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Abstract— A novel tunable third order low-pass Gm-C filteris
introduced. Programmable transconductors operatingn class AB
have been used for its implementation hence featugy low
quiescent power consumption. The operation in clas#\B is
achieved using quasi-floating gate transistors. Thidfilter is
suitable for channel filtering of highly integrated, ultra low
power wireless receivers e.g. for Bluetooth and Zigpe.
Measurement results for a test chip prototype in dow-cost 0.jum
standard CMOS process are presented.

Index Terms—Transconductor, linear OTA, class AB circuits,
analog CMOS circuits, analog integrated circuits.

I. INTRODUCTION

power consumption.

In this paper we propose a novel Gm-C filter whisles
a transconductor suitable to the demands in tefnligearity
and power consumption of channel filters in higimyegrated
low power receivers. It achieves high linearitythg use of a
passive resistor for voltage-to-current conversiod the use
of negative feedback in the voltage followers tinahslate the
input voltage to the resistor terminals. Besidebtge t
transconductor operates in class AB, which meaas tte
maximum current is not limited by the bias curremhhis
allows low quiescent power consumption without delgmg
dynamic performance. Moreover, its transconductance
tunability allows guaranteeing that the cut-offquency and

CHANNE'- filtering is required in receivers in order tone quality factor of the filter will have the desil value. The

separate the desired signal from other undesigpbls,

interferences, and out-of-band noise. It is usuadlyried out
by a continuous-time band-pass filter if the Intediate
Frequency (IF) of the receiver is not zero, or aticwmous-
time low-pass filter in direct conversion receivéraving zero
IF). Current trend in wireless receivers is towandutions
featuring high integration density and low powensamption.
To achieve these requirements active filter impletaigons
are used. However, large interferers near the etbsiignal
demand high linearity, which is often difficult tachieve
together with low area and low power consumptiorhileé/
usually active-RC filters were employed due to rthaigh

linearity, now transconductance-C (Gm-C) topologies/e
been proposed [1]. Due to their open-loop operati®dm-C

filters usually achieve lower power consumption fgiven
bandwidth, but they also feature less linearity.ohuler to
solve this limitation, the basic trend is designirige

transconductors by going back to the classic amraa

achieve highly linear circuits, i.e., using feedband passive
resistors, providing a highly line&tI conversion.

A disadvantage of conventional Gm-C filters
transconductors usually operate in class A, whictken that
the maximum current they can provide is limitedtbg bias
current increasing. This leads to relatively highiescent

filter has been designed and implemented in ar@.&MOS
technology, and measurement results are presertedpaper
is organized as follows: Section Il describes tlatage
follower employed in the transconductor, whichliegented in
section Ill. In section IV the third order low-pafifer is

explained. Measurement results of a test chipopype are
presented in Section V. Finally, some conclusiaesgaven in
Section VI.

II. VOLTAGE FOLLOWER

The proposed voltage follower structure used in the
transconductor is shown in Fig. 1. Transfer of ihput
voltage from the input terminal Y to the low-impeda
terminal X is very accurate since a high-gain niegat
feedback loop is employed, which is formed by tberse
follower M1 with negative feedback provided by tsestor
M2. This feedback loop improves accuracy in thetagse
transfer as it allows transistor M1 to carry a ¢anscurrent
Ig, as opposed to conventional source followers wtikee

is tth(,glrain current is dependent on the input voltagenddethe

gate-to-source voltage of M¥gsy, is also constant neglecting
body effect and channel-length modulation [2].
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Fig. 2. CCll-based transconductor with high inpsistance
Vv IB iMz
" | Mgy While the advantage of this scheme is its high tinpu
o resistance, the main disadvantage is that the geitallower
M M must process rail-to-rail input signals to achiead-to-rail
6M . . .
operation. Common-mode input voltagg,, is sensed by the
Fig. 1. Proposed class AB Voltage Follower usifg3Qechniques matched resistors and hence it can be used forubutp

) ) ) ~ common-mode control of the driving stage. Fig. 8veh the
Class AB operation has been achieved just by adeingmplementation of the proposed transconductor.
floating capacitor and a large resistafg, implemented by y5\ever, continuous transconductance tuning isiegéor

a minimum-size diode-connected MOS transistogaM in  the Gm-C filter to feature continuous tuning. Thenihg
cutoff region, whose common terminal is the gatérarfisistor method employed is the one shown in Fig. 4 [5]

M3. Hence, as its gate is weakly connected in dthéobias
voltage Vi through a large resistance, M3 becomes a “quasi-

floating gate” (QFG) transistor [3]. R R
The operation of the circuit is as follows. Duriggiescent vaﬂwj Maage 2
operation, the capacit@®@,, has no effect and the voltage atw. . M

the gate of M3 i8/g as no current flows through the resistorsH
Therefore, quiescent currents and voltages, arsldhiescent |,
power consumption, are the same as those of thivadept
circuit operating in class A.

However, when a positive input voltage is applied t
terminal Y, a negative voltage swing appears atghte of M o Mecw i O,
M2. This negative voltage swing is translated te gate of M?: | 1:1 @MW
M3, as the floating capacitor cannot be rapidlyck#éged
through Rage. This capacitor acts as a floating battery. The

negative voltage swing allows M3 to provide a lacgerent to Fig. 3. Differential transconductor operating inss AB
the output, which is not limited by the bias cutrdfence the )
circuit operates in class AB and can have highesurdriving T * i T
capability and, at the same time, very low quiesqawer
consumption. I
It must be mentioned th&.q. and Cy form a first-order
high-pass filter from the gate of M2 to the gateM&. Hence e It
the DC level and frequency components belownB{2,cCoar) LR Va o Ry Rigo Ve R,
in the gate voltage of M2 are not transferred. Buthe very W%"—M«%MI
large value ofRChar €mployed, this cutoff frequency is in alg 2 R
practice below 1 Hz. Current Curent
alg alg
. TRANSCONDUCTOR
Out2 Outl

The design of the transconductor employed is shiaviig.
2. It employs two second-generation current conk&eyo Fig. 4. Current-division tuning method
(CClls) [4], whose voltage follower is the one ally
explained and its current follower is a simple eatrmirror,
and two passive resistors in series. The CCllissteanthe
differential input voltage to the resistor termmalthus
yielding V-1 conversion. Then current at terminafs is
conveyed to the high-impedance output terminals Z.

According to it, the current generated in the \bheersion
suffers an attenuation due to the resistive dividara result,
the current that goes through the current followekg is less
than the total amount of current obtained from e
conversion)g. The value of: is:



MM
Mgiarge Mgiarge B
MS
M 5C
IB
M, M, M,
M Rlarge Rlarge M

M 11M M q
M.2)| VBT’I% 1 MIZTW A Mll%l:‘r d } M ‘E’I%Mll L e My, MlS}I:‘FVB{ M,

M ;, M 3
M L_Hlx 13 Mioc L_H‘x 1:" | ] ’;‘1 Myc j N mxlﬂ_"
13C 11 l —T M T Miicm 11CM [ € T =T M T M13C

V& | 11C Ve 12

Iy B Out2  Outl ® ly

Miom Mo

% ]
VVH M, cﬂ» Ven Mioc ocm Migem Mioe L Ve Tbm Mo =Y
| ‘
|

.-.Z
o
|

Fig. 5. Schematic of the proposed tunable classraBsconductor

In view of the previous ideas, the resulting progrsable
1 transconductor is the one in Fig. 5.
:m 1) The upper part of the circuit, which involves tristsrs M1
to M6, is a non-tunable fully-differential transchrctor that
uses passive resistors for highly lin&at conversion and has
class AB operation. Connected to their outputsisisiors M7
and M8 form the resistive divider in charge of eoling the
G = 2al _a @) amount of current that goes through the output erurr
"V, R followers. And finally, the last part of the cir¢uivhich covers
all the transistors from M9 to M14, includes therreat
it is possible to adjust it by changing and to do that, followers that operate also in class AB and provitie
programmable resistoR; andR, are needed. These resistor§ansconductor with high-impedance outputs. Notat tine
are implemented with MOS transistors in the triceigion that Same class AB CClls employed in the transcondubtoe

As the transconductance value becomes as follows

can be tuned by changing their gate voltages. been used to implement the current followers.
Although this tuning method employs MOS transistiors
the resistive divider, it provides good linearigsults due to IV. THIRD-ORDERLOW-PASSFILTER
the fact that passive resistors are still used dotlte V-I The chosen filter is a 1MHz tunable third order Jpass

conversion. Triode transistors are just used forrequ filter suitable for Bluetooth applications and $igecifications
splitting. are given in Table 1. Its schematic is shown in Big
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Fig. 6. Schematic of the low-pass filter

According to the figure, this Gm-C filter is conated by
six equal tunable transconductors, already explaias well
as six grounded capacitors. Besides, as it is rdiftial
implementation, common mode control circuitry ieded at
some nodes. The scheme of this circuit is basesknsing the
output common-mode voltage of a transconductohénrtext
one and feed it back. Conventional techniques baen used
to implement the CMFB circuit. Finally, there isvaltage
follower in order to measure the output, avoidingding the
filter with the bonding pad capacitance.

The first two transconductors along with the fipstir of
grounded capacitors is a first-order filter, and Hubsequent
four transconductors plus the other four capaciforsn a
Tow-Thomas second order section. The transfer immabf
this filter is as follows

!

= Gw/C (-?’msGms/C2 3
Va(s) T 5%G,,/C F +(Gyy/CJs+ GGr/C? O

Transconductance values are seGig = G, = Gns and
Gmz= Gns= G SO two different transconductance values are
employed.

V. MEASUREMENTRESULTS

The proposed tunable transconductor and the Gnies fi
were fabricated in a standard @ CMOS n-well process
with nominal nMOS and pMOS threshold voltages &40V
and —0.92 V respectively. For their implementatioree metal
layers, poly-poly capacitors, and high resistanoggilicon A T T
resistors were used. The microphotograph of thmiitican be Vin (Vpp)
seen in Fig. 7. The silicon area employed by therfis 2.22
mn¥. CapacitorCpy Was implemented with two polysilicon
layers and has a nominal value of 1 pF while resiRtwas Harmonic distortion is dominated by the third-order
implemented with high-resistance polysilicon and havalue harmonic, as expected from a fully differentialil For peak-
of 10 kQ. The supply voltages employed for all théo-peak  differential input  voltages larger than
measurements wekép = 1.65 V andVss= -1.65 V. 4RIz=4-1QA-10kQ = 0.4 V the output currents are larger than

The dimensions of the transistors employed in the she bias currenitz. Beyond this point in Fig. 8 linearity is not
tunable transconductors of the filter are listed @ble 1. The degraded abruptly, confirming the class AB operaitid the
value of the grounded capacitors of the filterSspE. circuit. As can be seen, Total Harmonic Distort{@mD) is

In Fig. 8. the harmonic distortion measured foifeecential  lower than -55 dB for an input of 1.2Vpp (36% oé thupply
input sinusoid of 120 kHz and different amplitudeshown. voltage), which corresponds to peak currents 3G¥%el than
The bias current wag = 10 JA. the bias current.

Harmonic Distortion (dB)

Fig. 8. Measured harmonic distortion vs input \@état 120kHz



The frequency response of the filter is shown ig. Bi for
different values of the frequency tuning voltageheve its
tuning capability is proved.
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Fig. 9. Measured filter magnitude response TABLE |
FILTER SPECIFICATIONS
It can be observed that the DC gain changes betiveen gzsr I:Utterworth
different tuning voltages. However, the differemegween the 3-dB Frequency range 1.4 MHz — 200 kHz
highest and the lowest values is lower than 7dBe T3dB THD <50 dB
cutoff frequency range, which is quite wide, gossrf 200 Quiescent power consumption <5 mW
kHz to 1.45 MHz. This range is enough to compensate
process variations. TABLE Il
Finally, Table 1l summarizes the main measured
performance parameters of the filter. TRANSISTOR ASPECT RATIOS FOR TRANSCONDUCTORS
TRANSISTOR DIMENSIONS
VI.  CONCLUSION MQCQMMTBWKH; “Jif W=25054 ;L=1.054 ;m=4
A novel tunable highly linear third order low-pa&sn-C Mis, Miac, Miacm
filter has been introduced. Very low quiescent powe [ M2 Mau, Mio, Miom W=15u0 ;L=1054 ;m=4
consumption has been achieved thanks to the progabie Mac, Mzcw, Mioc, Miocm W=151 ;L=064 m=4
transconductors operating in class AB employed ifsr Msc, Macw, Mac, Msc, Muic | \y 49 95, :L=06p :m=4
implementation. Quasi-floating gate transistorsehagen used |t Mizo Miso — — —
in order to obtain this class AB operation. As aute the Me, Mo, Mis, Maan W:25'05“ fL:3“ M= '
. ) o L My W=4995u ;L=1.054 ;m=4§
circuit is ablg to have high current driving capiépiand, at e W=49.951 :L=1.051 :m=§
the same time, very low quiescent power consumption Mrorge W=-151 :L=o06p .m=1
Besides, each transconductor of the filter includédts design
a technique for tuning the transconductance. Tllosvg, once TABLE III
:Ee f||te:.t|sfco:nplete, to adjust the cutoff freqag as well as SUMMARY OE EXPERIMENTAL RESULTS
e quality factor.
Measurement results of the filter show a quiesqenter Technology 0-Bm CMOS
consumption of 4.62mW and a THD lower than -50dB1f20 S_Upply Voltage 165V
kHz inputs up to 1.6Vpp. Therefore, it is suitafide channel Bias Current . 10uA
filtering of highly integrated, ultra low power \giiess Filter
receivers. Cutoff frequency range 1.4MHz - 200kHz
Die area 2.22 mfn
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Quiescent power consumption  4.62 mW




