The fact that the locus of Y versus w encloses the
origin in a clockwise sense 1s another indication of the short
circult stabiiity of the device. Changing the real axis
from G, in miecromhos, o R, in K, produces the locus of zin

versus w. In this case open circuit stability is indicated

by the clockwise encirclement of the originf

"~ o
Vi SJ3i\ALS

;

£
1ot
m




I(u Amps)
\ "‘400
+ 300
800uv
400 \ +200
\ 200
*100 +100
'ns
o R\ 05 10 15
-1.5 -1.0 -0.5 V{volts)
-100+4
-200+
-3004
SHORT CIRCUIT STABLE
ACTIVE REGION
Fig. 1l
-400+




V{voits)

\ ""4.0
\ 20K |
10
\\ ' 120
5
\ +10
25
\1.25
) . 200 400 600
-600 -400 -200 ' I (1 Amps)
-LO..._
_2_0-.-
_3_0-...
QPEN GIRCUIT STABLE \ ,é
ACTIVE REGION
Fig. 12




SHORT CIRCUIT STABLE

COMPLETE CHARACTERISTIC

Fig.[3

~200-

-400+

i

< Lo~

volts)




V(volis)

/\\ 16K
+2

4K
+i
\ZK
\‘K o . ”7
~\N 200 400 600
-600 -400 200 = ‘ ' ‘

-3--
OPEN CIRGUIT STABLE
COMPLETE CHARACTERISTICS /
F%g.iq -4-4




iR

L

- 800

~"11(x Amps)

MEASURED

g

W

SHORT CIRCUIT STABLE
DESIGN EQUATIONS

Fig.15

..Zoo_

—200-

1

-8004




Wi

L™
V{volts)

=

MEASURED

- s ememn CALCULATED

OPEN CIRCUIT STABLE

_3_._
DESIGN EQUATIONS .
Fig.16 /"\
&
/&
o A
, /3




I(zAmps)
518.8]

./

>

! V(vo!is)

~600-
TEM

SHORT GIRCUIT STABLE
PERATURE
CHARACTERISTIC

Fig.17

AV
_8%,-

i



[
i

il

B

V {volts)

OPEN CGIRCUIT STABLE
TEMPERATURE CHARACTERISTIC

Fig.8




@ CALCULATED
O MEASURED

ACMITTANCE CONVERTER
FREQUENCY RESPONSE

16 KC Fig.19

200

IN

-1000 . —800 ~600 -300 -200

g



i,

OPEN CIRCUIT ST/BLE CONVERTER DERIVATION

\
. A Gchc2 - 305646,
F(O) = s =
A (6. + G.)(G., + Gy)
¢ S (This 1= the
5 same as the
short circuit
Y(o) = G + G, converter. )
2
/
G, G - a.c,G.8
F(®}=Al ) Sy Cy ;22@1
' A° (6. +6.)(G. +g
Gl-;-g% cy 2" e, el)
(Gc Gc: alaegleE)(ge + Gc )
v = 2 1 2
in ~ (G. G, - a,a.Gog. )
s 1 17272 e
(Gcchl = a050yv5)
= s for g > G andGl:G2
-a,a G & €
17272
G (¢ + Gx)
= G -
a1 %50,
A -0
¢ -c (¢ + G6.) G(ala2 - 1) - G,
*in T Y 7 - _
alae Gluz




o p— el = S B 4 T ———— o = = T e T T T T T T T T T T S e e R

OPEN CIRCUIT STABLE CONVERTER FREQUENCY RESPONSE

a. X a, X - a,l
17eq 1 ey 2 es

in el b, e in Tey R

I, =1, -V,G
in 1
el in 1 5
- _ . 4 -
Iin(l—a) Gf:—al) +a + 2y, -2y, - a,G) vy
T - ~ - Fo.l P, i r ‘
alin {2y, ~ ayG) a(2-a,) + 2y, 7,
~ r 5 { ~ 3
o Iin(i-al){G(2~a2) +2y ] + a1 {2y, - asl)
;=
b
(1-ay G(2-a,) + 2y ] + o {2y, - a G}
Therefore: 2, = = = k4 ¢ =
= Fit
— > ~ T R 1 - P -~
@, = 1 - pTl, Gy = 1 - Pl ¥, =8 re

Substituting the above results in:




The above assumes that:
2gK «« Gx
L4
28R < 1
- K =14 +R/R
b'¢
Ky = (Ty + T5)(2 + R/R))
The following indicates the calculation of Wy the frequency
when R = 0.
e(zin) 0
H
(-1 + paA )(1 -pB )
Z =R
n X e
1 1 - (pB )
-1 + 0°A'B
Re(zin) = Hy ( ' s
1 + (3 )7
_ o
Therefore:
3
2 Gx
Yo 4Tt T (erc + T, + 27, )(2KC + K,G - T,G_)
Ehl ' T2 T TEIANETY 1 17x
The computatien of w,;, is as follows:
A Z. {0; = -R
- ‘e 1n( / b3
R (-1 + wd."Eg)
3 X
RZ, {0y} = - ==R ——
= ¥ Pl oY ’ -~
£ in G0 }_‘E X 1+ K(BB )_
ban. 2
i .""1‘5(}}
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