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Using a Negative Capacitance to Increase the Tuning
Range of a Varactor Diode in MMIC Technology
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Abstract—An original method to increase the tuning range ofa ' [T cl(dF) O R oRms)
monolithic-microwave integrated-circuit (MMIC) varactor diode
is presented in this paper. An active circuit simulating a negative ]

capacitance is connected to the varactor diode. This method allows ~

to increase the varactor’s tuning range more than ten times and to AN L
compensate its series resistance at the same time. A MMIC simu- b

lating a negative capacitance have been successfully fabricated and T

measured. To the best of the authors’ knowledge, this is the first re-
alization of a MMIC simulating a negative capacitance.

Index Terms—mmitance converters, MMICs, MODFETS, var- °5 ) 2 °5 Vv 2

actors.

Fig. 1. Tuning characteristics of a DIGM-type>6 100 zm Philips varactor
in the EDO2AH pHEMT process.

. INTRODUCTION

HE main difficulties in the design of tunable active circuits [I. CHARACTERISTICS OFVARACTOR DIODES IN
in monolithic-microwave integrated-circuit (MMIC) high HEMT TECHNOLOGY
electron-mobility transistor (HEMT) technology are due to the _ . .
Fig. 1 presents the performance of a MMIC varactor diode in

insufficientperformanceofthetunableeIements.TunabIeacti\f]e 0.2 | h d hic hiah el bil
filters and voltage-controlled oscillators (VCOS) most often enii€ U-2#m-gatelength pseudomorphic high electron-mobility

ploy varactor diodes in their structures. In the case of Wide—bagans'Stor (PHEMT) process EDO2AH of Philips-PML, Limeil,
VCOs, the frequency range covergdas/ fuim is proportional rance [1]. This device has a total electrode width ok 6
to the square root of the varactor’s tuning raigg,./ Cuin. In 100 .

. ) . The tuning rang&€ ...,/ Ciin Of this device is 2.1 units and
addition, the VCO phase noise strongly depends on the qua“té/ series resistance is about{b for a reverse-bias voltage
factor of the tunable element.

) _ ranging from O to 2 V. There is another type of varactor diodes
However, in HEMT prgcesses, the varaf:tor diodes afr?,the EDO2AH process, i.e., the bottom electrode interdigited
somewhat degenerated since they are obtained on the bgsis, (DIBE)-type, with an electrode length of,@n instead
of HEMTSs, and the capacitance effect is mainly caused by g 2 ,m. It allows to obtain tuning ranges of about 12 units,
modulation of the two-dimensional electronic gas (2DEGyt the series resistance is very bias dependent and can attain
The typical tuning rang€',ax/Cmin 0f @ MMIC varactor is geyeral tens of ohms, depending on the device’s width. If one
about 2-3 units, if the device’s series resistance is to be kg@khes to limit this resistance, the tuning range is reduced to
reasonable. Typical series resistance of a MMIC varactor vari@sout 1.5 units, depending on the total width of the device.
from several ohms to several tens of ohms. In addition, thfiese tuning range and series resistance values are typical for
resistance depends on the device’s bias voltage [1]. all MMIC HEMT processes.
This paper describes a method to increase the tuning range of
varactor diodes in HEMT technology and, at the same time, to
compensate their series resistance by connecting in series orin |||, CIRcUIT DESIGN AND CHARACTERIZATION

parallel an active circuit simulating a negative capacitance.
A. Principle of Operation

The series association of a negative capacitance (an element
whose admittance can be written¥is= —jwC) and a tunable

Manuscript received March 27, 2001; revised July 23, 2001. positive capacitance with a tuning range fréig;, t0 Ciax IS
S. Kolev was with the Ecole Nationale de I'Electronique et de ses Ap;:ill,-epresemed in Fig 2
cations, Equipe Micro Ondes, 95014 Cergy, France. He is now with the Eu* . T .
ropean Research Center, Corning Inc., 77210 Fontainebleau, France (e-maifASSuming that these two elements are lossless, the resulting
kolevs@corning.com). capacitance is
B. Delacressonniere and J.-L. Gautier are with the Ecole Nationale de
I'Electronique et de ses Applications, Equipe Micro Ondes, 95014 Cergy
France (e-mail: ducress@ensea.fr; gautier@ensea.fr). C. = ce, 1)
Publisher Item Identifier S 0018-9480(01)10447-3. ““Tox0,

0018-9480/01$10.00 © 2001 IEEE



2426 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 12, DECEMBER 2001

Ca C

Ze 3% ;
—| S i

Fig. 2. Series association of a negative capacitéficand a tunable positive

capacitance’.
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T / Fig. 4. Principle schematic of the NIC-based negative capacitance.
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Fig. 3. Parallel association of a negative capacitdfncand a tunable positive R,
capacitance.
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In order to obtain a positive capacitance, we must take > C ”,J,,

Cinax. Let us pose’,, = —kCl,ax, Wherek > 1. According to *
(1), we then have

AN A0S -

—ChaxkC, k
Ceq max — R = Cmax R,= L= C=
Cmax - kcmax k-1 -l/gmszs -Cgs/gm2 -Lgm2
and
C L —CninkCrnax (2) Fig. 5. Equivalent circuit of the negative capacitance.
egmin — M
! C(min - kcma.x
If D = Ciox/Cmin is the tuning dynamics of the tunable 1/ga'Re Lew?  -Colan®
positive capacitanc€, the tuning dynamic$) of the series ze A 5 - -
association can be written as
P, Céq max k 1 3 Fig. 6. Simplified equivalent circuit.
_Céqmin_k_l _E ) ()

When th fficient: is cl o1 c s ol i In this section, we have shown that the series (and parallel)
en the coefficient: is close to 1, £.9.C;| is close to association between a tunable positive capacitance and a nega-

C‘“?X’ It can _b,? clearly seerr]w that ;[]hehtunllng dynamics of thlﬁ/e capacitance allows to obtain an equivalent capacitance with
Seres association can reach very nigh values. a significantly increased tuning dynamics.
The parallel association of a negative capacitance and a tun-

able positive capacitance with a tuning range fi@m,, to Chax

is represented in Fig. 3.

Assuming that these two elements are lossless, the resulting NiS circuit is based on a negative-impedance converter, de-
capacitance is signed with two common-source transistors and loaded with an

inductor (Fig. 4) [1], [2].
Ceqg =C+ O, (4) The two common-source stages are forming a nega-
tive-impedance converter, which is loaded with the inductive
In order to obtain a positive capacitance, we must {6k¢ < |oad L. The equivalent circuit, obtained using a three-element
Chin. Let us pos&”,, = —kCh,in, Wherek < 1. Accordingto  HEMT model Cisr gm,» Ra:) and supposing that the two
(4), we then have transistors are identical, is shown in Fig. 5.
If the operating frequency is much smaller than the charac-
teristic frequency

B. Negative Capacitance

Ceq max =Chmax + Cn
Ceq min — C(min + Cn (5)

2
. . . gands
D = Ciax/Cuin being the tuning dynamics of the tunable fi= ol = JegmBas = 16, (1)
gs

positive capacitanc€, the tuning dynamics of the parallel as-
sociation can be written as wheref; is the cutoff frequency of the transistors, the influence
Cons+C, D—k of the parallel elements is negligible and the equivalent circuit
- = (6) can be reduced to that of Fig. 6.
Let us also notice that, for a field-effect transistor, the product

When the coefficient is close to 1, e.g|(,,| isclose tdChin,  gmRas IS much greater than 1 and independent of the gatewidth.
it is seen that the tuning dynamics of the parallel association daris equal to about 16 for a Philips pHEMT of the EDO2AH
reach very high values. process.

D/ _ Céq max

Céq min N Cmin + Cn B 1-k ’
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Fig. 7. Schematic diagram of the negative capacitance.

This is a serieRLC circuit. The negative resistance and the
negative inductance can be compensated by placing a resistor
and an inductor of proper values at the circuit’s input. Thus, we
obtain a negative capacitance equaktbg?,, wherel is the
value of the load inductor ang}, is the transconductance of the
PHEMTS.

C. Simulation and Measurement Results of the Negative
Capacitance

The complete schematic of the negative capacitance is shown
in Fig. 7.

In order to demonstrate the feasibility of a MMIC simulating
a negative capacitance, a circuit has been designed and fabri-
cated using the 0.2pm-gatelength pHEMT process H40 of
GEC-Marconi, Caswell, U.K. The circuit's layout is shown in
Fig. 8.

The pHEMTs are two-gate finger devices with a total
gatewidth of 2x 60 um. They are biased using cascode active
loads because of the high load that they represent. The indugﬁrgl
L is the load of the negative impedance converter. In [1], we
show that its resistive loss introduces a negative resistance in
parallel with the negative capacitance in the equivalent circtihis parallel capacitor is integrated only to be able to measure the
of Fig. 5, thus reducing the bandwidth of the compensation cifrcuit; in a real application, it would not be needed (the negative
the negative resistancel/g2, Ry, in the equivalent circuit. capacitance will be connected to another sub-circuit, e.g., a var-
The value of the inductor and its series resistive loss have bestor diode). We should, however, notice that this capacitor and
optimized for a good compensation over a large bandwidth [1he transmission lines connecting it to ground resonate at about

At the input of the circuit, we have also placed two compensé2 GHz (in our case), thus limiting the circuit's bandwidth. On
tion elements—an inductor, actually realized with transmissidhe same chip, we have realized separately the same positive ca-
lines, and aresistor, which compensate the circuit’s intrinsic nggacitor of 2.6 pF in order to be able to measure it precisely and
ative inductance and negative resistance, respectively (Fig. 6)tdrextract the negative capacitance. We have also realized on the
the circuit’s layout, we have also placed a parallel capacitor sme chip several test structures, i.e., atransistor and an inductor,
about 2.6 pF at the input (not shown in the schematic diagraobe able to estimate the technological variations of the process.
of Fig. 7) in order to obtain a total positive capacitance (a nega-Fig. 9 presents a photograph of the MMIC negative capaci-
tive capacitance alone cannot be measured because it oscillatasge.

MMIC negative capacitance.
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Fig. 10. Post-layout simulation and measurement results of the circuit includ- !
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Fig. 12. Series association of a negative capacitance and a varactor diode.
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The circuit's active surface is 0.8 0.8 mn?. Post-layout 0
. . . . v v
simulation and measurement results of the complete circuit are’ v 2 ? w :
shown in Fig. 10. Fig. 13. Series association: simulation results at 2 GHz with the complete

The crossed-line trace in the middle shows the post laydagndry models of all elements.
simulatedS;; of the circuit. The inner and outer traces repre-

sent the measuresh; atVpp = 4V and9V, respectively. The andR = —4.2 Q. The negative resistance that results compen-

negative resistance observed is due to the technological vagates the series resistance of the varactor diode. It can also be

tions of the transconductangg, of the transistors. Remembershown [1] that the resonant frequency of the series association

that the circuit’s intrinsic negative resistance (Fig. 5) is equa reduced /k/(k — 1) times approximately compared to the

to —1/g;, Ras. The test transistors manufactured separately @sonant frequency of the varactor diode alone. The resonant

the same chip showed variationsgf as high as 20%, which frequency of the series association in this case is 7.5 GHz.

are typical to the H40 process [1]. Using a more precise procesShe simulation results (HP-MDS) with the complete foundry

would allow to obtain a virtually pure negative capacitance in@odels of all elements, taking into account their parasitics, are

much larger bandwidth (0.2-12 GHz) [1]. The extracted negghown in Fig. 13.

tive capacitance is shown in Fig. 11. The capacitance is varying from 10 to 0.62 pF for a re-
We obtain a negative capacitance of aboul pF at yerse-bias voltage of the varactor diode ranging from 0 to 2 V.

Vbp = 4 V. The compensation of the intrinsic negative inducthus, the tuning rang€’,,..../Cuin Of this series association

tance (equal to-Cy./g7,) turns out to be incomplete becausgs 16 units and its serial resistance is about Q.4We have

its value has been modified by the technological variations pgen able to increase about eight times the tuning range of the

gm andCy, during processing. varactor diode and to compensate its serial resistance at the

same time.
D. Series Association of a Negative Capacitance and a
Varactor Diode E. Parallel Association of a Negative Capacitance and a

Fig. 12 shows the schematic of the circuit. The varactor diod&nable Positive Capacitance

D is biased via two high-value resistors, i.B;, and R;. The advantage of the parallel association is that the bandwidth
All pHEMTSs are 2 x 50 um devices. The negative capaci-of the resultant capacitance is not reduced by the multiplication
tance is equal te-0.8 pF. The circuit’s intrinsic negative resis-factork, unlike the series association. Unfortunately, the parallel
tanceR,, (see the equivalent circuit of Fig. 5) is aboul0£2. association of a negative capacitance and a varactor diode does
The compensation resisté. is chosen 5.8 and the compen- not allow to obtain better results compared to the series asso-
sation inductol., (realized with a transmission line) is equal tcciation [1] because of the high series resistance and low tuning
0.16 nH. Thus, we obtain a seriR€ circuit with C = —0.8 pF  dynamics of the varactor diodes at our disposal. In [1], we have



KOLEV et al: USING NEGATIVE CAPACITANCE TO INCREASE TUNING RANGE OF VARACTOR DIODE IN MMIC TECHNOLOGY 2429

© N * R kohn)
/I
C L
L~
\
R /
\
. I \
N 0 >~

) . . . . 0 v W 7 0 v W ?
Fig. 14. Parallel association of a negative capacitance and a nonideal tunabie

capacitance. Fig. 15. Parallel association of a negative capacitance and a nonideal tunable

capacitance (a capacitance multiplier here): post layout simulation results at

proven that wheifC,, | is close toC,,i,, the equivalent series re-2 Gz
sistance of the resultant capacitance can reach ségeralhich .
would make such a capacitance virtually useless. app.roacheéj. For example, at 2 GHz, we obtgln a tunable ca-
When the tunable capacitance is lossy (Fig. 14), the imptéamt_ance from 0.44 to 8.8 pF. The series resistance reaches its
dance of the parallel association is given by maximum (33) whenC’ = 0.44 pF.
1 1 IV. CONCLUSION
jwCy < - ij) An original method to increase the tuning range of MMIC
Ze = 1 1 1 varactor diodes has been presented in this paper. A negative ca-
R+ — <5 + O_) pacitance has been associated in series to the varactor diode.
T " The feasibility of a negative capacitance in MMIC technology
_ R has been demonstrated. To the best of our knowledge, this has
B C, 2 been the first time that the feasibility of “active” varactors has
<1 - U) +wICIR? been investigated.
) 5 C, 1
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