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Abstract—A 1.1-GHz fully integrated GaAs MESFET active in-  resistor, the frequency at which maximugh occurred could
ductor is presented in this paper. Both the inductance and loss pe controlled. For narrow bandwidths, tefactor approached

resistance are tunable with the inductance independent of series 500, however, the loss resistance showed a strong frequency
loss tuning. The measured loss resistance is tunable overal0- to dep,endence '

415 range with a corresponding change in inductance of less . ) . .
than 10% at 100 MHz and less than 4% for frequencies above A novel resonator design described by Haigh [5] introduced

500 MHz. The inductance is tunable from 65 to 90 nH. Consid- tuning of both the resonant frequency and éhéactor. A res-
erably larger bandwidths can be achieved depending on the fab- gnant circuit was formed by using two integrators terminated
rication technology employed and the intended application of the in a capacitance and connected in a feedback loop. Although

circuit. i ] g
Index T _ active ind GaAs. MESFET. MMIC the resonant frequency remained independerd ¢dining, the
ablg ex Terms—Active inductor, S: ' »WUN- Gireuit showed a large loss resistance for frequencies below the

resonant frequency.
Tuning control of both inductance arglfactor was also re-
. INTRODUCTION ported in a novel topology proposed by Lucyszyn and Robertson

SIGNIFICANT restraint in monolithic-microwave inte- [6]- This design simulated an inductance that was adjustable
A grated-circuit (MMIC) design stems from the difficulty inOVer & narrow range of values by changing the gate bias voltage
realizing an integrated passive inductor with sufficiently high Of @ single FET. The? factor could also be tuned to be max-
over a broad bandwidth. Large space requirements, low inddf@um at an arbitrary frequency. However, as with the previous
tance values, and lo@ factors make these inductors unsuitabl€€sign, the loss resistance showed an appreciable frequency de-
for precision applications. pendence resulting in very narrow-band performance.

Active designs have allowed larger inductance values to be reA more recent design presented by Yong-etoal. [7] ex-
alized. However, the active inductors published to date are lif\@nded on a commo? enhancement technique using a single
ited in that they are often not tunable. When inductance tunifife T With lossy inductive feedback. Instead of using a passive
is introduced, the) factor usually shows a strong dependend‘@edback inductor, an active inductor circuit was used in this
on both the tuning parameter and frequency of operation. Agl@sign. The inductance was made tunable over a wide range by
result, tuning both the inductance and tBdactor requires an varying the loss resistance of the active feedback circuit. Tuning
iterative tuning procedure. of the @ factor was accomplished by varying the positive supply

One of the most notabl@-enhancing techniques has been dé&wltage for all FET's and could only be set to infinity for a
scribed by Tokumitset al.in [1]. In this design, a cascode FETnarrow band of frequencies. The loss resistance also varied over
arrangement with resistive feedback is used such that when &hwide range for frequencies outside of this narrow band.

FET’s are matched, the active inductor’s loss resistance can b&ussman—Forét al. [8] proposed a unique compensation
canceled. The resistive feedback described in [1] was repladedhnique to realize a gyrator with reduced parasitic effects
with a common-gate FET in [2], which offered improvéll by replacing the terminating impedance with a pas$\eC
factor. However, tuning of) or the inductance was not easilynetwork. Simulation results confirmed circuit operation as
accomplished. an active inductor over a frequency range from 1 to 3 GHz;

Alinikula et al.[3], [4] described an alternative topology tohowever, the passivRLC network needed to terminate the
that given in [2], which offered greater tuning flexibility. With gyrator is difficult to fully integrate given the high tolerance of
this technique, the effect of finite channel conductamgevas passive components on chip. This is further complicated by the
examined and a design was proposed that minimized sensitiviged for passive inductors in the terminating impedance, which
to gas. Using an FET operating in its linear region as a variabietroduce significant parasitics, thus requiring an iterative

procedure to design the gyrator’s passive load.
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v C; andCs. The input impedance will depend primarily én
and C, provided they are much larger than the FET parasitic
capacitances. This allows the two capacitdysandCs, shown
in Fig. 1, to be used for tuning di., andRj.ss whereR)qs; can

-
L M
M, fe— |— v, be controlled by’; andL., can be independently controlled by
; v, varying C; while keeping the rati@’; /C> constant.
L v
j

v Input Stage J

The circuit can be treated as two independent stages con-

9 sisting of a voltage-to-current conversion at the input and a

v six-FET frequency-dependent voltage generator, as shown in

Fig. 1. The circuit behaves as a gyrator with a tunable series loss
resistance wheré€’; is the terminating load whose impedance

M, : M, |« > M, is to be inverted.
|— 1— —| In order to realize an ideal gyrator, the small-signal input cur-
: renti;, must be proportional to the product of the port voltage
; vin and the terminating load impedanté(jwCi ). Realizing

such a circuit is simplified if a small-signal voltage can be gen-

erated that is proportional to the load impedance and is a linear

Recently, Sinskyet al. [11] presented simulation results forfunCtIon Ofvin. This allowsz?“ to be set as requ-|red. with asimple
Rl_tage to current conversion. For the circuitin Fig. 1, the neces-

a negative capacitance circuit using conventional second—gg .
eration current conveyor design techniques. Tunability of tarY frequency-dependent voltages are g|vembgnd1/2. The
g[erenceVQ — V1 is then converted to a proportional current

synthesized impedance could be introduced by replacing re ) ) )

tors in each circuit with an FET biased to give a variable resi Y the Input stage to sef, as _requwed.

tance. Each current conveyor was implemented as several cadVith My, M,, and Ms in a common-source cascode

caded MESFET’s such that the equivalent FET had significan }h(zaloc%’rzlntaiz(tjovfh(es?nop\)ﬁ? pl)r:)rglgi.sls)e?rp?rgsgﬁirg;?a\? t(sjl/chrthat
. . : . . - f

higher gain, thus approaching more ideal behavior of a curr  bOth Le,, and Rios. will depend on bottC; andCh.

conveyor. In order to get sufficiently high gain, however, eac )
current conveyor required large FET's with gatewidths of the Independence of the inductance frofl... can only be

order of 600:m, and two current conveyors were required i&ﬁhie\/ed providelz_(Lr:qddoe_tshnot depen(;j on bot;il and Cs. N
addition to off chip biasing components. is is accomplished with a second cascode arrangemen

consisting ofM5, Mg, and My used to form a feedback loop.

A thorough review of many classical two- and three-tran: . s .
sistor active inductor circuits in addition to several new topoIg]:hIS sets the gate voltage 8f, to Vs, which is a phase-shifted

gies has been given by El Khoury [12]. From first-order ana‘r(}ersion ofV1, causing the transfer functions from the input to

ysis, these circuits are capable of realizing both positive and and‘_/Q to have the same poles.

negative floating inductance values, but all are limited in their The input stage forme_d o7, M, a’.‘d MS’. forms a

tunability and exhibit many undesirable effects resulting fro%oltage-to-curren_t conversion that sets the input 'mpedme
inversely proportional td> — Vi. M, sets the small-signal

FET parasitics. nout i |t v V. lting | inout
In this paper, an alternative design is presented with map ot cUrrent equa ma(Va — V4), resulting in an input
pedance with resistive and inductive terms only and with

flexible tuning control. With this new technique, the series log . . .
resistance of the simulated inductance is frequencyindepenoI trequwed form given in (1). FEMs has no effect on the

over a wide bandwidth. This constant resistance can be var SdbaCk voltag&; and is only required to set the drain current

over a broad range of both positive and negative values wi M;;C;V:[qmzxr(VQm—tVé), dp;ﬁv'gfﬁ]\/g I?ndj\/% arerrmr?tmhis' :fi 0
negligible impact on the effective inductance of the circuit. Th i7a 4 are matched, then the voltage-to-current conversio

inductance realized by the circuit is also tunable and remai wen byM7, M4,_a_nd Ms has no _|mpact on node voltages
independent of series loss tuning. 1 or V5 since M, injects a current into nod®; equal to that

pulled from the node by/-.

FET's M, and Mg are included to reduce the sensitivity of
o _ Z;y to the high channel conductance of the input stage FET's.
A. Circuit Design Alternative stacked FET arrangements can be used to minimize

The schematic of the new active inductor is shown in Fig. the effects ofgq.« and ga.s. However, the proposed topology
Both the simulated inductande,, and the series loss resistancéeduces the number of FET's required, as well as minimizes the
Rioss are made tunable with two variable capacit6tsandC,. effects ofAZ,’s capacitive parasitics.

If Ry.ss IS to be tunable independently of the inductance, the

Fig. 1. Active inductor schematic without dc-bias components.

Il. DESIGN AND ANALYSIS

input impedance expression must be of the form B. Circuit Analysis
. From Fig. 1,Z;, can be found from straightforward nodal
Zin = jwLeq(C1) + Rioss(C1, C2) (1) analysis. Small-signal analysis of the circuit gitgsand Vs as
which consists of an inductance and a frequency-independent ~ 9m3Vin(C19ms — gm2C2 + jwC1Cs)

series resistance that are some function of the tuning capacitors L Ajw + B @
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_ grn3‘/in(clgrnf) + grnQCQ +jWC102)

v
2 Ajw+ B

(3
where

A= 0102(.97712 + 9m3 + 2.97715)
B= 02(.972712 + granrni&) + C(1 (grn()grni% - gnu’)gnﬂ)

assuming tha€; andC, are much larger than the parasitic ca-
pacitances of each FET. Both andV; are first-order functions
of the input port voltagé/;,,.

The feedback voltag®s causes (2) and (3) to differ only
by a sign inverted coefficient in their numerator terms. By sub-
tractingV; from V3, only a single constant term remains in the
numerator expressions, completely removing the inductor’s de-
pendence of’;. Setting the small-signal input current equal to
gma(V2 — V1), the equivalent inductance of the circiit, is
given by

gm2 + 9m3 + 2.97715
2977129771397714

Fig. 2. Die photograph of active inductor. Total area is 1.2 marh.7 mm.
Leq = C(1

(4)

which is tunable via®; with a series loss resistance given by

2 KC —
Rloss _ g;nQ +gn12.grn3 + 1 s < 9m3 9m2 ) (5) o
Im29m39m4 02 2,9771,2,9771,3,9771,4

which is frequency independent and tunable®a K is a di-
mensionless curve-fitting constant whéx8 < K < 0.4. This
parameter allows the effects of the large FET channel conduc
tances to be modeled without complicating the expression fo
Ryuss- Solving for Ryes UsingVy and Vs, given in (2) and (3), 0 Cr=16.5 pF

respectively, results in (5) wittkd' = 1. Simulation and mea- O C=122pF
surement, however, have shown that the collective effect of parz v gFi(l)g Pg
sitics can be accurately modeled with a smaller valuk sfnce ﬁ c22;9‘7' pg

the effect of parasitics is to change the valuépf;; for a given
value ofCs, but the tuning range ok, is not altered.

For an appropriate choice of FET dimensiofg,ss can be
made tunable over a wide range of both positive and negativ
resistances. Since (4) is independent’bf the simulated in- :
ductance is independent of series resistance turitpg, will \
also be independent df., tuning provided the rati@’; /C- is
held constant a€’; is varied.

» C;=9.2 pF
% Cy=8.7 pF

Fig. 3. Measured effect of varying th@ tuning capacitoC; (0.1 GHz <
f < 1GHz).

lll. REALIZATION AND PERFORMANCE

The layout of the active inductor is shown in Fig. 2. Autr  nection. AsC> was decreased?y.ss decreased in accordance
GaAs MESFET process was used resulting in a total chip anedh (5), eventually becoming negative. Similarly, @ was
of 1.2 mmx 1.7 mm for the complete circuit. The test chip waslecreasedL., decreased.
wire bonded to a chip carrier and the input impedance measureWith C; fixed to give a constant inductana@; was lowered
ments were done with an HP8510C Network Analyzer inteirn small decrements, resulting in the set of impedance plots
faced through an Elite Test jig. shown in Fig. 3. The initial value of’; caused the first

In order to test the fabricated design, both the induampedance measured to have a large positive loss resistance
tance and(@ tuning capacitors were built as an array of+15 ?), as predicted by (5). Decreasidg increased the)
metal-insulator-metal (MIM) capacitors, which, when corfactor, until a sufficiently low loss was realized, as shown in
nected in parallel, resulted in a capacitance valugfptarger Fig. 3. The simulation results corresponding to the same tuning
than that required for an infinit€) factor andC; set to its conditions are shown in Fig. 4.
largest value. When tuning the input impedance, each capacito€ontinuing to lowelC; beyond this point made the series loss
was then reduced in small increments by progressively breakiggistance negative in accordance with (5). The wide loss resis-
air bridges supporting the second metal layer between edahce tuning range is shown in Fig. 5 in comparison to the ex-
sub-capacitor, effectively removing it from the parallel conpected values from both simulation and (&).ss can be tuned
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O Cp=16.5pF
O Cp=122pF
v C=11.2pF
A Cp=10.2 pF -
O C=9.7pF
X C=9.2 pF
x C,=8.7 pF

Fig. 4. Simulated effect of varying th@ tuning capacitolC’; (0.1 GHz <  Fig. 6. Simulated and measured effect of varying the inductance tuning
f < 1 GHz). capacitorC; (0.1 GHz < f < 1 GHz).

20 %
—%—  Measured
> —©~  Simulation
—8— Eqgn (4)Nominal |dss y
.................... 85| —&— Ean (4)idss 5% below nominal |. ........ @
. - - - : !
] S : ; : :
E - 80 ........ . ........ JOIEIR TP 4 P o, SRR B>
O ol - MBS ] T : : . ;
~ =
2 =
° @
@ 5 b fo BT e | 75 ...........................................
10 |- “x o —»—  Measured
: : —©~  Simulation X : : :
/ : —8- Eqn (5)K=0.35 70 "7 .. b G T e
15 -0 R SRR —— Egn (5)K=0.32 p : : : :
: : ——  Egn (5)K=0.39
2 5 0 12 14 16 18 5 : ‘ ; : :
C2 (pF) 40 41 42 43 44 45 46
P C1 (oF)
Fig. 5. Effective loss resistance tuning range as a functiariof Fig. 7. Inductance tuning range as a functiorCaf.

over a 25¢) range of both positive and negative resistances camrresponding simulation results are also shown in Fig. 6 for

responding to a 9.3-pF changed’. The measured and sim-the same tuning conditions. The excellent agreement between

ulated series loss resistances are a near-linear function of tive simulations and measurements was obtained by adjusting

tuning capacito€s. Below 9 pF, the assumption th@t is much the dc gate bias slightly to account for a wide variation in the

larger than the sum of parasitic capacitances is no longer vabdjurated drain current of the FET’s between test chips.

and i), predicted by (5) begins to diverge from measured and The self-resonant frequency of each inductance value mea-

simulation results, as shown in Fig. 5. As shown, the effect sfired was not affected by tuning 6%. The measured induc-

K in (5) is to shift the entireR.s; curve vertically while pre- tance tuning range is shown in Fig. 7 along with expected values

serving the effective tuning range &5 is varied. from simulation and (4). As in the case of loss resistance tuning,
Tuning of the inductance is accomplished by varyiiig As  the inductance dependence@nis also approximately a linear

C was varied, the rati@¢’; /C» was held constant to ensure thafunction.

Ry stayed constant. Different inductance values were mea-ig. 7 also shows the expectéd, whenl,,, is 5% below the

sured and plotted to give the set of curves shown in Fig. 6. Theminal value for the process. As shown, the dynamic tuning
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0
0.5 2.0
=0.1
O Active inductor Zjy, with all parasitics
0.2 O Active inductor Zj, with -0.25 pF input .0
port capacitor =t
/ G
o o0 0. 0.5 1.0 2.0 nf
f=8
-0.2 -5.0
f=5. Fig. 9. Bandwidth limiting FET parasitic capacitors.
0.3 =10 GHz < Cuss, Cgas, andCgqg shown in Fig. 9, are negligible in com-
parison toCy.3 and, thusCys3 dominates the high-frequency
0 performance of the circuit.
The effect ofC,, can be reduced in several ways to con-
Fig. 8. Simulated effect of bandwidth limiting parasitic capacitors. siderably extend the effective bandwidth of the inductor.

Since a channel length of gm was used for all FET’s, the

o itered b _ . he wider d gatewidth required for a reasonable transconductance was
range ofL., Is not altered by variations ;. The wider dy- ablso large, resulting in gate-to-source capacitances of the

namic range measured can be reflected in the simulations r%er of 0.6 pF. Simulation results show that a submicrometer

changing the dc-bias conditions in the simulations. The small®f : .
. : . . rocess with a gate length less than @& increases the
tuning range given by (4) is a result of neglecting the Iarq%

channel conductance of the FET’s. As shown in Figs. 5 and l?dUCtOI‘ s effective bandwidth as a result of significantly lower

. LS te-to-source capacitances.
(4) and (5) are reasonably accurate given their simplicity, al . . L
) . Alternatively, use of a simple negative impedance converter
proven useful throughout the design of the circuit.

For a fixed inductance of 75 nH and no series loss, the inp(u'\yc) at the input port is being examined. A tunable negative

ower level was swebt from 30 to —0.9 dBm with nedliqible capacitance with sufficiently low conductive loss could provide
(F:Jhange in either the rr)eal or reactive .componenng ?—\b%ve useful independent tuning of the parallel capacitance or remove

0.9 dBm. bothl.... and ... become strona functions of theit completely if desired. If the inductor is used in applications
ianJ'[ powér resuei?ing frorlr(;sia change in thegbias points/af requiring arLC resonator(., is desirable and can be left alone

and Ms. without any consequence to circuit performance.

Simulation results show that electronic tuning can be easily
introduced without compromising tuning range by replacing
bothC; andC; with varactor diodes. Since neither capacitor is Detailed simulations have shown that the sensitivityZgf
grounded, each varactor diode must be placed in series wittogarasitic contact lead resistance, inductance, and capacitance

V. SENSITIVITY TO PARASITICS

fixed capacitance for dc blocking. is negligible. The sensitivity of the realized inductaricg to
finite drain conductance and parasitic FET capacitances is also
IV. BANDWIDTH LIMITING PARAMETERS very small, resulting in realized inductances that are accurately

Analysis, simulation, and measurement results have Sho&redicted by (4).
ysIs, sii ' . o ; : "r'he loss resistance is insensitive to individual FET parasitics,
that the active inductor equivalent circuit is an inductor in pa[)-

. ) ) . ut collectively these parasitics result in a measuigd. that
allel with a fixed lossy capacitance for frequencies approachmg : .
. : P ! . .Is"not accurately predicted by (5), unless the paramktas
10 GHz. Simulation results shown in Fig. 8 confirm that it is . .
. . . |n?luded. A fixed value oK between 0.3 and 0.4 results in (5),
this small capacitance that limits the self-resonant frequencyé’ccuratel redictingiy,e. over the entire tuning range
the active inductor to 1.1 GHz. Simulations also show that the yp loss g range.
circuit behaves as an ideal inductor at higher frequencies when
this capacitance is removed or significantly reduced. This is also
shown in Fig. 8, with an ideat0.25-pF capacitor connected An active inductor circuit has been developed with tunable in-
from the input to ground. With this shunt negative capacitana#yctance and independently tunable series loss resistance. Mea-
the self-resonant frequency of the active inductor is increasearement results confirm the tuning control of both the induc-
from 1.2 to over 5 GHz. tance and loss resistance and the independence of the induc-
Analysis and simulation results confirm that it is the capaciance from loss resistance tuning. Simple analytical expressions
tive parasitics of FET's\/; and M5 that collectively appear as have been presented for both the inductance and series loss re-

an equivalent capacitanc&,, to ground, as shown in Fig. 9. sistance. Analytic predictions and simulations were found to be

VI. CONCLUSION
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in good agreement with measured results. Electronic tuning
both the inductance and loss resistance can be achieved \
varactor diodes.
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