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Figure 3. Simplified FET model.

It is common practice among manufacturers to specify
the FET by its equivalent short-circuit admittance parame-
ters, referred to the common-source connection. The para-

metric equations of this network are:

lg = yisvgs * YirsVas (3)

g T yfsvgs + YosVas (4)

Applying these equations to the physical equivalent

circuit of Figure 3, the y parameters obtained are:

Yig = 3@Cpg * Cge) (5)
yrs = -ijDG (6)
Yeg = Iy ~ I9Cpe (7)
Yos = gDS+ jwCDG (8)

Since Yig and y are almost pure capacitances, specifica-

rs

tion sheets often list equivalent values of C, and C
iss rss
respectively.
Although an analysis can be carried out using the y

parameters, it was preferred in this report to reconstruct
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the equivalent lumped-element model and work directly with

it.

C. Simple FET Reactance Circuits

1. General. The similarity between the characteris-
tics of a field-effect transistor and those of a pentode
vacuum tube, suggests that known reactance-tube circuits
might be adapted to employ FETs. The simplest such react-
ance circuits consist of a single amplifier with a first-
order R-C or R-L phase~shift network as a feedback path.2
A representative circuit which provides an inductive react-
ance is shown in Figure 4(a). Cye Csy Rg and the choke
serve to properly bias the FET, and it is assumed, at least
for now, that values can be chosen for these elements such
that they have negligible effect on the circuit at the fre-
quencies of interest. The dynamic equivalent of this cir-
cuit is shown in Figure 4(b). A capacitive reactance can
be obtained by simply interchanging Rl and Cl in this cir-
cﬁit.

Resistor and inductor combinations can also be used to
provide the appropriate feedback for obtaining equivalent
inductive or capacitive reactances; however, they are not
widely used in reactance circuits and will not be consider-
ed in this report for ,two reasons. First, inductors with
their associated distributed capacitance are susceptible to
spurious responses and coupling effects which are to be

avoided. Secondly, high-Q inductors are not consistent in
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size with other integrated components, and to use them
would rule out any possibility of producing a reactance

circuit which could be packaged in integrated form.
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Figure 4. (a) 1Inductive reactance circuit

employing an FET. (b) Dynamic equivalent
circuit,
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2. Approximate Analysis. For most field-effect

transistors, C.. and C are small, with values of only a

DG SG
few pico-farads. As a first approach to the analysis of

the circuit of Figure 4(b), assume Rl is chosen so that at

the frequency of interest,

‘ 1
R, X
1 ascDG

(9)

Then neglecting C and letting

DG

C =Cy + Cqq (10)

the equivalent circuit is simplified still further as shown
in Figure 5.
When a voltage v is applied between drajin and source,

the current i that flows is given by

i=gv _ +i (11)

m gs 1t 9ps¥

where i, is the current drawn by the feedback network.

1
IpsV is a purely in-phase component of current and its only
effect is to lower the effective Q. il serves mainly to
establish the gate voltage Vgs' and since it has a resistive
component of current, it should be kept as small as possible.
The current gmvgs must be the dominant portion of the total
current i. Since gmvgs is to be inductive, and it has the

same phase as Vgs' then vgs should lag v by approximately

90 degrees.
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Figure 6. Phasor diagram showing voltage and
current relationships in the simple
inductive circuit of Figure 5.
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and still meet the other conditions on Rl posed by (9) and

(12) . Therefore, the susceptance can be approximated by

B ~ - “m
o wCRr

(22)

Then, the approximate effective inductance and Q for the

reactance circuit are

CR
=1 1
Leff @B~ 3 (23)
(@] m
Qers . ?;OI ~ - 5 (24)
o we (1 + gdSRl'+ —§~%;—§)
w’c®r,

The accuracy of these approximate wvalues depends, of
course, on the validity of the assumptions (9), (12) and
(21). I and CDG will be fixed values for the device em-

ployved, while the product CR, is determined by the value
of Logf desired. At low frequencies it is probable that

values of R, and C, can be chosen such that these approxi-

1 1

mated solutions are valid, and still obtain moderate values
of effective inductance. At higher frequencies, Ry and Cy
could be selected to satisfy (9) and (12), but the value of
R1 would be small and (21) would no longer be valid. Even
though these solutions are not accurate at higher frequen-
cies, they will still provide time-saving estimates for
initial consideration in the design,

As mentioned previously, the circuit of Figure 4(a)

can be changed into a capacitive reactance circuit by

reversing the positions of Rl and Cl. The resulting equiv-~
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Figure 8. (a) Approximate form of the equivalent
circuit shown in Figure 7. (b) Phasor
diagram of voltage and current rela-
tionships in this circuit.
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3. Exact Analysis. At frequencies of interest in

this report, the assumptions made in the preceeding Section
are not generally valid and exact solutions of the circuit . |
models are required.

: When the inductive circuit of Figure 4 (b) is solved

|

without simplification, the output admittance becomes

gz, + 1
m”2 i
Y =g + —— (32)
o) DS Zl + 22
where

. 1

1 R, - 3 1
1 wCDG
. 1

2 w(cl + cSG ;

Substituting (33) and (34) into (32), and separating the

resulting expression into real and imaginary parts, yields

2 2 2 2
gm(l+Rl w CDGCT) + Rfu (cl+CSG)
o = 9ps * 3 2. 2 (35)
= Al
1 Rl [0 CT
w(C,+C..) (1-g R, +R 2w2c C..)
B = 1"~sG Im™1T DG™T (36)
o 22 2
1 + R, "W cT
where
cT = cl + cSG + CDG (37)

The effective inductance and guality factor are then given

22 )







Substituting these expressions into (32), and separating
the result into its real and imaginary components produces
rather lengthy expressions for the conductance and suscept-

ance. These expressions are shortened by letting

1

X, = o (42)
1 w(cl+cDG)
1
2 WCg
thus producing
~ RiX, [(xl+x2)(ngl+1) - xl]
o = 9pg * 3.2 2 2 (44)
Xl x2 + Rl (Xl+X2)
2 2 .2
_ Rl (Xl+x2) + Xl X2 (ngl+l)
By = 2 .2 5 2 (45)
X" X, + RJ (Xl+X2)

The effective capacitance and its quality factor are then
given by

2 2
Rl (Xl+X2) + Xlx2 (g_R,+1)

m 1
eff [ 2.2 2 2]
w Xl x2 + Rl (xl+X2)
R2(X+X) +XX2(gR+l)
1 1 "2 12 m 1
Qerf

- 2.2 2 2] [ ~
gDS[Xl x2 +Rl(Xl+X2) + R1X2 (Xl+X2) (ngl+l) Xl]

(47)
Although difficult to see in this form, these equations
will reduce to the approximate relations of (30) and (31)

respectively, if the appropriate assumptions are made.
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to the reactance of C' is increased so that the phase angle
between v and vgs becomes more nearly 90 degrees, the mag-
nitude of vgs is reduced. Thus, high values of Q would be
possible only for very small values of equivalent induct-
ance. There is, however, the ever present current through
Ips which. remains constant for a given operating point and
applied voltage v. This in-phase current greatly reduces
the values of Q attainable even at small values of equival-
ent inductance.

Ips for most field-effect transistors is somewhat
greater than l/rp for a pentode vacuum tube, while I is of
the same order for both. Since only moderate Q values are
obtained with similar circuits employing vacuum tubes, the
Q values expected here will be even less. An equivalent
argument arriving at the same conclusions can be carried
out for the capacitive circuit of Figure 8(a). Therefore,
it is seen that these simple reactance circuits, although
capable of producing fairly large values of effective in-
ductance or capacitance, will always exhibit low values of
Q. Their applications are thus limited to circuits where

this loss can be tolerated.

D. Reactance Circuits with Higher Q

1. General. To obtain higher Qs than these simple
reactance circuits will afford, it is necessary to reduce
or compensate for some of the losses. One method for doing

this is to use a feedback network capable of producing a
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find this optimum combination of values. However, if the
design curves described in a preceeding paragraph are ob-
tained for various values of m, they will indicate that
some values of m produce a less sensitive value of vy than
others. Thereby, at least some consideration of the sensi-
tivity problem can be incorporated in the initial design.
When these feedback networks are used in conjunction
with a field-effect transistor to obtain a reactance cir-
cuit, the junction capacitances of the device will become
part of the total feedback network, and affect the voltage
appearing at the gate. Whether or not these capacitances
can be ignored depends upon the values of the network ele-
ments and the frequency of operation. Since it was stipu-
lated earlier that relatively large resistances and small
capacitances should be used to keep the current drawn by the
feedback network small, and since the frequencies of inter-
est are higher frequencies, then in general the junction ca-
pacitances cannot be ignored. In this case an approximate

analysis would be almost useless; hence, these reactance

circuits will be treated only in an exact form.

2. Capacitive Reactance Circuit. Figure 10(a) shows

a capacitive reactance circuit employing the second-order,
R-C, phase-shift network of Figure 9(a). Components C3, C4,
Rg and the choke again serve only to properly bias the FET,
and it is assumed that their values can be chosen so that
they may be neglected at the frequency of operation. The

equivalent dynamic model of this circuit will then be as
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Figure 10. (a) Ceapacitive reactance circuit
employing a second-order R-C feedback
network. (b) Dynamic equivalent
circuit.
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Figure 12. General impedance bridge showing
loop currents used in the analysis.
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and these real and imaginary components will be directly
available from the design data. Writing this in terms of

the effective capacitance and Q yields

1 :
Cefr = a!Im(gmvgs + ll) (67)
0 = Im(gmvgs i ll). (68)
eff Ipg * Re(gmvgs + 11)

It is desirable to make G, as small as possible to
obtain high Q, but it must never be allowed to go negative
or oscillations will result. By letting the Re(vgs + il)
go negative, it subtracts from the positive conductance of
Ips* and higher values of Q are obtained. The stability

limit that must not be exceeded is
. s _
Re(gmvgs + ll) gDS (69)

It must be pointed out that when this capacitive reactance
circuit is used in conjunction with a real inductor which

has a finite conductance Iy, the stability limit becomes

Re(g v + il) = + ) (70)

m'gs ~(gpg * 9y,

The negative conductance of the reactance circuit can thus
provide Q multiplication8 in the ciréuit where it is
employed.

For a given value of the tapering parameter m, it may
not be possible to select values of R and C which will pro-
vide specified values of both Cofs and Qeff' Without going

to a different value of m, a compromise can be made depend-
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Figure 13. (a) Inductive reactance circuit employing :
second-order R-C feedback network. (b) Dyn:
equivalent circuit.
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Figure 14. Bridge network in the circuit of
Figure 13.
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ITI. EXPERIMENTAL RESULTS

A. Measuring Technique

l. Q-Meter. Prior to the actual fabrication of a
reactance circuit, a method for measuring its properties
had to be selected. The frequencies of interest were in
the 200-250 Khz range, where a possibility exists for em-
ploying these reactance circuits in teletype applications.
A standard Q-meter appeared to be the simplest and most di-
rect means of measuring an equivalent dynamic inductance or
capacitance and its associated quality factor. The instru-
ment selected was a Boonton Q-Meter type 260-A, which offer-
ed operating frequencies in the range of interest.

The measuring principle of this instrument is based on
a familiar characteristic of series-resonant circuits;
namely, that the magnitude of the voltage appearing across
either reactor is equal to the voltage applied to the cir-
cuit multiplied by the circuit Q.9 Referring to Figure 15,
the voltage is applied across a 0.02-ohm resistor, and a
calibrated, internal, vacuum-tube voltmeter is used to
measure the voltage appearing across one of the reactances,
CQ is an internal capacitor of the Q-meter which is varied
to establish resonance in the measuring circuit. Its dial
is calibrated to read capacitance, but will also give
direct readings of inductance at certain frequencies. One
of thesé frequencies is 250 Khz, and to take advantage of
any simplificétion which might result in the measuring pro-

cess, this frequency was used for all of the reactance cir-

culit measurements.
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Figure 16. Varactor measuring circuit.

The equivalent circuit of the reactance measured be-
tween the HI-GND terminals is shown in Figure 17, if the
entire circuit is removed in the measuring process. It
would be more realistic to measure the properties of a
varactor in this manner, because an associated bias circuit
is always required. However, it is desired here to obtain
values of C, and QV for comparison with the manufacturer's
specifications and thus prove or disprove the validity of

this measuring technique.

-
N

—— Cy Ry 2Ma i: Cs-hrag

£
<

Figure 17. Equivalent circuit of the varactor
and its biasing network.
If the circuit remains connected during the measuring
process, and only the varactor is removed, an accurate
value of CV will be obtained. The measured value of QV

will be correct only if R <2 MQ, but at 250 Khz, R will
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Figure 26. Curves of complex vgg for constant values of C
and varying values of R, for the bridge circuit
shown in Figure 25, when v is 1.0 volts. Horizont-
al scale is .03 volts/inch. Vertical scale is
0.5 volts/inch.
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31 CALL DRAW (20,X0,c0,1,1,LABELl,ITITLE,.3,.2E-10,0,
1 7,2,2,7,15,1,L)
GO TO 30
32 CALL DRAW (20,X0,CO0,3,3,LABEL3,ITITLE,.3,.2E-10,0,
1 7,2,2,7,15,1,L)
30 CONTINUE
DO 50 J=2,4
DO 60 N=1,20
X0 (N) X(J,N)
QO (N) Q(J,N)
60 CONTINUE
IF (J .EQ. 2) GO TO 51
IF (J .EQ. 4) GO TO 52
CALL DRAW (20,X0,Q0,2,2,LABEL5,JTITLE,.3,1.,0,7,2,
1 2,7,10,1,L)
GO TO 50
51 CALL DRAW (20,X0,00,1,1,LABEI4,JTITLE, .3,1.,0,7,2,
1 2,7,10,1,L)
GO TO 50
52 CALL DRAW (20,X0,00,3,3,LABEL6,J7 ILE,.3,1.,0,7,2,
1 2,7,10,1,L)
50 CONTINUE
IF (K .EQ. 0) GO TO 1
100 FORMAT (4E10.3, I5)
101 FORMAT (1F10.1, 2E10.3)
200 FORMAT (1H1l,T1l0,'R',T25,'CSG',T40,'L',T55,'F',/)
201 FORMAT (4El5.5)
202 FORMAT (/,T9,'CDG =',1lElO.3,//,T1l0,'GM',T25,"'GDS"',
1T40, 'VGS',T55, 'Go',T70, 'BO',T85, 'CEFF',T100, 'QEFF', /)
203 FORMAT (7El5.5)
STOP
END
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