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high frequency CMOS active inductors. The proposed active inductors are based on the gyrator-C
architecture and exploit intrinsic capacitances of transistors to obtain very high frequency
operation. Both grounded and floating active inductor were designed. Dynamic range and
linearity of active inductor enhancement can be obtained by using fully differential floating active
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DR =20log £ (2.75)
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o o " a0 3 g A
ﬁnmsﬁqn%umuiaummwwmuuuunimua‘ummnmuuﬁﬂﬂmﬂu°lufmms‘n (5.6)

- C
(Cgml ) S2c351+sgm3 4P +gm3gds2
v A (O - C .
o (5) =—* 2 . (5.6)
in S} +s2 gml +gm3 +as+ gmlgmlgm.'i
Coti,, £us (C,,+.f:gs])f:‘g,52»::gs3
Tﬂﬂ‘ﬁ o 1 EmEds3 +gmlgds3 +gm3gd:2
(Cp+cg“) Con Coa Con
A a4 DR
IﬂU‘nﬂ'J’]ﬂﬂﬂﬂﬂﬁ’]Qﬂ'lu'l'iﬂﬂigﬂJ'Im.lﬂ']l'l
wbp = gmlgm2 (57)
(CP + Cgsl)cgs2
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sUuuy cG-cs lugiin 4.12(v) TasiivunmgniloufivunaveansudmnesM,, uazio1dnm
ar { = 4 = o ° — as
¥992903N309gNTUBBNNIVINAVBINT WFMADT M, N uFmaes M, mmhiuiiuiaesiu
A o @ o & o - b "
YU (buffer) edulnan 50Q vsaenangreenuuudmsuhIUiaNNdNnaIAY
¥
947MHz AaHuMBUADUANE L 1Y 20nH iozduiuilssy C, 1Ay 1.38pF Mnnmuniis
a o 1Y Y ado A
(Width) vasnsugawmesgnoenuuulimnzauiugudnyazneanuifisimualilavhian

ANUATUNIU Ry, UDS R, , IR WAL 1kQ LAz 3.3kQ amdIdy

wams$1asamstinuueseslugyit 5.8 TasldTusunsu HSPICE lumsinszd
Taeldma TuTadGuoa 0.35um 299519100 4.5mw Tuzild 5.9 Wumsaeuaussms
ABveITIBIIUNTBwaUANERY  Msdfuaudnanats TasmsdfuABudn
uAuFYeeITAsUIVIAnIAmMToNh Fermnsarit 18 Tasmsnldeusinssualus ves
2esdan 18 TaomsSumaamdmmu R, uaasldiiulugud 5.0 Tasfi$usna
FumuiGunn 1.06kQ #9200 v laaananataasuain 920Mz 81 980MEz Taufi
dasvonavdnldouudassas ugid 511 dunsnadeuaruiudadu 3°
intermodulation Taofloudygy1Bunn 2 Awd Tasfivuiamafu (6-935MHz 1
£,~947MHz) &arfu 11p3 miady 21 dBY Tumrsadt 5.4 Wunrsaglnuanyazyednns
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M3 5.3 ajUnudnyazvesesnseauaudR N 19N @eunuuvaaiamiloni

wisilined 717 5.8
malulay 0.35 pm CMOS
UNDTULTIAU 2V
MIAUMANIY 4.5 mW
Ainanans 947MHz
BATIVIIULOUAIU 20dB
alsznounanIn 45
SDFR 20dB
1IP3 -21dBV
NF 17.8dB
Input referred noise 3461V,
In-band noise 302 pv_
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Tudumitweainoinu i 8 uaons 0o N5V BHULNT 0372 E I
gﬂﬁ 5.8 Taud19dauuU$1909n137 191UV TMEC&ERC (Thai Microelectronic center UD4
NECTEC 1a% Electronic Research Center N1A3%18(anN301Ind KMITL) @2091IUN15HAR
vouna TuTaddued 5 pm p-well Taveonuuuldiinnudnenats 5o Muz fundadionss
AU 5V Wan1331a03n15%1914 Tae 1Y HSPICE Tauuuiiassnmsiianuma TuTadduea
5 um pwell (gluassdi 5.4) uazarsnedt 5.5 Wumsaglimisifnesdegveasasuns
doulunisludavesrans Tugﬂﬁ 5.12 {ua ALY 99T VIV VAT DD
awdrTaoldTusunsy L-Edit (841 Tunisiaiens Tugiii 5.13 uraawanismeuTUBINS

ANDVDIINDTUVNBLUUUATBADUANUDHIY

M5199 5.4 LUUTI009UBIMNTIUFAADI LUV FUOAUDI TMEC&ERC

wnimes | NMOS | PMOS | miae Mesuy
VTO 1.17 133 A% Zero bias threshold voltage
KP 4.13E-5 1.54E-5 | A/V Transconductance parameter
GAMMA 1.62 0.27 \al Bulk threshold parameter
BSUB 3.0E16 | 1EI5 cm’ Substrate doping
TOX 56 52 nm Gate oxide thichness
uo 673 231 em’/V-s Zero bias low field mobility
PHI 0.75 0.57 \% Suface potential
LAMBDA 0.02 0.05 \'A
LD 0.58E-6 0.5E-6 M Lateral diffusion length
WD 1E-6 1.16E-6 | M Lateral diffusion width
THETA 0.02 0.08 'S Mobility modulation
RD 83 270 Q Drain series resistance
RS 83 270 Q Source series resistance
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Voltage Gain (dB)
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8m /Gy [32+s£+———1 J

&(5) - ng(Leq + C2 ’,gm2gm3) Leq Lequ (51 l)
Vi it B 1
s2 4 5| Em2Em3 e
C, C,
L,+ .
gm2gm3 gngml
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audmiumamanludmanuigs

s 4 wansluglit 5040 Wumsl$asesvnouuuseadionusdu (source-
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[101° [11] [871°
maTulay 0.35 im Si Bipolar 0.35 pum
CMOS CMOS
LUV IAY 1V 2V -
HasINSUAR 1S 32mA . 6mA
MINUMAINU 32mwW 4 mw -
ﬁ";mﬁlmﬁ1 Passive On-chip Passive
AMANYULILLUDAT
Awdinenans . 2.5GHz 1.15GHz
Q. . : -
ANNANYBIUDAT >60dB >60dB -26dB
AUANYUSHUUROURIY
anudnIne 2.4 GHz 1.9GHz 935-960 MHz
Q - - =
DATVYIVLUOVHIY 18 dB 20dB 0dB
dygnasuniuly - - Output=93pV,__
UoUAMLA
NSUNUDY - - -
TeuQausIAUgaga
Wdonan - - -
1IP3 -7dBm -3.7dBm 12dBm
NF 4.6 dB (50Q) 2.3dB -
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WIS 03 (88]" [85]° [86]°
maTulad 0.5 pm MESFET 0.35 um 0.6 m
Low noise CMOS CMOS

LHBIDIULSTIAY ) . i

HasIUNSIAR 1S s . :
AITAUMNIU - 34mW 27mW
ﬁamﬁmm On-chip Active circuit Active circuit
AUANNULIUUUDAY
AnuEnanaI ) G 1.482GHz 1089MHz
Q, 40 37— 1000 up -
ANVANVBIUBAY >35dB 70dB 60dB
AUANHUSHUVUOUHIY
mmﬁﬁqnma - 1.9GHz 947MHz
Qp - - -
DATIVIIULAUAIY : 4.17dB 4.75dB
dyausuniu iy - Output =9.21uV,__ : -
HoUANNA
ASUNIIVDY | . . .
FYYIUUTIAUTIA
WaonaIn - 69dB -
IIP3 - - -20dBm
NF - - 7.2dB
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ma TuTaby 0.35-um
UHAIIBLTIAY 2V
MINUMAIU 2.8 mW 2.3 mW

AUANUZUUUDAY
ﬂ'Tlufd;ﬁﬂﬂﬂ'N 2.5 GHz 1.089 GHz
ﬁf;ﬂigﬂguﬂmﬂ']w 100 — 20,000 30 -20,000
ANUANYDY 32-80dB 10— 85 dB
AMANYULUL VIO UHIY
a3
ANUDAINAN 1.9 GHz 947 MHz
anlsznounmnn 6188 3-140
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LOW VOLTAGE HIGH-Q VHF CMOS TRANSISTOR-ONLY ACTIVE INDUCTOR

A. Thanachayanont and S. Sae Ngow

Faculty of Engineering & Research Centre of Communication and Information Technology
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, THAILAND
Tel: +66 2 3264222, Fax: +66 2 7392398, E-mail: ktapinun@kmitl.ac.th

ABSTRACT

This paper describes circuit topologies that are suitable
for realising very high frequency transistor-only active
inductor in CMOS technology. Based on a low voliage
topology, a novel VHF CMOS active inductor is proposed.
The proposed inductor can achieve high Q with minimum
circuit complexity, thus minimizing noise and power
consumption. Comparing to previously reported inductors,
,the proposed circuit achieves much higher Q for the same
power consumption, noise and dynamic range.

1. INTRODUCTION

Large value and high quality inductor plays a vital role
in the realization of low-power wireless transceivers [1].
Customarily, this necessitates the use of discrete off-chip
devices due to their compelling performance in ferms of
stability and noise. However, there is an increasing need
for high quality on-chip inductor as off-chip components
are bulky and costly. In contemporary transceiver, on-chip
inductor is typically implemented by spiral turns of low-
loss metal traces on lossy substrate. The planar spiral
inductor has small inductance value per area and low
quality factor due to the wiring and substrate losses.
Though active circuitry can enlarge the inductance value
and quality factor [2], this is obtained at the cost of noise,
linearity and power consumption. Another drawback is
currently the lack of efficient modeling and software to
design these spiral inductors.

Alternatively, active inductor provides large inductance
value, high Q, small die area and tuneability. Though, in
terms of noise and dynamic range, active inductor may not
compete with its passive counterpart, it can be used in
certain applications [3]-[5], where those requirements may
be relaxed. Recently, considerable effort has been devoted
to the realization of high frequency high-Q active inductor
[6]-[10]. High-Q active inductor usually requires some
forms of active compensation for the inductor loss. This
requires extra active devices, which generally increase
noise and power consumption. This paper describes circuit
topologies for realising VHF CMOS active inductor and
proposes a new circuit with high-Q, wide inductive
characteristic and minimum circuit complexity under low
power supply voltage operation. Section 2 describes circuit

0-7803-7523-8/02/817,00 ©2002 IEEE

topologies for VHF CMOS active inductors. Section 3
introduces the proposed active inductor circuit and
describes its simulafed performance comparing to those of
other reported circuits. Section 4 gives an example of a
simple bandpass filter using the proposed inductor.
Conclusion is given in section 5.

2. VHF ACTIVE INDUCTOR TOPOLOGY

An active inductor can be realized by using the classical
gyrator-C topology as shown in Fig. 1(a), where G2 and
Goi2 are linear transconductors and their corresponding
output conductance respectively, and C, and C; are port
capacitances. It can be shown that, at frequencies well
below the self-resonance, the simulated input impedance
Zin is equivalent to the passive circuit shown in Fig. 1(b),

where L=C,[G_G,, C, =C,, R =G,[G.G.,, and
R =1/G,, . Thus high-Q inductor can be obtained by

reducing G,,. However, near the self-resonant frequency
and provided that G,, is sufficiently small, it can be shown
that high Q is better obtained by reducing G [11].

To achieve very high frequency operation, approaching
the fr of the transistor, Gy, and Gy are realized by using
single-transistor amplifiers, i.e. common-source (CS),
common-drain (CD) and common-gate (CG) stages, and
their intrinsic capacitances are exploited for C; and C,. The
CS stage provides a negative transconductor (i.e. the output
current flows into the amplifier when applying a positive
input voltage) while the CD and CG stages provide positive
transconductors (i.e. the output current flows out of the
amplifier when applying a positive input voltage). Thus a
single-ended grounded active inductor can be realized by
using either CS and CD stages or CS and CG stages. Each
stage may be implemented with either p- or n-channel
devices therefore all possible two-transistor realizations
can be summarized as depicted in Fig. 2(a)-(h), excluding
DC biasing. All circuits realize the same impedance, which
can be approximated by the passive circuit shown in Fig.

1(b) with L=C_,[g.£.,, C,=C,,, R =2,/8.8.
and R = I/g“ .

Using the CS-CD configuration, the circuit in Fig. 2(a),
which was firstly proposed by Ismail et.al. in [12] and later
improved by the author in [13], can achieve very high Q

III-552



and wide inductive frequency characteristic. However, for
proper operation, the circuits require at least 2Vgs+Vpsar
thus they are not suitable for low supply voltage operation.
On the other hand, the circuits in Fig. 2(c)-(d) [14] require
only Vgst2Vpsar. However, for the transistors to be in
saturation, the circuits require Vpsarz < [V — [Vl In
modern CMOS processes, the difference in the threshold
voltage of p- and n-channel devices is usually less than 50
mV, thus only a very small value of Vpsary is allowed. As
a result, the transition frequency (fy) of M; is low, limiting
its capability to operate at very high frequencies. Note that,
in a process where the threshold voltages are more or less
equal, M, will be forced to operate in weak-inversion,
rendering the circuit impractical at very high frequency.

Using the CG-CS configuration, the circuits in Fig. 2(e)-
(£) reported in [15], only require Vgg+Vpsar. Moreover, the
same supply current is used to bias both amplifier stages
therefore the circuits are suitable for low power and low
voltage operation. However the Q-value of the circuits is
quite small, necessitating the use of a negative resistance
circuit for Q enhancement, which will reduces the self-
resonant frequency due to extra parasitic capacitances, and
increase power consumption and noise. The CG-CS
configuration can also be implemented using different
types of devices, as shown in Fig. 2(g)-(h). The circuits in
Fig. 2(g)-(h) requires Vgs+2Vpsar thus also suitable for
low voltage operation. Comparing to the circuits in Fig,
2(e)-(f), the drain currents for each amplifier stages are
independently controlled, allowing greater flexibility in
terms of inductance tuning at the cost of higher power
dissipation. In summary, the circuits in Figs. 2(e){(f) and
Figs. 2(g)-(h) are most suitable for operating under low
power supply voltages. The circuits can be implemented as
shown in Figs. 3 (a)-(b).

3. ANOVEL HIGH-Q VHF ACTIVE INDUCTOR

A new CMOS active inductor ig shown in Fig. 4, which
is the same as the circuit shown in Figs. 2(f), except for M.
Though n-channel devices are better in terms of high-
frequency performance (i.e. large g/l ratio), p-channel
transistors are preferred here because they can be placed in
scparate n-wells, thus climinating the non-linear body
effect. Furthermore, p-channel devices typically have lower
noise. If necessary, the body terminals can be biased to
reduce the threshold voltage and increase the
transconductance, thus boosting the self-resonant
frequency with insignificant increase in power dissipation.
M; increases the loop gain within the shunt-shunt negative
feedback of the circuit, thereby reducing the series
resistance of the inductor (i.e. increasing the Q) Therefore
the proposed inductor can achieve high Q with a minimum
number of devices.

The simulated impedance of the proposed inductor can
be described by the equivalent passive circuit in Fig. 1(b),
with C,=C_,, R =1/g, and Z, given by (1).

- "'(_gmcpr + E-qcp:)-""' CoiCon®’

Z,(s)= 7
£us8 CriCoy +(3.-38'd:c,.| + 8 BuiCpiz )’*3-}8-:3’.1 1)
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The simulated inductance and its series resistance are,
respectively, equal to the imaginary and real parts of Z,,

given by (2) and (3) (assuming g_ >> g, and ¢, >>c,)

_&Lru_ﬁ(c_)(: __r_-L>.,=+L<5£L:)'m-

Baife28u) 2wy \Baifa: C, C,-: Eas \ Emifaz

Re(Z,)= L ,
[l _u Czlc!l] +[‘-)3MCEI + S-nf.-c..:] e
EuiBur BurBa)Bas (2)
{ ZMC.I + Cg! it
EaiBm28ns  Bu1fm
3 7
;_Cl!‘c!!'[ @ ]' +[Z-;8mc..|“‘8-:8.nc,.:) ot
Eay [BuiBuz Eni8m18m) (3)

At low frequencies, the simulated inductance and series
resistance are given by (4) and (5), which are similar to
those obtained for the circuits in Fig. 2. However, the key
advantage of the proposed inductor is that, the series
resistance R, is inherently much lower (i.e. by a factor of
Br/g4;) than those of the circuits in Fig. 3, without extra
active compensation devices. In another words, the
proposed inductor achieves much higher Q and wider
operating bandwidth for the same power consumption,
noise, and dynamic range.

Im(Z,)=

C 2
L=—2= @
g-zg-.l
R: = g&lg&! (5)
g-lgn'.‘ -3

The inductance value can be tuned by changing g,
and/or gm; via the bias currents. This also changes the
series resistance and Q value because gg,; and/or gy, are
simultaneously altered. For a given inductance, the bias
currents are fixed and thus g; the Q value can be tuned by
changing g4 and/or ggs. This can be accomplished by
varying V,. Reducing V), increases the drain-source
voltages of My, and M., thus reducing their gy and the
inductor loss (see Fig, 5(a), where increasing V,, from 0.99
to 1.11 V changes the Q at 1 GHz from 222 to 16). The Q-
tuning is limited by the voltage headroom required by I,.
Note that an infinite Q is, in theory, attainable at a specific
frequency. This can be deduced from (2), given that R, is
sufficiently small. In practice, this renders a frequency
band in which Q can be exceptionally high. Q-tuning
within this region is better performed by varying V. (see
Fig. 5(b), where increasing V. from 0 to 0.1Vchanges Q at
1 GHz from 448 to 93).

The active inductor circuits in Figs. 2 and 3 were
simulated by using HSPICE with BSIM3V3 model and
parameters from a 0.35-pm digital CMOS process. To
obtain a fair comparison, all circuits were designed to
realize the same inductance, while drawing the same
amount of current from a 1.5-V power supply voltage. All
transistors have the minimum channel length and their
widths are shown in Table 1. The current sources are
realized by using simple current mirrors. Comparison of
the simulated results shows that the proposed circuit in Fig,
4 achieves the highest Q, while having the same order of
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noise and dynamic range. It might be argued that the Q
value of the circuits in Fig. 3 could be further enhanced.
However, if the Q-enhancement circuitry was included the
noise and dynamic range would just be worsen.

4, SECOND-ORDER BANDPASS FILTER

To demonstrate the potential of the proposcd active
inductor, a sunple 2™-order bandpass filter is realised by
adding a series capacitor, Cy, to the input port of the
inductor and taking the output from the gate of M. The
bandpass transfer function is given by (6), assuming that all
g4s and cg, are equal, g >> gy, and ¢ >> cga

EmC, .
5 (6)
Vo fijs e (Cute,)

b 8. 2188,
s ”’(’?*2_*_}“?(61‘:'7 E‘(‘Elfclj

For 1-GHz center frequency, Ci, is equal to 0.7 pf. The
filter Q can be tuned by varying the inductor Q, via V,
and/or V., while the center frequency can be tuned by
changing the inductance, via I, and/or I,. Simultaneous
adjustment of gain and center frequency of the filter can be
achieved from 0.93 to 1.03 GHz by varying I; and V), as
shown in Fig. 6. Transient simulation with two-tone signals
showed that the filter, centered at 1 GHz with Q =25, had a
spurious-free dynamic range of about 30 dB at 0.6-mW
power consumption.

5. CONCLUSION

This paper has proposed a compact VHF CMOS active
inductor that is capable of achieving high Q with low
circuit complexity under low power supply voltage and
power consumption. Since additional active compensation
circuitry is not required, low noise and increased dynamic
range can be attained, for a given Q, comparing to other
active inductor.

Acknowledgements: The financial support of the Thailand
Research Fund (PDF/39/2543) and Japan International
Cooperation Agency (JICA) are gratefully acknowledged.

6. REFERENCES

[1] A. Abidi, G. Pottie, and W. Kaiser, “Power-conscious design
of wireless circuits and systems,” Proc. JEEE, Vol. 88, No.
10, pp. 1528-1545, Oct. 2000,

[2] S. Pipilos, Y. P. Tsividis, J. Fenk, Y. Papananos, “A Si 1.8
GHz RLC filter with tunable center frequency and quality
factor,” IEEE J. Solid-State Circuits, Vol. 31, No. 10, pp.
15171525, Oct. 1996

(3] F. Carreto-Castro, J. Silva-Martinez, and R Murphy-
Arteaga, “RF Low-Noisc Amplifiers in BiCMOS
Technologies,” IEEE Trans. Circuits and Syst.-II, Vol.46,
No. 7, pp. 974-977, Jul. 1999.

[4] E. Sickinger and W. C. Fischer, “A 3-GHz 32-dB CMOS
Limiting Amplifier for SONET OC-48 Receivens,” JEEE J.
Solid-State Circuits, Vol. 35, No. 12, pp. 1884-1888, Dec.
2000.

[5] J. van der Tang, D. Kasperkovitz, and A. van Roermund, “A
9.8-11.5 GHz quadratare ring oscillator for optical
receivers,” Proc, IEEE CICC 2001, pp.323-326.

152

[6] A.Karsilayan and R. Schaumann, “A high-frequency high-Q
CMOS active inductor with DC bias control,” Proc. 43
IEEE Midwest Symp. on Circuits and Systems, pp.486-489,

Aug. 2000.
[7]1 A. Thanachayanont, “A 1.5-V CMOS fully-differential
inductorless RF bandpass amplifier,” Proc. I[EEE

ISCAS°2001, Vol. 1, pp. 49-52, 2001.

[8] Y. Wu, X. Ding, M. Ismail, and H. Olsson, “Inductorless
CMOS RF bandpass filter,” Electronics Letters, Vol. 37, No.
16, pp. 1027-1028, Aug. 2001.

[9) W.Li, B.L. Ooi, Q. J. Xu, and P. S. Kooi, “High Q active
inductor with loss compensation by feedback,” Electronics
Letters, Vol. 35, No. 16, pp. 1328-1329, Aug. 1999.

[10] C. Leifso and J. W. Haslett, “A Fully Integrated Active
Inductor with Independent Voltage Tunable Inductance and
Series-Loss Resistance,” JEEE Trans. Microwave Theory
and Techniques, Vol. 49, No. 4, pp. 671-676, Apr. 2001

[11] A. Thanachayanont and A. Payne, "CMOS floating active
inductor and its applications to bandpass filter and oscillator
designs,” IEE Procs. Circuits, Devices and Systems, Vol.
147, No. 1, pp. 42 —48, Feb. 2000.

[12] Ismail M., Wassenaar R., and Morrison W., “A high-speed
continuous-time bandpass VHF filter in MOS technology,”
Proc. IEEE ISCAS'91, vol. 3, pp. 1761-1764, 1991,

[13] Thanachayanont A., and Payne A., “VHF CMOS integrated
active inductor,” Electronics Letters, vol. 32, no. 11, pp. 999-
1000, May 1996.

[14] Lin, T.Y.K.; Payne, A.J, “Design of a low-voltage, low-
power, wide-tuning  integrated  oscillator,”  Proc.
ISCAS’2000, vol. 5, pp. 629-632, 2000

[15] Wu Y., Ismail M., and Olsson H., “A novel CMOS fully-
differential inductorless RF bandpass filter,” Proc. IEEE
1SCAS'2000, vol. 4, pp. 149-152, 2000,

Table 1. Comparison of active inductor performance

Parameters | Fig.3(a) | Fig.3(b) | Fig. 4
Technology 0.35-ym CMOS
Vpp 1.5V
Piss 0.6 mW
Transistor Wa=8um | W,=52um | W,,=8um
width Wp=20pm | Wp=45um | W,=20pm
Wy=38pm Wiy=38um
Inductive 32 MHz ~ 10 MHz - 6.8 MHz-
Bandwidth 2.95 GHz 23GHz | 2.97GHz
R, (at DC) 449 Q 2290 1.16Q
L (1GHz) 40.4 nH 31.65 nH 30.9nH
| Quaw (1IGH?) 7 1.6 434
*Noise 95 uVv 76.4 uv 91.3 pVv
**Max. Vi 1.79 mV 2.7mV 4.5mV
DR 25.5dB 30.9dB 30.8dB

* integrated over 500 MHz bandwidth, **with THD <1 %
v

Fig. 1. Gyrator-C topology and its equivalent circuit.
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Fig. 2. Two-transistor realisations of VHF active inductor

Fig. 4. High-Q compact CMOS active inductor.
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ABSTRACT

A class AB VHF CMOS active inductor with increased
signal handling capability is described. Comparing to a
class A circuit with the same inductance value, Q factor,
and power dissipation, the proposed circuit achieves about
12-dB improvement in dynamic range while maintaining
high-frequency operation. Further enhancement is also
obtained by using a fully differential floating inductor.
HSPICE simulation using BSIM3V3 model with 0.35-um
process parameters shows that the fully differential
floating active inductor achieves a 51.8-dB dynamic range
while dissipating 2.7 mW from a +/-1.5 V supply voltage.

1. INTRODUCTION

Recently, considerable effort has been devoted to the
realization of very high frequency active inductor [1]-[5].
Comparing to a typical on-chip spiral inductor, the
advantages of an active inductor are large inductance
value, high Q, small die area and tuneability. Typically,
active inductors are realized by using the classical gyrator-
C topology. To achieve very high frequency operation,
approaching the fr of the transistor, the gyrator is realized
by using two single-transistor stages and the required
integration capacitor is obtained by exploiting the device
intrinsic capacitances. Using this approach in modern
CMOS technology, one can achieve an inductor self-
resonant frequency in the low GHz range. This renders
active inductor a viable candidate for IF/RF wireless
applications [6]-[8].

However, the limitation of an active inductor is usually
on its inability to handle large signals. This paper presents
a class AB CMOS active inductor with improved signal
handling capability. Section 2 describes the VHF CMOS
active inductor topology. Section 3 describes the proposed
class AB inductor and reports its snmulaled performance.
Section 4 presents the design of 2™- and 4"-order
coupled-resonator bandpass filters using a fully
differential floating class AB active inductor. Finally,
conclusion is given in section 5.

2. VHF CMOS ACTIVE INDUCTOR

Based on the classical gyrator-C topology, two VHF
CMOS active inductors that exploit the device intrinsic

0-7803-7523-8/02/517,00 ©2002 IEEE

capacitance are shown in Fig. 1 [2]. Consider a ‘p-type’
circuit in Fig. 1(a); My, and M, realize an active gyrator
while the gate-source capacitance of Mj; (C,y) performs
the required integration. The circuit simulates a grounded
inductor, which appears in parallel with the gate-source
capacitance of My (Cy)). The equivalent small-signal
input impedance Z, is the parallel combination of ¢,
1/g452, and the impedance Z, given by eqn. (1).

By Sy i + ) M
Em t 8un T JOC Xguz + jo{e,,; + c,n))

The impedance Z, is approximated by an inductance L,
(i.e. the imaginary part of Z,) in series with a resistance R,
(i.e. the real part of Z,) as given by eqns. (2) and (3). The
simulated impedance of the circuit in Fig. 1(b) can be
dertved in the same way.

] cprl

1- c
L (o) = Cp2 Bmi8mz o &)
v 1
EmBm2 [] i, “] +m‘[£L’ G ]
. gulgnl f Em Em

a1 i+ gnl/ ?/gnl
EmEm2 3.1 Cosy (€))

(I-—w’—-&cﬁl) +0 [—"—+—"—)
EmiEm2 Ewz 8w

At frequencies well below the self-resonance,

qu = cp:/gmlgal and R. = gdtl/gmlgml ’ thus lhey can
be tuned by varying g.; (or gmi) and ga, respectively.
High-Q and wide operating bandwidth active inductors
can be realized by reducing gg. This can be achieved by
applying either cascode or negative resistance cancellation
techniques. At high frequencies, close to the self-
resonance, R, rises, and reducing g, alone has little effect
to the high-frequency loss of the inductor. It can be shown
that decreasing g, reduces the high-frequency loss of the
inductor more effectively [9]. Again this can be obtained
by using either cascode or negative resistance cancellation
techniques.

The signal handling ability of the circuits in Fig. 1 are
limited by the gate overdrive voltage, Vyu = V,, -V
Large Vy, is required for good lincarity, however this
increases supply voltage and power consumption.

Rl (m)
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The equivalent input-referred noise sources of the
circuits in Fig. 1(c) are given in eqns (4) and (5), where all
parameters have their usual meanings, y is a noise factor
associated with the FET channel length and bias [10] and

. . 52 4
!:, ,132 , and i, are the mean-squared current noise of I,

I, and 1, respectively. It can be seen that large g., and
small g are required for low noise operation.

i} = 4kTyg, .0 +i3, @
5 ARTYg, Af + KTy, A + iy + iy )
mo 2

(3,,, T Egi )

3. CLASS AB VHF ACTIVE INDUCTOR

The ‘p-type’ and ‘n-type’ circuits in Fig. 1 can be
combined to obtain a class AB active inductor, as shown
in Fig. 2. Note that the resulting circuit is similar to the
typical class AB buffer stage. The simulated input
impedance of the class AB inductor is the parallel
combination of the simulated impedances of the ‘p-type’
and ‘n-type’ circuits. To achieve a symmetrical inductor
voltage swing, it is important that the ‘p-type’ and ‘n-
type’ circuits realize the same impedance. This can be
obtained by choosing proper transistors’ size and bias
currents. The principal advantage of the proposed class
AB inductor is increased voltage swing however this is at
the cost of larger supply voltage.

The active inductor circuits in Fig. 1(a) and Fig. 2 were
simulated: by using HSPICE with BSIM3V# model and
parameters from a 0.35-um CMOS technology, and under
power supply voltages of 1.5 V and +/- 1.5 V respectively.
To obtain a fair comparison, the transistors and bias
currents were chosen to attain the same inductance value,
Q factor, and power consumption, Table | summarizes the
simulated performance of the active inductors. The class
AB circuit can achieve more than three time increase in
voltage swing and 12-dB increase in the dynamic range,
comparing to the ‘p-type’ circuit. Note that both circuits
have the same self-resonant frequency. This justifies the
benefit of the class AB active inductor.

Further dynamic range enhancement can be obtained
by using: a fully differential floating active inductor as
shown in Fig. 3, where two class AB circuits are
employed. The floating inductor also incorporates cascode
(Mu1ap and M;a,) and negative resistance devices (Moo
and M,;,y) to enhance the Q value. The DC bias currents
I) and 1, are replaced by MOSFETs operating in the triode
region in order to allow M,,;, and M,,,, t0 operate in true
class AB manner. This further improves the signal
handling capability. The DC condition of the circuit is
controlled by a simple bias circuit comprising M,,, Mpb
and ly. The DC voltages of the inductor terminals are fixed
at ground. The current [, can be used to tune the

inductance value, while the cascode bias voltages V; and
V., control the inductor Q value.

Fig. 4 demonstrates the Q-enhancement of the inductor,
which is obtained by varying V.;. The maximum stable Q
that can be obtained is over 2000. Table | summarizes the
simulated performance of the class AB floating active
inductor.

4. FOURTH-ORDER BANDPASS FILTER

A 4™-order coupled-resonator bandpass filter shown in
Fig. 5 was designed to demonstrate the feasibility of the
Q-enhanced fully differential floating active inductor. For
1-GHz center frequency and 17-MHz bandwidth, the
required component values are: Rs =12 kQ, R, =24 kQ,
C, =C;=0.5 pF, C,7= 0.0l pF, and L, = L, = 54 nH. The
filter dissipates 5.4 mW under +/- 1.5-V supply voltage.
The peak passband gain is =10 dB, which is less than the
ideal value (i.e. -6 dB) due to the inductor loss. Fig. 6
demonstrates tuning of the filter Q by varying V., while
Fig. 7 shows the center frequency tuning with gain
adjustment of the filter. A third-order intermodulation test
with two-tone signals at 0.99 and 1.01 GHz showed the
filter’s in-band third-order input-referred intercept point at
-9 dBV (see Fig. 9).

5. CONCLUSION

A class AB VHF CMOS active inductor has been
described. Simulation results have verified that the
proposed class AB inductor can achieve enlarged signal
handling ability. Further enhancement has been obtained
by using a fully differential floating inductor structure.
Overall, the proposed active inductor has improved
dynamic range while retaining high frequency and high-Q
operation,
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Table 1. Simulated Performance of the active inductors

Parameters Fig. 1(a) | Fig.2 Fig. 3
Voo (V) 1.5 +H-15 | +-1.5
Py (mW) 1.7 1.7 2.7
f,(GHz) 4.14 4.45 2.6
'L (nH) 15.11 15.67 51.5
'Q (at 1 GHz) 3 3.4 126
*Noise (UVoms) 108 104 134
“Max. Vi (mV) 2 7.5 74
Dynamic range (dB) 2253 34.2 51.8

'at

1 GHz, %integrated over 500 MHz bandwidth, *THD < 1 %

156

Figure 1. VHF CMOS active inductors: (a) ‘p-type’, (b)
‘n-type’, and (c) equivalent circuit including noise sources

Figure 3. Q-enhanced class AB fully differential floating
active inductor.
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ABSTRACT

This paper describes the design of two inductorless amplifiers
that provide both band-selection and image-rejection, and thus
can be used to perform the functions of bandpass filters, low-
noise amplifier and image-rejection filter in the superheterodyne
RF receiver front-end. Two topologies, namely the source-
degeneration and bridge-T notch, are employed due to their
excellent image rejection and independent control of the shape
and depth. Simulation results using a 0.35-um CMOS
technology demonstrate the feasibility of both circuits for
operation in the low GHz frequency range with passband gain
around 30 dB and maximum image suppression of 80 dB.

1. INTRODUCTION

Many state-of-the-art wireless radio receivers employ the
superheterodyne front-end architecture comprising a band-
selection filter, a low-noise amplifier, an image-rejection filter,
and a mixer, as shown in Fig. 1. Customarily, off-chip passive
filters, such as surface acoustic-wave (SAW) filters or ceramic
filters are employed for band-selection and image-rejection. To
realise a compact, low-power and low-cost receiver, these off-
chip components must be eliminated or replaced by their on-chip
counterparts.

Recently, there has been a considerable interest in the design of
on-chip and image-rejection filters [1]-[5], where high-Q is often
obtained by employing passive spiral inductor with active Q-
enhancement circuitry. This results in large die area and limited
tuneability. Another drawback is currently the lack of efficient
modeling and software to design these spiral inductors.

Alternatively, inductorless filter offers great tuneability and high
Q under small die area. With the advance of CMOS technology,
this has prompted a considerable interest in the design of high-Q
inductorless filters for image-rejection [6], [7] and band-selection
[8]. In this paper, we describe the design of tuneable low-power
compact inductorless filters which provide both high-Q band-
selection and image-rejection simultaneously. Section 2
compares the circuit topologies for image-rejection filter.
Sections 3 and 4 describe the implementation of two bandpass
amplifiers with image-rejection based on the source-degeneration
and bridge-T notch topologies, respectively. Conclusion is given
in section 5.

-7803-7762-1/03/$17.00 ©2003 IEEE

2. TOPOLOGIES FOR IMAGE
REJECTION FILTERS

Consider a general 2™-order filter transfer function given in (1),
where K is a constant, 0, and Q, are the center frequency and
quality factor of the complex zeros, and o, and Q; are the center
frequency and quality factor of the complex poles. For a notch
filter, Q. determines the notch depth while Qp determines the
notch shape. There are several circuit topologies that can realize
(1). Five topologies suitable for a monolithic implementation are
depicted in Fig, 2.

-@—K- s +5(w,/0,)+ o} )

v, s +s(w,/0,)+ @’

Fig. 2(a) employs a series LC resonator to provide the notch
response. An example of this method is reported in [7]. R, is the
output resistance of the transconductor and R, is the series
resistance of the inductor. The transfer function of Fig. 2(a) can
be expressed in (2). To obtain maximum notch depth, R, << R, is
required. This results in a small quality factor of the complex
poles and widening the shape of the notch. Thus there is a
compromise between the depth and shape of the notch.

h—g . 52 +s(RS/L,q)+1/C,,,L,q &
v, ?s*+s(R,+Rs)/L, +1/C,L,

Fig. 2(b) achieves the notch characteristic, expressed in (3), by
subtracting an input signal with its bandpass output obtained
from a parallel LC resonator. Examples of this methods are
demonstrated in [4], [6]. Again the notch shape is determined by
o1, the inductor loss. However the notch depth can be controlled
independently by tuning the transconductance values. An infinite
notch depth is obtained when g =g e /g .. This method

overcomes the drawback in Fig. 2(a). In practice, the notch depth
will be limited by matching of the delay in the two signal paths,
which is not easy to achieve at very high frequencies.

32+i(gol_gmlgn12]+ 1

Q= gm: Cl gul!'l ClLeq (3)
Vo 8ix¥ B 52 4 g 8ol 1
in o 0. S—
¢ GL,

Fig. 2(c), which has a transfer function given in (4), is an
embodiment of the canonical G,,-C notch structure in [9]. To
some extent, independent tuning of the notch depth and shape
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can also be obtained by controlling R;, i.e. the inductor loss, and
g,, i.e. the output conductance of the input transconductor,
respectively. However this topology is quite complicated and not
really suitable for very high frequency operation.

&u/C ( . ]
Vavr = Emi (L:-q + Cl/gm2gm3)L Leq quCl (4)
Vi - T R, i
2 gngml
s°+s Cz 4+ C;
L.+ L_+
Em28m Em28ms

Fig. 2(d) is a source-degeneration amplifier. When both Zj and
Zs are parallel LC resonators and g,,,Zs >> 1, (1) is realized with

EaRCIRE:s whmJlill, . O =RJC.lL
@, =Jl/L,C,, and 0, =RD,/CD/LD . The bandpass and

bandnotch characteristics can be controlled independently.
However, when w; is close to o, (i.e. in low IF receiver) it
becomes impractical to tune both characteristics independently.
Thus Fig. 2(d) is not suitable for use in a low-IF receiver. For
high-Q characteristics, Zp and Zs must have small losses, i.e.
large Rp and Rg.

Fig. 2(e) is the bridge-T notch network [3] which can provide an
infinite notch depth and excellent shape with a low-quality factor
inductor. The network resonates at o =]/ [ L,C where its

equivalent circuit is shown in  Fig. 3, with
2,=2,=(20)[(Ly/Rs)+(jo,)] 304 Z. =-1/(402C’R,)-
Therefore an infinite notch depth at the resonant frequency of v,
can be obtained when Rx+Z¢ = 0 The notch shape is sharper than
that obtained from LC resonator, but still depends on the quality
factor of the inductor. For low-sensitivity notch characteristic, a
low-Q inductor is required however this widens the notch shape.
A bandpass function can be used to improve the notch shape
while keeping its depth, as demonstrated in section 4.

The circuits in Fig. 2 were designed and implemented using VHF
active inductors and single transistors as the transconductance
elements. With the emphasis on size, tuneability, low-power and
low-voltage aspects, we found that Fig. 2(d) and 2(e) are most
suitable for operation at very high frequency. Thus the designs
and implementations of Fig. 2(d) and 2(e) are described in
sections 3 and 4.

3. BANDPASS AMPLIFIER WITH
SOURCE-DEGENERATION NOTCH

Fig. 4 shows an inductorless implementation of Fig. 2(d). The
transistors M,-M, and Ms-M; realize the active inductors [8] for
Zg and Zp respectively. For the work reported in this paper, the
frequency specifications of a DECT (Digital European Cordless
Telephone) receiver with 300-MHz IF were chosen, thus the Zg
and Zp were designed to resonate at 2.5 GHz (©,) and 1.9 GHz
(wp) respectively. The circuit was designed to operate under a 2-
V single power supply voltage. All transistors have the minimum
channel length of 0.35 um. The width of the transistors and the
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values of the DC bias currents and voltages were optimized for
the operating frequency. The circuit was simulated by using
HSPICE with BSIM3V3 models and process parameters from a
0.35-pm digital CMOS technology. The DC power dissipation is
2.85 mW. Simulation results with worst-case process parameters
showed the circuit can achieve the maximum notch depth of 80
dB at 2.5 GHz while providing a maximum passband gain of 40
dB with 10 MHz bandwidth.

The notch depth is electronically tuneable by tuning the loss of
Zg, which can be achieved by varying the DC bias voltage V,.
This is demonstrated in Fig. 5, where varying V};, from 0.4 V to
0.5 V changes the notch depth from 32 dB to 80 dB, while the
passband gain and center frequency is practically unaffected. The
quality factor of the passband can also be tuned by tuning the
loss of Zp, again by varying the DC bias voltage Vis. This is
demonstrated in Fig. 6, where increasing Vi from 0.3 V to 0.6 V
increases the passband gain from 12 dB to 44 dB and the quality
factor from 6 to 188. Thus the bandpass and bandnotch
characteristics can be adjusted independently by: (i) adjust the
circuit for the required bandpass center frequency and quality
factor, and then (ii) optimize the bandnotch response for the
desired notch depth. This greatly simplifies the design of
automatic tuning circuit which is needed for a practical
implementation. Note that the center frequencies for band-
selection and image-rejection can be tuned by tuning the
inductance value of the active inductor circuits. Table 1
summarises the simulated performance of the circuit in Fig. 4.

Note that it is assumed that the output of amplifier is connected
to an integrated mixer therefore output impedance matching has
not been considered.

4. BANDPASS AMPLIFIER WITH
BRIDGE-T NOTCH

An inductorless bandpass amplifier with the bridge-T notch is
shown in Fig. 7. The bandpass amplifier is realized by M;-M;
with a transfer function given by (5). The center frequency of the
passband is approximately given by (6).

~Em 2 CP Em8u2
. — L7 Ry 1+ =L |4 omiodl
v (s) Cg (C,D +cﬂ,)( e g""( c,,,J Cenr ] (%)
5l=

ZLom
Emi8m28m

Ve . Emi +@

S +5 +as+

Crtey € Cp+ cx,,)cgﬂcp,
where o = 1 Em8asy gn_.lgm + nggd.rlJ
(C,, +cg,,) Cpra Coss Cos
o, = EmEm2 (6)

i (C,, +cg,,)cg,2

A bandpass output current is driven into the bridge-T network by
M,. The inductor L, is implemented by a fully-differential
floating active inductor similar to that reported in [10], except for
the negative resistance as high-Q is not required. This reduces
the noise contributed by the floating inductor. A MOSFET
operating in the triode region was used as a voltage-controlled
resistor to realise R,.
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For the work reported in this paper, the frequency specifications
of a GSM receiver with 71-MHz IF, thus the passband and notch
center frequencies were chosen at 947 MHz and at 1.089 GHz,
respectively. The circuit was designed and simulated under the
same bias conditions as those in section 3. Table 1 summarises
the simulated performance of the circuit in Fig. 7. The notch
depth can be tuned by varying R, as demonstrated in Fig. 8.

5. CONCLUSION

We have demonstrated two inductorless amplifiers with tuneable
high-Q band-selection and image-rejection for operation in the
low GHz frequency band. The band-selection and image-
rejection characteristics can be tuned independently. This
simplifies the design of automatic tuning circuitry which is
required for a practical implementation. With the advantages of
small size, electronic tuneablity, low-voltage and low-power
operation, the proposed RF front-end amplifiers are promising
for short range wireless communications,

Table 1. Simulated performance of the proposed circuits.

Parameters Fig. 4 | Fig.7
Technology 0.35-pm
Supply voltage 2V
Power dissipation 2.8 mW 2.3 mW
notch Center frequency | 2.5 GHz 1.089 GHz
characteri | Quality factor 100 — 20,000 | 30 —20,000
stics Notch depth 32-80dB 10-85dB
Passband | Center frequency | 1.9 GHz 947 MHz
characteri ["Quality factor 6— 188 3140
stics Passband gain 12-44dB | 10-40dB
In-band noise 70 1V ims 15 UV
Max. input swing | 5.1 mVp, 2.5 mVp,
Dynamic range 37.2dB 41.9dB
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ABSTRACT

This paper presents a novel low-voltage wide dynamic
range high frequency floating active inductor in a 0.35-pm
CMOS technology. The proposed circuit exhibits 52-dB
spurious-free dynamic range while dissipation 2 mW from
a single 1.5 V power supply voltage. Using the proposed
inductor, a 4"-order bandpass filter was designed at 2-
GHz center frequency and achieve Q of 25 with input-
referred IP3 of -14 dBV.

1. INTRODUCTION

High-frequency inductorless filters in standard CMOS
tecknology have received a considerable attention recently
[1]-[7]. These filters employ active inductors realized by
using simple transistor amplifier stage and exploit the
device intrinsic capacitance to obtain very high frequency
operation. The advantages of using active inductor are
large inductance value, high Q, small die area and
tuneability. However, the main drawbacks of using active
inductor are relatively large noise and low dynamic range.

This paper presents the design of a low-voltage wide
dynamic range floating active inductor in a 0.35-pm
CMOS technology. Section 2 describes the basic
grounded active inductor. Section 3 presents the proposed
floating active inductor and its simulation result. Section 4
describes the application of the floating inductor to the
design of a 2-GHz 4™ —order bandpass filter. Finally,
conciusion is given in section 5.

2. GROUNDED ATIVE INDUCTOR

Fig. 1(a) shows the circuit diagram of a low voltage
ground active inductor reported in [5]. The circuit is
realized by using the common-source (M,;) and common-
drain (M) stages as the required transconductors and
cxploiting the gate source capacitance of M, for the
required integrating capacitor. It may seem that the
minimum power supply voltage require by the circuit in
Fig. I1(a) is only Vgs+2Vpsar . However, for the
transistors to be in saturation, the circuit require Vpgars <
[Vrril = [Vrna|. In modern CMOS processes, the difference
in the threshold voltage of p- and n-channel devices is
usually less than 50 mV, thus only a very small Vpgars is
allowed. As a result, the transition frequency (fr) of M, is

low, limiting the ability of the circuit to operate at very
high frequencies. Note that, in a process where the
threshold voltages are more or less equal, M,z will be
forced to operate in weak-inversion, rendering the circuit
impractical for high frequency operation.

The above problem can be mitigated, while retaining
the low-voltage capability, by adding a DC level shifter
realized by a source-follower stage, My, as shown in  Fig.
I(b). All transistors are now operating in saturation
region , thus their f; can be maximized.

The simulated impedance of the circuit in Fig.1(b) is
equivalent to Cg, g4 and Z; in parallel, where Z is
given by (1). The simulated inductance and its series
resistance are equal to the imaginary and real parts of Zy,
respectively, given in (2) and (3) (assuming g, >> g and
Cgs >> Csd ):

1 88wt Szc,;zcys + s(gélcﬂi ZuCrat gmcpa) (1

SR Emi Em28my * szcxﬂcxxa + S(Cmg", + C,.Jg-z)
&,LL_'_[ o ]ZA{Q,ZC‘,,C,,,]' )
Sl el B _\EiEg 8k )
= (l -’ ‘__C,.szJ + m;[c,,zg,,, +Cpa8m J
Emr&ms Em&m
Where

A= (Cp1cpz§mg.a +CosCri38u18m + Co3Cruy8ur&ma — CpICgﬂguzng)

(s o Cidl, 3
1 C,,,g..,+ w8ar _ ConBan + ot ZeCan (C,,g,,i-c_,g_,) ( )
Im(Z,) = @ —- Bu1Buy  BuiBuy

7 7
Eui {] it Cuzcul} ks wz[c..:gn'l + Cyag.aJ
Bn28my Em1Buy

Another advantage of the circuit in Fig.1(b) is that it
renders a fully-differential inductor realization, which
increases the dynamic range. This will be reported in the
following section.

3. FLOATING ACTIVE INDUCTOR

A floating active inductor can be realized as shown in
Fig.2. The circuit was simulated by using HSPICE with
parameters from a 0.35-um digital CMOS technology.
The circuit is operates under a 1.5-V power supply voltage.
All transistors have the minimum channel length and their



widths are as follower: W=12 pm, W,=25um, and W,
= 32 pm. The current sources are realized by using simple
current mirrors. Fig. 3 shows the AC frequency response
of the simulated impedance. The circuit exhibits a seft-
resonant frequency of 3.54-GHz while dissipating only 2
mW. Fig. 4 show the inductance value and series
resistance where the nominal inductance value is 68 nH at
2 GHz and can be tuned by varying the bias current I,. Fig.
5 show quality factor of active inductor where the
maximum quality factor at 2-GHz is around 240. Fig. 6
demonstrates the Q-enhancement of the inductor, Where
increasing I; from 163 pA 185 pA changes Q at 2-GHz
from 1,487 to 34 respectively. The input-referred noise
integrated over 500-MHz bandwidth is 163.8 pV,.The
maximum voltage swing is 64.9mV,, with less than 1%
total harmonic distortion. Thus the spurious-free dynamic
range is around 52 dB. This value is large than those
reported earlier [1]-[7].

4. FOURTH-ORDER BANDPASS FILTER

To demonstrate the potential of the proposed active
inductor, a fully-differential 4™-order bandpass filter is
realised by using the doubly-terminated LC filter structure
as shown in Fig. 7. The inductor L, is realized by using
the floating active inductor. The filter was designed to
have 2-GHz center frequency and 80-MHz bandwidth, with
Rg =10 kQ, R, =20k, C;=C;=93 {F, C;»=7 {F, and
L,=L,=65nH.

The center frequency of the filter can be adjusted by
varying the inductance of L; and L,. This can be obtained
by varying the current I; as demonstrated in Fig.8, where I;
is increased from 300 pAto 460 pA and the center
frequency is increased from 1.89 GHz to 2.09 GHz. The
quality factor of the filter can be adjusted by tuning the
loss of the inductor. This is demonstrated in Fig.9 where
the Q of the filter is tuned from 19 to 30 by varying the
current I; from 220 pA to 163 pA. Note that the passband
gain of the filter approaches the ideal value of -6 dB when
the inductor loss is very small (i.e. high-Q inductor)

Linearity of the filter was also examined by apply a
two-tone signal at 1.96 GHz and 2 GHz. The third-order
input-referred intercept point of the filter is about -14dBV
as shown in Fig.10.

5. CONCLUSION

A new floating active inductor has been proposed. The
floating active inductor achieves 52 dB spurious-free
dynamic range while dissipating 2-mW from a single 1.5-V
power supply voltage .We believe that the enhanced
linearity renders the active inductor more practical for
realising low-voltage low-power RF filter for wireless
applications.

165

6. REFERENCES

[1] A. Karsilayan and R. Schaumann, “A high-frequency
high-Q CMOS active inductor with DC bias control,”
Proc. 43 IEEE Midwest Symp. on Circuits and
Systems, pp.486-489, Aug. 2000.

[2] A. Thanachayanont, “A 1.5-V CMOS fully-differential
inductorless RF bandpass amplifier,” Proc. [EEE
ISCAS’2001, Vol. 1, pp. 49-52, 2001.

[31 Y. Wu, X. Ding, M. Ismail, and H. Olsson,
“Inductorless CMOS RF bandpass filter,” Electronics
Letters, Vol. 37, No. 16, pp. 1027-1028, Aug. 2001.

[4] A. Thanachayanont and S.Sae-Ngow, “ Low Voltage
High-Q VHF CMOS Transistor-only Active Inductor,”
Proc. 45" IEEE Midwest Symp. on Circuits and
Systems, pp.486-489, Aug. 2002,

[5] Lin, T.Y.K.; Payne, A.J., “Design of a low-voltage,
low-power, wide-tuning integrated oscillator,” Proc.
ISCAS 2000, vol. 5, pp. 629-632, 2000

[6] A. Thanachayanont and A. Payne, “CMOS floating
active inductor and its applications to bandpass filter
and oscillator designs,” IEE Procs. Circuits, Devices
and Systems, Vol. 147, No. 1, pp. 42 —48, Feb. 2000.

[7] M. Gruzing, A. Pascht, M. Berroth,”“ A 2.5 V CMOS
Differential active inductor with tunable L and Q for
frequency up to 5 GHz, ” IEEE MTI-S Digest,
pp.575-578, 2001

e

(a) (®)

Figure 1. Low-voltage grounded active inductor.

Figure 2. The proposed floating active inductor.
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