
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































——— Application Notes

scales, with aguide towhich one to use. Given: for a germanium mesa switch-
ing transistor, fT = 400 mc and hfpo = 0.90. Find: fyp. Answer: 494 mec.
For MADT types, see Fig. 10.

f f,
” 1sz 1= Moo fap
1500 o J-1500 Ngpo = 1 KC by,
1,200 tiea ™ 1K Mre
0 10004
. 1.000
000 —|
1 500 ]
800 - 0
- h, h,
m 500 ] feo “fbo
| 500
EZyup— |
50 | w I
Y
50 | 400 ]
L 400 w F®
PV [ s s
L 300 .
)
00 — n
200 | L 0
L 200 8
L s
200 |
: %
| .84
150 — 100
B 100 |82
s 4w
00 —
60 —
0 - - & KEY T0 f , SCALES*
USE LEFT SCALE WITH USE RIGHT SCALE WITH
FOLLOWING TRANSISTOR TYPES | FOLLOWING TRANSISTOR TYPES
0 GENERAL PURPOSE LLOY GERMANIUM MESA SWITCH .
ALLOY P SILICON
GERMANIOM NESK AWPLIRER | (annutar/ planar )

LEFT SCALE, Ko= 0.8 RIGHT SCALE, K ,= 0.9
*FOR MADT TYPES, SEE FIG. 9

Fig. 8. This nomogram represents fr, f», and
either Rreo O Ryeo.

EXAMPLE 7

Figure 9 is a nomogram which is identical to Fig. 7 except that it is for use
with MADT transistors (see instructions for Fig. 7).

EXAMPLE 8

Figure 10 is a nomogram which is identical to Fig. 8 except that it is for use
with MADT transistors (see instructions for Fig. 8).
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fae = Ky A =hg ) Ly,

MADT TRANSISTORS ONLY h, h

feo “fbo
®, = 0.6)
FOR OTHER TYPES, USE Fig. 7 4 o B0
fab N = 1KChgy hyp = 1KC hy
1.500 £ - .85
F ae
— 100
L 1,200 T a L 58
L 1.000 L 60 | 80
- 50 10 ]
L 800 I~ 40 - .92
- 700 L 30 — .93
L 500 % L
| 500 l— 15 . .95
20 _|
L 400 — 10 L .5
— 8
L 6 30
L 300 _5 o
)
40
L. 3
200 0 - %
|2
15 80 —
L 150 B
~ ! 0 _|
— 08 -
L. 100 L_06 100 —— 99
150 —
200 _L 995

Fig. 9. This nomogram is identical to Fig. 7 but
is used for MADT transistors.
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f.=K, h_ f
. . T Ko Mo fap
MADT TRANSISTORS ONLY
1,500 ~ 1,000 FOR OTHER TYPES; USE FIG. 8
1200 L a0 K= 0.8
1000 h, = 1KCh
" - o0 hfbo 1KC hfb
feo = fe
800 — - 500 Peo  Pibo
0
L 400 2 o 10
600 | 1001 38
50 - 98
500 _| —~ 300 30
- .96
400 = 2
] 200 B
[ .92
300 _| 10
— 150 1. .90
8
|- .88
200 | T s -
I w0 — 8
150 —
L L 82
&0
L 80
00 _| ‘
80 _|
]

Fig. 10. ldentical to Fig. 8, this nomogram is used
only for MADT transistors.

REFERENCE

1. A. B. Phillips, "Transistor Engineering," McGraw-Hill Book Company,
Inc., New York, N.Y., Chapter 14.
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WHATS AND WHYS ABOUT Y-PARAMETERS )
Misconceptions concerning the use of transistor data-sheet parameters often
confuse circuit designers. Thisarticle is designed to remove some of the haze.
It tells why different transistor parameters appear on data sheets for different
applications. It shows why one often chooses y parameters for high-frequency
design and illustrates the minimum number of steps necessaryto solve a prac-
tical design problem. Clarifying examples appear throughout.

WHY USE PARAMETERS ?

Engineers know that if they bias a device such as a transistor to a stable d-c
operating point and make certain a-c input and output measurements, they then
can accurately predict its a-c behavior in many different circuits in which they
might use it. The d-c operating point must remain the same in these circuits
asit was whena-c input and output data were taken. It the operating point shifts,
the transistor characteristics will change also.

For example, if a transistor manufacturer wanted to get design data to put on
a transistor data sheet, he might choose a d-c operating point where the tran-
sistor was used in a common-emitter configuration with a 2-ma collector cur-
rent and a 5v drop across the collector-emitter contacts. (He would know from
the size of the transistor, past experience and the way the device was made that
this would be a satisfactory operating point.)

The d-c circuit might look like Fig. 1. This bias circuit holds the d-c con-
ditions steady while a-c measurements are made.

Circuit theory states that if one has a device, say an amplifier, with two in-
put and two output terminals, he canpredict its circuit behavior if he has enough
data to write two equations relating a-c input and output characteristicsl. These
two equations take the form:

=B,C, + B,C, (1)
2 = B!lcl + Bzzcz (2)

These equations represent a device under test when it is driven from a sig-
nal "'generator" C1 and terminated with an output "generator" C2 (C2is nor-
mally a passive load that ''generates' nothing but absorbs power from the de-
vice). The "signals'" resulting from these "generators' are represented by A1
at the input and Ag at the output. See Fig. 2.

2mo 1 N N
DEVICE —
: C UNDER T
4 _t_ Vee =5 | MEASUREMENT
FIGURE 1 — TYPICAL DC BIAS CIRCUIT FIGURE 2 — GENERAL-CASE REPRESENTATION OF

AC “GENERATORS" (C) AND ‘“‘SIGNALS" (A)
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WHAT DEFINES PARAMETERS ?

The "B" coefficients of the "generator" terms C1 and C2 in Eqs. 1 and 2 are
constant device characteristics called parameters, which do not vary so long
as conditions such as operating point, temperature and measurement frequency
do not change. The units in which these coefficients are measured are deter-
mined by the type of units that one picks for his "generators' and "signals".
For example, if he chooses Cj and Cjy to be voltage "generators' and A; and
Ag to be "'signal" currents, then all four "B" coefficients have the units of i/e
or mhos.

To show this, look at Eq. 1. It would be easy to solve Eq. 1 for Byq if the
right-hand term were equal to zero. So to find Byj, set the term B19Cy equal
tozero! Tomake B12C2 zero, one shorts C2, the output "generator' in Fig. 2.
This forces the voltage across C2 to equal zero, since no voltage can appear
across a short. Now Eq. 1 becomes:

A, =B,C +0 3)
Solving for Byy:
A
B, = C—l When (4)
"1C,=0

Aj is a current and Cq is a voltage

SO

w
I
I

When (5)
0

o
@]
Il

2

Byj in Eq. 5 has the unit's mhos since it is a current divided by a voltage.
This is anadmittance and we arbitrarily can call it yq1 if we choose. This de-

fines yq1 as the ratio of input current iy to input voltage e only when the output
voltage 1s zero. By alternately making Cj and Cg zero by shorting input and
output voltages, it is very easy to solve Eqs. 1 and 2 for the other "B'" param-
eters. They all are equal to a current divided by a voltage, which makes them
admittances. Our general-case input and output box has changed in this special
caseto theone shown in Fig. 3. This
is only because the input and output
""generators' were chosen to be volt- _
agesand the input and output ""signals" L oevice —=

UNDER e
were chosen to be currents. e | wEASUREMENT

From Fig. 3, Eqgs. 1 and 2 now be-

come:
L =y,e Y (6)
FIGURE 3 — SPECIAL CASE WHERE “GENERATORS”

“ i RRENTS
Y€ t Y€, ) ARE VOLTAGES AND “SIGNALS” ARE CURREN

—
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aNog | Il
Veg =5v e (y11.)
- n
3 T,a=28t [
é - l :5 ma I | I
E IE =1 mo / im (yy1,)
- . A
~ 15
>
N 3 60 100 200 500
FREQUENCY (Mc)
FIGURE 4 —y,,, AS A FUNCTION OF FREQUENCY
12N918
- VCB_SVO
S . T,=25C :
E H—{; =5ma V% 120
- e — 7|
o lg=1mo . P
> - ’4,’
| Lot | 2= 'I"’J(Yu.)
° 3 60 100 200 500
FREQUENCY (Mc)
FIGURE 5—1y,,, AS A FUNCTION OF FREQUENCY
80 T I\I Vo oL T T T
re (y21.) N i cE=5v 2N918
—_ N T 1. =5ma  Ta=25C
" N _
8 le=2ma
E \-- T IE =l ma
E
T b= T —
& w0 t
>
refyae) M (yo00)
0 30 ) 100 200 500
FREQUENCY (Mc)
FIGURE 6 —y,,, AS A FUNCTION OF FREQUENCY
M918 im (y220)
= ¢ vca=5V% +
2 TA=25 Wikd
E = lg=5ma )
- =1 ma 7
& o
o~ d
> 3 &
4
-
=t = 1 (yy50)
= .
L ———FFFT 1L o1 J
= g gy
0 30 60 100 200 500

FREQUENCY (Mc|
FIGURE 7 —y;;, AS A FUNCTION OF FREQUENCY
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In the same manner that Eq. 5 became:

¥, = — | When

e, (8)
e, =
Eqs. 6 and 7 become:
i]
=— | Wh
yu ez en (())
e, =
i,
Yo, = - | When
e, (10)
e,=0
i2
Yoo = o When (11
2
e =0

Eqs. 8 through 11 define the yparameters. They tell what a-c measurements
to make and what ratios to take to get defining y coefficients on any device. For
V11, the input admittance, measure the input current and input voltage with the
output shorted so that eg is zero. Then take the proper ratio. By similarly
measuring input and output voltages and cugrents and taking required ratios,
one can get a complete set of y parameters.

WHY USE y PARAMETERS ?

Why pick "generators' and ''signals'' that require alternately shorting the in-
put and output in order to make measurements? The answer is that it isoften
simpler to get a-c short-circuits at high frequencies than it is to get open cir-
cuits. (One method of getting a-c shorts that does not disturb the d-c circuit
is to use bypass capacitors first across the output and then across the input
terminals. Another method uses coaxial lines, since their length can be short
in the VHF-UHF range.) So one reason-why y parameters are used in charac-
terizing devices at high frequencies is that this set of measurements to get all
four ""generator'' coefficients is easier to make. And design equations for high-
frequency parallel-resonant circuits often come out in simple form for admit-
tances when they might not for other parameters such as impedances.

OTHER PARAMETERS

By picking other units for ''generators' and ''signals'' one could get equa-
tions that were still of the same general form as Eqs. 1 and 2. But the '""B"
coefficients would have had other units. They would have served equally well
in predicting circuit behavior, put it might have been harder to make measure-
ments to determine different ""B" coefficients in the high-frequency range. Al-
. so, after one gets a complete set of parameters, such as admittance parame-
ters, he can mathematically manipulate these into any other set that he might
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prefer to work with in actual circuit design. For example, if he gets a com-
plete set of y parameters because they are easier to measure, he can trans-
form these into a complete set of hybrid (h) parameters if it is easier to pre-
dict circuit performance by using them. Hybrid parameters often are used for
audio-circuit design because it is easy to measure them on transistors at low
frequencies.

Semiconductor manufacturers often use exotic measuring equipment to give
high-frequency phase as well as magnitude information about their devices.
The General Radio Model 1607A Bridge is a coaxial instrument from which one
reads bothreal andimaginary admittance components from about 30 to 1500 Mc.
It uses coaxial lines to get a-c opens or shorts and can measure hybrid as well|
as admittance parameters. The Boonton Radio Corp. Model 250A RX Meter
gives real and imaginary components for 1/y values from 500 kc to 250 Mc.
Capacitors provide a-c shorts for this instrument. Data sheets normally show
average or typical data taken from a production spread of transistor parame-
ters. Many transistor types do not have this information on the data sheet, but
manufacturers usually will supply this information to their customers free of
charge, if asked.

GENERAL CALCULATIONS
How does one use y data in circuit design?

Perhaps the most effective method first was proposed by J. G. Linvill3, and
well explained further by other authors?) 6. All of these authors outline a pow-
erful method using y parameters to graphically represent interrelations among
stage gain, circuit terminations and circuit stability. The graphical outlines
are beyond the scope of this paper, but one of their results shows that if the
device is unconditionally stable, the maximum unneutralized power gain is given
by

POO
Appey = K¢ '15; 12)
where
Py _ |y, 13
P, drely, rely,) — 2re(y,,y,,) (1)

|y21| is the magnitude of Y91

re designates the real parts of the respective y parameters or y-parameter
products.

Poo/Pio is a valuable tool for the circuit designer.

A calculation of the criticalness factor C will determine stablility. If C is
less than 1, the device isinherently stable and cannot oscillate without external
feedback paths (unconditional stability).

P, 1y.l
C=2 00 71=" 14_)
Pio lyzll (
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Once C is found, KG in equation (12) is

1 - V1 - C?

Ko = 2)—

(15

The maximum unneutralized gain obtainable per stage now is found by Eq. 12
if Cis less than 1.

If C is greater than 1, KGhas no meaning and the maximum calculated stage
gain can approach infinity. The circuit effect describing this condition is one
of instability or oscillation. That is, if C is greater than 1, the device can os-
cillate under certain stage terminations even though no external feedback paths
exist.

For the frequency ranges where the deviceis inherently unstable, the designer
must carefully choose his load or output termination. One rule of thumb is to
heavily mismatch the output admittance y22. The output load admittance is
made much larger than yg9. This is to heavily load the stage, and it means
that the load impedanceisless thanthe output impedance. The calculated quan-
tity Poo/Pio is usually still within a few db of the gain to expect from a stable
stage if one uses collector loads in the 100 to 1000-ohm range for most of to-
day's VHF transistors. (If measured gain is much higher, one suspects regen-
eration.) Poo/Pjo forms a figure of merit useful even when C is greater than
1 so long as unstable terminations are avoided.

STABILITY AND GAIN CALCULATION — PRACTICAL DESIGN EXAMPLE
Suppose one wanted to design a tuned RF amplifier at 51 Mc, the low end of
the amateur 6-meter band, using a 2N918 silicon VHF transistor. Figs. 4
through 7 show 2N918 y parameters plotted versus frequency for 5v Vcg and
1 ma Ic at 51 Mc:

y,;, = 1.0 + j2.0 mmhos (16)
¥, = 0 = j0.2 mmhos a7)
¥y, = 25 — j10 mmhos (18)
¥y = 0.02 + j0.6 mmhos (19)

Eqs. 16 through 19 show the real and imaginary admittance components ar-
ranged in rectangular form. Polar forms would simplify calculating Poo/Pio
from Eq. 13. Look at Fig. 8 to get the polar form of y11, for example.

The magnitude of yi1 is equal to the length of the hypotenuse of a right tri-
angle whose sides are the real and imaginary components. 6  is the angle
whose tangent is equal to 2/1 in this example (from Eq. 16). This says:

Solving Eq. 20:

Arc tan 6, = 2 (20)
6, = 63.4° (21)
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Since the length of the hypotenuse of + IMAGINARY AXIS
this right triangle is equal to the length |
of the side adjacent to 61 divided by
the cosine of 64

1
Yn!= =225
Cos 0,

0= Arc tan 2 = 63.4 deg

2 yi, = 2.25 !63. 4 deg

+ REAL AXIS

1 1
- - =99 29 -REAL AXIS
Iyl Cos 6, Cos 63.4° > (22)

The final vector is — IMAGINARY AXIS

FIGURE 8 — CALCULATION OF MAGNITUDE

Y = 2.25 {63_4° (23) AND ANGLE OF y,,

The polar form of y12 is easy. It
has zero real component, so 0 is
-90.0° (see Fig 9)

y,, = 0.2 /—90.0° (24)
From Flg. 10: + IMAGINARY AXIS iY”I =02
10 6, =-90.0 deg
6, = Arc tan —2—5 = —21.8° (25) Y12 0.2[ -90.0 deg
— REAL AXIS + REAL AXIS
25 25 Inal |/ g,
Yau /218 (26) .

Cos 0, /% Cos —21.8°
= IMAGINARY AXIS
so that y,, = 26.9 /—21.8° 27) FIGURE 9 — CALCULATION OF
MAGNITUDE AND ANGLE OF y,,
Now we can calculate =2 :

P,

g

P _ 1Yol 3
P, dre(y,)re(y,,) —2re(y,,Y,,) (13)

o

Py _ (26.9)*
P, 4(1)(0.02) —2re[ (0.2 /—90.0°) (26.9/—21.8°)]

_5
795 +IMAGINARY AXIS |y“|—Cos 0y 2%.9
= ° (28) 6,=Arc tan =10 ~21.8 deg
0.08—2re(5.38 /—111.8°) %
Y1 = 26.9{ 21.8 deg
(To multiply two vectors, multiply —REAL AXSS N
their magnitudes and add their angles.) -10
Togettherealpartof5.38 ,-111.8°
for use in the denominator of Eq.2 8, - IMAGINARY AXIS
look at Fig. 11. FIGURE 10 — CALCULATION OF

MAGNITUDE AND ANGLE OF Ya
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re(y,,¥,,) = 5.38 sin 21.8° =— 2.00 (29)
)

g

725
o0 _ = 30
P, 0.08 — 2(—2.00) 178 (30)

10

To determine stability

P
C = 2 P Vsl (14)
Pil) IY2|I +IMAGINARY AXIS
0.2
C=2(178) 55 =264 (31) -
. J 05=_] N8 dchEAl AXIS
Since C is larger than 1, the 2N918 ol e _ '
will be inherently unstable in our 51- [v12 yar|=s538 / V12 Y1) =-5.38 $in 05
Mc circuit and calculations for Kg in 06=21.8 deg
Eqgs. 12 and 15 willnot hold. If C had ~— " (12 yp)=-20
been less than 1, we could.have found

— IMAGINARY AXIS

Appp, the maximum possible for-
ward power gain for the amplifier, by FIGURE 11 — CALCULATION OF
using Egs. 12 and 15. REAL COMPONENT OF (¥,: ¥,1)

OUTPUT-CIRCUIT DESIGN
Experience has shown that if one heavily mismatches the transistor output,
the stage likely will be stable. Many transistors require collector loads in the
range between 100 and 1000 ohms: 500 ohms is a good starting point. The de-
signer likely will use a tuned circuit to get rid of any imaginary components.

Most 51-Mc coils with ferrite tunable slugs have values of unloaded Qy in the
50-100 range. To keep coil losses small, the loaded Qp, should be much less
than unloaded Q,;. Qjp, equal to 5 is a reasonable value.

This determines the collector-circuit bandwidth (neglecting the input circuit,
which will reduce overall stage bandwidth if it also is tuned).

" f,  51Mec
BW = 5 = =5 ~ 10 M (32)

This will make the amplifier usable over the low end of the 6-meter band.

ToinsureQq, = 5, examine the cir- R_, IS TRANSFORMED

cuit shownin Fig. 12. The total par- PARALLEL
allel resistance across the tuned cir- EQUIVALENT OF
cuit is the transistor output resistance R APPEARING
in parallel with the load. Assume ACROSS
the load is 500 ohms and smaller than E?’:&E‘?OR
the output resistance. Calculate the
value of parallel capacitance toget an FIGURE 12 — EQUIVALENT AC OUTPUT CIRCUIT
approximate Qp, of 5:

Q, 5

C» = 3,k 2(3.14)51(10)° (500) 31 pf (33)

16-32



Application Notes

where fo = resonant frequency in cps
Rp = parallel resistance in ohms

Total parallel capacitance should be 31 pf. Transistor capacitance is about 2
pf, C9 (Eq. 35) isabout 20 pf and stray wiring capacitance is about 2 pf. These
all contribute to total capacitance, so add a variable capacitor across the cir-
cuit that will vary from about 5-20 pf to insure that it can tune to resonance.

What value of inductance will resonate with 31 pf at 51 Mc?

L1
P 4mf 2C,
_ 1
4.(9.86) (2600)10'231(10) -2

= 0.31 uh (34)

Suppose now we want to match the collector load into 50 ohms, Cg in Fig. 12
should be:

1 1
€= 2, R,( .

\/ (35)
277(51 106 ¥'50(500 — 50)

Use 20 pf since this is a standard size. This value of C2 insures that the 50-
ohm load is transformed into the 500-ohm equivalent load desired across the
collector circuit for stability.

o ¢ o—
INPUT-CIRCUIT DESIGN “ ll
Add a tuned circuit to the input for ? L, m E"P;"w'
selectivity and matching. Fig. 13 R
shows a matching circuit to transform (!) o—<L—l—o

50 ohms into 500 ohms to match FIGURE 13 — EQUIVALENT AC INPUT CIRCUIT

% (re(ly”) )

Since the transistor is terminated in 500 ohms instead of a short-circuit its
input resistance drops below

1
re(y,,)

Set the resistive component across the input circuit due to the transformed
generator impedance to 500 ohms. Cj is 20 pf, the same as C2, since the de-
sired impedance transformation is the same. These 500 ohms are in parallel
now with approximately
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% (re(]y”))

across the input coil. The total parallel resistance across the coil then is

_(500) (500)
P27 500 + 500

R = 250 ohms (36)

Use Rp2 to calculate Q, for the input similar to the calculations for the col-
lector circuit. Let Q1, = 10 for higher input selectivity.

Q, input

C, input =
p PE T ot R

r2

10
= (6.28) (51) (10)5(250)

=125 pf (37)

Make the input variable capacitor tune 75-200 pf.

1
L, input = ———————
4-7'1'2f02C‘D input

1
N (4)(9.86) (51)2(10)12(125) (10) -2
= 0.07 nh (38)

If the generator impedance should have been transformed into something other
than 500 ohms, the designer could have calculated C; from:

1 1
el 9
! 27f, 'R (39)

ge"(Rp transformed — Rym)

DC CIRCUIT DESIGN

D-c bias design remains. See Fig.
14. Say a 6v battery is specified.
With 5v across the collector-emitter,

lv is available to drop across an | I s
emitter resistor. For 1 ma Ig, the V“']” ' b
emitter resistor must be: _r— T
Veg =17V fg,, V. .07 ] T: Ve= =V,
V. lv " ? trele |
Ry=—f = ———— =1k (40) ¢
I 1 X 1073 amp =

FIGURE 14 — DC BIAS RESISTORS

The base voltage VR2 will be the emit-
ter voltage VR4 plus Vgg. Since Vpg
isabout 0. 7v for a silicon transistor,

16-34



——— Application Notes

this sum is about 1.7v. The base divider network Rj and Ry must give 1.7v
on the transistor base. Also, the current in Ry should be about 1/4 Ig (or
larger) for d-c temperature stability.

Let I, = 1./4 = 0.25 ma.

1.7
e T
R, 0.35 x 105 ~ OB (41)

If hpg (d-c beta) is high, the current through R will nearly equal the current
through Rg. If hpg is low, say 10, then

I ~—£f = —~ =01 ma 49
B hFE 10 ( )
The current through R,,

Iy, =1p + 1, =025+ 0.10 = 0.35 ma (43)

The voltage drop across R, is
Ve =V, = Vg =60v — 1.7v = 43y (44)

\Y 4.3

R =-f=——— =12k (45)

'L, 035 x 107

Bypass capacitors can be 0.001-uf ceramic discs if their leads are less than
1/4 inch. If their leads are longer, the capacitors could be operating above
the point of series resonance with their own lead inductance. They then would
look inductive at this high frequency instead of capacitive. Fig. 15 lists reso-
nant frequencies for some typical
capacitor values with 1/4-inch leads.

Each capacitor value should be used NI
below its resonant frequency to avoid CAPACITANCE (if) FREQUENCY (RESONANCE)
parasitic resonances. o S e
001 16 Mc
0.004 25 Mc
FINAL CALCULATIONS 0.00 50 Me
This completes the KF amplifier fgg: e

design. Fig. 16 shows the complete
circuit. Fig. 17 shows measured FIGURE 15 — APPROXIMATE RESONANT FREQUENCY
data on this circuit. Average power OF CAPACITORS WITH TWO '.-INCH LEADS
gain on five transistors is 22.7 db.

This compares with the calculated

figure of merit.

POO POG
P (db) = 10 log,, P
=10 log,,(178) = 22.5db (46)
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Unless otherwise indicated,

Normally Pqo/Pj, will be within a reomponcn! values are:
few db of realizable stage gain fOr  copaciiors desimals — of
stable load terminations. If measured o decimals "'I’Q
gainis considerably higher than Pgoo/ ’

Pjo, one should check the stage for e
regeneration. In the case of regen- S 05! 0078
eration, a smaller Rpl may be re- ’-’”’“"\’F\ .
quired. This is obtained by increas- ooor o
ing C2 in Fig. 12.

Calculated bandwidth for the two i
cascaded single-tuned circuits (input FIGURE 16 — COMPLETE 51 Mc AMPLIFIER

and output) is

f 51
Overall BW 26"— (0.75) = 10 (0.75) = 3.8 Mc (47)

L

Calculated bandwidth and gain vary
slightly from measured values. This
could be because individual transistor iz 2 Y 3
admittances vary from unit to unit. i ‘ EN n
Also, the transistors measured in the Average w1 iimc
circuit shown in Fig. 16 were not the FIGURE 17 — MEASURED VALUES
identical units on which the original FOR 51 Mc AMPLIFIER
y-parameter data were taken for Figs.
4 through 7. Since the measured gain
was slightly higher than calculated gain and since the measured bandwidth was
slightly less than calculated for most of the transistors, the amplifier is likely
operating slightly regenerative. No oscillations occurred, but if the amplifier
were to be operated over a temperature range where parameter changes could
occur, increased collector loading on the order of 250 ohms (instead of the 500
ohms used) would increase circuit stability. This would only slightly decrease
the gain (3 db or less).

TRANSISTOR TRANSDUCER BW
NO. POWER GAIN (db) Mc

<
a
"

More exact circuit predictions are possible by using some of the graphical
methods referenced earlier. But they are considerably more involved than the
methods shown. If theoutput mismatch is enough to make the device stable and
retain gainnearly equal to Py,/Pjq, both methods generally yield similar results.
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DETERMINING MAXIMUM RELIABLE LOAD LINES
FOR POWER TRANSISTORS

Operation of power transistors within their power-temperature ratings alone
is not a sufficient safeguard toguarantee circuit reliability. An additional con-
sideration of the allowable collector-emitter voltage vs. collector current must
be taken into account, otherwise a distinctive condition termed 'secondary
breakdown' can occur.

To avoid this secondary breakdown condition, it is necessary to maintain the
load line within safe voltage and current limits.

As described later, secondary breakdown is a function of time in addition to
voltage or current and, since transistors can be operated at an infinite number
of time intervals and operating points, reliable load line operation is specified
by safe operating areas including time as a parameter.

SECONDARY BREAKDOWN

For a fixed bias on the base-emitter junction, as collector voltage isin-
creased on a power transistor the collector current increases slowly to a cer-
tain point at which the increase becomes rapid and an avalanche condition exists.
The collector voltage at which avalanche occurs is determined by the voltage
condition across the emitter-base junction. In other words, the transistor bias
condition determines the point of avalanche. Avalanche in itself is nondestruc-
tive if power dissipation is limited, but a destructive breakdown can occur if
the collector current is allowed to increase to a high value. This is called
"second breakdown'1; 23 :

Second breakdown is associated with the collector-base junction, and is con-
trolled by the mitter-base junction. The electrical interplay of the junctions
is such that second breakdown is triggered at lower voltages as collector cur-
rent is increased. The locus of secondary breakdown trigger points is shown
in Figure 1 for a 1/2 wave 60 cps pulse.

SECOND BREAKDOWN

The exact action of second break-
down is not known but seems to be
associated with a sudden concentra -
tion of energy into a small area, the
energy being a function of collector
voltage, collector current, and time.

This concentrated energy dissipates Vgg+0

power in a very small volume which F —<‘=—< - POSITIVE DRIVEVgg)
causes the temperature to exceed the R 2 :

melting point of the semiconductor Ljf;:"‘{_ <_,§'—Z<"
material. The two junctions can then : Ve —»

flow together causing a collector-to-
emitter short. Fig. 1. Locus of trigger points.

°

CURVES OBTAINED USING 1/2 WAVE
60~Vc WITH DC CONDITIONS BASE
TO EMITTER

3.—“\—

|
1
I
!

\

-

°

NEGATIVE DRIVE (-Vgg).
— LOCUS OF TRIGGER POINTS’

1
]
|
A
|
-

16-37



——— Application Notes

PULSE TEST

To establish safe operating areas, through destructive testing, for various
pulse widths, the test circuit shown in Fig. 2 was developed. In this circuit,
a reverse bias sufficient to keep the transistor cut off until the pulseis applied,
is always present between base and emitter. The 10-ohm resistor in the bias
circuit is necessary to permit a negative voltage to build up and turn on the
transistor when the pulse is applied.

The pulse test signal is obtained
from a pulse generator and a tran-
sistor amplifier. The amplifier tran-
sistor must be a high-speed german-
ium device such as a 2N2832. The
pulse amplitude is controlled by set-
ting the output of the pulse generator
high enough to saturate the amplifier
transistor. The signal into the tran-
sistor under test is controlled by
varying the collector supply voltage. Ve 42V

PULSE AMPLIFIER
COMMON

—
VERT

XY
SCOPE.

HORIZONTAL

*R, SENSING RESISTOR

The output waveform is monitored Soupon - ovgar

on an XY oscilloscope across a sens- e o———\_/-— M

ing resistor which is made from Can- _/ rovan 4
thol type A-1 flat ribbon. A 0.1-ohm CANTHOL TYPE A1 FLAT RISBON
sensing resistor is used for collector ' e

i Vee e
currents below five amperes and a ~

0. 01-ohm sensing resistor is used at

higher collector currents. Fig. 2 Circuit used to establish safe operating areas.

To keep the voltage drop in the interconnecting wiring to a negligible value,
- number 10 wire is used for circuit connections and number 4 stranded cable is
employed for connecting to the batteries used as the voltage source.

The 500 uf capacitor bypasses voltage transients resulting from the rapid
change of current through the inductance of the connecting leads. The fuse or
circuit breaker is necessary to prevent burning out the sensing resistor or other
components when the transistor shorts.

The source voltage is set at a fixed level in steps of 12 volts each. Collector
current is increased by increasing the base drive until second breakdown oc-
curs. A short occurs, since no current limiting is used.

PLOT OF BREAKDOWNS

The voltage and current failure point is observed on the XY scope and re-
corded on a graph similar to Fig. 3. To establish a usable safe area curve,
at least 5 to 10 transistors are tested and destroyed at each pulse width and
voltage. To construct the safe area curve on the graph, a line is drawn con-
necting the worst-case points of each voltage group.

Notice that, regardless of the pulse width, as current is increased the device
will withstand less voltage.

Using an average of the failure points from Fig. 3, the typical graph of energy

inwatt-seconds required for second breakdown is plotted in Fig. 4. The shape
of these curves is logical since as current increases the effective emitter area
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decreases and as voltage increases the effective base width decreases.

Application Notes

Thus,

as current and voltage increase there is a continuous shrinking of the active

volume containing the energy.

500 p sec !
" N I:,/zlsovsec FAILURE POINT
25l s 50y sec | CODE:
25 psec e 25psec
P o X ety x  50p sec
g : D
z * psec
&2 = - o IMsec
2 3 A 5Msec
= b ° N CURVED LINES
z
wis - < SHOW WORST FAILURE
T 3 o Locus
o »
4 o
S o
G o 3
E F
-t
"oJ A @
o
5 A
N e |
A
4
o 50 100 150 200 VOLTS

COLLECTOR EMITTER VOLTAGE
Fig. 3. Graph shows typical failure points for 2N2528 transistor.

=
N

)
\
os| 1

ENERCY WATTS SECONDS
—

AOSH

0.1

L1

H 10 15 20 S 3 3
COLLECTOR CURRENT IN AMPERES

Fig. 4. Typical energy required to cause transistor failure is plotted
against current with a constant voltage applied.

It is difficult torelate the results theoretically, due to all the variables which
affect current crowding, although the effect of base width changing with voltage
is a well-known expression. Also, since base width decreases with voltage, the
effective base resistance increases due to the transverse area shrinking, which

intensifies the current crowding.

DC TESTS

The test circuit used to determine
failures under dc and long-time pulse
conditions is shown in Fig. 5. A com-
mon-base circuit is used for this test
to prevent thermal runaway.

Also, since power levels approach-
ing 200 watts may be encountered dur-
ing tests, a water-cooled heat sink is
necessary. The heat sink consists of
a 4" X 4" X 1/8" copper sheet with a
"U" shaped copper tubing soldered
to it around the transistor mounting
area. Ice water is circulated through
the tubing to remove heat from the
copper plate.

~

GND.

XY
VERT. > SCOPE

|
|

HORIZ.
.)

Fig. 5. Circuit used to establish dc safe operating areas.
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The dc failure points were determined in a similar manner as previously
described for the pulse tests.

POWER-TEMPERATURE DERATING vs SAFE AREA

This application note shows safe area curves for many Power Transistors
and includes de-ratings due totemperature effects. In additiontothe Safe Areas,
a power dissipation curve is plotted for each device. This power curve repre-
sents the allowable average power which could be dissipated at a given case
temperature (usually 25°C) without exceeding the particular maximum junction
temperature. At higher case temperatures the allowable average power will be
less depending on thermal resistance and the power area would be represented
bya curve drawn to the left and below the one shown. In general, the allowable
power at 25°C (case) is beyond the allowable dc and longtime pulse safe areas
and the device is breakdown-voltage limited. However, at higher case temper-
atures the device may be power-dissipation limited.

In any event, both average power-temperature de-rating and safe areas must
be obeyed. In addition, the switching of power causes time-dependent tem-
perature increases which are of concern but are separate from the safe area
considerations.

This temperature dependency is associated with the thermal time constant of
the transistor.

The proper control of temperature rise and peak power will insure that the
maximum junction temperature is not exceeded. In addition, the proper control
of pulse load line to stay within the applicable Safe Area curve will insure that
a collector to emitter short will not be caused.

EXTENSION TO COLLECTOR-BASE BREAKDOWN

Some devices have a collector-base breakdown rating greater than the
collector-emitter breakdown. Operation is allowable in the region between
VCE(max) and VCB(max); however, it is recommended that the current be kept
as low as possible by back biasing of the base-emitter junction.

APPLICATION CHECKS

The safe areas were double checked in the following applications to see if the
pulse safe area curves were meaningful: (1) audio, (2) solenoid driver, (3) power
inverter, and for dc safe area, (4) low frequency audio and dc regulators.

(1) Audio

The audio application was used to test low-frequency effects which should
correlate with the 5 millisecond safe areas. Devices were put into the class A
circuit shown in Fig. 6, with an ac resistive load, the dc being bypassed by a
shunt inductance. The input was deliberately overdriven and then the load re-
sistor removed to obtain a reactive load line.

It was hoped that an elliptical load line could be obtained with an excursion
controlled by drive voltage and with time of the excursion controlled by fre-
quency. While this did occur, the excursion was very low at high frequencies
and thus the fast pulse areas could not be probed. At frequencies between 50 -
200 cps, a large excursion was possible and failures were caused by exceeding
the 5 msec safe area curve.
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(2) Solenoid Driver

The solenoid driver consisted of controlling the load line with a suppression
diode across the inductance or a zener diode across the transistor. The diode
across the inductance clamps the load line excursion at the dc source voltage as
indicated in Fig. 7. The zener diode method resulted in a rectangular load line
as indicated in Fig. 8 and clamping occurs at the zener voltage.

A word of cautionis necessary concerning this application. The fast switch-
ing can cause induced voltage in long lead lengths to the power supply. Thus,
it is necessary to connect the suppression diode as close to the collectoras
possible and use a clamping capacitor from the emitter to the connecting point
of the diode and inductance. When using the zener diode it should be soldered
as close to the emitter and collector pin as possible. No failures occurred when
the load line was contained within the 25-psec safe area curve.

(3) Power Inverters

One of the most critical operations of power transistors is in inverter cir-
cuits similar to that shown in Fig. 9. A typical inverter circuit was used to
test several types of power transistors. The load line was observed while hold-
ing the peak current constant and increasing the voltage until failures occurred.
Then the current was increased at a constant supply voltage until failures were
encountered. Cases of failure occurred after the load line was well beyond the
25-psec safe area.

TYPICAL
REACTIVE

AUDIO GENERATOR  SENSE

INTER- I LINE
c :,ﬂoIH)Em ) ©“0" POINT L0AD Fig. 6. Transistor arrange-
= RESISTOR ¢ ment for a class A audio
CAUSES circuit.
REACTIVE
l’ LOAD LINE
v Vee —
INPUT PULSE (REPETITIVE OR SINGLE SHOT) _ TYPICAL
oo baax = Vee/R LOAD LINE
L Ru
b, 1
- 1 s Fig. 7 Circuit for a tran-
R 11 le sistor solenoid driver with
oFF 'c' L diode suppression.
Vi = Vee Veo
VCE —_
| max = Vee/R
[ TYPICAL
LOAD LINE
I Fig. 8. Circuit for transis-
torized solenoid driver with
v zener diode.
cC
Vee — Vz
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TYPICAL LOAD LINE Fig. 9. Circuit arrangement
for inverter.

(4) DC and Low Frequency Audio

In dc applications such as voltage regulators and in low frequency (below 100
cycle) audio circuits, the dc safe-area curve in conjunction with the power-
temperature derating curve establishes reliable operating limits. Depending
upon the device type and case temperature, the load line may be limited by
either the power dissipation rating or the dc safe-area rating. In some in-
stances, the dc safe limit and the power dissipation limit can cross. In this
case, the load line limit would be established at low currents and high voltage
by the dc safe limit and by the power dissipation limit at high current and low
voltage.

The above discussion also applies to low duty cycle surge conditions such as
encountered in incandescent lamp flashers where low initial resistance of the
lamp permits a high-current surge for 50 to 100 milliseconds. This can trigger
secondary breakdown even though succeeding current pulses are very low after
the lamp resistance increases.
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RF SMALL SIGNAL DESIGN USING ADMITTANCE PARAMETERS

INTRODUCTION

Design of the solid-state small-signal RF amplifier using two port param-
eters is a systematic, mathematical procedure, with an exact solution (free
from approximation) available for the complete design problem. The only
sources of error in the final design are parameter variations resulting from
transistor parameter distributions and strays in the physical circuit. Param-
eter distributions result from limits in measurement and random variations
among identically designed transistors.

The purpose of this paper is to provide, in a single working reference, the
important relationships necessary for the complete solution of the RF small
signal design problem using admittance parameters.

The paper is based on work by Linvill, Stern, and others. Those who may
wish to consider the derivations of some of the expressions should refer to the
original work presented in the references.

The report assumes that the reader is familiar with the two port parameter
method of describing a linear active network. Several references are available
on this subject. 1,

It has also been assumed that a suitable transistor for the task at hand has
been selected, and that admittance parameters are available for the frequency
and bias point which will be used. Device selection will not be covered as a
separate topic in this report; rather, a thorough understanding of the material
in the report should provide the designer with the tools he needs to select tran-
sistors for a particular small signal application.

The equations given in the text of the report are applicable to the common
emitter, common base, or common collector configuration, if the applicable
set of parameters (common emitter, common base, or common collector pa-
rameters) is used.

While directed primarily toward circuit design with conventignal junction
transistors, two port network theory has the advantage of being applicable to
any linear active network. The same design approachand equations may there-
fore be used with field effect transistors or any other devices which may be de-
scribed as a linear active two port network with measurable parameters.

Finally, various parameter interrelationships and other data are given in the
Appendix.

GENERAL DESIGN CONSIDERATIONS
Design of the RF small signal tuned amplifier is usuallybasedonarequire-
ment for a specified power gain at a given frequency. Other design goals in-
clude bandwidth, stability, and input-output isolation. After a basic circuit
type is selected, the applicable design equations can be solved.

Circuits may be categorized according to feedback (neutralization, unilater-
alization, or no feedback), and matching at transistor terminals (circuit admit-
tances either matched or mismatched totransistor input and output admittances).
Each of these circuit categories will be discussed, including the applicable de-
sign equations and the considerations leading to the selection of a particular
configuration.
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STABILITY
A major factor in the overall design is the potential stability of the transis-

tor. This may be determined by computing the Linvill stability factor C using
the following expression:

[Y12 Y21
Cem—— (1)
281) €23 - Re (7,595

When C is less than 1, the transistor is unconditionally stable. When C is
greater than 1, the transistor is potentially unstable.

The C{factor is a test for stability under a hypothetical worst case condition;
that is, ,with both input and output transistor terminals open circuited. With no
external feedback, an unconditionally stable transistor will not oscillate with
any combination of source and load. If a transistor is potentially unstable, cer-
tain source and load combinations will produce oscillations.

Although the C factor may be used to determine the potential stability ofa
transistor, the conditions of open circuited source and load which are assumed
in the C factor test are notapplicable to a practical amplifier. Consequently it
is also desirable to compute the relative stability of actual amplifier circuits,
and Stern? has defined a stability factor k for this purpose. The k factor is
similar to the C factor except that it also takes into account finite source and
load admittances connected to the transistor. The expression for k is: t

2 (g;; + Gy (gpy +Gyp)
k

. @
[Y12%21| *+ Re 03939

If k is greater than one, the circuit will be stable. If k is less than one, the
circuit will be unstable.

Note that the C factor simply predicts potential stability of a transistor with
an open circuited source and load, while the k factor provides a precise stabil-
ity computation for a specific circuit.

Stability considerations will be discussed further in the descriptions of each
basic circuit type to follow.

.GENERAL DESIGN EQUATIONS
There are a number of design equations which are applicable to most types
of amplifiers. These equations will be discussed first. Descriptions of spe-
cific amplifier types will then follow, and each will contain additional design
equations applicable to that particular amplifier.

TRe (Y12Y Real part of (Y12Y21)

21) =
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POWER GAIN
The general expression for power gain is:

| 2
l’zll Re (¥y)
G- @
|YL + "zal 2 Re (7, - 1721 )
Va2 * Y,

Equation 3 applies to circuits with no external feedback. It can also be used
with circuits which have external feedback if the composite y parameters of
both transistor and feedback network are substituted for the transistor y pa-
rameters in the equation. The composite y parameters are determined by con-
sidering the transistor and the feedback network to be two ''black boxes" in
parallel:

s INew
For example, the above combina- | Feedback | "Black

tion of transistor and feedback net- Network | Box"
work may be characterized as a sin- — [
gle 'black box" by the following
equations: T o

I
|
Transistor i I
|
|

Ve = Y1t * Ve S .

Yi2¢ = Y1t * Y12t
“)
Y21 = Va1t * Yaue

Yagc = Yagr * Yoot

Where:

Yiles Y12¢s Y21c» Y22¢ are the composite y parameters of the parallel com-
bination of transistor and feedback network.

Y11t» Y12t Y21t» Yoot are the y parameters of the transistor.
Y11f; Y12f> Y21f» Yog¢ are the y parameters of the feedback network.

Note that, since this approach treats the transistor and feedback network
combination as a single ''black box" with y11¢, V12¢, ¥21c, and y22¢ as its 'y
parameters, the composite y parameters may therefore be substituted in any
of the design equations applicable to a linear, active, two port analysis.

The neutralized and unilateralized amplifiers-are special cases of this gen-
eral concept, and equations associated with those special cases will be given
later.

Equation 3 provides a solution for power gain of the linear active network
(transistor) only. Input and output networks are considered to be part of the

TRefer to Seshu and Balabanian, ''Linear Network Analysis,' John Wiley and
Sons, 1959, P321
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source and load, respectively. Two important points should therefore be kept
in mind:

(1) Power gain computed from equation 3 will not take into account network
losses. Input network loss reduces power delivered to the transistor.
Power lost in the output network is computed as useful power output,
since the load admittance Yy, is the combination of the output network and
its load.

(2) Power gain is independent of source admittance. An input mismatch re-
sults in less input power being delivered to the transistor. Accordingly,
note that equation 3 does not contain the term Yg.

The power gain of a transistor together with its associated input and output
networks may be computed by measuring the input and output network losses,
and subtracting them from the power gain computed with equation 3.

In some cases it may be desirable to include the effects of input matching in
power gain computations. A convenient term istransducer gain G, defined as
output power delivered to a load by the transistor, divided by the maximum in-
put power available from the source.

The equation for transducer gain is:

2
4 Re (Y_)) Re (Y;) |y
. s ) [l )

Gp =

2
Gy + Yg) Ugp + V) - Yyaa|

In this equation, Yy, is the composite transistor loadadmittance-composed of
both output network and its load, and Yg is the composite transistor source
admittance-composed of both input network and its source. Therefore, trans-
ducer gain includes the effects of the degree of admittance match at the tran-
sistor input terminals but does not take into account input and output network
losses.

As in equation 3, the composite y parameters of a transistor feedback net-
work combination may be substituted for the transistor y parameters when such
a combination is used.

The Maximum Available Gain MAG is an often used transistor figure-of-
merit. The MAG is the theoretical power gain of a transistor with its reverse
transfer admittance yjg set equal to zero, and its source and load admittances
conjugately matched to y1; and yg9, respectively.

If yjo = 0, the transistor exhibits an input admittance equal to y11 and an
output admittance equal to y22.f The equation for MAG is, therefore, obtained
by solving the general power gain expression, equation 3, with the conditions

Y12=0

.
Y = Y22

d _ »
and yg =¥y

T Obtained by solving the equations for transistor Yyy and Yy with yqg equal
to zero. These equations are given later in the report.
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which yields:

i

_ - 6)
4 Re (y,) Re (¥59)

MAG is a figure of merit only, since itis physicallyimpossible to reduce y12
to zero without changing the other parameters of the transistor. An external
feedback network may be used to achieve a composite yy9 of zero, but then the
other composite parameters will alsobe modified according to the relationships
given in the discussion of the composite transistor - feedback network "black
box."

TRANSISTOR INPUT AND OUTPUT ADMITTANCES
The expression for the input admittance of a transistor is:

Y12 Y21
Yy =Vyy -~ —————— (W)
IN ° Vi

Y22 + YL

The expression for the output admittance of a transistor is:

Y12 Y1
Y

our * Y22 ®

Yt Y

When the feedback parameter y12 is not zero, Yy is dependent on load ad-
mittance and Yoy is dependent on source admittance.

AMPLIFIER STABILITY
One of the major considerations in RFamplifier design is stability. The sta-
bility of a final design can be assured by including stability computations and
considering stability in all design decisions relating to feedback and transistor
source and load admittances.

The potential stability of the transistor should first be computed using
equation 1.

The various alternatives concerning input-output matching and neutralization-
unilateralization will now be discussed for both the unconditionally stable tran-
sistor and the potentially unstable transistor.

THE UNCONDITIONALLY STABLE TRANSISTOR
When the Linvill stability factor of the transistor as determined by equation
1 is less than one, the transistor is unconditionally stable. Oscillations will
not occur using any combination of source and load admittances without exter-
nal feedback. Stability is therefore eliminated as a factor in the remainder of
the design, and complete freedom is possible with regard to matching and neu-
tralization to optimize the amplifier for other performance requirements.
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AMPLIFIERS WITHOUT FEEDBACK

The amplifier with no feedback is alogical choice for the unconditionally sta-
ble transistor in many applications since it may offer the advantages of fewer
components and a simple tuning procedure.

Source and load admittances may be selected for maximum gain and/or any
number of other requirements. Power gain and transducer gain may be com-
puted using equations 3 and 5, respectively; input and output admittances may
be computed using equations 7 and 8, respectively.

The amplifier stability factor may be computed using equation 2. While am-
plifier stability was assured from the beginning by the use of an unconditionally
stable transistor, the designer may still wish to perform this computation to
provide some insight into danger of instability under adverse environmental
conditions, source and load variations, etc.

Grnax
Gmax, the highest transducer gain possible without external feedback, forms
a special case of the no feedback amplifier.

The source and load admittances required to achieve Gy ax may be computed
from the following:

1 2 2|?
Cs= 2 Re gy ‘(2 Re (y;;) Re (y,5) - Re (Y12y21)] - |v19%21] I (9
Im(y,,y,o)
B = - Im(y, ;) b 2’1z (10)
2 Rely,,)
1
L 3
2 2
0L = T Rely,p “2 Re (7)) Re (y5,) - Re (¥ 55y ] *- [¥10%21 ] l an
m(y 5,9 49)
B, = - Im(y,,) + ———— (12)
L 2 " S het,p

Therefore, if the maximum possible power gain without feedback is desired
for an amplifier, equations 9, 10, 11, and 12 are used to compute Yg and Yj,.

The magnitude of Gpgx may be computed from the following expression:

2
[v21]

3 (13)
> 2 2
2 Relyy;) Re(yy) - Re(y 95,0+ ‘[“‘e(yn) Relygy) - Re(y g%y " - lylz"zll ‘

Gmax =

Equations 9, 10, 11, and 12 can be obtained by differentiating equation 5 with
respect to Gg, Bg, Gy,, and By,, and setting the four derivatives equal to zero.
The Gg, Bg, G1,, and By, thus computed can then be substituted in equation 5 to
obtain the expression for Gp, 3%, equation 13.
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THE LINVILL METHOD

The amplifier without feedback design problem may also be solved graphi-
cally using a technique developed by J.G. Linvill.T Linvill's technique is very
useful for a certain class of problems. Since it is so fully discussed in many
good references we willnot go into it further here. An advantage of the Linvill
technique is that it provides a reasonably rapid graphic solution relating gain,
bandwidth, and stability. A disadvantage is its scope of usefulness, since the
standard Linvill solution applies only to an amplifier with no external feedback
and with Yg conjugately matched to the transistor input admittance, Yyy.

THE UNILATERIZED AMPLIFIER
Unilateralization consists of employing an external feedback network to
achieve a composite y19 of zero.

While unilateralization is perhaps most often used to achieve stability with a
potentially unstable transistor, other circuit considerations may also warrant
the use of unilateralization with the unconditionally stable transistor. For ex-
ample, the input-output isolation afforded by unilateralization may be desirable
in a particular design.

Design equations for the unilateralized case are obtained by first computing
the composite y parameters of the transistor-feedback network combination and
then substituting the composite parameters in the general equations.

Referring tothediscussion on composite y parameters and setting up the ba-
sic condition that yj9., must equal zero, the other composite y parameters can
be computed. Assuming that a passive feedback network is being used, then

Y11g = Yoot = Y12t = ~Yaue
and since Y19¢ = 0, Yot * Viof = 0
then yyor = -Yiop

and Yy = “Yyar = V1ae = Yoor = You
Substituting the above results in equation 4 yields the following:

Yi1e = Ynae * Va2t
Yo2¢ ~ Y22t * V12t
Yi2e = Y12t~ Y12t =0
Ya1c T Y21t " V12t

Substituting these compositey parametersin equations 7, 8, 3, 16, .and 5 re-
spectively, yields equations 14, 15, 16, 17 and 18 for the unilateralized case:

Unilateralized input admittance

. (14)
YN = Y11t Y12

TApplication Note AN166 Motorola Semiconductor Pro-
ducts, Inc. Dept T1C, 5005 E. McDowell Rd., Phoenix,
Arizona. See also reference 6 in the bibliography.
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Unilateralized output admittance

Your “Yaz* V12 (15)

Unilateralized power gain, general expression:

2
|"z: _ "12] Re (Yp)
- 16
Gpy " (16)
|YL * Vgt y12] Re(yyy)

Unilateralized power gain with Y, conjugately matched to YoyT:

2
I"zl - ”12]
Gy = (17)
4Reyy; +¥yp) Uy + ¥pp)

Unilateralized transducer gain:

2
4 Re(Ys) Re(YL) IYZI-lel
Gy - - as)
(g1 + Vg + ¥g) Ugp + ¥y + YL)I

Note that equations 14, 15, 16, 17, and 18, are given entirely in terms of the
transistor y parameters, not those of the feedback network or the composite.

Another benefit of unilateralization is input-output isolation. As can be seen
in equations 14 and 15, Y1y is completely independent of Yy, and YoyT is sim-
ilarly independent of Yg. In a practical sense, this means that in a single or
multi-stage amplifier using unilateralized stages, tuning of any one network
will not affect tuning in other parts of the circuit., Thus, the troublesome task
of having to re-peak anentire amplifier following a change in tuning at a single
point can be eliminated,

NEUTRALIZATION
Neutralization consists of employing a feedback network to reduce yjg to
some value other than zero, Neutralization is generally used for the same pur-
poses as unilateralization, but provides something less than the ideal cancella-
tion of the transistor feedback parameter which unilateralization achieves, A
typical example of neutralization might be a feedback network which provides a
composite bj2 of zero while having only a negligible effect on the transistor g12.

The equations for a particular neutralized case would be developed in the
same manner as those for the unilateralized case., Since there are an infinite
number of possibilities, no specific equations will be given here.

This completes the discussion of design with the unconditionally stable tran-
sistor., The potentially unstable transistor will now be considered,

THE POTENTIALLY UNSTABLE TRANSISTOR
When the Linvill stability factor of the transistor as determined by equation
1 is greater than one, the transistor is potentially unstable. Certain combina- -
tions of source and load admittances will cause oscillations if no feedback is
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used. In designing with the potentially unstable transistor, steps must be taken
to ensure that the amplifier will be stable.

Stability is usually achieved by one or both of two methods:

(1) Using a feedback network which reduces the composite y19 to a value
which ensures stability.

(2) Choosing a source and load admittance combination which provides sta-
pility, :

A discussion of these basic methods is given below,

USING FEEDBACK TO ACHIEVE STABILITY
Either unilateralization or neutralization may be used to achieve stability,
If unilateralization is used, the transistor-feedback network combination will
be unconditionally stable, This may be verified by computing the Linvill sta-
bility factor of the combination, Since y19¢ = 0, the numerator in equation 1
would be zero,

With stability thus assured, the remainder of the design may then be done to
satisfy other requirements placed on the amplifier. After unilateralization has
converted the potentially unstable transistor to an unconditionally stable com-
bination, all other aspects of the design are identical to the unilateralized case
with the unconditionally stable transistor, Power gains and input and output ad-
mittances may be computed using equations 14 through 18,

If neutralization is used toachieve stability, the Linvill stability factor can be
used to compute the potential stability of any transistor-neutralization-network
combination, Since in this case yj9. # 0, C will have a value other than zero.

After unconditional stability of the transistor-neutralization network combi-
nation has been achieved, the design may then be completed by treating the
combination as an unconditionally stable transistor, and proceeding with the case
of the unconditionally stable transistor in an amplifier without feedback, Pow-
er gains, input and output admittances, and the circuit stability factor may be
computed by using the composite parameters of the combination in equations 2,
3, 5, 7, and 8.

STABILITY WITHOUT FEEDBACK
A stable design with the potentially unstable transistor is possible without ex-
ternal feedback by proper choice of source and load admittances. This can be
seen by inspection of equation 2; Gg and/or Gy, can be made large enough to
yield a stable circuit regardless of the degree of potential instability of the
transistor,

This suggests a relatively simple way to achieve a stable design with a po-
tentially unstable transistor, A circuit stability factor k is selected, and equa-
tion 2 is used to arrive at values of Gg and G, which will provide the desired
k. In achieving a particular circuit stability factor, the designer may choose
any of the following combinations of matching or mismatching of Gg and Gy, to
the transistor input and output conductances, respectively:

(1) Gg matched and Gy, mismatched
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(2) Gyi, matched and G4 mismatched
(2) Both Gg and Gy, mismatched

Often a decision on which combination to use will be dictated by other per-
formance requirements or practical considerations,

Once Gg and Gp, have been chosen, the remainder of the design may be com-
pleted using the relationships which apply to the amplifier without feedback.
Power gain and input and output admittances may be computed using equations
3, 5, 7, and 8, '

Although the above procedure may be adequate in many cases, a more sys-
tematic method of source and load admittance determination is desirable for
designs which demand maximum power gain per degree of circuit stability,
Sternhas analyzed this problem and developed equations for computing the con-
ductance and susceptance of both Ygand Y1, for maximum power gain for a par-
ticular circuit stability factor, 3,5 These equations are given here:

- g 19

Gg = \[“” Vig¥ar| * Re(yxzyzﬂ].\l 1 €y 9
2 822

. g 20

Gy, = \I k[ [yiarp| + Retigyp]. \] 2 e (20)
. 2 81y

Gy + gn) Zo

Bs ™ (k “hzyzll + Re(Y12Y21)] Pu @

(GL + gZZ) Zo

by, (22)
B Hylz-"ml * Re(ylZYZI)]

BL=

Where,

(Bs + bu)(GL + g22) + (BL + b22) k(L +M)/2 (GL + gzz)

Z = : (23)
\r k (L + M)

L = |y12y21| (24)

M = Re(y;s¥,,) (25)

Defining D as the denominator in equation 5 yields:

k@ o+ M o+ am] 22
.

z 2 2
D= — -z (kL e )+ A (26)
4 2
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where,

k(L + M)

A=——s— - M, (27)

N = Imlyyp¥a0), @)

and,

Zo = that real value of Z which results in the smallest minimum of D, found
by setting,

dD 3
bR k(L+M)+2M] Z - 2N \’k(L+M)_ (29)

equal to zero,

Computation of Yg and Y1, using equations 19 through 29 is a bit tedious to be
done very frequently, and this may have discouraged wide usage of the complete
Stern solution. However, examination of Stern's work suggests some interest-
ing shortcuts:

(A) COMPUTATION OF Gg AND G1, ONLY, USING EQUATIONS 19 AND 20.
If a value equal to -b22 is then chosen for By, the resulting Yy, will be
very close to the true Yy, for maximum gain, The transistor Yy can
then be computed from Yj, using equation 7, and Bg can be set equal to

I (YN

Computation of Bg and By, comprise by far the more complex portion of
the Stern solution, This alternate method therefore permits the designer
to closely approximate the exact Stern solution for Yg and Yy, while avoid-
ing that portion of the computations which are the most complex and time
consuming., Further, the circuit can be designed with tuning adjustments
forvarying Bg and By, thereby creating the possibility of experimentally
achieving the true Bgand By, for maximum gain as accurately as if all the
Stern equations had been solved.

(B) MISMATCHING Gg TOg11 ANDGy, TO ggg BY AN EQUAL RATIO YIELDS
A TRUE STERN SOLUTION FOR Gg AND Gy, This can be derived from
equations 19 and 20, which lead to the following result:

G _G
L =_"s (30)

B2  B11

If a mismatch ratio, R, is defined as follows,

Rz — =— (31)
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then R may be computed for any particular circuit stability factor using
the equation:

1+ R)z = khyzlylzl + Re(ylzym) (32)

2 81y B2

Equation 32 was derived from equation 2, Having thus determined R, Gg
and G, can be quickly found using equation 31,

Bg and By, can then be determined in the manner described above in al-
ternate method (A).

This alternate method may be advantageous if source and load admittances
and power gains for several different values of k are desired, Once the
R for a particular k has been determined, the R for any other k may be
quickly found from the equation

=— (33)

where Ry and Rgarevalues of R corresponding to kj and kg, respectively.

(C) COMPUTER DESIGN, The complete Stern design problem may be pro-
grammed into a computer, Power gain, circuit stability factor, Yq and
Y1, can be obtained from the computer for any value of k, MAG, GU, and
the Linvill stability factor of the transistor may also be included in the
program,

After employing either the complete Stern solution or an alternate method to
obtain Yg and Y, for the potentially unstable transistor in an amplifier without
feedback, power gains and input and output admittances may be obtained using
equations 3, 5, 7, and 8,

SENSITIVITY
In all but the unilateralized amplifier, Yy is a function of load admittance.
Thus Yyn changes with output circuit tuning, and this can be troublesome. Con-
sequently, it is sometimes desirable to compute the extent of variation of YN
with changesin Y1, A term, sensitivity 6, has been defined to provide a meas-
ure of this characteristic, and is equal to per cent change in Yy divided by per
cent change in Yy, The equation for sensitivity is:

Y,

L 811

Yoz + Y

K

5=

—— e - (34)
Y| Y2t YL * Bu e
€22 Y11
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where,

Ya1 Y12

€11 822

0= arg (-y,,75) *

K eje= K (cos©+ j sine)

A more complete discussion of sensitivity is given in reference 7.

SUMMARY
The small signal amplifier performance of a transistor is completely de-
scribed by two port admittance parameters. Based on these parameters, equa-
tions for computing the stability, gain, and optimum source and load admit-
tances for the unilateralized, neutralized, and no-feedback amplifier cases
have been discussed.

The unconditionally stable transistor will not oscillate with any combination
of source and load admittances, and circuits using a stable transistor may be
optimized for other performance requirements without fear of oscillations,

The potentially unstable transistor requires that steps be taken to guarantee
a stable design, Stability is usually achieved by unilateralization, neutraliza-
tion, or selection of source and load admittances which result in a stable am-
plifier,

Unilateralization and neutralization reduce the composite reverse transfer
admittance, They may be used to achieve stability, input-output isolation, or
both,

Maximum power gain per degree of circuit stability without feedback may be
achieved using Stern's equations.

The degree of input-output isolation is described by the term sensitivity,
which makes it possible to compute changes in input admittance for any change
in load admittance.
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. GLOSSARY
Linvill's stability factor Ys =
Stern's stability factor GT =
Real part of the source admittance MAG =
Real part of the load admittance * =
Imaginary part of the source admittance YIN =
Imaginary part of the load admittance Y our =
Real part of Vi1 Gmax =
Real part of Yoo GU =
Generalized power gain GTU =
Complex load admittance [ =

APPENDIX |

Complex source admittance
Transducer gain

Maximum available gain
Conjugate

Input admittance

Output admittance

Maximum gain without feedback
Unilateralized gain
Unilateralized transducer gain

Sensitivity

A. Conversions among parameter types for y, z, h, and

g parameters.

htoy
y o - T y Ro1
11 = 12 ° 21
by hyy By
where ah = hyy hgy - hp, b
ytoh
1 Y2 Y21
hyy = hyp = hyy =
Y11 Y11 Y11
where Ay = yi; Va3 - Vi3 Vg
htoz
Ah hig By
z,. = — Z., = — z,, = —
11 12 21
hog hos hoa
ztoh
Az 212 ~Za1
Pt Mgt Po1 =7
22 22 22

where Az = 241 Zgg = Z1p Z9y
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ah
Yoo =
gy
ay
oy =
Y11
1
Zyy = ——
22
hya
1
Mpp = T
22



gtoh

€92

o,

gtoy
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-h -h,

12 21
819 = T 8oy = T
12 AR 21 AR
where Ah = hy ) hyy - hyphyy
it ~8a1
h.,. = — h,, = —
127, 2L A,
where Ag = g, 899 - 81989
“Z19 ~Zn
Yip = 7~ Yo1 =~
27 ,, 21 ap
where 4z =2z, Zy5 - 23929
Y12 Va1
z = — z e
12 ay 21 Ay

where Ay =y, V99 - VypVg;

-z z

12 21
€21
11 11

g9 = =
12"

where A2z =2, Zgg - Zy9 29y

819 €21
12 ° fa1 7T
€11 €11

where Ag=g,, 859 - 8)58g;

812 —821
Vg = Yo =7
€99 €92
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11
Bgp =
22 °
€11
h,, = —
22 7
11
Vg9 = —
22 ©
Y11
T
22 "
Az
B2 = T
211
Ag
Zag T
€11
1
Yog =
€22
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where Ag=g; 89 - 81389

ytog
Ay Y12 —Ya 1
€1 T B2t a1 T 22 ©
Va2 Y22 Va2 Vo2

where Ay =¥y Y22 - Y12V
B. Conversions among common emitter, common base,
and common collector parameters of the same type for
y, and h parameters.

Common emitter y parameters in terms of common base
and common collector y parameters.

Yite = Y1 * Yizb * Yo * Yomb T Vite
Vi2e = “Uyap + Yagn) = -Oyyc + Yiac)
Yo1e = “Oagp + Vo) = -Uyyc *+ ¥y

+

Y22e = Yagb = Yi1e * Yi2e * Ya1e * Yaze

Commonbase y parameters in terms of common emitter
and common collector y parameters.

Vit = Yi1e * Yi2e * Y21e * Y22¢ T Ya22¢
Vigb = “Uyae + Yage) = -0g1c + Yapc)
Yaib = “Wage * Yaze) = ~Uyac * Yoz

Yaop = Yaze T Yite * Vize * Y21e * Yoze

Common collector y parameters in terms of common e-
mitter and common base y parameters.

Yite = Y11e = Y1 * Yazp * Yo * Vam
Vize = “Uiie * Yi2e) = “Oypp * Yoo
Ya1¢ = “Uy1e * Ya2¢) = ~Oypp * Vi)
Y22¢ = Yi1e * Y12e * Y21e * Yaze T Vim
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Common emitter h parameters in terms of common base
and common collector h parameters.

16 LTS
h = ~ = h
1le 1le
(1 hyp) (ABygp) + PogpBygp 1 4 nyy
hy1pPagy = Bygp (14hayy) hy1b Moo
hy, = ~ - h, = 1h
12e 12b 12¢
@+ hyy) A-hy) + By hie 1 4 h
21b
g (Mg = Bagp By ho1b
hy, = ~ = -1 + h,,)
2le 1 + h 21c
(@ + hypp) (-hyop) + oo By 21b
hoon 996
h, = ~ = h
22¢ 22¢
(@ + hyyp) (I-hyg) + oo by 1+ By
Commonbase h parameters in terms of common emitter
and common collector h parameters.
hite Bite
h = ~
11b
: (@ hgy ) (A-hypl) + hyye Byge 1+h
. 21e
h11c 'hllc
hy1ePaze = Base Pize hyte
BijePage = Byge(l + byyo) B1e Paze
h = = - h
12b 12e
(1 + hyy ) (1-hype) + gy hoye 1+ hye
l'121c (l'hIZc) + h11c hZZc hllc h22c
= (h -1) - —
12¢
By1ePaze - Paie Mige Note
Nyte Iyge) - Byge Boge Note
how = ®
(@ + hyy o) (A-hype) + hyye Byge L+ hye
hyge (@ + hyy) - hygohgse <1 + hy,))
= ~
By1eBoae - Pase Mize Bote
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h h

22 22e
h = ~
22b
(@ + hypo) (-hypp) + By hgge 1+ by
h22c hZZc
= ~
hy1ePaze = PasePiae hote

Common collector hparameters in terms of common base
and common emitter h parameters.

by by
h = 3 = h
11c 1le
(@ + hyyp) (I-hyg) + hoogy By 1+ by
1 + h21b
h = = 1 = 1-h
12¢ 12e
(1 4+ hyy) (-hyg) + hogy By
Biap - 1 »
h21c = ~ = ~(1 +h
(U + by ) (-hyg) + hpop By 1+ By
h . No9p ~ o o h
22¢ (1 4 h, ) (1-h,p) + hyy B 1+h 22e
21p) (I-Rygp) + Mooy Bygp 21b

Expressions for voltage gain, current gain, input imped-
ance, and output impedancein termsof y, z, h, and g pa-
rameters.

Voltage Gain

%9121, Vo1 21 2L €s1 21,
A = = = =

Zle)

v
Az + zy ZL Yoo

Current Gain
v YO Y B A I Y 77|
Zgg + ZL Ay + quL h22 + YL Ag + gu ZL

A =
i

Input Impedance

Az + Z1 ZL Yog *+ YL Ah + h11 YL
ZIN = = =

Zoo + ZL Ay + Y11 YL h22 + YL

€22 + 7y,

Ag + 811 ZL
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Output Impedance

Az + 299 Zg Vi + Yg hll + Zs
ZOUT ) Zyy * Zs ) Ay + Yoo Ys Ah + h22 Zs
Ag + 899 YS
) € * ¥
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USING LINVILL TECHNIQUES FOR R.F. AMPLIFIERS

INTRODUCTION

Transistorsare nonunilateral devices and may exhibit potential instability in
some frequency range. Since oscillations will occur for some terminations at
potentially unstable frequencies, several methods have been developed to se-
lect terminations which assure stable operation. In particular, the Linvill (1)
technique relates device stability, gain, bandwidth, and sensitivity graphically
(2). In addition to the advantages of the graphical approach, once the engineer
becomes familiar with the Linvill technique, an amplifier may be rapidly de-
signed.

To illustrate the technique, a Linvill chart for a device at an unconditionally
stable frequencyis drawnand an amplifier designed using this chart. At a low-
er frequency the deviceis potentially unstable and a chart is drawn to illustrate
this case.

As the development of the Linvill concept is treated in the references, only
procedures are given in this paper. This approach requires many formulae
and remarks be accepted without proof. Nevertheless, the material presented
is sufficiently complete to be used without benefit of the underlying theory.

SOME DEFINITIONS
If a device is "potentially unstable'' oscillations will result for certain com-
binations of loads and sources. If a device is "'unconditionally stable' no com-
bination of source and load will produce oscillations without the aid of external
feedback.

SYMBOLS

B, = Load susceptance = Im(YL) Y, = Complex load admittance

ij = Im(yij) YS = Complex source admittance

g = Ratio of an arbitrary gain to Goo y22‘ = Conjugate of Yoo

g = Re(ylj) hij = Hybrid parameter = hljr +jhijl

= i = * =

G00 = Power gain for YL Yon hijr = Re(hij)

GL = Load conductance = Re(YL) hiji = Im(hij)

GT = Transducer gain = power dlvd to load/power W = 2nf

available from the source
yij = Admittance parameter = g“ +jbij * = Conjugate
1) Transistors and Active Circuits, J. G. Linvill and 2) "High-Frequency Amplifier Design Using Admittance
J. F. Gibbons, McGraw-Hill Book Co., Inc., New Parameters: Parts 1 & 2, G.D. Johnson, P. Norris,
York (1961). and F. Opp, Electro-Technology, November, Decem-
ber, 1963.
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Linvill defined a stability factor, the C-factor, which, when represented
graphically, separatesthepotentially oscillatory loads from stable loads. Fur-
thermore, if the device is unconditionally stable, the C-factor may be used to

determine the maximum unneutralized gain, Gma.x'

Power gain is defined as the ratio of power delivered to the load to the power
delivered to the input of the device. Linvill defined a power ratio, G, as the
power gain when a device is terminated in the conjugate of the output parame-
ter, i.e., yog9, h22, etc. This power ratio is also used to determine Gmax.

LINVILL CHART PREPARATION

A Linvill chart is a modified Smith chart. The Smith chart is rotated 180°
and relabeled. For admittance parameters, label the 1.0 conductance circle
G2 = 2g99. Label the 1.0and -1.0 susceptance circles B2 = 1.0 g22 and -1.0
899 respectively as in Fig. 1. Also
add 1.0 to each conductance circle.
Having thus modified a Smith chart,
the Linvill chart is prepared as fol-
lows:

(1) Obtain admittance parameters
at the desired frequency. For
instance, typical common emit-
ter y-parameters for the 2N3279
series at 200 Mc (Ic = -2 mA,
Veg = -6 V) are:

Y11 = 17.0 + j11. 7T mmhos
Vg = 0 -jO. 92 mmhos
FIGURE 1 — MODIFIED SMITH CHART.
(ADAPTED FROM REF. 1)
y = 22.8 -j44. 8 mmhos
21
y22 = 0.29 +j1. 91 mmhos

(2) Compute the gradient-line an-
gle, 6 , and plot the gradient-
line at angle 9 measured from
0° and through the center of the
chart as in Fig. 2.

6 é Arg (-y21y12)*

Voi¥qs = 46.3 /=153.0

“Ygq¥qy = -46.3 /=153

= 46.3 /27°

Radius is unity. -900

(-y21y12)* = 46.3 /-27°

FIGURE 2 — 200 Mc LINVILL CHART

6 = -27°
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Compute the C-factor.

[Y21912]
2811899 ~ Re(y;5¥,)

C =

0. 903

Since C < 1 the device is un-
conditionally stable. When C
> 1 theprocedure of the second
example applies.

Compute G-

¢ -C |y2_1
o0 = 2 Y19
= 24.6 or 13.9db
Compute G .
e Gmax = KG’oo
*
- v1-C2
K=2 =3 |
Cc
= 1.39
Gmax = 15.4 db

* Applies only if C < 1.

An infinite number of terminations will yield the same gain with the ex-
ception of Gpmax. On the Linvill chart,circles represent all possible
loads which will give one gain. These circles have centers at

Cg

X=—2—

where x is measured along the gradient-line as shown in Fig. 2. The
radii of these circles are found from

oo Lo (9]

where g is the ratio of any gain to Ggy. The maximum g is K for C = 1.
Notice the radius of the chart is unity.

1/2
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Compute the gain circle data.
Center 1/2
g | e | ce/2 [r[1-g+(Ce/2)?]
1.39 +1.4 0. 63 0
1.28 +1.1 0. 58 0.23
1 0 0. 45 0. 45
0.707 -1.5 0. 32 0. 64

7) Plot these circles as the 15.4 db, 15 db, 13.9 db, 12.4 db corresponding
to g's of 1.39, 1.28, 1.0, 0.707, respectively.

1)

2)

This completes the Linvill chart. Thechart asprepared for use at our
company is shown in Fig. 3. The use of the chart is explained in the de-

sign example.

AMPLIFIER DESIGN EXAMPLE

Assume it is desired to achieve
maximum gain. The maximum
gain is Gmax = 15.4 db. Lo-
cate this point and read the co-
ordinates in terms of G2 + jB2:

G2 +jB2 = 3.2 899 - j2.1 899

The load is found from:
G2 + sz = YL +Y22
G, = Gy-8yp = 2-28y
= 0. 64 mmhos
By = By-byy = -2.1g,,- 1.

-2.5 mmhos

3) Assume the load the amplifier

must be matched tois 502. Let
a transforming network be used

as illustrated:

Vg = -6V Device Type: 2N3279
Ic = -2mA 900
f = 200 Mc

&
SN

PN
,

-90°
91
y11 = 17.0 + j11.7 = -27°
¥ip = 0 - j0.92 Ggo = 13.9db
yo1 = 22.8 - j44.6 C = 0.903

y22 = 0.29 + j1.91

FIGURE 3

R, =50@
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which is equivalent to:

Using the relationships:

1 1/2
@ = (o )
G R,
X5 = QRp
and
_ 1
Cp = Cg (1 1)
*72
Q
yields
CS ~ CP = 3pf

4) Bandwidth information is obtained from the chart using:

_ AB
CT' w

no

Where CT is the total parallel capacitance at the collector includingthe
Cout of the device. AB is the total change in susceptance read from the
chart. Awis the 3 db bandwidth. To find AB locate the Gy = 3.2 ga2
conductance circle. Follow this line in both directions from Gy, to the
gain circle 3 db below Gmax (use the 12.4 db circle).

AB = 8g22 +3.8 899 = 11. 8 899

For a 20 Mc bandwidth

Aw = (27) (20 x 10%)
and
Cp = 13.6pf
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5) Crp includesthe output capacitance of the device. Cgy¢ is found from

Y12 Y21

Y11 * Yg

Yout = Vo2 -

where

Y. = Y. * for maximum gain.
S in g

Y91¥12

Yin " Y11 -y 7Y
22 " 'L

= 38.4 +j47.8

Yg = 38.4-j47.8

using this value of Yg yields

COut = 2.3 pf

To find the additional capacitance required refer to the figure.

Q
"
Q
+
Q
+
@]

Q
1
(@]

P~ Cout

13.6-3-2.3 = 8.3 pf
Supply this capacitance with a variable capacitor.

6) The proper value of By, must now be obtained. Use

- 1.
BL = W CL o -2.5 mmhos (Step 2)
where
CL = CP + CA

Solving for L:

L = 0.045 ph
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7) Assume a 509 source resistance and match this to Yin* to complete the
design.

Anamplifier was constructed
using the above values and is
shown in Fig. 4. The perform-
ance was considered excellent:
The device transducer gain was

calculated within 0. 5db of Gmax
when circuit loss was added to

circuit gain. Measured band- FIGURE 4 — 200 Mc AMPLIFIER
widthalso agreed favorably with
the predicted value.

5002

LINVILL CHART FOR POTENTIALLY
UNSTABLE DEVICES
The same device may be used to il-
lustrate this case at 100 Mc. The
procedure is the same with two exceptions. As C > 1 for this case Gpax has
no meaning: as the device may oscillate, output power can be obtained for no
input power. In other words, the gain is infinite.

For this case compute:

x = —1—
e
Drawa line perpendicular to the gradi-
ent line at 1/C (Fig. 5). Loads for
x > 1/C result in potential unstability
(shaded area).

To examine the situation in more :'C”E =2:Z 0G0 Device Type: 2N3ZT9
detail, locate the point Gg + jBg = 2 c-- T on
ggg + jO and recall that RPN §:3$‘,'~\V

1 NPT B2 Slezp
By = Bp +byy = @Crp-GF * P

ey
e

If Ct isreduced B2 will be decreased. 1800 B
Moving along the G2 = 2ggg conduct-
ance circle, the gain will increase
until the shaded area on the chart is
reached. Thus, the circuit cannot be
tuned. To be tunable the device must
be loaded to about 20 g99. Examining
this conductance circle, decreasing

CT will result first in an increase, 11 = 9.3 + §10 6= -58°
then a maximum, and finally a de- ¥i2= 0 - 0.5 Gy = 20.2 db
crease in gain. Yg1 = 50 - §31

y22 = 0.06 + 1.0 = 1.7

To design an amplifier, choose a
conductance circle tangent to the gain FIGURE 5
circle required by the amplifier spec-
ification. This establishes Gg. Bg is
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found at the point of tangency of the appropriate gain and Gg circles. Proceed

with the design as before.

The chart normalized in gg9 is often difficult to use for the unstable case.
However, as C, Ggo, g, and the gain circle constants are invariant, only the
gradient-line angle must be recalculated and the chart redrawn to obtain a much

more convenient display of the data.

¢ = Arg (-

Defining:

ho.h,)"
21M12)

The h-parameters may easily be found:

¥
hy, = —21
11
and
-y
hy, = y_12
11
Then
¢ = -144°
The new chart is shown in Fig. 6. Yy,

is then found using hga.

SUMMARY

Two Linvill charts have been pre-
pared for a device at unconditionally
stable and potentially unstable fre-
quencies. A design procedure has
been presented for the stable case
and the method discussed for the un-
stable case.

The reader is referred to Refer-
ence 2 for a brief development of the
Linvill techniqueandtothe references
cited in that paper for a thorough
treatment of stability.

= 4,34 /-79° mmhos

0. 037 /43° mmbhos

Gg + iBg =Y, + hgg

FIGURE 6 — 100 Mc LINVILL CHART FOR H-PARAMETERS
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SIGNIFICANCE OF Q; IN SWITCHING CIRCUITS

The charge factor (Q) in a transistorized pulse system is a figure of merit
in much the same manner that gain-bandwidth product (ft) is a figure of merit
for anamplifier. Consider briefly a pulse transmission system where the volt-
ageof aline must be changed by V volts. Since a finite capacity C is associated
with the line, a charge Q = CV must be moved in order to effect this change.
To move this charge in a given time t, a certain current I is required; viz.
Q = It. Thus with a given current, low Q is synonymous with fast switching.

The concept of total control charge, Qr, is not only a figure of merit but is
a useful tool in the design of transistor circuits particularly where capacitors
are used for triggering or R-C networks are used to improve response time.

The concept is most easily understood by examining the familiar linear cir-
cuit of Figure 1. It is well known that if the time constant of the speed up net-
work, 71 = R1Cy, equals the time constant, T9 = R9Cg, the waveform at point
C will be a perfect reproduction of that at B, but reduced in amplitude accord-
ing to the ratio of R1 and Ry. During the time that a constant level is applied
at point A, charge Qj developed on Cj will also equal the charge Qg developed
on Cg.

The impedance of this network, of B c, ¢
course, decreases with frequency so )I
that the signal at B may show rise ' ‘
time deterioration compared to the
signal from the source at point A. Rs —AN—
However, there is no distortion of the Ry
signal in passing from B to C. A

Several authors have shown that all
frequency effects of a transistor can
be represented by an R-C network l
from internal base to emitter. Base
spreading resistance r'y canbe lump-
ed with R_. Ifa transistor were sub-
stituted for the network RyCg, by ad-
justing T for a square wave output, . FIGURE 1 ;
the transistor input impedance could Linear Circvit Compensation
be  deduced. If the transistor were driven into saturation, a
square wave output would occur during turn-on regardless of the value of 71,
but information canbe gained by observing the waveform during turn-off. Since
a transistor in saturation is grossly non-linear, approximating its behavior by
a linear network is not satisfactory. But the use of a speedup network to find
the charge required to turn off a transistor has proven to be valuable.

1

When a transistor is held in a conductive state by a base current Ig, a charge
Qs is developed or ''stored" in the transistor. If Ig were suddenly removed,
the transistor would continue to conduct until Qg is removed from the active
regions through an external path or through internal recombination. Since the
internal recombination time is long compared to the ultimate capability of a
transistor, for fast switching the designer needs to know the value of the in-
ternal charge. Qg may be written as —

Qg = +Qy+Qy
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Qp is the charge required to develop the required collector current. This
charge is primarily a function of alpha cutoff frequency. Qy is the charge
required to change the collector-emitter voltage., It is primarily caused by
collector-base feedback capacity. Qx is excess charge resulting from over-
drive, i.e., operation in saturation. The carriers which result compromise
Qx and are stored in the base and collector regions.

The charge required to turn a transistor '"on' to the edge of saturation is
QI + Qv but to turn it off, the full charge Qs must be removed. Referring to
the circuit of Figure 1, if the charge on the speedup capacitor Qg equals the
charge on the transistor Qg, then when point B is grounded turn-off would be
immediate if transistor r'y were zero. In practice, point A is a more con-
venient place to ground and Rg and r'y limits circuit speed.

A test circuit which measures QT is shown in Figure 2. C is adjusted to the
minimum value which will produce a waveform similar to the one indicated by
the solid trace in Figure 3. This will be where the "bumps' just disappear. It
has not been established under this condition of turn-off that the charge QT on
C actually equals the charge Qg in the device, but Q certainly represents the
charge necessary to control the turn-off of the transistor from a circuit de-
signer's point of view. The charge is given by —

Qp = € (Vy, - Vgg)

Using this relation, the designer may optimize C for any input voltage if QT at
the desired operating point is known.

Vee
c=0
Vin A Vout C— Corr &
> 1

Y el
e TIME —»

C

Qy TEST CIRCUIT TURN-OFF WAVEFORM
(PNP TRANSISTOR)
FIGURE 2 FIGURE 3

When making measurements with this circuit it is important that the input
pulse be long enough to allow carrier equilibrium to be reached. One psec is
long enough for VHF transistors. For greatest accuracy pulse instrumentation
should have capability to at least 15ns rise time and utmost care must be given
to the selection and mounting of the R-C network and transistor socket. A low
source impedance also makes the effects of capacitor adjustment easier to
discern. *

Charge measurements of representative silicon logic transistors are shown
in Figure 4. It is evident that the low figures for the 2N834 permit faster
switching in any given circuit since low charge means less current is required
to switch the transistor in any given time. The curves also permit optimum
values of speedup capacitors to be selected.

16-71



—— Application Notes

300 — e
1 R
250 — === _—— o ama ]
8 - T
-
= -
200
S
2
3 _—
pe——— —— S —— — ——
9 = peye—
S |50/ P I D (I (R R
a - — e hatutuie R N I ey
et 1g- 2MA
- -
£ 100
[7.] —— — ——— ————
§ Voo mIo eI e
50 f— 18- IMA —
2N9I4
— — 2N706
----- 2N834
(o]
) 10 20 30 40 50 60
lc (MA)
FIGURE 4

COMPARATIVE Gy

Using too large a speedup capacitor will cause a slight reduction in response
time but a heavy penalty will be paid in circuit recovery time which will limit
pulse repetition frequency.
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FIELD-EFFECT TRANSISTORS IN THEORY AND PRACTICE

BASIC THEORY

Thereare, today, two types of field-effect transistors, known as the Junction
Field-Effect Transistor (JFET) and the Insulated Gate Field-Effect Transistor
(IGFET), sometimes called the "metal-oxide-semiconductor' (MOS) transistor.
The principles on which these devicesoperate (current controlled by an electric
field) are very similar —the primary difference being in the methods by which
the control element is made. This difference, however, results in a consider-
able difference in device characteristics and necessitates variances in circuit
design. These will be discussed later in the article.

GATE GATE

SOURCE SOURCE
N-Channel JFET P-Channel JFET

JUNCTION FIELD-EFFECT TRANSISTOR (JFET)

In its simplest form the junction field-effect transistor starts with nothing
more than a bar of doped silicon that behaves as a resistor (Figure 1a). By
convention, the terminal into which current is injected is called the source
terminal, since, as far as the FET is concerned, current orginates from this
terminal. The other terminal is called the drain terminal. Current flow be-
tween source and drain is related to the drain-source voltage by the resistance
of the intervening material. In Figure 1lb, p-type regions have been diffused
into the n-type substrate of Figure la leaving an n-type channel between the
source and drain. (A complementary p-type channel is made by reversing all
of the material types.) These p-type regions will be used to control the current
flow between the source and the drain and are thus called gate regions.

Aswith any p-n junction, a depletion region surrounds the p-n junctions when
the junctions are reverse biased (Figure 1lc). As the reverse voltage isin-
creased, the depletionregions spread into the channel until they meet, creating

“an almost infinite resistance between the source and the drain.

~ Consider now the case of zero gate voltage, but with an external voltage ap-
plied between source and drain (Figure 1d). Drain current flow in the channel
sets up a reverse bias, along the surface of the gate, parallel to the channel.
As the drain-source voltage increases, the depletion regions again spread into
the channel because of the voltage drop in the channel which reverse biases the
junctions. As Vpg is increased, the depletion regions grow until they meet,
whereby any further increase in voltage is counterbalanced by an increase in
the depletion region toward the drain. Thereis aneffectiveincrease in channel
resistance that prevents any further increase in drain current. The drain-
source voltage that causes this current limiting condition is called the "pinch-
off" voltage (Vp). Further increases in drain-source voltage produce only a
slight increase'in drain current.

The drain-current (Ip) vs. drain-source voltage (Vpg) with zero gate-source
voltage (VGS) is shown in Figure 2a. In the low-current region, the drain-
current is linearly related to VDS. As ID increases, the ''channel" begins to
deplete and the slope of the ID curve decreases. At (VDS = Vp), ID "saturates"
and stays relatively constant until drain to gate avalanche is reached. If a
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reverse voltage is applied to the gates,
channelpinch-off occurs at alower Ip
level (Figure 2b) because the depletion
region spread caused by the reverse-
biased gates adds to that produced by
VDS, thus reducing the maximum cur-
rent for any value of Vpg.

A PRACTICAL STRUCTURE

Due to the difficulty of diffusing im-
purities into both sides of a semi-
conductor wafer, a single ended geom-
etry is normally used. Diffusion for
this geometry (Figure 3) is from one
side only. The substrate is of p-type
material onto which an n-type channel
is epitaxially ground. Ap-type gate
is then diffused into .the n-type epi-
taxial channel. This completes the
structure.

The substrate, which functions as
gate 2 of Figure 1, is of relatively low
resistivity material to maximize gain.
For the same purpose, gate 1 is of
very low restivity material, allowing
the depletion region to spread mostly
into the n-type channel.

GATE

SOURCE

N-Channel IGFET

INSULATED GATE FIELD-EFFECT
TRANSISTORS (IGFET)

The = insulated-gate field-effect
transistor (IGFET) operates with a
slightly different control mechanism
than the JFET. Figure 4 shows the
development. The substrate may be
high resistivity p-type material, as
for the MM2102. This time two sep-
arate low resistivity n-type regions
(source and drain) are diffused into
the substrate as shown in Figure 4b.
Next, the surface of the structure is
covered with an insulating oxide layer
(Figure 4c). Holes are cut into the
oxide layer allowing metallic contact

1674

Figure 1 — Development of junction
field-effect transistors
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Figure 2 — Drain current characteristics
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to the source and drain. Then, the
gate metal area is overlayed on the
oxide, covering the entire channel
region and, simultaneously, metal
contacts to the drain and source are
made as shown in Figure 4d. The
contact to the metal area covering the
channel is the gate terminal. Note
that there is no physical penetration
of the metal through the oxide into the
substrate. Sincethe drain andsource
are isolated by the substrate, any
drain-to-source current in the ab-
sence of gate voltage is extremely
low because the structure is analo-
gous to two diodes connected back to
back.

The metal area of the gate in con-
junction with the insulating oxide layer
and the ‘semiconductor channel form
a capacitor. The metal area is the
top plate; the substrate material is
the bottom plate.

For the structure of Figure 4, con-
sider a positive gate potential (see
Figure 5). Positive charges at the
metal side of the metal-oxide capac-
itor induce a corresponding negative
charge at the semiconductor side. As
the positive charge at the gate is in-
creased, the negative charge 'in-
duced' inthe semiconductor increases
until the region beneath the oxide be-
comes an n-type semiconductor re-
gion, and current can flow between
drain and source through the "induced"
channel. In other words, drain cur-
rent flow is "enhanced" by the gate
potential. Thus drain current flow
can be modulated by the gate voltage;
i. e., thechannelresistanceis direct-
ly related to the gate voltage. The
n-channel structure may be changed
to a p-channel device by reversing
conductivity of the semiconductor
regions.

An equivalent circuit for the IGFET
is shown in Figure 6. Here, Cg(ch)
is the distributed gate-to-channel
capacitance representing the oxide
capacitance. Cgs is the gate-source
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Figure 4 — D of h d-gate field-
effect transistor, enhancement mode type.
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Figure 5 — Channel enhancement. Application of positive gate
voltage causes redistribution of minority carriers in
‘the substrate and. results in the formation of a
conductive-channel between source and drain.
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capacitance of the metal gate area
overlapping the source, while Cyq is
the gate-drain capacitance of the
metal gate areaoverlapping the drain.
Cd(sub) and Cg(sub) are junction ca-
pacitances from drain to substrate
and source to substrate. Yfg is the
transadmittance between drain cur-
rent and gate-source voltage. The
modulated channel resistance is rgg.
Rp and Rg are the bulk resistances of
the drain and source.

The input resistance of the IGFET
is exceptionally high because the gate
behaves as a capacitor with very low
leakage (rj, =~ 1014Q). The output
impedance is a function of rgg (which
is related to the gate voltage) and the
drain and source bulk resistances (RD
and Rs).

To turn the IGFET ''on, " the gate-
channel capacitance Cg(ch), the miller
capacitance (Cgd) and the drain-
substrate capacitance (Cq(sub)) must
be charged. The resistance of the
substrate determines the peak charg-
ing current of Cq(sub)-

The FET just described is called an
enhancement type IGFET. A depletion
type IGFET can be madein thefollow-
ing manner: Starting with the basic
structure of Figure 4, a moderate
resistivity n-channel is diffused be-
tween the source and drain so that
drain current can flow when the gate
potential is at zero volts (Figure 7).
In this manner, the IGFET can be
made to exhibit depletion character-
istics. For positive gate voltages, the
structure enhances in the same man-
ner as the device of Figure 4. With
negative gate voltage, the enhance-
ment process is reversed and the
channel begins to deplete of carriers
as seen in Figure 8. As with the
JFET, drain-current flow depletes
the channel area nearest the drain
first.

The structure of Figure 7, there-
fore, is both a depletion and an en-
hancement mode device.
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Figure 7 — Depletion mode IGFET structure.
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signed to operate in both the en-
hancement and depletion modes.
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Figure 8 — Channel depletion phenomenon.
Application of negative gate volt-
age causes redistribution of mi-

nority carriers in diffused channe!
and reduces effective channel
thickness. This results in in-
creased channel resistance.
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: MODES OF OPERATION
There are two basic modes of operation of FET's — depletion and enhance-
ment. Depletion mode, as previously mentioned, refer to the decrease of
carriers in the channel due to variation in gate voltage. Enhancement mode
refers to the increase of carriers in the channel due to gate voltage. A third
type of FET has also been described that can operate in both the depletion and
the enhancement modes.

The basic differences between these modes can most easily be understood by
examining the transfer characteristics of Figure 9. The depletion mode device
has considerable drain-current flow for zero gate voltage. Drain current is
reduced by applying a reverse voltage to the gate terminal. The depletion type

N-CHANNEL JUNCTION FET
N-CHANNEL EXP{R]MENTALMIGH FREQUENCY EVlCE

lo

DEPLETION ENHANCEMENT

Ips = 1MA/DIV —

TYPE A DEPLETION ONLY
NOT DEFINED

Io

DEPLETION <a@———1—— ENHANCEMENT

1 mA/DIV —

TYPE B DEPLETION AND ENHANCEMENT MODE

Ios =

' (+) 0 Vos = 2V/DIV —=

N-CHANNEL IGFET
MM2102

lo
DEPLETION ~ea————t———3m= ENHANCEMENT

TYPE C ENHANCEMENT ONLY

Tos = 1 MA/DIV —

 — S S
-) Vas Vasith) +) 0 Vps = 2 V/DIV ==

Figure 9 — Transfer characteristics and associated scope
traces for types A, B and C FETs
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FET is classified by the industry as a "TYPE A" FET. The '""Type A" FET is
not characterized with forward gate voltage.

The depletion/enhancement mode type device also has considerable drain cur-
current with zero gate voltage. This type device is classified as a "Type B"
device. The "Type B" FET is defined in the forward region and may have us-
able forward characteristics for quite large gate voltages. Notice that for the
junction FET, drain current may be enhanced by forward gate voltage ONLY
until the gate-source p-n junction becomes forward biased.

The third type of FET is the strictly enhancement-mode type. This is re-
ferred toas a""Type C'" FET. The "Type C" FET hasextremely low drain cur-
rent flow for zero gate-source voltage. Drain current conduction occurs for a
VGs greater than some threshold value. For gate voltages greater than the
threshold, the transfer characteristics are similar to the "Type B'" FET.

ELECTRICAL CHARACTERISTICS
Because the basic mode of operation for field-effect devices differs greatly
from that of conventional junction transistors, the terminology and specifica-
tions are necessarily different. Anunderstanding of pertinent FET terminology
and an interpretation of the characteristics are necessary to evaluate their
comparative merits from data-sheet specifications.

Because availability of production type field-effect transistors is still rela-
tively recent, the industry has only recently standardized on a set of specifica-
tions and appropriate symbols called out on data sheets. Accordingly, a vari-
ety of symbols denoting a specific characteristic may be found. In the follow-
ing discussion some of this conflicting terminology will be correlated.

STATIC CHARACTERISTICS

Static characteristics define the operation of an active deviceunder the influ-
ence of applied d-c operating conditions. Of primary interest are those speci-
fications that indicate the effect of a control signal on the output current. The
Vgs-Ip transfer characteristics curvesare illustrated in Figure 9 for the three
types of FETs. Figure 10 lists the data sheet specificationsnormally employed
to describe these curves, as well as the test circuits that yield the indicated
specifications.

Of additional interestis the special case of tetrode-connected devices in which
the two gates are separately accessible for the application of a control signal.
At the present time, only junction devices are available in the tetrode connec-
tion. The pertinent specifications are those which define drain-current cutoff
when one of the gates is connected to the source and the bias voltage is applied
to the second gate. These are usually specified as Vg1g(off), Gate 1 — source
cutoff voltage (with gate 2 connected to source), and V(}zséoff), Gate 2 — source
cutoff voltage (with gate 1 connected to source). The gate voltage required for
drain current cutoff withone of the gates connected to the source is always high-
er than that for the triode-connected case where both gates are tied together.

Reach-through voltageis another specification uniquely applicable to tetrode-
connected devices. This defines the amount of difference voltage that may be
applied to the two gatesbefore the depletion region of one spreads into the junc-
tion of the other — causing an increase in gate current to some small specified
value. Obviously, reach-through is an undesirable condition since it causes a
decreasein input resistanceas a result of an increased gate current, and large
amounts of reach-through current can destroy the FET.
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GAYE LEAKAGE CURRENT

Of interest tocircuit designersistheinput resistance of an active component.
For FETs, this characteristic is specified in the form of Iggg — the reverse-
bias gate-to-source current with the drain shorted to the source (Figure 11).
As might be expected, because the leakage current across a reverse-biased
p-n junction (in the case of a JFET) and across a capacitor (in the case of an
IGFET) is very small, the input resistance is extremely high. At a tempera-
ture of 25°C, the JFET input resistance ison theorder of hundreds of megohms
while that of an IGFET is even greater. For junction devices, however, input
resistance may decrease by several orders of magnitude as temperature is
raised to 150°C. Such devices, therefore, have gate-leakage current specified
at two temperatures. Insulated-gate FETs arenot drastically affected by tem-
perature, and their input resistance remains extremely high even at elevated
temperatures.

FOR TYPE A FETs (USUALLY JFETS)

DEPLETION MODE p--loss DESCRIPTION
Toss @Vas = 0.V < Vos < Va Zero-gate-voltage drain current

Represents maumum drain curent

011
o Vestas @10 = 0001 Iogs, Gate voltage necessary o reduce Iy to
Vp < Vos < Va some specified negligile value at the fec.
oo I ot ommended Vos. e cutof.

. T Vos@Io = 0.11pss, Vp < Vos < Va | Gate voltage for a specified value of Ip TEST CIRCUIT FOR Vo AND Yos,y
6sot) os Ut Toss and los at cutoff — normally “GATES INTERNALLY CONNECTED
GATE VOLTAGE loss- 1ADJUST FOR DESIRED Io
Io ENHANCEMENT MODE

DEPLETION MODE FOR TYPE B FETs (USUALLY IGFETs)
DESCRIPTION
Iogen) @ Vs > 0, Vp < Vps < Va An arbitrary current value (usually near

ma raled current) that locates a point in
the enhancement operating mode.

TEST CIRCUIT FOR lo(qn)

Toss@Vas = 0,V < Vos < Va Zero gate-vollage drain current - GATES INTERRALLY CORMECTED
L Vos(o) @1p = 0.001 lgs, Voltage necessary to reduce Ip to some TADJUST FOR DESIRED 15, NORMALLY
Vesiom Vs =0 specified negligible value at the recom NEAR MAXRATED lo
GATE VOLTAGE mended Vos, ie. cutoft TEST CIRCUITS FOR loss AND Vs SAME AS TYPE A
o ENHANCEMENT MODE
FOR TYPE C FETs (GFETs) —
f CHARACTERISTIC DESCRIPTION ©'SAME AS FOR TYPE B
i Toten) @ Vo3 > 0, Vp < Vos < Va An anbitrary current value (usually near Vs TEST CREUIT
! max rated current) that locates a point in SAME AS FOR lo
\ the enhancement operating mode. oo
i . Vos;w) TEST CIRCUIT
Ves@0.1lpe,, . Gate-source voltage for a specified drain lGsim)
| : . curentof 01 lger S&Z‘:‘rﬁ!&"z‘ds‘?’v'" i~
e o Vasini @Io = 0001 Ip(an ot less Gate culoff o turn on voltage. ovs TEST CIREUIT o
GATE VOLTAGE Toss @ Vs = 0, Vp < Vos < Va Leakage drain current. SAME AS FOR TYPE A

Figure 10 — Static characteristics for the three FET types are defined by the above curves, tables, and test circuits.
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Gate leakage current, on some data
sheets may be specified as IGDO

(leakage between gate and drain with Yo < Vs o
the source open), or as Iggo (leakage i S

between gate and source with the drain U
open). These usually result in lower =
values of leakage current and do not

'SOURCE

represent worst-case conditions. @
The Iggg specification, therefore, is
usually preferred by the user. Figure 11 — Test circuit for leakage current

VOLTAGE BREAKDOWN
Thereis a variety of specifications
indicating the maximum voltage that
may be applied to various elements of a FET. Among those in common use
are the following:

V(BR)GSS = Gate-to-source breakdown voltage
V(BR)DGO = Drain-to-gate breakdown voltage

V(BR)DSX = Drain-to-source breakdown voltage normally used only for
IGFETS

~ In addition, there may be ratings and specifications indicating the maximum
voltages that may be applied between the individual gates and the drain and
source (for tetrode-connected devices), betweendrainand gate, and so on. Ob-
viously, not all of these specifications are found onevery data sheet since some
of them provide the same information in somewhat different form. By under-
standing the various breakdown mechanisms, however, the reader should be
able to interpret the intent of each specification and rating. For example:

In junction FETs, the maximum voltage that may be applied between any two
terminals is the lowest voltage that will lead to breakdown of the gate junction.
In the case of V(pR)Gss (Figure 12a),
an increasingly higher reverse volt-
age is applied between the common
gates and the source. Junctionbreak- ( FS
down canbe determined by an increase 3
in gate current (beyond Iggg) which :
indicates the beginning of avalanche. T

Some reflection will reveal that for @
junction FETs, the V(BR DGO Sspeci- )
fication really provides the same in- Figure 12a — Vuwess test circuit
formationas V(gg)Ggss- In this case,
the gates are connected together and
an increasing voltage is applied be-
tween drain and gates. When thisap-

plied voltage becomes high enough, ™
the drain-gate junction will go into
avalanche, indicated either by a sig- Te
nificant increase in drain current or )
by an increase in gate current (be- Figure 12b — V gjoss and Vgyosx test circuit (usually used for
dI F both ifi ti IGFETs only). For Vigoss — Ves = 0
-yond Ipgo). For both specifications, For Vienoex — Ves > Ve

breakdown should normally occur at
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the same voltage value. Breakdown voltage is synonymous with avalanche
voltage (Vp).

From Figure 2 it is seen that avalancheoccurs at a lower value of Vpg when
the gate is reverse biased than for the zero-bias condition. This is cuased by
the fact that the reverse-bias gate voltage adds to the drain voltage, thereby
increasing the effective voltage across the junction. The maximum amount of
drain-source voltage that may beapplied is, therefore, Vpg(max) = V(BR)DGO
- Vgs, which indicates avalanche with reverse bias gate voltage applied.

For insulated gate FETs, the breakdown mechanism is somewhat different.
Consider, for example, the enhancement mode structure of Figure 5. Here,
the gate is completely insulated from the drain, source, and channel by an ox-
ide layer. The breakdown voltage between the gate and any of the other ele-
ments, therefore, is dependent. on the thickness and purity of this insulating
layer, and represents the voltage that will physically puncture the oxide layer.
Consequently, the voltages must be specified separately.

The drain-to-source breakdown is a different matter. For type C devices,
with the gate connected to the source (the cutoff condition) and the substrate
floating, there is no effective channel between drain and source and the applied
drain-source voltage appears across two back-to-back-connected, reverse-
biased diodes, represented by the source-to-substrate and substrate-to-drain
junctions. Drain current remains at a very low (picoampere) level as drain
voltage is increased until drain voltage reaches a value that causesreverse
(reach-through or punch-through) breakdown of the diodes. This particular
condition, represented by V(gr)pgs, is indicated by an increase in I above
the Ipgg level, as shown in Figure 12b.

For Type B devices, the V(BR) DSs Symbol is sometimes replacedby V(BRr)psx-
Note that the principal difference between the two symbols is the replacement
of the last subscript s with the subscript x. Whereas the s normally indicates
that the gate is shorted to the source, the x indicates that the gate is biased to
cutoff or beyond. To achieve cutoff in Type B devices, a depleting bias voltage
must be applied to the gate, Figure 12b.

An important static characteristic for switching FETs is the "on'" drain-
source voltage V(pg(on): This characteristic for the IGFETs resembles the
VCE(sat) — IB characteristics of junction transistors, and the curve for these
characteristics can be used as a design guide to determine'the minimum gate
voltage necessary to achieve a specified output logic level.

DYNAMIC CHARACTERISTICS
Unlike the static characteristics, the dynamic characteristics of field-effect
transistors apply equally to Types A, B, and C. The conditions and presenta-
tion of the dynamic characteristics, however, depend largely upon the intended
application. For example, the following table indicates the dynamic charac-,
teristics needed to adequately describe a FET for various applications.

Let's consider these parameters

oneat a time: yfs The forward trans- e TS e
admittance (transconductance) is the Ciu Cou G C
key dynamic characteristic for all o w0 f’";m gd( , gd( .
field-effect transistors. It serves as Yo (HE) R M) | o aton
a basic design parameter in audio and NE Relye (HF) |t ta

RF, and is a widely accepted device il bt

figure of merit.
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Because field-effect transistors have many characteristics similar to those
of vacuum tubes, and because many engineers still are more comfortable with
tube parameters, the symbol g, is oftenused in preference to ysg. To further
confuse things, the "g'"" school also uses a variety of subscripts. In addition to
gm, some data sheets show gsg, while others go even farther out with gg 1.

Regardless of the symbol used, yfg defines the relation between an input sig-
nal voltage and an output signal current, i.e.,

Yis = AID/AVGS
Vps=K

It has the units of mhos — current divided by voltage. Figure 13 is a typical ygg
test circuit for a tetrode-connected junction FET.

As a characteristic of all field-
- effect devices, yfs is specified at 1
ke with a Vps the same as. that for Voo
which Ip(op) is characterized. Since i
Vfg has both real and imaginary com-
ponents, the 1 kc characteristic is an
absolute magnitude and indicated as

|yts]- Y
It is interesting to note that yfg ?
varies considerably with Ip due to ®
non-linearity in the Ip-Vgg charac- L <
teristics curve. This variation, for e ot R, TYPICALLY 1 M2
a typical n-channel, Type A JFET . EAUSE NEGLIGBLE O roe
(the 3N126) is illustrated in Figure 14. AT loss
Obviously, the operating point must Figure 13 — Typical y, test circuit

be carefully selected to provide the
desired yfg and signal swing.

For tetrode connected FETSs, three
Vfs measurements are usually speci-
fied on data-sheet tables. One of
these, with thetwo gatestiedtogether,
provides a yfg value for the condition
wherea signal is applied to both gates
simultaneously; the others provide the
yfs for the two gates individually.
Generally, with the two gates tied to- .
gether, yfg is higher and more gain . wWizs
may be realized in a given circuit. 00l 002 005 01 02 050710 2. 5 710
Because of theincreased capacitance, o, ORAIN CURRENT m#)
however, ga1n—bandw1dth product is Figure 14 — Forward transfer admittance versus

drain current for typical
much lower. 3N126 JFETs.

24 ] ! “ Intssl“?""‘
L Vos = 15V

| T,--25°C 4sma AT
Lotk 25mA YY)
1.6 |—GiCoNNECTED T0 6,

I

A

. FORWARD TRANSFER ADMITTANCE (m mhos)
=3
=3

¥

For RF field-effect transistors, an
additional value of y¢g should be spec-
ified at or near the highest frequency of operation. This value should also be
measured at the same voltage conditions as those used for ID(on)' Because of
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the importance of the imaginary component at RF, the high-frequency ytg spec-
ification should be a complex representation, and should be given either in the
specif.cations table or by means of curves showing typical variations, as in
Figure 15 for the 3N126 JFET.

The real portion of this high-
frequency ygg, Re (ygg) or Ggp, is
usually considered a significant fig-

o
o

.

. R —=
ure of merit. €2 J 126 ——F Bu
gL —_——
S20s
Vos Another FET parameter that 83, ™
gffers a direct vacuum tube analogy g o — I——
is yog, the output admittance. gz
gz
57001
(¥os = NIp/AVps ) ST 0 50 70 10 20
f, FREQUENCY (MC)
VGS oy K .

Figure 15 — Forward transfer admittance
versus frequency

In this case, the analogous tube pa-
rameter is r,-1i.e., yog = 1/rp.
For Type A and B devices, y,g 1s
measured with gates and source
grounded (see Figure 16). For Type
C units, it is measuredat some spec-
ified Vgs which permits substantial
drain-current flow.

As with y¢g, there is a plethora of

terminology for y,g. In addition to Vos
the obvious parallels such as y92, 0 == _L
g€os» and g9y, it is also sometimes @ G @ BYPASS
specified as ryq, where rq = 1/ygq- s 1\
Yos:h" Rs OF SUCH VALUE AS TO
Vosfs CAUSE NEGLIGIBLE DC DROP.

Voltagesand frequencies for meas-
uring yog should be exactly the same
asthose for measuring yfg. Like ygg,
it is a complex number and should be Figure 16 — y,, measurement circuit
specified as a magnitude at 1 ke and for type A and B FETs
in complex form at high frequencies.

Rs SENSES AC DRAIN CURRENT.

u Closely related to yog and ygg is
the amplifier factor, u (u = 4 Vpg/y Vas - K)

The amplification factor does not appear onthe field-effect registration format
but can be calculated by yfg/yog- For most small-signal applications, p has
little circuit significance. It does, however, serve as a general indication of
the quality of the field-effect manufacturing process.

Cijss The common-source-circuit input capacitance, Cjgg, takes the place

of yjg inlow-frequency field-effect transistors. This is because yjg is entirely
capacitive at low frequencies. Cjgg is conveniently measured in the circuit of
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Figure 17 for the tetrode JFET. As
with y¢g, two measurements are nec-
essary for tetrode-connected devices.

At very high frequencies, the real o YPICALLY 110
component of yjgbecomes important
so that RF field-effect transistors
should have yjg specified as a eom-
plex number at the same conditions
as other high frequency parameters.
Fortetrode-connectedRF FETs, both
a gate-2-to-source and gate-1-tied- Curor 2t
to-gate-2 readings are necessary.

(a) with gate 2 tied to source

For a switching application Cigq is
. of major importance since a large

"~ voltage swing at the gate mustappear Ry TYPICALLY 1 M9
across Cigg. X
e
Crss Reverse transfer admittance AN N s
(yprg) does not appear on FET data i R,‘% s
sheets. Instead C,hgg, the reverse e I
transfer capacitance, is specified at = = = =
low frequency. Since yrg for a field- Coror 22
effecttransistor remains almost com-
pletely capacitive and relatively of (b) with common gates
constant capacitance over the entire Figure 17 — C,,, measurement circuit

usable FET frequency spectrum, the
low-frequency capacitance is an ade-
quate specification. Crgg is meas-
ured by circuits of Figure 18. For
tetrode FETs, values should be spec-
ified for gate 1and for bothgates tied
together.

Again, for switching applications
Cyrss is a critical characteristic.

R T O R
ollig B ; _ Ry TYPICALLY 1 A

S%mllar to the Cop of a junction tran V20010 PREVENT “REACH THROUGH" Varea =0 T0 SOURCE TERMINAL
sistor, Cpgg must be charged and € AC SOURCE AND G, TO GUARD SIGNAL. .

. oo Yot Yun
discharged during the switching inter- b _ Crmiz 07
Val' For a ChoPper appllca‘tlon! CI‘SS Figure lB—Rect;mmended C,, test circuits.
is the feed-through capacitance for (a) for gate 1 individually; (b)

the chopper drive with both gates tied together
Cd(sup) Forthe insulated gate FET, the drain-substrate junction capacitance
becomes an important characteristic affecting the switching behavior. Cd(sub)
appears in parallel with the load in a switching circuit and must be charged and
discharged between the two logic levels during the switching interval.

(Noise Figure) Like all other active components, field-effect transistors gen-
erate a certain amount of noise. The noise figure for field-effect transistors
is normally specified on the data sheet as "spot noise', referring to the noise
at a particular frequency. The noise figure will vary with frequency and also
with the resistance at the input of the device. Typical graphs of such varia-
tions are illustrated in Figure 19 for the 3N126. From graphs of this kind the
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R, SOURCE RESISTANCE (megohms) e ==
05 10 2 5 10

CONNECTED TOC G,

G

NF, NOISE FIGURE (db)

i
100 1KC

f, FREQUENCY (cps)

10KC

Figure 19 — Typical variations of FET noise figure
with frequency and source resistance

designer can anticipate the noise level
inherent in his design.

Tds(on) Channel resistance de-
scribes the bulk resistance of the
channel in series with the drain and
source. From an applications stand-
point, it is important primarily for
switching and chopper circuits since
it affects the switching speed and de-
termines the output level. To com-
plete the concept of multiple symbols
for FET parameters, channel resist-
ance is sometimesindicatedas rq(on)
and also as rpg and ryqg. In either
case, however, it is measured, for
JFETs, by tying the gates to the
source, setting all terminals equal to
0 Vdc, and applying an ac voltage from
drain to source (see Figure 20). The
magnitude of the ac voltage should be
kept low so that there will be no pinch-
off in the channel. Insulated-gate
FETs may be measured with dc gate
bias in the enhancement mode.

APPLICATIONS

Field-effect transistor applications
is still a young art. That this is so
is clearly indicated by the lack of
standardization in the industry even
of such basic requirements as sym-
bols and test points. Yet, an under-
standing of FET theory, coupled with
circuit analysis does permit an eval-
uation of such devices for specific
circuit applications.

C fem) et
s/

® (&)

v
Vasgon) Tdafon) =" §

Figure 20 — Measurement circuit for JFET channel resistance

T0 MIXER
o)

Figure 21 — RF stage of broadcast auto radio

S

G

VOLUME

BIAS TONE,

ADIST

5 e

Figure 22 — Line operated phono amplifiers
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DEVICE SELECTION

Obviously, different applications call for special emphasis on specific char-
acteristics so that a simple figure of merit that compares devices for all po-
tential uses would be hard to formulate. Nevertheless, an attempt to pinpoint
the characteristics that are most significant for various applications has been
made* to permit a rapid, first-order evaluation of competitive devices.

The mostimportant single FET parameter, one that applies for any amplifier
application, is ygg. This parameter, or one of its many variations, is speci-
fied on all data sheets, yet some evaluation is required to come up with a
reasonable comparison. For example, in the table of electrical characteris-
tics on most JFET data sheets, ygg is specified at Ipgg (Vgg = 0) where, for
Type A devices, yfg is maximum. This is illustrated in Figure 14, where typ-
ical variations of yfs as a function of Ip are plotted. For some small-signal
applications, the Ipss (Vgg = 0) point can actually be used as a d-c operating
point because small-signal excursions into the forward bias region will not
actually cause the gate-source junction to become forward-biased. However,
in most practicaluses, somebias is necessary to allow for the anticipated sig-
nal swing; and it must be recognized the ygggoes down as the bias is increased.

It is seen, also, that maximumy;gincreasesas Ipggincreases so that, where
maximum y¢g is important, a device with a high Ipgg specification is normally
desirable.

On the other hand, where power dissipation is a factor to be considered, the
figure of merit YfS/VGs(Off) Ipgg has been proposed. This term factors in not
only Ipgs, which should be lPow if power dissipation is to be low, but also
VGS(off), whichindicates maximum input voltage swing. Since the signal peaks
are represented by Vgg = Vgg(off)and Vgg = 0, thelower Vgg(off), the higher
the figure of merit. And, for amplifier applications requiring a large signal
swing, V(BR)GSS/Vgg(off) (2ssuming that Vg(ofp) is at or near the "pinch-off"
voltage) is a satis acgor merit figure because it indicates the maximum and
minimum drain voltage ratio.

For high-frequency circuits, the input capacitance (Cjgg) and the Miller-
effect capacitance (Cp.gg) becomes important, so yss/Cigg + Crgg indicatesa
relative measure of device performance. For switching and chopper circuits,
a figure of merit is not often useful. Here the magnitudes of Cjgg, Crgs,
Cd(sup) and Vds(on) are of primary interest.

CIRCUITS

Although the number of equipments actually built with FETs so far is still
relatively small, due to the relatively short time that such devices have been
available at realistic price levels, the types of circuits that can utilize them
are practically unlimited. In fact, many circuits designed to utilize small-
signal pentode tubes can utilize FETs with only minor modifications. For ex-
ample, the circuit in Figure 21 shows a typical RF stage for a broadcast-band
auto radio. In this circuit, a 3N126 N-channel JFET has replaced the 12BL6

*Semiconductors: The New Figures of Merit, Donald Christiansen; EEE,
October, 1965.
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pentode normally employed. The
specifications for the two devices,
including the AGC characteristics,
are similar enough to perform ade-
quately in the circuit of Figure 21.

In an audio application, a field-
effect transistor such as the 3N126
can be combined with a high voltage
bipoler transistor to make a simple
line driven phonograph amplifier such
as that shown in Figure 22. The field- Figure 23 — Complementary inverter circuit
effect transistor is connected directly
through a potentiometer volume con-
trol to the ceramic pickup. Collector
current of the transistor, in turn, is
set by the potentiometer in the source
of the FET. With the proper bipolar
transistor, the circuit can be driven
directly from half-wave rectified line
voltage, while the low voltage for the
FET can be derived from a voltage

divider in the power supply line. ~
Rs

(2) SERIES CHOPPER CIRCUIT

For switching and logic circuits,
complementary enhancement type @e‘ .
field-effect transistors offer two sig- )
nificant advantages: Power is drawn R,
only during switching, not in either
stable state; andno coupling elements
are required since the input to each
FET resembles a capacitor and the
coupling is inherent in the device.

R

(b) SHUNT CHOPPER

One simple circuit that illustrates
these advantages is the complemen-
tary inverter of Figure 23. In this (c) SERIES SHUNT CHOPPER
circuit, +Vis a logical ''1" and ground Figure 24 — FET chopper circuits
is a logical "0". If the input signal is
+V, the P-channel device (upper) is
essentially off and conducts only Ipgg (picoamps for a Type C FET). The N-
channel FET is forward-biased but since only Ipgs is available from the upper
stage, Vpg is very low. As a result, the potential of the output is near ground
— the zero reading. When the input goes to ground, the P-channel FET con-
ducts. The N-channel device, however, is now cutoff and conducts only Ipss.
Since the voltage drop across the P-channel device is very low, the drain po-
tential of the P-channel device is approximately +V. This charges capacitor
Cp, to +V.

Figure 24 shows three basic chopper circuits. The advantage of the more
complex series-shunt circuit (24c) is that it balances out the leakage currents
of the FETsin orderto reduce voltage error andis used to attain high chopping
frequencies. From an applications standpoint, the FET circuit is superior to
a junctiontransistor circuitin thatthere isno offset voltage with the FET turned
on. On the minus side, however, the field-effect transistor chopper has a

16-87



——— Application Notes

higher series resistance r than the junction transistor.

ds(on)

As newer and better FETSs are introduced and as a larger number of designers
learn to use them, the range of applications of FETs should broaden consider-
ably. To date, there has been little activity in the logic area in spite of the
advantages of FETs for some logic configurations. This situation is beginning
to change rapidly and the next year should see the FET as animportant addition
to the tools available to the logic designer.

With its high input impedance, the field-effect transistor will play an im-
portant role in input circuitry for instrumentation and audio applications where
low impedance junction transistors have been generally least successful.
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HIGH-POWER VARACTOR DIODES
THEORY AND APPLICATION

Conventionally speaking, when we refer to a semiconductor diode wenormally
visualize a 2-terminal p-n junction operated in the forward conduction region
(as a rectifier) or in the reverse avalanche region (as a zener diode). From
this standpoint, the word diode applied to a varactor is actually a misnomer —
for while the varactor is indeed a 2-terminal p-n junction, it operates neither
as a rectifier, nor as an avalanche device. Rather, it operates principally in
the region between forward conduction and reverse breakdown— the very region
in which a conventional-diode is considered to be cut off.

In this operating regionthe p-n junction can be represented by a capacitor in
series with a resistor, Fig. 1. The capacitance, known as junction capacitance,
is inherently associated with all p-n junctions and, while it represents an un-
desirable parasitic in conventional diode operation, it is the specific mechanism
that permits the device to function as a varactor, or frequency multiplier. This
is true because the capacitance value, as will be seen later, actually varies as
a function of applied voltage and it is this factor that encourages the generation
of harmonic frequencies.

The resistor is the result of bulk

and contact resistance of the semicon- ¢ Rs
ductor material. In varactor opera- o /):’ AMA———0O

tion this resistance is the primary
parasitic affecting varactor quality.
Great pains are takenin varactor de-
Sign) therefore, to hold this resis- Figure 1 — Equivalent circuit of a varactor diode.
tance value to an absolute minimum.

HOW THEY WORK

The cause and behavior of the junction capacitance can be determined from
basic semiconductor theory, as follows:

When a junction is formed between n-type and p-type material, there is a
cross-migration of charges across the junction. Electrons from the n-region
cross the junction to neutralize positive carriers near the junction in the p-
region, and "holes" from the p-region cross the junction to neutralize the "ex-
cess'' electrons near the junction inthe n-region. As a result of this migration,
all free charged particles are swept out of the immediate vicinity of the junc-
tion, creating a "depletion layer" in the junction area. And, in the process, a
contact potential or space charge (about 0.5V for silicon) appears across the
junction, Fig. 2a.
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This structure acts very much like a slightly charged capacitor, with the de-
pletion layer representing the dielectric and the semiconductor material adja-
cent to the depletion layer representing the two conductive plates.

If an external voltage is connected across the p-n junction so as to reinforce
the contact potential (reverse bias), the depletion layer increases, resulting in

a capacitance decrease, Fig. 2b.
tion layer decreases, Fig. 2c.

If a forward voltage is applied, the deple-
However, if the external forward voltage is

made large enough to overcome the contact potential, forward conduction oc-
curs and the capacitance effect is destroyed (except at very high frequencies,

as discussed later).

It is obvious, therefore, that the
“value of the junction capacitance is a
function of the externallyapplied vol-
tage, so long as.the junction itself re-
mains reversebiased. This relation-
ship is as follows:

C= 0 = ¢7C0
(1=v/¢) @+Vv)

wnere C = capacitance at voltage V

capacitance at zero bias

Co

V = voltage across the diode
. (reverse bias)

¢ = contact potential

y = power law of the junction,
determined by impurity
gradient.

A plot of this equation, Figure 3,
shows that the capacitance -voltage
relationship is nonlinear. Just how
this condition is useful for frequency
multiplication will be seen from the
following derivation.

Contact Potential

Free Electrons

Positive lons

Depletion Layer
Caparitance

Depletion
Layer

Figure 2 — (A) A representative p-n junction. The
battery represents the contact potential which must
be overcome before current can flow. Current car-
riers act as capacitor plates and the depletion layer
is the dielectric.

Depletion Layer

Widens Reducing

Reverse Capacitance
Bias.

Figure 2 — (B) Reverse voltage forces carriers
away from junction. This widens the depletion layer
and reduces capacitance.
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Assume that tne voltage across a
capacitor is given by the well - known
relationsnip

.9
V=<

where Q = the chargeonthe capacitor

C = the capacitance

Depletion Layer
Narrows Increasing
Capacitance

When a sinusodial current is applied
to a capacitance

Small
Forward Bias

Figure 2 — (C) Forward voltage forces carriers
closer to junction or across junction again changing

Q = fidt capacitance.

1

f I, sin w tdt

B!
=A—w—1coswlt (3)

where i = instantaneous current
I1 = maximum amplitude of the input current
w; = 27rf1
fl = input frequency
A = constant of integration relating to the initial charge when time
(t) = zero

Substituting Equations (1) and (3) into

Capacitance \

Equation (2) yields

I

1
A - o cos wlt /
1 - | +
v = (4) - Voltage |
V4 Contact
¢ CO Potential
I —— Figure 3 — Voltage-capacitance relationship for a
(¢ +V) 7 typical varactor diode.
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or, where V>> ¢

L
v . A - Jl- cos wlt
_y =V - Yy = ——_—y (5)
v é C0

The exponent y is a function of the impurity gradient of the p-n junction. It
may vary from approximately 1/2, for step junctions, to about 1/6 for special
graded junctions. If we consider the common case of a step junction, (y = 1/2)
Equation (5) resolves to

2 2
I 2 I ol 2
A-—cosw,t A" -2A-—cosw,t+|— ) cos” w,t
) 1 w 1 w 1
1 1 1
vV = = (6)
1/2 c c 2
@ o ¢ o
Looking at each of the terms in Equation (6) we find that the voltage (V)
2
across the varactor consists of a dc term 5] 2 fundamental component
¢%o
I LY
2A o cos w; t o) cos @y t
1 1
— 5 | and the term 5
C C
¢$70 90

The latter, through trigonometric identities, expands to

(I1 )2 (%+é—cos 2 wlt)

[3) 2
¢ C,

I

1

which reduces to another dc component plus a second harmonic component.

Although quite simplified, the above derivations clearly show the generation
of second harmonic voltages across the varactor diode. This second harmonic
voltage can be used to produce power at that frequency simply by providing a
path and a load for the second harmonic current.

In the case of a step-junction device, the second harmonic is the only har-
monic frequency directly available. While it is possible, through the use of
graded junctions (¥ < 1/2) to obtain higher harmonics directly, the second har-
monic always predominates. In fact, it is normally more efficient to obtain
higher harmonics by means of the doubling and mixing action of the varactor,
through the use of idler circuits (see Fig. 4), than to try to obtain a desired
higher harmonic directly.

(1) Penfield & Rafuse, '"Varactor Applications'', MIT Press, Copyright 1962,
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Band-Pass
Filter

VARACTOR CHARACTERISTICS “‘Fﬁii?s‘

When operating as a frequency Varactor
multiplier, the important varactor
characteristics are: efficiency as a

Source
" JT@*—’
multiplier, power handling capability, '

3 3 3 3 3 Figure 4 — Simplified multiplier circuit illustrating
and’ n some appllcatlons’ hnearlty thi use of an idler configuration to develop third

of power output with changes in input and fourth harmonics.

An idler circuit is simply a tuned filter which per-
power. mits the flow of a harmonic current needed to gen-
erate the desired output. If the third harmonic is
desired, filter F, is tuned to the fundamental, igler
ici F, is tuned to the 2nd harmonic, and F, is tuned to
Efﬂmen‘:y tf:e 3rd harmonic. To obtain the fourth harmonic, F;
.. . is simply tuned to the fourth harmonic and permits

The efflclency of a varactor is a the flow of the doubled 2nd harmonic current.

function of the cutoff frequency of the
device which, in turn, is dependent on the diode quality factor (Q), defined as

1

Q = BmICR, (1)

From this, it is seen that Q is a function of both Rg and C. The ability to
obtain a high Q device is directly related to the ability to make Rg extremely
low. The cutoff frequency is arbitrarily defined as that frequency at which

Q = 1, or where 2—7;5 = RS. Accordingly, cutoff frequency is given as

1

¢ ~ ZmCRy )

Since both Rg and C are voltage dependent, it is obvious that f;, too, will
vary with applied voltage. As reverse voltage increases, fc will also increase.
This is impor cant in a comparative evaluation of devices since, in order to ob-
tain a valid comparison, the f. for the devices must be obtained at the same
voltage.

Now, for varactors with step junctions, the maximum obtainable efficiency
may be approximated from the expressions:

For input frequencies of 0. 01 { or less,

&

T (9)
c ,

€e=1-K

For input frequencies of 0.2 fe or higher,
fc2
€ = B f—g (10)
1

where f
c

cutoff frequency at VB

[,
n

input frequency
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K and B = constants whose values depend on the desired order of the har-
monic.

For doublers, K and B of Equations 9 and 10 are equal to 20 and . 0039 re-
spectively.

For triplers and quadruplers, K is equal to 35 and 62 respectively.

From these equations itis evident that the theoretical efficiency of varactors
is quite high at input frequencies of 0. 01 f; or less.

Power Handling Capability

The relationship between power handling capability (Pp) and other varactor
characteristics is given by

2
Pr oc C0 VB (11)
where VB = voltage breakdown of the junction
Co = junction capacity at zero bias.

The validity of this proportionality is evident from the fact that the input
power is obviously proportional to the square of the input voltage swing, which
is limited at one end by Vg and on the other by the permissible amount of for-
ward conduction. If the voltage swing in the forward direction is very much
smaller than Vg, it can be neglected, and the input power is approximately
proportional to Vg2.

For large power handling capability it is desirable to make Vg as large as-
possible (assuming that the signal source can provide the necessary voltage
swing from VB to approximately zero). This requires that the resistivity of
the material near the junction (at least on one side of the junction) be high. Yet,
a high resistivity leads to a relatively high Rg which, in turn, lowers the Q of
the diode and, consequently, the efficiency. Therefore, varactor diode design
normally is a compromise between high power handling capability and high
efficiency.

NEW VARACTOR DESIGN IMPROVES POWER HANDLING CAPABILITY

Until recently most varactors for harmonic generator applications have been
designed with step junctions and their characteristics closely follow the above
discussion. Some improvement in performance has been observed in varactors
of the 1N4386 type whose impurity profile, Fig. 5, differs considerably from
that of the customary step-junction device. These improvements include:

1) higher power handling capability at a given frequency,

2) greater linearity of power output with changes in power input.

The increase in power handling capability can be explained as follows:

To increase Pp, it is necessary to increase Vg which demands a higher re-
sistivity material at least on one side of the junction. If one attempts to in-
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crease the resistivity of a step-junc-
tion device, the value of Rg is in-
creased significantly and efficiency
is reduced accordingly. But, by em-
ploying the impurity profile shown in
Fig. 5, the resistivity near the junc-
tion can be made comparatively high
without changing the average resis-
tivity. Moreover, when reverse vol-
tage is applied, the spread of the de-
pletion layer into the high resistivity
regions actually dissipates them, leav-
ing only the extremely low resistivity
portion of the material to contribute
to Rs. And, since the time that the
varactor is in the reverse-voltage con-
dition is very large compared withthe

Heavy
Concentration
of Impurities,
Low
Resistivity

Few
Impurities,

18]
Resistivity

Depletion
Layer

Figure 5 — Resistivity of 1N4386 is high near the
junction and low near the lead contacts. When a
reverse voltage is applied the depletion layer rapidly
dissipates the high resistivity regions and thus, the
average series resistance (Rs) is low.

time in the forward-biased condition,

the average total series resistance

is substantially reduced despite the increase in resistivity at the junction and a
resulting increase in Vg.

By this means, it is possible to almost double the power handling capability
of varactors over step-junction devices, without adversely affecting efficiency,
at least as it is affected by Rg.

It might be argued that the impurity profile used in the 1N4386 type should
result in lower efficiency because the capacity-voltage law (y in Equation 1) is
reduced to about a 1/5 power, thus reducing the degree of reactive nonlinearity,
Indeed, this would result in alower efficiency of harmonic generation if it were
not compensated by the reduction of series resistance described above.

In addition there appears to be an added nonlinearity resulting directly from
the parabolic graded impurity profile — the phenomenon of ''step-recovery'.
Not only does step-recovery make up for the reduced junction-capacity nonlin-
earity, but it leads to a linear power output advantage when driven slightly into
the forward bias region at the positive peak of the signal swing.

Step-recovery is a result of charge storage — a familiar phenomenon in the
application of semiconductor devices. When a p-n junction is forward biased,
charged carriers from one region are injected into the other to form minority
carriers in that area. If permitted to wander around in the area long enough,
these minority carriers will combine with majority carriers and produce a
current flow. The interval between injection and recombination is related to
the minority carrier "lifetime' of the material. In the interval between the
time of injection and recombination, these minority carriers are effectively
stored charges contributing to junction capacitance.

If the period of the applied forward voltage is less than the carrier lifetime,
as is usually the case, most of the injected carriers can be brought back to the
point of origin before recombination. Step-recovery comes about when the in-
jected minority carriers are returned to the point of origin in a compact bunch.
Such a movement of carriers constitutes a current waveform as shown in Fig. 6.
Because of the sudden cessation of reverse current when all of the carriers are
returned to their original regions, the waveform is rich in harmonics which
can be utilized as an added nonlinearity to enhance multiplier action.
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The impurity profile of Fig. 7 en-
hances step -recovery because the
electricfields set up bythe steep im-
purity gradient a short distance away
from the depletion region keep the
minority carriers close to the deple-
tion layer, rather than permitting them
to wander to random depths in the op-
posite regions. Thus, when the vol-
tage is reversed, they return to their
point of origin in a compact bunch.

- The step - recoveryphe-
nomenon, which is not as
pronounced in step junctions

a\
\

/— Electric Field

— - —
| NS —
— >
—o0p O wmmip O <—

Figure 6 — When a forward voltage is applied, car-
riers are injected across the junction. However,
before they can combine and result in a dc current
flow, the applied voltage reverses and the carriers
are returned to the point of origin in a bunch. This
results in an abrupt cessation of reverse current
and the waveform is rich in harmonics.

because of the constant impurity level in such devices, provides an additional
nonlinearity to the 1N4386 which contributes to harmonic generation.

Step-recovery resultsalso in ade-
vice with more linear power charac-
teristics because the percentage -of
harmonic current generation is not a
function of signal level. It is only a
function of the waveform and the
abruptness of the decline of reverse
current. And if self-biasing is em-
ployed, the shape of the current wave
remains constant over a considerable
power input range. This leads to a
more constant efficiency of harmon-
ic generation as a function of sig-

Compressed Compressed
" Depletion KDeplelion
Layer - Layer
N N

Impurity Impurity
Profile for Step Profile for Abrupt
Recovery Diode Junction Diode

Figure 7 — Comparison of the impurity profiles for
a step recovery and step junction diodes.

nal level than obtainable with devices dependent on junction-capacitance varia-
tions alone. This is an important feature when using varactors in amplitude

modulated circuits.

VARACTORS vs TRANSISTORS

In view of the fact that varactors provide no amplification, but merely
convert an applied signal of one frequency to some higher frequency, one
might logically ask, ""Why not use transistors to directly generate the de-
sired signal?' The answer to this is simply that there are no transistors
that will provide the amount of power obtainable from varactors inthe VHF
and UHF regions. The best transistors today are limited to producing
about 25 watts at 100 mc, and about 5 watts at 500 mc. Varactors, by con-
trast, can supply about three times that amount of power at those frequen-
cies. Moreover, many VHF and UHF transmitters demand crystal control,
which requires a relatively low-frequency oscillator with subsequent fre-
quency multiplication. And, as yet, no other device operates as efficiently
as a varactor for this purpose.

Even as transistors are improved, it is reasonable to assume that var-
actor development will keep pace, so that the latter will remain well ahead
of transistors in power-frequency capabilities. As a result, it is antici-
pated that the varactor will become an increasingly important component in
high-power, high-frequency applications.
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HARMONIC GENERATOR CIRCUITS

Development of a varactor multiplier circuit is illustrated in Fig. 8. The
basic premise, as shownin (a) is the conversion of a signal from a signal source
to a harmonic current through the load (R1) by means of a varactor. The nec-
essary considerations entail 1) provisions for the necessary current paths and
associated filters, 2) proper matching of source to load, and 3) development of
suitable bias voltage for the varactor.

The first step in the design is the
addition of suitable current paths, as
shownin (b). If the outputis to be the
second harmonic, filter Fj is tuned
to the fundamental frequency, and Fy
is tuned to the 2nd harmonic. In de-
signingthe tuned circuits, the capaci-
tance of the varactor must be taken
into account. Since this varies over
the applied signal cycle, the "average'
varactor capacitance should be used.
This can be approximated by the ca-
pacitance value at one-third the vol-
tage breakdown rating of the varactor
(assuming a signalvoltage swing from
about Vg to some small positive value)
Since this average capacitance varies
with signal power, some circuit de-

iy
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a. Source, Varactor, Load  b. Addition of Input and Output Circuits
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tuning occurs if input power is changed
appreciably. This detuning effect is
less pronounced with devices of the
1N4386 structure than with step-junc-
tion devices.

E

~rt l It
R )
9 Iz 1%:[{ bml T Ry
d. Addition of Bias Résistor '
b,
S T A

e. Addition of lnpl;t and Qutput Matching Capacitors

If the desired load current is at
the third or fourthharmonic, the con-
figuration in (c) may be used. Here,
F, is again tuned to the fundamental
and F9 is an idler tuned to the 2nd
harmonic. This permits fundamen-
tal and 2nd harmonic current flow
to mix in the varactor to provide a
voltage component of Fq, Fg, Fy+
Fy, and 2F, across the varactor.
(Even if F2 were omitted ,
there would be components of higher order harmonics, such as Fg and Fyg
across the varactor, but, as mentioned previously, it is normally more effi-
cient to employ a suitable addition or multiple of the fundamental and second
harmonic.) Filter F3 is then tuned to the desired third or fourth harmonic so
that only the desired current will flow through the load.

¢l
=

Figure 8 — Development of a harmonic generator
circuit.

Bias voltage for the varactor isobtained by shunting the varactor with a high
value (around 100 K&) bias resistor, as in (d). Bias current is provided when
the varactor is driven slightly into conduction at the peaks of the applied signal.

Proper matching between source and load can be accomplished by adding

matching capacitors as shown in (e). Tapped input and output coils could ac-
complish the same purpose.
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Obviously, the simple circuit developed in Fig. 8 can be improved upon from
a performance standpoint. Higher-frequency, distributed-element circuits
could be fabricated based on a circuit equivalent to Fig. 8. More complex fil-
ters, such as double-tuned circuits, may be employed for greater bandwidth
and better rejection of spurious signals. In practical applications, the final
circuit almost always will be more complex.

CHARACTERISTICS OF 1N4386

The 1N4386 varactor was designed to handle efficiently more than 50 watts
of input power with output frequencies up to 300 mc. Typical efficiency of the
device as a function of power input at 50 mc (tripler operation) is shown in
Fig. 9.

fout = 150mc

fin = 50mc
30

70

L I

Efficiency (%)

%0 10 20 30 40 50 60

Power Input (Watts)

Figure 9 — Typical efficiency vs power input curve
for the 1N4386 in a tripler circuit.

N Sl S

R, = 500
f = 200mc

—sn N S PN,
Rs =50 L ;_C. ;_C; :’BZKi ;_C ;_C

= 50me 31

Ca

Ly, Ly: 11 Turns #£14 Wire, %" Dia.

1;

€1, Cy: 130 pf; Gz 0.5-12 pf
Ly: 3.5 Turns 414 Wire, %" Dia. C: 0.8:12 pf; Cs, Cs, Cy: 0.5-10 pf
La, Ls: & Turns #14 Wire %" Dia.

Figure 10 — 50-200 mc Varactor quadrupler
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VVC TUNING DIODE THEORY AND APPLICATION

VVCs are voltage-variable capacitors, based on semiconductor junction phe-
nomena, which can be used for electric tuning applications., This note is in-
tended to explain how VVCs function, summarize the parameters of available
VVCs, and introduce important application possibilities.

It is felt that these VVCs will become important circuit components because
electric tuning offers many advantages over mechanical tuning, Electrically
and electronically tuned circuits are small, reliable and extremely fast acting.
However, electric tuning in the HF, UHF and VHF regions has not been exten-
sively applied because the quality factors of the available tuning elements were
poor, such as 100 at 50 mc. This situation is changed with the introduction
of the VVC tuning diode series where Q's exceed 200 at 50 mc, Further with
VVCs many of the important electric tuning parameters, such as temperature
stability and leakage current are improved,

Generally for electric tuning it is desired to vary capacitance or inductance
as a function of voltage or current. For HF through UHF frequencies the most
practical electric means is tovary capacitance with voltage. The rate of change
of capacity with voltage is, of course, of fundamental importance, the greatest
rate being most desirable, Except for experimental hyper-abrupt semiconduc-
tor junctions the best devices approach a capacity varying inversely with the
square root of applied voltage, This is discussed further in the section on VVCs
work,

The most significant parameter in using tunable capacitors is Q or quality
factor. For a capacitor with series resistance.

1
9 = GCR| -0

where:
Q is the quality factor
w is the frequency in radians/sec
C is the capacitance in farads
Rg is the series resistance in ohms

When the resistance is in parallel with the capacitance

Qp = wCRp ©)

where:
Rp is the parallel resistance.

If both series and parallel resistances are present the following is a simple -
formula for Q

1 1
g "o ®
CRNCR

Ol =

16-99



——— Application Notes

where Qg and Qp are calculated by equations 1 and 2 respectively. For most
circuit applications loaded circuit Q's exceeding. 20 and often 100 or more are
needed, Therefore, the low unloaded Q's of previously available voltage-
variable capacitors limited their use,

Tuning range is another important parameter, With voltage-variable devices,
this means how great a voltage swing can be achieved while maintaining accept-
able capacitor characteristics, For PN junctions, the usual allowable voltage
swing is from a few volts negative to the maximum reverse working voltage.
Capacity swing is calculated from voltage swing by the inverse half-power re-
lation between capacity and voltage, For large tuning ratios the maximum to
minimum voltage ratio should obviously be large,

For most applications the temperature stability of all the capacitor param-
eters are important., VVC stability is not expected to equal the stability of the
best air capacitors, but a high level of parameter stability has to be maintained
either by the device itself or with some sort of compensating mechanism. An
example of the deficiency of previously available devices is the relatively high
leakage currents occurring at elevated temperatures,

Not to be neglected when considering devices for electric tuning is the pack-
age for the voltage-variable capacitor. Package parasites such as lead induct-
ance or case capacity could alter the device impedance beyond use. Especially
for higher frequencies previously available packages exhibited too high an in-
ductance which degraded circuit performance,

Outlined above are the important parameters to specify for electric tuning
devices. For the approximately seven years that voltage-tunable capacitors
have been available, the designer has had to compromise on these parameters,
Now with the VVC line these compromises are no longer necessary.

Both the previously available devices and VVCs arebased on PN junction the-
ory. The difference stems from the way the junctions are formed; allowing for
the previous devices and diffusion into epitaxially grown layers for the VVCs,
Before explicit performance parameters and comparisons are made, the physics
of both types of devices will be briefly described,

HOW VVCs WORK

Conventionally speaking, when we refer to a semiconductor diode we nor-
mally visualize a 2-terminal p-n junction operated in the forward conduction
region (as a rectifier) or in the reverse avalanche region (as a zener diode).
From this standpoint, the word diode applied to a VVC is actually a misnomer—
for while the VVC is indeed a 2-terminal PN junction, it operates neither as a
rectifier, nor as an avalanche device. Rather, it operates principally in the
region between forward conduction and reverse breakdown — the very region in
which a conventional diode is considered to be cut off,

In this operating region the PN junction can be represented by a capacitor in
series with a resistor,

The capacitance, known as junction

capacitance, is inherently associated

with all PN junctions and, while it

=ITe A represents an undesirable parasitic
s in conventional diode operation, it is

the specific mechanism that permits

FIGURE 1 thedeviceto function as a VVC, or
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voltage-variable capacitor. This is true because the capacitance value, as will
be seen later, actually varies as a function of applied voltage. This factor can-
not only be used for electric tuning but also for harmonic generation and para-
metric application,

The resistor is the result of bulk and contact resistance of the semiconductor
material. In VVC operation this resistance is the primary parasitic affecting
VVC quality, Great pains are taken in VVC design, therefore, to hold this re-
sistance value to an absolute minimum,

The cause and behavior of the junction capacitance can be determined from
basic semiconductor theory, as follows:

When a junction is formed between n-type and p-type material, there is a
cross-migration of charges across the junction. Electrons from the n-region
cross the junction to neutralize positive carriers near the junction in the
p-region, and "holes" from the p-region cross the junction to neutralize the
"excess' electrons near the junction in the n-region. As a result of this mi-
gration, all free charged particles are swept out of the immediate vicinity of
the junction area, And, in the process, a contact potential or space charge
(about 0. 5 V for silicon) appears across the junction, Fig, 2a,

This structure acts very much like

a slightly charged capacitor, with the
depletion layer representing the di-
electric and the semiconductor ma-
terial adjacent to the depletion lay-
er representing the two conductive
plates.

If an external voltage is connected
across the p-n junctionso as to rein-
force the contact potential (reverse
bias), the depletion layer increases,
resulting in a capacitance decrease,
Fig. 2b. If a forward voltage is ap-
plied, the depletion layer decreases,
Fig. 2c. However, if the external
forwardvoltage is made large enough
toovercome the contact potential, for-
ward conduction occurs and the ca-
pacitance effect is destroyed.

It is obvious, therefore, that the
value of the junction capacitance is a
function of the externally appliedvolt-
age, so long as the junction itself re-
mains reverse biased. This relation-
ship is:

c o”c
0 0
+ 4
(¢ + vy

C

) 1+ v/e)

Contact
Potential

) L'—'I"ype

Free Electrons

Holes

Negative Ions

Depletiocn Layer
Capacitance

Depletion Layer
FIGURE 2 (A) — A REPRESENTATIVE P-N JUNCTION.
The battery represents the contact potential which must be overcome
before current can flow. Current carriers act as a capacitor plates and. the
depletion layer is the dielectric.

§ Depletion Layer
Reverse Widens Reducing
Bias Capacitance

FIGURE 2 (B) — REVERSE VOLTAGE FORCES
carriers away from junction. This widens the depletion layer and
reduces capacitance.
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where:

C = capacitance at voltage V

C0 = capacitance at zero bias

V = voltageacrossthe diode (re-
verse bias)

é® = contact potential

Y = power law of the junction, de- . pepletion Layer
termined by impurity gradi- iy g:;:g»;iaiggreasmﬂ
ent, Bi:’sl 3

FIGURE 2 (C) — FORWARD VOLTAGE FORCES ) )
The exponent iS a function Of the carriers closer to junction or across junction again changing capacitance.
impurity gradient of the PN junction,
It may vary from approximately 1/2, for stepjunctions, toabout 1/6 for specially
graded junctions. For electric tuning the greatest capacity-voltage variation

is desired so the step junction is generally used,

AllPN junctions have tobe protected from the corrosive effects of the atmos-
phere; therefore, packages or housings are used, Associated with the package
and the internal connections to the junctions are parasitic reactances. The
complete equivalent circuit of a packaged PN junction operated in the reverse
voltage region for electric tuning, is shown in Fig, 3. The voltage-variable
capacitance is Cj; Rgisthe seriesre-
sistance; Ryp is the junction shunt re-
sistance which generally can be ne-
glected; Lgis the lead inductance and
C. is the case capacitance.

The admittance of a VVC including ¢
all parameters of Fig, 3 is:

FIGURE 3 — eQUIVALENT circurr VVC

y = jwC_ + R : — 1.
c s + Jst + 1 5)
1 .
= * ]ij
p
where
Rp is high enough to be neglected
jo.)Cj
y = jwC, + 5 (6)

1-w”L C. + jwC.R
s7j i’s

Inherent junction Q is defined as:

Q= wC, R M
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If Q is high compared to l-wZLSC]- the VVC has a capacitance given by

C.
Ceq = Cc + -—23— (8)
l-w Ls C].

Equation 8 shows how equivalent capacity can be modified by Lg and Ce.

Usually operation is well below the self-resonant frequency wg = 1/Lst so
that the total capacity is given by

CT = Cc + Cj 9)
and in terms of voltage
C 10
CT = C + ° 10)
c b4
A%
<1 + —B—>
[
where:
Y = 0.5 for step junction
& = 0.5 volts
The total Q is then
Q= = a1
thRs

The important device information is given by egs. (10) and (11) with eq. (8)
being significant at frequencies approaching self-resonance.
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OPTIMIZING SCR TURN-OFF PARAMETERS WITH NEGATIVE BIAS

Although it is not often discussed in the literature, almost all SCR's exhibit
some degree of turn-off gain.

At normal values of anode current, negative gate current will not have suf-
ficient effect upon the internal feedback loop of the device to cause any signifi-
cant change in anode current. However, it does have a marked effect at low
anode current levels where it can be put to advantage to modify certain device
parameters., Specifically, turn-off time may be reduced and hold current may
be increased. Reduction of turn-off time and increase of hold current are use-
ful in such circuits as inverters or in full-wave phase control circuits in which
inductance is present.

Negative gate current may, of course, be produced by use of an externalbias
supply. It mayalso be produced by taking advantage of the factthat during con-
duction the gate is positive with respect to the cathode and providing an external
conduction path suchas a gate-to-cathode resistor. All of our SCR's are already
constructed with a built in gate-to-cathode shunt, which produces a certain
amount of negative gate current. Further change in characteristics, however,
canbe produced by use of an external shunt. Shunting does not produce as much
of a change in characteristics as does negative bias, since the negative gate
current, even with an external short circuit, is limited. When using external
negative bias the current mustbe limited, and care must be takento avoid driv-
ing the gate into the avalanche region.

All of our SCR lines show an improvement in turnoff time of about one-third
by using negative bias up to the point where no further significant improvement
is obtained. The increase in hold current by use of an external shunt resistor
ranges typically between 5 and 75 percent, whereas with negative bias, the
range of improvement runs typically between 2-1/2 and 7 times the open gate
value.

In summary, it may be said that by use of negative gate bias, the turn-off
time and hold current of our SCR's may be improved significantly so that they
may be used in higher frequency inverter circuits orin circuits in whichhigher
residual current are present.
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