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A 1.1 GHz fully integrated GaAs MESFET active inductor
is presented. Both the inductance and loss resistance are
tunable with the inductance independent of series loss
tuning. The measured loss resistance is tunable over a —10
Q2 to +15 Q range with a corresponding change in inductance
of less than 10% at 100 MHz and less than 4% for frequen-
cies above 500 MHz for capacitive tuning. The inductance
is tunable from 65 nH to 90 nH. The measured loss resis-
tance is shown to be dc bias voltage tunable over a 0 to +10
Q2 range with an inductance tunable from 55 nH to 110 nH,
with negligible interaction between loss resistance and
inductance for frequencies from 100 MHz to 1.1 GHz.
Several embodiments a using MESFETs and MOSFETs are
described. A negative impedance converter is included to
achieve increased bandwidth in all circuit realizations. Con-
siderably larger bandwidths can be achieved depending on
the fabrication technology employed and the intended appli-
cation of the circuit.

ABSTRACT

10 Claims, 22 Drawing Sheets
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FIG. 3
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1
ACTIVE TUNABLE INDUCTOR

FIELD OF THE INVENTION

This invention relates to tunable active inductors, particu-
larly active inductors made using a monolithic radio fre-
quency integrated circuit (RFIC).

BACKGROUND OF THE INVENTION

A significant restraint in RF and microwave IC design
stems from the difficulty in realizing an integrated passive
inductor with sufficiently high Q over a broad bandwidth.
Large space requirements, low inductance values and low Q
factors make these inductors unsuitable for precision appli-
cations.

Active designs have allowed larger inductance values to
be realized. However, the active inductors published to date
are limited in that they are often not tunable. When induc-
tance tuning is introduced, the Q factor usually shows a
strong dependence on both the tuning parameter and the
frequency of operation. As a result, tuning both the induc-
tance and the Q factor requires an iterative tuning procedure.

A Q-enhancing technique has been described by
Tokumitsu et al in [1]. In this design a cascode FET
arrangement with resistive feedback is used such that when
the FETs are matched, the active inductor’s loss resistance
can be canceled. The resistive feedback described in [1] was
replaced with a common gate FET in [2] which offered
improved Q factor. everHow, tuning of Q of the inductance
was not easily accomplished.

Alinikula et al [3] described an alternative topology to
that given in [2] which offered greater tuning flexibility.
With this technique the effect of finite channel conductance,
84> was examined and a design was proposed which mini-
mized sensitivity to g,.. Using a FET operating in its linear
region as a variable resistor, the frequency at which maxi-
mum Q occurred could be controlled. For narrow band-
widths the Q factor approached 500, however, the loss
resistance showed a strong frequency dependence.

A resonator design described by Haigh [4] introduced
tuning of both the resonant frequency and the Q factor. A
resonant circuit was formed by using two integrators termi-
nated in a capacitance and connected in a feedback loop.
Although the resonant frequency remained independent of Q
tuning, the circuit showed a large loss resistance for fre-
quencies below the resonant frequency.

Tuning control of both inductance and Q factor was also
reported in a topology proposed by Lucyszyn and Robertson
[5]- This design simulated an inductance that was adjustable
over a narrow range of values by changing the gate bias
voltage of a single FET. The Q factor could also be tuned to
be maximum at an arbitrary frequency. However, as with the
previous design, the loss resistance showed an appreciable
frequency dependence resulting in very narrow band per-
formance.

A more recent design presented by Yong-Ho et al [6]
expanded on a common Q enhancement technique using a
single FET with lossy inductive feedback. Instead of using
a passive feedback inductor, an active inductor circuit was
used in this design. The inductance was made tunable over
a wide range by varying the loss resistance of the active
feedback circuit. Tuning of the Q factor was accomplished
by varying the positive supply voltage for all FETs and could
only be set to infinity for a narrow band of frequencies. The
loss resistance also varied over a wide range for frequencies
outside of this narrow band.
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SUMMARY OF THE INVENTION

In this patent document, a novel design for an active
inductor is presented with more flexible tuning control than
the prior art just described. It is an object of the invention to
provide a series loss resistance of the simulated inductance
that is frequency independent over a wide bandwidth. This
constant resistance can be varied over a broad range of both
positive and negative values with negligible impact on the
effective inductance of the circuit. The inductance realized
by the circuit is also tunable and remains independent of
series loss tuning.

Thus, an active inductor is provided preferably imple-
mented as a fully integrated GaAs MESFET active inductor.

Both the inductance and loss resistance are tunable with
the inductance independent of series loss tuning. DC tuning
of the loss resistance can also be achieved with complete
independence of the loss resistance and inductance.

Bandwidth of the active inductor may be selected accord-
ing to the fabrication technology employed and the intended
application of the circuit.

According to an aspect of the invention, there is thus
provided an active inductor formed as a monolithic inte-
grated circuit. The active inductor has an input impedance
that simulates an inductance with a loss resistance. The
active inductor comprises a first capacitor and a second
capacitor connected at a common voltage point V,, and each
of the first capacitor and second capacitor being
ungrounded. Circuit elements are arranged about the capaci-
tors to provide voltage differentials across the capacitors, the
voltage differentials being selected so that the loss resistance
of the active inductor is tunable independently of the induc-
tance of the active inductor. The circuit elements are pref-
erably controlled sources, and the controlled sources are
preferably implemented as MESFETs.

According to a further aspect of the invention, a negative
impedance circuit is provided in parallel with the input of the
active inductor. This increases the bandwidth of the active
inductor.

These and other aspects of the invention are described in
the detailed description of the invention and claimed in the
claims that follow.
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BRIEF DESCRIPTION OF THE DRAWINGS

There will now be described preferred embodiments of
the invention, with reference to the drawings, by way of
illustration only and not with the intention of limiting the
scope of the invention, in which like numerals denote like
elements and in which:

FIG. 1 shows a controlled source schematic of a first
embodiment of an active inductor according to the inven-
tion;

FIG. 2 is a circuit showing a realization of the first
embodiment using MESFETs;

FIG. 3 is a graph showing measured effect of varying the
Q tuning capacitor C2 in FIGS. 1 and 2;

FIG. 4 is a graph showing measured, simulated and
theoretical effective loss resistance tuning range as a func-
tion of C2 in FIGS. 1 and 2;

FIG. 5 is a graph showing simulated and measured effect
of varying the inductance tuning capacitor C, in FIGS. 1 and
2;

FIG. 6 is a graph showing measured, simulated and
theoretical inductance tuning range as a function of C, in
FIGS. 1 and 2;

FIG. 7 is a schematic showing bandwidth limiting FET
parasitic capacitors in the embodiment of FIGS. 1 and 2;

FIG. 8 is a controlled source schematic of a second
embodiment of the invention;

FIG. 9 is an implementation of the embodiment of FIG. 8
using MOSFETs;

FIG. 10 is a schematic showing a third embodiment of the
invention in which gate bias is used to tune inductance and
loss resistance;

FIG. 11 is a graph showing the measured and simulated
effect of varying the inductance tuning voltage V., in FIGS.
1 and 2;

FIG. 12 is a graph showing the measured effect of varying
the loss resistance tuning voltage V, in FIGS. 1 and 2;

FIG. 13 is a controlled source schematic of a negative
impedance circuit for use with the invention; and

FIG. 14 is a realization of the embodiment of FIG. 13
using MESFETs.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In this patent document, “comprising” means “including”,
and does not exclude other elements being present. In
addition, a reference to an element by the indefinite article
“a” does not exclude the possibility that more than one of
that element is present. A capacitor is any device that
provides capacitance in a circuit.

FIG. 1 shows a controlled source format of an embodi-
ment of a circuit for carrying out the invention. The con-
trolled sources CS1-CS8 can be realize with a variety of
transistors or other circuits, ie. MOS, bipolar, etc. The active
inductor shown in FIG. 1 is preferably formed as a mono-
lithic integrated circuit. The controlled sources are prefer-
ably MESFETs as shown in FIG. 2. The active inductor
shown in FIGS. 1 and 2 has an input impedance that
simulates an inductance with a loss resistance. As shown in
FIGS. 1 and 2, a capacitor C; and a capacitor C, are
connected at a common voltage point V,. Capacitor C, is
separated from ground by a controlled source CS1, and
capacitor C, is separated from ground by a controlled source
CS5. Circuit elements formed of controlled sources
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CS1-CS8 (equivalent to MESFETs M1-M8 in FIG. 2) are
arranged about the capacitors C; and C, to provide voltage
differentials across the capacitors C; and C, such that the
loss resistance is tunable independently of the inductance of
the active inductor. The circuit elements include a first
controlled source CS1 (implemented with MESFET MI in
FIG. 2) connected between capacitor C; and ground, and a
second controlled source CS2 (implemented with MESFET
M2 in FIG. 2) connected across the capacitor C, between the
first controlled source CS1 (drain of M7) and the common
voltage point V,. Controlled sources CS1-CS3 implemented
as MESFETs M1, M2 and M3 are connected in a common
source cascode arrangement. The drain of MESFET M3 is
connected to Vdd, and the common voltage point V, is
connected between controlled source CS3 (source of M3)
and controlled source CS2 (drain of M2). Plural controlled
sources CS5 and CS6 (implemented with M5, M6 and M9
in FIG. 2) are arranged as an inverting feedback loop such
that the voltage V; between the capacitor C, and the first
controlled source CS1 has the same poles as V,. An input
stage including controlled sources CS8, CS4 and CS7 is
arranged to set the input impedance proportional to the
difference between V, and V,,. Currents are arranged to flow
through the controlled sources according to the values
placed next to them in FIG. 1, where g, represents the
transconductance of controlled source x. In the case of the
MESFETs of FIG. 2, current flow is controlled by control-
ling the gate voltages.

From FIG. 1, the input impedance Z;, can be found from
straightforward nodal analysis. Small signal analysis of the
circuit gives V,, V, and V; as

(C18&ms —&m2C2 + jwC1 Cy)

Vi = Vi

1= 8m3Vin (Ajo+B)

(C1&ms +&m2C2 + jwC1 Cr)
V2 = gm3Vin -
(Ajw + B)

Ve s o iV (=Ci18ms +8m2Cr + jwC1 &)

3= &m3Vin (Ajo+B)
where

A= C1Co(gm2 + gm3 +28ms)

B =Calghs + gm2gms) + CL(gmsgm3 — Gmsgmz)

assuming that C; and C, are much larger than the parasitic
capacitances of each FET, preferably at least 10 times as
large. Both V; and V, are first order functions of the input
port voltage, V,,.

The feedback voltage V5 causes V, and V, to differ only
by a sign inverted term in their numerator terms. By sub-
tracting V, from V, only a single constant term remains in
the numerator expressions. Setting the small signal input
current equal to g,,(V,-V,), the simulated inductance of
the circuit, L, is given by
gm2 + gm3 + 28ms

Lsim = C1 5
Em28m38m4

which is independent of C, and tunable via C,, with a series
loss resistance given by

_ Sz + Em28m3

KCy
Rioss = 2 (
Em28m38m4

8m3 — 8m2 )
_C2 ms\ s ——————

28m28m38m4

which is frequency independent and tunable via C,.
K is a curve fitting constant where 0.3<K<0.4. For an
appropriate choice of FET dimensions, R, __ can be made

loss
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tunable over a wide range of both positive and negative
resistances. Since the simulated inductance is independent
of C,, the simulated inductance is independent of series loss
resistance tuning.

Similar characteristics can be obtained by using V5-V,),
etc. Various realizations of the circuit are possible. One
example of a realization is shown in FIG. 2. Both the
simulated inductance, L ,,,, and the series loss resistance,
R, are made tunable with two variable capacitors C; and
C,. If R, is to be tunable independently of the inductance,
the input impedance expression must be of the form

Z,=jOL(C1)+R 1pss(C1.C2)

which consists of an inductance, and a frequency indepen-
dent series resistance that are some function of the tuning
capacitors C; and C,. R, is determined by the capacitive
ratio C,/C, and the inductance is set by the absolute value
of capacitance C; or C,. The input impedance will depend
only on C; and C, provided they are much larger than the
FET parasitic capacitances, preferably at least 10 times as
large. This allows the two capacitors C; and C, shown in
FIG. 1 to be used for separate tuning of L., and R
respectively.

In FIG. 2, MESFETs M, M,, and M; are connected in a
common source cascode topology, with the gate of M,
connected to V,,, and the gate of M, grounded. MESFETS
M;, My and M, are also connected in a common source
cascode topology, and likewise MESFETs M, M, and Mg,
which form the input stage. Mg has its gate grounded, while
the gate of M, is connected to the common voltage point
between the capacitors C; and C,. The gate of M; is
connected between M; and M,. The common voltage point
V, is also connected to the gates of M, and Mg. The gate of
M, is connected to V, between the source of My and the
drain of M, The sources of M;, Mg and M, are all grounded.

With MESFETs M,, M, and M; in a common source
cascode topology as shown in FIG. 2, two voltages V,; and
V, are generated such that if the current into the input port,
i,,, 1s set proportional to V,-V, both L., and R, . will
depend on C, and C,.

Independence of the inductance from R, . can only be
achieved provided L,;,, does not depend on both C; and C,.
This is accomplished with the second cascode arrangement
consisting of My, Mg and M, used to form an inverting
feedback loop. The inverting feedback loop sets the gate
voltage of M, to V;, which is a phase shifted version of V;
resulting in V, and V, to have the same poles.

The input stage formed by M, M, and M, forms a voltage
to current conversion that sets the input impedance Z,,
proportional to V,—V,. M, sets the small signal input current
equal to g,,,(V,-V,) resulting in an input impedance with
resistive and inductive terms only and with the required
form given in the equation for input impedance. FET M, has
no effect on the feedback voltage V; and is only required to
set the gate voltage of M, to V=g (V,-V)), provided M,
and M, are matched. If M, and M, are matched, then the
voltage to current conversion given by M, M, and Mg has
no impact on node voltages V; or V, since M, injects a
current into node V, equal to that pulled from the node by
M

loss

-
FETs M, and Mg, are included to reduce the sensitivity of
Z,, to the high channel conductance of the input stage FETs.
Alternative stacked FET arrangements can be used to mini-
mize the effects of g, , and g, .. However, the proposed
topology reduces the number of FETs required as well as
minimizes the effects of M,’s capacitive parasitics.

In an actual realization of the embodiment of the inven-
tion shown in FIG. 2, a 1 um GaAs MESFET process was
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6

used resulting in a total chip area of 1.2 mmx1.7 mm for the
complete circuit. The test chip was wire bonded to a chip
carrier and the input impedance measurements were done
with an HP8510C Network analyzer interfaced through an
Elite Test jig.

In order to test the fabricated design, both the inductance
and Q tuning capacitors were built as an array of MIM
(metal-insulator-metal) capacitors each 30% of the nominal
value required for infinite Q. By connecting these smaller
capacitors in parallel, the initial capacitances of C; and C,
were each made 30% larger than required. When tuning the
input impedance each capacitor was reduced by small incre-
ments by progressively breaking air bridges supporting the
second metal layer between each sub-capacitor, effectively
removing it from the parallel connection.

With C, fixed to give a constant inductance, C, was
lowered in small decrements resulting in the set of imped-
ance plots shown in FIG. 3. Initially C, was larger than
required for infinite Q causing the first impedance measured
to have a large positive loss resistance (+15 ) as predicted
by the equation for series loss resistance. Decreasing C,
increased the Q factor, until sufficiently large Q was realized
as shown in FIG. 3.

Continuing to lower C, beyond this point makes the series
loss resistance negative in accordance with the equation for
series loss resistance. The wide loss resistance tuning range
is shown in FIG. 4 in comparison to the expected values
from both simulation and the equation for series loss resis-
tance. R, can be tuned over a 25 Q range of both positive
and negative resistances corresponding to a 9.3 pF change in
C..

The measured series loss resistance is a nearly linear
function of the tuning capacitor C,. This linearity is main-
tained for negative series resistances when C, is further
decreased below 10 pF. Below 9 pF the assumption that C,
is much larger than the sum of parasitic capacitances is no
longer valid and R, predicted by the equation for series
loss resistance begins to diverge from measured and simu-
lation results shown in FIG. 4.

FIG. 5 shows the effects of the parameter K in the
equation for series loss resistance. This parameter allows the
effects of the large FET channel conductances to be modeled
without complicating the expression.

Tuning of the inductance is accomplished by varying C;.
As C, was varied, the ratio C,/C, was held constant. This
ensures that R, .. stays constant in accordance with the
equations for simulated inductance and series loss resistance
since R, is determined by the ratio C,/C,.

Different inductance values were measured and plotted to
give the set of curves shown in FIG. 5. The good agreement
between the simulations and the measurements was obtained
by adjusting the DC gate bias slightly to account for a wide
variation in the saturated drain current of the FETs between
test chips. The effective bandwidth of each inductance was
not affected by tuning of either C; or C,. The measured
inductance tuning range is shown in FIG. 6 with expected
values from simulation and the equation for simulated
inductance. As in the case of loss resistance tuning, the
inductance dependence on C; is also approximately a linear
function.

FIG. 6 also shows the expected L;,, when the maximum
drain current for a given FET geometry, I, is 5% below the
nominal value for the process. As shown, the dynamic
tuning range of L, is not altered by variations in I . The
wider dynamic range measured can be reflected in the
simulations by changing the DC bias conditions in the
simulations. The smaller tuning range given by the equation
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for simulated inductance is a result of neglecting the large
channel conductance of the FETs. As shown in FIG. 4 and
FIG. 6 the equations for simulated inductance and series loss
resistance are reasonably accurate given their simplicity and
proved useful throughout the design of the circuit. Simula-
tion results show that a method of electronic tuning can be
easily introduced without compromising tuning range by
replacing both C, and C, with varactor diodes. Since neither
capacitor is grounded, each varactor diode must be placed in
series with a fixed capacitance for DC blocking.

In conclusion, for the embodiment of FIG. 2, measure-
ment results confirm the tuning control of both the induc-
tance and loss resistance and the independence of the
inductance from loss resistance tuning. Simple analytical
expressions have been presented for both the inductance and
the series loss resistance. Analytic predictions and simula-
tions were found to be in good agreement with measured
results. Electronic tuning of both the inductance and loss
resistance can be achieved with varactor diodes or gate
voltage tuning.

A second active inductor according to the invention is
shown in FIGS. 8 and 9. FIG. 8 shows a controlled source
format, while FIG. 9 shows a realization. Controlled sources
CS1, CS2, CS3 and CS4 in FIG. 8 are connected in a
common source cascode arrangement, with the source of
CS1 and the drain of CS3 both grounded, and with input
voltage provided between CS4 and CS2. Capacitors C, and
C, are connected to a common voltage point V, between
CS3 and CS4. Capacitor C, is placed across the controlled
sources CS2 and CS4, while capacitor C, is isolated from
ground by controlled source CSS5, and capacitor C, by CS1.
When the currents are set through the controlled sources as
shown in FIG. 9, the input impedance is given by

Colgmz + &ma + Zm. 1 1 ¢C
2(gm2 + gms g5)]+_+ (2 ]
8m3

Ziy = jw( — -1
8m38ma8ms 8ma

o]

In this case, the inductance is tunable using C,, and the loss
resistance is independently tunable using C,.

In the realization given in FIG. 9, MOSFETs M1, M2, M3
and M4 correspond to controlled sources CS1, CS2, CS3
and CS4 respectfullyy. MOSFET MS corresponds to con-
trolled source CS5. MOSFETs M7 and M8 are provided to
set the gate voltage of MOSFETs M1 and M2 to achieve the
controlled sources specified in FIG. 8. The gate of MOSFET
M8 is grounded, and the gates of MOSFETs M3 and M4 are
tied to the voltage point V5, which is connected to the drain
of MOSFET MS5.

FIG. 1 is an ideal representation. If drain-source output
conductances are taken into account (ie if voltage-sensitive
resistors are placed across each controlled source in the
diagram), then it is possible to get a lossy inductor where the
inductance and loss resistance can be independently varied
by adjusting two bias voltages in the circuit. The range of
adjustment is significantly better in this case (a factor of two
larger) and the inductance and loss resistance can be tuned
completely independently of each other. Adjustment of bias
voltages has advantages over use of variable capacitors. The
active inductor using adjustment of bias voltages is shown in
FIG. 10. Measured results for the MESFET realization in
FIG. 10 are shown in FIGS. 11 and 12.

The embodiment of the invention shown in FIG. 10 has
the same general form as FIG. 1 and FIG. 2. Capacitors C;
and C, are connected in the same way to the cascode as the
capacitors C,; and C, in FIGS. 1 and 2. The gate of M, is
provided with an adjustable bias voltage through resistance
R, and variable voltage V. The gate of M, is provided
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with an adjustable bias voltage through resistance R, and
variable voltage V. Tuning of inductance is achieved by
varying the bias voltage Vs, on the gate of MESFET M,.
Tuning of loss resistance is achieved by varying the bias
voltage Vs, on the gate of MESFET M,.

Each MESFET has an output conductance that can be
varied by varying that transistor’s dc gate voltage. For
MESFETs, the output conductance can be made quite sen-
sitive to the dc gate voltage by operating at small bias
currents. The output conductance can also be made to be
quite insensitive to dc gate voltage by operating at large bias
currents, which is useful for capacitive tuning.

Analysis, simulation and measurement results have
shown that the active inductor equivalent circuit of FIGS. 1
and 2 is an inductor in parallel with a fixed low loss
capacitance for frequencies approaching 10 GHz. It is this
small capacitance that limits the resonant frequency of the
active inductor to 1.1 GHz. Simulations show that the circuit
behaves as an ideal inductor when this capacitance is
removed or significantly reduced. According to simulation
experiments, this range can be increased to 3.3 GHz by
placing a negative impedance converter in parallel with the
input to the inductor. The negative impedance converter is
shown in FIGS. 13 and 14.

Analysis and simulation results confirm that it is the
capacitive parasitics of FETs M5 and Mg that collectively
appear as an equivalent capacitance, C,,, to ground as
shown in FIG. 7. C,4, C,_ 4 and C_ 4 shown in FIG. 7 are
negligible in comparison to C,; and thus C,; dominates the
high frequency performance of the circuit. The active induc-
tor’s input impedance can be arranged to have very low
sensitivities to the remaining FET parasitics including large
channel conductance and other FET capacitances. The effect
of C,,, can be reduced in several ways to considerably extend
the effective bandwidth of the inductor. Since a channel
length of 1 um was used for all FETs in the MESFET
embodiment shown in FIG. 2, the gate width required for a
reasonable transconductance was also large, resulting in
gate-to-source capacitances of the order of 0.6 pF. Simula-
tion results show that a submicron process with a gate length
less than 0.5 um increases the inductor’s effective bandwidth
as a result of significantly lower gate-to-source capacitances.
Alternatively, a negative impedance converter or NIC at the
input port may be used. The tunable negative capacitance
with sufficiently low conductive loss provides useful inde-
pendent tuning of the parallel capacitance or complete
removal if desired. If the inductor is used in applications
requiring an LC resonator, C,,, is desirable and can be left
alone without any consequence to circuit performance.

Referring to FIG. 13, an exemplary negative impedance
converter is shown, which is provided connected in parallel
to the input of the circuit shown in FIG. 1. The negative
impedance converter is formed from a series connected
controlled source CS1, a complex impedance Z1, a con-
trolled source CS3, a second complex impedance Z2 and a
third controlled source CS2. The controlled sources are
arranged to have the currents specified in the figure. A
realization is shown in FIG. 14. MESFETs M1, M2 and M3
are the controlled sources CS1, CS2 and CS3. The voltage
at the gate of M2 is set by V,,,. The voltage at the gate of M1
is set by the voltage between the drain of M3 and impedance
Z2. The voltage at the gate of M3 is set to ground. The
operation of the negative impedance converter is conven-
tional in itself but the arrangement provides improved
bandwidth when used in association with the active tunable
inductor described here. The input impedance of the NIC is
given by
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The capacitors C; and C, in FIG. 1 may be implemented
as enhanced FET parasitics, but this implementation is not
preferred. In addition, C; and C, could be implemented by
transistors. It is believed that the bandwidth of the active
tunable inductor is limited only by available electronics, and
ranges from 1 MHz to over 3 GHz.

Immaterial modifications may be made to the invention
described here without departing from the essence of the
invention.

What is claimed is:

1. An active inductor formed as a monolithic integrated
circuit, the active inductor having an input impedance that
simulates an inductance with a loss resistance, and the active
inductor comprising:

a first capacitor and a second capacitor connected at a
common voltage point (V,), and each of the first
capacitor and second capacitor being ungrounded; and

circuit elements arranged about the capacitors to provide
voltage differentials across the capacitors, the voltage
differentials being selected so that the inductance of the
active inductor is tunable independently of the loss
resistance of the active inductor.

2. The active inductor of claim 1 in which the circuit

elements comprise:

a first controlled source connected between the first
capacitor and ground;

a second controlled source connected across the first
capacitor between the first controlled source and the
common voltage point;

plural controlled sources arranged to provide an inverting
feedback loop such that the voltage (V,) between the
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first capacitor and the first controlled source has the
same poles as (V,) and

an input stage including a controlled source that sets the
input impedance proportional to the difference between
(V) and (V).

3. The active inductor of claim 1 or 2 in which the
capacitors are variable capacitors, and the inductance is
tunable by varying the capacitance of one of the first
capacitor and the second capacitor.

4. The active inductor of claim 3 in which the loss
resistance is tunable by varying the capacitance of the
second capacitor.

5. The active inductor of claim 2 in which the circuit
elements are MESFETs, the MESFETs each having a
transconductance and a gate bias.

6. The active inductor of claim 5§ in which the loss
resistance is tunable by varying the gate bias on the first
controlled source.

7. The active inductor of claim 6 in which the inductance
is tunable by varying the gate bias on the controlled source
in the input stage.

8. The active inductor of claim 2 in which the first
controlled source, the second controlled source, the plural
controlled sources arranged to form an inverting feedback
loop and the controlled source in the input state are each
MESFETs.

9. The active inductor of claim 1 in which the active
inductor is provided with an input stage, and a negative
impedance circuit is connected in parallel with the input
stage.

10. The active inductor of claim 2 in which a negative
impedance circuit is connected in parallel with the input
stage.



