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A CMOS “Soft-Switched” Transconductor and
Its Application in Gain Control and Filters

Clemens H. J. Mensink, Bram Nautdember, IEEE and Hans Wallingaivember, IEEE

Abstract—This paper presents a transconductor suitable for can be used, for example, as an anti-aliasing filter before a
implementation in submicron CMOS technology. The transcon- high-speed A/D converter.
ductor is nearly insensitive for the second-order effects of the g paper presents a continuously tunable transconductor
MOS transistors, which become more and more prevalent in itable for high-f licati It h |
today’s submicron processes. The transconductor relies on a Sul a_ _e_ or high- requency_app Ications. as a very O_W
differential pair with variable degeneration resistance, while the Sensitivity for the MOS transistors second-order effects, which
degeneration resistors are “soft-switched” by means of MOS makes it therefore suitable for realization in a submicron
transistors. The transconductance is continuously tunable. A°CMOS technology. In Section Il the design considerations
transconductor, using a device in which the degeneration resistors | be discussed. In Section Ill the operation principle of

and “soft switches” are merged, is optimized for a maximum M . N . .
tuning range and can be used in variable gain stages like in the “soft-switched” transconductor will be explained. The

an automatic gain control (AGC) circuit. Besides, a third-order ~transconductor core can be implemented in a very compact
5.5 MHz low-pass filter has been realized in a 0.5m CMOS way with a new device in a standard CMOS process without

process using the “soft-switched” transconductor. At a 3.3 V any extra process options. This merged device, in which the
supply voltage the filter dissipates 12 mW and the dynamic range gegeneration resistors and “soft switches” are combined, is
equals 62 _dB where the total harmonic distortion (THD) is—48 shown in Section IV. The transconductor using the merged
dB for an input voltage of 1 V. : o - ; s

device and optimized for a maximum tuning range, which
is required in an AGC circuit, is presented in Section V.
Section VI deals with a third-order 5.5 MHz low-pass gm-C
filter. The filter has been realized in a Q.51 CMOS process
and can be used as an anti-aliasing filter before a high-speed
|. INTRODUCTION A/D converter. Finally, in Section VIl the conclusions are

VER the last three decades the integration of electrorfi§awn.

Ocircuits on a silicon substrate has made an enormous
step forward, and nowadays the miniaturization has still not
reached its end. High component density, particularly for [l. DESIGN CONSIDERATIONS
dlgltal CMOS CirCUitS, can be obtained. Therefore, more and Near|y every pub“shed ana]og tunable transconductor in
more signal processing functions are implemented by digit@hMOS technology relies on the MOS transistor characteristics
circuitry since it often requires less chip area and powghd makes use of the linear [5] or square-law [7], [8] behavior
compared to an analog implementation of the same functigfetween the drain current and the gate-source voltage. Un-
Remaining analog functions on a mixed-signal IC realized fartunately, in a submicron process with relatively low oxide
a submicron CMOS technology are, for example, A/D anghickness and high substrate dopes, the transistor's second-
D/A conversions, amplification, buffering, clock generationgrder effects like mobility reduction and velocity saturation
and some filter functions. become more and more prevalent. Therefore, the transistor

Basic building blocks in many analog subsystems agaracteristics deviate significantly from the ideal behavior.
transconductors, also called voltage to current (V-1) Corrhis results, especially for a square-law converter [7] and a
verters. Transconductors are well suited in variable gajassive triode converter [9], in relatively high distortion levels
stages required for automatic gain control (AGC) [ljin combination with a reduced transconductance tuning range.
[2], and in continuous-time filters implemented with thejowever, the performance of an active triode converter [5]
transconductancé* technique [3]-{6]. These kind of filters gecreases mainly with respect to the linearity rather than the

tuning range [10].
It is shown in [11] that mobility reduction linearizes a long
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pensate at least for the most dominant nonlinearity. Gen-
erally, compensation techniques are not robust against
mismatch and usually decrease the dynamic range per
unit of power. Furthermore, the cause of the most dom- R2a
inant nonlinearity is biasing and technology dependent.
Although compensation techniques can improve the lin- R3a 7
earity [10], [12], [13], they are usually not preferable.
2) The signal voltage swing over a nonlinear device can
be reduced so that a “small-signal” approach is valid. In R4a
this way, distortion is hardly generated and the effect
of mismatch will be small. However, a small signal
approach implies that the bias current is significantly + Mla

. . . . Vi
larger than the signal current which can result in a noisy —123

1) Compensation techniques can be used in order to com-
2-Iol$
A

+
R2b 9 VGB

transconductor and a low dynamic range per unit qf Tout| Touty
power as well. Special care has to be taken to av0|d\,c0m + Ly
this problem [14]. T-° T

3) Instead of MOSFET's, linear devices can be used such 1

as resistors. The linearity of resistors is usually sufficie'rgFg
and much better than that of a MOS transistor. Besides,
a resistor requires no bias current. As a disadvantage,
the resistance is not electrically tunable. The back gates of these transistors are connected to node

A combination of the techniques mentioned under 2) and Due to the body-effect, the threshold voltage of ¥&)
3) is presented in [15] where a circuit containing resistor larger than the threshold voltage of M2r;) since Vr is
MOSFET’s, and op-amps is used. The MOSFET's only handf&ual to
_small _signals in ordgr to keep the _distprtion I_ow. The tuning Vi = Vio+ 6 - Vg )
is achieved by shunting or subtracting input signals, however,
this basically lowers the dynamic range for a given amount afere Vi is the threshold voltage dtsg = 0 V and § is
power. In general, at high frequencies op-amps are not véhe linearized body-effect parameter [19]. So, the body-effect
useful due to their negative effect on the transconductoi$ the “soft switches” further increases the differences of the
phase behavior. effective gate source voltages butist essential for a correct
Considering the above-mentioned facts, a new transcaperation of the circuit.
ductor was developed using resistors and transistors. Théd-or low values oft'og where M2 and M3 do not conduct,
transistors are used in such a way that the small-sigriak input transistors are maximally degenerated R%; R3,
approach is valid as much as possible resulting in a small n@nd R4. For increasing values oVgp when M2 starts to
linearity contribution. The following section will describe theconduct, the resistor®2a andR2b are more or less shunted by
operation principle of the new “soft-switched” transconductoM?2. Therefore, the effective degeneration resistance decreases,
resulting in a higher transconductance value. By further in-
I1l. OPERATION PRINCIPLE OF THE creasing/gs, i3a, andR3b are shunted by M3. The minimum
“SOET-SWITCHED” T RANSCONDUCTOR degeneration resistance is determined/by and the lowest
L . . value of rgs3. Only two “soft switches” are drawn in Fig. 1,
The schematic diagram illustrating the transconductor Prifut the number can be increased.

ci_ple is _depic_ted in Fig_. 1 and is _bas_icglly a_deger_werate Now, the distortion behavior of the transconductor is dis-
differential pair. The tuning of the circuit is realized via thE/

. 1. Schematic diagram of the “soft-switched” transconductor principle.

. . ussed. For a&/gse value close toVy,, M2 turns on and
voltage V. The degeneration resistance can be gradual in nonsaturation fors,, = 0 V. A nonzero input sig-
varied by means of “soft-switched” transistors M2 and M3, iﬂ .

thi i v tunable duct is obiai will enforce vys2 unequal to zero and brings transistor
[1|65] V{fg]a continuously funable transconductance IS obtal into saturation, which causes a slightly too large signal

B . ., optput current compared to a perfectly linear device. The
The gates of the "soft switches” (M2 and M3) are connectﬁ%?"near current though M2 depends strongly on its drain-

to the same node. Because of the dc-voltage drop over rce voltage. Fortunatelys., is only a fraction of v,

resistorsR3a,b, which is equal tcRZS . .(o, the effective gate due to the resistive divideR2/(R2 + R3 + R4 + 1/gm 1)

source voltages of M2 and M3 differ in such a way that keeping the distortion relatively low. However, for a very low
Vas.w| > 1Vas.wl- (1) Vvalue of R2 compared to the total degeneration resistance, the

transconductance tuning due to M2 will also be small. For

This condition is always valid thanks to the topology of thaigher values oflzg, M2 will stay in nonsaturation and is

circuit. Therefore, M2 conducts before M3 for increasingasically a linear device by itself.

values ofVgp. Since the source and drain of the transistors A further increase ofVgg will turn on M3. Due to the

M2 and M3 are symmetrically used, they are interchangeabtiain-source resistance of M2, the voltage swing over the
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Fig. 2. Transconductor, realized with five “soft switches.”

drain-source of M3 is lower than expected from the resistive The circuit has been implemented with PMOS transistors. In
divider (R2 + R3)/(R2 + R3 + R4). The actual resistive an N-well CMOS process the back gate (N-well) of the PMOS
division is nearly equal td&3/(R3+ R4), resulting in a fairly transistors can be freely used, in contrast to NMOS transistors
low overall distortion contribution of M3. where the back gate is by definition equal to the substrate. The
If all the “soft switches” are turned on, the effective deN-well can be connected to a dc and low impedance node, for
generation resistance is lowered, reSUlting in a smaller inwamp|e, the Supp|y VOItagE,ld- In that case, N-well shields
window of the converter. Consequently, for a constant inptfe transconductor more or less from digital substrate noise.
voltage amplitude, the distortion of the converter increases.tpe voltage sourc&#gp has been implemented by drawing
This implies that tradeoff must be made between the maximuyrrent through a resistor connected between node A and the
input voltage swing that can be handled and the tun'%tes of the “soft switches.” A copy of the tune currént,.
range. In an AGC this tradeoff is of minor interest since thfFows throughRS to establish the tuning. The tune voltaiges
input voltage swing decreases for increasing values of tB?the “soft switches” is proportional td,,.. The transistors

tran_sconductance._ . M9, M11, and M12 are applied to compensate for the tune
Since the transistors are more or less used as switches

only the first-order characteristics of the transistors af“fec(iur’rent throughizs. In this way, the current through the degen-

the secondorder effects of the transconductor, whereas teerat|on resistors Is not affected. The resistAsthrough /6

secondorder effects of the transistor are hardly of interes ave the same value, and all the *soft switches” are equal. This

This makes the transconductor suitable for implementation hired Of dlmen5|on|r_19 IS J‘%St stra|ghtforvva_rd and easy to design.
a modern submicron CMOS process. The circuit was dimensioned for a tuning range of a factor

two, needed to overcome absolute process and temperature
variations. The total maximal degeneration resistance is equal
Realization to 2 x 10 k2 and can be tuned to an effective degeneration
The transconductor has been realized in a/hbstandard resistance of 2« 5 k(2. All resistors have been implemented
CMOS process. Five “soft switches” are used instead of twdsing poly-silicon. The transconductance of M1 is about 1
It appeared from the simulation results that for the appligdA/V. Although the circuit of Fig. 2 does not suggest to be
voltages, five “soft switches” were sufficient for a smootla low voltage solution, it requires no more supply voltage
transconductance tuning range. The schematic diagram of toenpared to a nondegenerated MOS differential pair. In the
realized circuit is shown in Fig. 2. latter case, the gate-source voltage needs to be significantly
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Fig. 3. Chip photograph of the converter given in Fig. 2.
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larger in order to keep the distortion low. The dc voltage drop Itune [#A]
over the resistors is only 0.7 V. (b)

_Flg. 3 shows the chip P‘hOtOQraph of ,:[he circuit given _”aig. 4. (a) Measured transconductance versus input voltage for various tune
Fig. 2. The area of the “soft switches” and degeneratiqfirrents. (b) Measured transconductance versus the tune current.

resistors is 250@m?2. The chip area of the complete converter
core equals 600Q:m?.

gm~— gm~ gm™
The transconductanc&ll,../dVi,) was measured versus convex  concave convex
Vin @nd versudy,,.; the results are shown in Fig. 4(a) and (b), TR AR l crree e L

respectively. Fig. 4(a) shows that for low and high transcon- ~ _so|--{|-- Ll
ductance values the curves are convex. In these situations :
the distortion of the circuit is mainly caused by the input

transistors M1. For intermediate transconductance values, the
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shape of the curves is concave. The “soft switches” are forced -65fEET= G ' Ve Simulations

into saturation by the input signal, resulting in a slightly too _70t - 117 3 Discrete-deviees - -

large output current and an increase of the transconductance s Merged device

versus Vi,. 5 0o 15 20 25 30 35
The total harmonic distortion (THD) figures are measured Tiune [RA]

at 1 kHz for an input voltage of 1 M, 4;x, the results are given rig. 5. Measured and simulated THD of the transconductor implemented
in Fig. 5 by the solid line. The maximum THD is48 dB. with discrete “soft switches” (Fig. 2) and implemented with a merged device

The simulation results are also given in Fig. 5. The simulatég9- ©) versus the tune currenfy = 1 kHz.
and measured curves are somewhat shifted. This is mainly a
result of the absolute resistance variation during processingThe source and drain of a MOS transistor consists of highly
For a higher value ofRS the THD curve shifts to a lower doped diffusion areas. These diffusion areas are of N-type for
tune current. NMOS transistors and P-type for PMOS transistors. Normally
the diffusion areas are contacted over the entire area by a low
ohmic layer, e.g., metal, in order to get a homogeneous current
distribution along the width of the transistor. A diffusion
Taking a closer look at the CMOS process, it appears thasistor consists of the same N- or P-type diffusion areas
both a diffusion resistor and the source and drain of a transisé® the source and drain of a transistor. However, a resistor
are made of diffusion areas. This gives the opportunity te only contacted at the very ends of the structure. Without
combine the degeneration resistors and the “soft switches”artra process options, it is possilet to cover the source
a so-called “merged device” [16], [18]. Thetal degeneration and drain areas of the transistor with a low ohmic layer.
resistance determines the minimum transconductance. Ha@®ansequently, the source and drain can also simultaneously
ever, it is less obvious how many discrete “soft switches” al® used as resistors. This gives the opportunity to combine the
needed for a smoothly varying transconductance. In fact, dageneration resistor and the “soft switches.”
infinite number of “soft switches” could be taken. It appears Fig. 6 shows the transconductor with the merged tuning
that the degeneration resistors and “soft switches” can 8evice. The merged device is drawn correspondingly to the top
elegantly combined. view of the chip layout. The source and drain at the left and

IV. THE TRANSCONDUCTOR
IMPLEMENTED WITH A MERGED DEVICE
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right side of the gate are used as degeneration resistors as wet

These resistor§R9) are only contacted at the top and bottom. E‘l M
The position of the gate contact is of less importance since n
dc current flows through the gate. A construction with curre
flowing along the gate, and thus causing a voltage gradie
is imaginable but appears to be impractical and decreases the
power efficiency.

Due to the current/,, there is a voltage drop over the
resistorsii9, therefore, the absolute value of the effective gate-
source voltage going from top to bottom decreases gradually.
Besides, due to the body effect, the threshold voltage of
the merged device increases along the resisi@sfrom
top to bottom. The N-well is connected to node A. For an R7a
increasing tune current, the potential of the gate decreases and
an inversion layer underneath the gate occurs at the top firs;:a Veom __* v }_
and “grows” to the bottom. The signal current flows vertically ~
through the resistorB9 and horizontally through the inversion Tout
layer. Due to the small width of the merged device (which is
conventionally the length of the transistor) compared to the H‘ [ JI
length of the merged device (which is conventionally the width H H M1o I’I
of the transistor), the vertical or diagonal currents through
the inversion layer are negligible. Using the merged devidgg. 6. Schematic diagram of the transconductor using a merged déifiee;
the transconductor has actually been realized witfinfinite and ’9b are also the source and drain diffusions of the “soft switches.”
number of “soft switches.” Similar structures of a gradually
varying degeneration resistance are also known in bipolar
technology [20], [21]. In these structures a control current
flows through a resistive base or emitter of a bipolar transistor,
resulting in a infinite number of “diodes” that continuously tap
along the degeneration resistor.

In the previously described discrete version and the version
using the merged device, both are dimensioned to have equal
performances. Indeed, it appeared that the measured transcon-
ductance and tuning range are similar compared to the results
of the converter with five discrete “soft switches” given in
Fig. 4(a) and (b). The THD figures are given in Fig. 5 by the
dashed line which also indicates the nearly equal performances
of both transconductors at low frequencies.

The circuit cannot easily be simulated with a circuit simu-
lator since normally no implicit model for the merged device
is available. For a relatively small tuning range of a factor
two, the approximation of the merged device with five “soft
switches” appears to be sufficient. However, for a larger
tuning range, the number of discrete “soft switches” must be
increased. This implies that the merged device is well suited

if a large tuning is needed, for example in an AGC. Fig. 7. A transconductor using a merged device with maximized tune range,
suitable for AGC applications.
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fouty tune l

| M8 L‘LM‘)
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V. A TRANSCONDUCTOR SUITABLE

to their own sources so that the body-effect of the input
FOR GAIN CONTROL APPLICATIONS

transistors does not lower the maximum transconductance
The previous converters had a tuning range of a factor twalue. Besides the merged device ak@, the dimensioning

in order to overcome temperature and process variations.dihthe circuit is equal to that of the previously described

some applications the converter needs to have a larger tunirapsconductors. If there is no input signal, the voltage drop

range, for example in a continuously tunable gain control. dver the degeneration resistors is 0.9 V.

transconductor with a merged tuning device appears to be &ig. 7 shows the chip photograph of the converter. Two

good candidate for these applications. merged devices are connected in anti-parallel in order to
The circuit of Fig. 6 without the resistor&7 has been compensate for mismatch due to asymmetry during processing.

used to establish a converter with a maximized tuning rangehe transistor gate has a length of u&. The total area of

Moreover, the back-gates of the input transistors are connected converter core is 7000m?.
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Fig. 8. Measured transconductance versus the input voltage of the cirdgj- 9 The THD and input voltage versus tune current at constant output
of Fig. 7. signal, fo = 1 kHz.

The transconductance was measured vefguys and the region. The bias .volta_geB’!;l and Vs, are properly applied
bé/ means of a bias circuit.

results are given in Fig. 8. The transconductance can be tun q‘he implementation of the voltage soure,.. is given in
from 70 A/V to 390 A/V which is a variation of more than a Fig. 10(b). The tuning is realized Vif,.. The tail current

factor five. The input Wlnd(_)w of the_converter is Iargeforalovy is compensated fof,.,. S0 that the biasing of the circuit
transconductance value since the input transistors are stronl : .
s not change. For increasing transconductance values, the

degenerated. For a high value of the transconductance, where : : . .
L . . . ) current modulation of the input transistors Mla,b increases.
the degeneration is minimal, the input window is small. |

. L e ithout extra measures these transistors would dominate the

a gain control application, the amplification must be small ) L
. . : overall distortion figures. Therefore, extra dc currents, propor-
for large input voltages and high for low input voltages. L .
. . - tional to the tune current, are injected in the sources of the
Therefore, the input window of the circuit must be large for . .
Input transistors. The four extra current sources [dashed lines

large input voltages and might be smaller for small input’™_. . .
. n Fig. 10(a)] are copies af;,,. and have a maximum value
voltages. Fortunately, the converter described here follows thFSO LA

requirements, in contrast to a long tailed pair where the inputIn this design, the noise of the transconductor is mainly
window decreases at low gain [2]. Besides, the input referr%d '

. ) . N etermined by the current sources of the folded cascodes and
noise voltage is proportional te/,/g,, which implies that S ;
s . _the common-mode circuit. The noise current of the core of the
it is low for a large transconductance value. So the inp

Hansconductor is relatively low. The “soft switches” produce

referred noise voltage is low at small input signals. Thesoenly thermal noise and no/f noise since the dc current is

combinations result in a large signal-to-noise ratio over the f0. If vy # 0, the voltage noise at the gates of the “soft

en'ure_tunmg range which makes the transconductor appllcaé\lfs%itches” introduces some current noise in the signal path.
for this purpose.

For the THD measurements, the circuit is terminated with aThe transconductance was measured veisusthe mea-

differential resistance of 2(k The input amplitude is chosen.Surement results are given in Fig. .11' The transconductance
tunable over a factor three, which is equal to plus and

) i
in such a way that the qutpgt voltage has a constant ?mp“tura?nus 50%. Thanks to the extra bias currents at relatively
for every measured point, i.evyy; = 60 MVyig rvs. Fig. 9

. high transconductance values, the transconductance rolloff is

shows the measured THD on the lgfaxis and the rms value
. L . ; : somewhat reduced. The worst case THD of the transconductor

of the differential input voltage in the rightaxis. The worst-

case THD over the entire tuning range occurs at an inpftcj)tr an input voltage of 1 Y,z and a frequency of 1 kHz

. IS —48 dB.
voltage of 200 MMig rs and is just smaller thar-40 dB. The third-order 5.5-MHz low-pass Bessel filter has been

realized in a 0.5:m double-poly N-well CMOS process. A
passive prototype circuit is given in Fig. 12. The filter has
This type of transconductor is suited for filter applicationan extra notch for improved stop-band damping, the notch is
in the low megahertz range. At very high frequencies nmplemented withC'3. Furthermore, the group delay variation
internal nodes are allowed [6] for optimal phase behavior. Tliee small which is required for the application. Fig. 13 shows
transconductor is used in a 5.5-MHz low-pass filter. The filter balanced active implementation using the “soft-switched”
can be used as an anti-aliasing filter for a video A/D converteansconductors.
[4]. Since the cutoff frequency is constant, the tuning-range A chip photograph of the filter implementation is given in
of the filter must be sufficient to overcome absolute proceB&y. 14, the filter area is 0.15 nfmThe capacitors were made
and temperature variations. Taking the spread of transistaréth double poly.
resistors, and capacitors into account, the tuning range musThe gain of the filter was measured versus frequency for
be plus and minus 50%. different values ofl.,,., the results are shown in Fig. 15.
The transconductor schematic used in the filter is given The —3 dB cutoff frequency was tuned manually from 2.2
Fig. 10(a). The core consist of the “soft-switched” structure. £ 6.7 MHz by means of the tune current. The depth of the
folded cascode and a common-mode control circuit are addedtch depends on the tuning due to the varying phase-shift
The transistors M9 and M10 operate in the nonsaturatioh the transconductor, which is less than Q& 5.5 MHz

VI. THE THIRD-ORDER 5.5 MHz Low-PASS FILTER
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Fig. 10. (a) The schematic diagram of the transconductor used in the 5.5-MHz low-pass filter. (b) The implementation of the tune voltade,seurce:

L3 246pS
R1 Il Vout
9.09kQ C3
+ 0.40pF
vin C 2 c4 0.0k
- 1.62p1?]_ 7.08pF ‘
L

2_(1.00 .50 0.00 0.50 Lo0 Fig. 12. The passive prototype of the 5.5-MHz low-pass filter.

Vin [V]

Fig. 11. The transconductance versus input voltage for various tune curreigisfinite, where in simulations using the ideal filter the notch
of the transconductor shown in Fig. 10(a). depth is infinite. The stop-band damping equa2 dB.

The measured and simulated phase and group delay of the
for the nominal transconductance value. The filter gain rolitminal transfer are given in Fig. 16(b), the simulation results
off somewhat smoothly at the cutoff frequency. Thanks to tlege obtained with the ideal filter (Fig. 12). The measurement
smooth frequency response, the group delay variation remaiasults are in good agreement with the simulation results
small. The gain rolloff in the pass-band will be corrected inbtained with the ideal filter. The maximum group delay
the digital domain after the A/D converter. variation in the pass-band is 13 ns.

The measured nominal gain of the circuit given in Fig. 13 Intermodulation measurements have been carried out in
is given in Fig. 16(a). The gain simulated with the ideal filteorder to measure the distortion of the filter. Since the third-
of Fig. 12 has been normalized to 0 dB and is also giveder intermodulation products manifest in a small frequency
in Fig. 16(a). These two lines match closely. Due to a finiteand around the fundamentals, the filter characteristic hardly
quality factor and noise of the transconductor, the notch demfiects the distortion measurement, in contrast to THD mea-
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f[Hz] Fig. 16. (a) The measured nominal gain and simulated normalized gain of

the ideal filter versus frequency. (b) The nominal phase and group delay versus

Fig. 15. The measured filter gain versus frequency for various tune currenfaquency, measured and simulated with the ideal filter.

surements. Fig. 17 shows measured and simulated IM3 results -40
obtained with the circuit of Fig. 13 for the nominal transfer. 45

At low frequencies, mutual distortion cancellation of the _ ol
transconductors occurs. In simulations, these cancellations are é 0 :
perfect, therefore the simulated IM3 for low frequencies is o o
zero. In measurements, some distortion at low frequencies 2 o[
remains due to mismatch. For frequencies close to the cutoff 65
frequency of the filter, the IM3 increases due to two facts. 70

First, at these frequencies the capacitive currents are no longer
negligible, resulting in a phase-shift between the internal filter

f[Hz]

nodes. Therefore the mutual distortion cancellation of th&y. 17. Intermodulation distortion versus frequency, measured and simu-
transconductors does not occur at these frequencies sincelalgd at the nominal transfet;, = 1 Vpp qift-

currents are out of phase. Second, the voltage amplitudes at

some internal nodes increase about 6 dB close the cutoffThe output noise voltage of the filter has been measured.
frequency. This means that close to the cutoff frequency soffiee noise voltage over a frequency range of 1 kHz to 5.5 MHz
transconductors have an input signal twice as large as the inpgtials 268:V rns Which is slightly higher than simulated, i.e.,
signal at lower frequencies. 190 V. It appeared that due to absolute processing spread the
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TABLE |
FILTER CHARACTERISTICS

(2]
(3]

Parameter Value

f_34p nominal 5.5 MHz

Stop-band rejection -32dB 4]
f_34p tuning range 2.2-6.7 MHz

Output noise, 0-5.5 MHz (nominal) 268 Vims

THD (In pass-bandyinmax = 1Vppdisr) -48 dB

IM3 (In pass-bandiymax = 1Vppaisr) -45 dB (3]
Dyn' Range (’inma‘x = 1VppdifT) 62 dB

CMRR, v, = 0V -50 dB 6]
Group delay variation 13 ns

Power dissipation (Vdd=3.3 V) 12 mW

Chip area, (0.5¢m CMQOS, double poly) 0.15 mn?t [7]

(8]
common-mode circuit [M7-M10, Fig. 10(a)] produces slightly
more noise than in simulation. [9]

The filter characteristics are summarized in Table I.

[10]
VII. CONCLUSION

A continuously tunable “soft-switched” resistor-basedt!!
transconductor has been presented. $eeondorder effects
of the transconductor are determined by tfiest-order [12]
transistor characteristics. This is owing to the fact that the
V-l conversion relies basically on a resistive degenerategh
differential pair while the MOS transistors, used for the
V to | conversion, are only used for “soft switching”
the degeneration resistors. Theecondorder effects of
the transistor therefore hardly affect the transconducttl
performance which makes the circuit also suitable for future
submicron CMOS technologies. [16]

The transconductor has also been realized using a merged
device, in which the degeneration resistors and the “s i
switches” are merged. The transconductor using the merged
device has been optimized with respect to its tuning rangésl
This converter is a good candidate for variable gain stagﬁg]
required in automatic gain control loops.

A 55-MHz low-pass filter using the “soft-switched”[20]
transconductor has been realized in a b-CMOS process. 21
The transconductor used in the filter has a tuning range of
+50% in order to compensate for temperature and process
variations. The input voltage of the filter can be 1L Mg,
whereas the THD is less tham8 dB in the whole pass-band.
The filter consumes 12 mW on a 3.3-V supply voltage.

[14]
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