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Abstract—Analog circuit designs that use inverting opamp internal supply voltage may not be tolerable for scaled-down
configuration can be converted into low-voltage designs by technologies. Therefore, circuit techniques must be developed
biasing the opamp input common-mode voltage to near one of 1, oharate analog circuits at a low supply voltage using rela-
the supply rails. This is achieved by introducing a current source . . .
or a resistor between the opamp negative input terminal and tively high thresholq voltage deV|ces.. It should be no.t(.ad t.hat
one of the supply rails. Hence, in this technique, opamps with these techniques will offer the potential for the best utilization
limited input common-mode range can be used. In addition, of agiventechnology at any voltage range, even if low threshold
switches can be incorporated in these circuits to allow a wide ypltage technologies become standard.
range of applications. This technique also allows large input One of the most common building blocks in analog circuit

and output signal swings (close to rail-to-rail), even at a very desi is th T hi | | It ith
low-voltage supply. To demonstrate the proposed technique, four esign is the opamp. 10 achieve low supply voltages wi

track-and-hold amplifiers (THA's) and a 10-bit digital-to-analog ~ rail-to-rail signal swings, opamp input stages with rail-to-rail
converter (DAC) have been designed in a conventional 1.zm input common-mode ranges have been developed [5]-[7] in
CMOS process and tested at a 1-V supply. The DAC consumes lessstandard CMOS process with a supply voltage in the range of
than 0.45 mW and has a maximum throughput of 1 MS/s, with 4 5_3\/ The supply voltage can go as low as 1 V if the input
close to rail-to-rail output (0.1 —0.9 V). The maximum differential . . . . ; .
nonlinearity error and integral nonlinearity error were measured differential stage of an qpamp '_S reallzgd usmg bulk-driven
to be 1.7 least significant bits (LSB’s) and 3.0 LSB's, respectively. MOSFET's [8] or depletion devices available in some spe-
Each THA dissipates less than 0.35 mW and achieves a hold modecialized BiCMOS process [9]. Using these opamps, many
total harmonic distortion of less than —61 dB for a 100 kHz, 1.4 |ow-voltage analog circuits such as active resistance—capaci-
Vp-p differential input signal, sampled at a rate of 1 MS/s. tance RO filters can be realized. However, designing analog

Index Terms—Digital-to-analog converter, low voltage, circuits that require switches such as sample-and-hold ampli-

sample-and-hold, track-and-hold amplifier. fiers at low supply voltages still remains a challenge. When the
supply voltage is less than the sum of the threshold voltages
I. INTRODUCTION of pMOS and nMOS, the switches will fail to pass voltages in

the mid-range of the power supply even if transmission gates
I NCREASING demand for battery-operated systems and thgs sed [10]. To deal with this problem, switched-opamp
reduction of IC supply voltage due to technology scalingechnique has been proposed [11]. This technique avoids the
force the need to find circuit techniques that can operate \@le of critical switches to pass voltages in the mid-range by
power supply voltages in the range of 1-2 V, with low powegrning on or off the opamps, and hence, it can be used effec-
consumption. For digital circuit design, it is capable to operaf@ew whenever the output of an opamp drives the capacitors
them at such low voltage even using the technologies availablghnected to the inputs of another opamps. However, there are
today [1]. However, scaling the supply voltage down presentsgg disadvantages of this technique. First, at the front end,
formidable challenge to design analog circuits. This challenggtical switches connected to off-chip input signals cannot be
comes from the fact that the threshold voltages of MOSFET dgyoided and direct input through MOSFET switches usually
vices are relatively high for the given supply voltage ranges. FR{syit in a low signal input range [10], [12]. Furthermore, the
future standard CMOS processes, th_e threshold voltages Ne&Yputs of the opamps in a switched-opamp circuit are always
not decrease much below what is available today [2]. AlthougBquired to swing from one of the supply voltage during one of
low-voltage analog circuit design can be achieved using Ioye clock phases, and hence, the output signals may be slew-rate
threshold voltage devices [3], [4], itis a high-cost solution due {@nited. Despite these disadvantages, switched-opamp tech-
the requirement of nonstandard processing. Another solutiorhiaue is a very effective technique to implement low-voltage
to use on-chip dc-to-dc converters or other bootstrapping tegfiscrete-time analog circuits. Many switched-capacitor circuits
niques to increase the internal supply voltage. However, a highn pe implemented using switched-opamp technique such as

discrete-time filter [10] and sigma—delta modulator [13].

. . . . , In this paper, an alternative low-voltage analog circuit
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using a 1-V supply were implemented in a conventional;in®- Vb
CMOS process withV,, ~ 0.6 VandV,, ~ —0.8YV, as :
described in this paper. i MA -
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[I. PROPOSEDTECHNIQUE Rg t
Fig. 1 illustrates a conventional CMOS opamp input stage {2

utilizing a pMOS differential pair. The maximum input
common-mode voltage is limited ¥ p — 2Vspsas — |Vip|- FOr (b)
a conventional inverting opamp circuit, which has a structure

similar to that shown in Fig. 2(a), but without the current sour@gg. 2. Proposed biasing schemes that use (a) a current source and (b) a
Ig, the output voltage can be written as resistor.

— <1 N Ry ) _R, <iv1 4o %%) (1) MOSFET operating in the triode region as shown in Fig. 2(b).

Req R’y The resistancé& s can be determined as
whereR., = Ri//---//R,. To maximize the signal swing, Rp = ,L(Rf//}zeq), (3)
the input/output quiescent voltage is normally set/at, /2, 3 T Vs

_and hencez,z,/,_ is required to be set af,p /2. Owing to the lim- The second approach has an advantage of settingo a
ited opamp input common-mode range, the supply voltage\)§|ue lower than ondps.,: (but greater than ground). Both

required to be greater thanx (2Vspsa: +|Vip|). Therefore, the 5504 ches can also be extended to convert a fully differential
circuit cannot operate at a 1-V supply f0,,| greater than 0.4 ;. erting opamp configuration into a low-voltage design. In

V. Toreduce the supply voltage, the opamp input CommoN-Mogi&s case. two current sources or two resistors are required to

voltagev, has to be biased to a voltage close to ground, indepelynect 1o the fully differential opamp inputs, and the values

we propose a simply technique that may have been known [{liermined based on the input and output common-mode
years but has not been applied effectively to design Iow—voltaggltages_

analog circuits. In this technique, a current SOufgeis intro-  Aggition of the current source or the resistor will induce min-
duced as shown in Fig. 2(a). If the input and output qUIESCERL,| effects on the low frequency ac response since they are
voltage_s are equal topp /2, the required value fof can be  ,npected to the virtual ground of the opamp. However, at high
determined as frequency, the bandwidths of the two schemes are different.

Von 1 1 The feedback factags; for the biasing scheme that uses current
Ip=|—=—v || source can be determined as
2 Ry  Req
. . . . . _ Req//Tds
Since Iz is most conveniently realized using an nMOS, the Bi (4)

value ofv, has to be greater thars..:, and hence, the min- Reaf[7as + By
imum supply voltage for the circuit Bpgear +2Vsnsat + | Vip|.  Wherery, is the output resistance of the current source. The
Without the addition of the current source, the minimum suppfeedback factog,. for the resistor scheme can also be expressed
voltage has to be approximately doubled. If the input stage sifnilar to (4), withrys changed taRgz. As observed from (3),
the opamp is realized using nNMOS differential pair, setting R p is usually smaller thati., andrqs. Thusg; will be larger
close toVpp with a pMOS current sourcég connected be- than 3, and therefore, the scheme that uses current source
tween the opamp negative input terminal arish, will mini-  will have a higher bandwidth given bg; - f:, where f; is
mize the supply voltage. the unity-gain frequency of the opamp. Nevertheless, using
Based on the same principle, another approach to bias the proposed biasing schemes, any circuit that uses inverting
opamp input common-mode voltage is to use a resistor olopamp configuration such as continuous time adi¢&filters
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can be converted into a low-voltage design with a minimum

supply voltage approximately equal 8pssac + Vi. This I
reduction in supply voltage, however, comes with a price of S
increasing the overall noise. The mean squared output noise R S ( g
v2,, for both circuits shown in Fig. 2 can be written as Vi —AAN \

Rf 2 53 Vo
2 2 2 2 2 2
Upo = (Ineq + Inf + In) Rf + Vna <1 + Req//Rac> (5) Is +

wherel,eq, I,y andv,,, are the equivalent noise currentsiof,

and R, and the equivalent input noise voltage of the opamp,

respectively. When compared to the case without the additipg. 3. possible switch locations.
of Rg andg, additional termd? andR,, are presented in (5).

For Fig. 2(a),R.. is equal tory,, andI? is due to the equivalent
noise current of 5. With v, = Vpssat, I> can then be derived
using (2) as M, M,
16 ey,
2= I (6)

where only thermal noise is considered. For Fig. 2(®), is

equal toRg, and? is due to the equivalent noise current of

Rp that can also be described using (6) except that the scalin

factor16/3 is now equal to 4. For most cases, the term due tc \L Is

the opamp noise?, is usually the domain factor. Sindeg <

Ry < 745, the circuit shown in Fig. 2(a) has lower noise thanr, R; :_' ——q |_;

the circuit shown in Fig. 2(b). Furthermore, due to the téfm M; M, J_

it has a slightly higher noise than the case when eiftygor I g — — _ =

is omitted. For example, if,., = 50 nV/v/Hz, R, = Ry = 20 B i B

k2, Vbp = 1V, v, = 0.1V, g = 100 k2 andT = 300°K, Fig. 4. Biasing circuit for generatings.

Uno, With Ip will be equal to 128 n\W/Hz, andwv,, without

I or Ry will be equal to 103 nW/Hz. This corresponds to the switches are selected appropriately, the drain voltages and

about 1.9 dB losses in signal-to-noise ratio (SNR). Therefore,ttte source voltages of the switches are approximately equal to

minimize?, v,, cannot be too small. As a result, there is a slight,., which is only 1 Viys..; from ground. Therefore, the switches

tradeoff between the supply voltage and the noise performanadl have sufficient overdrive voltages,. , which is given by
Nevertheless, the proposed technique can be used for inter-

facing circuits that require higher supply voltage. This is pos- Vov = Vbp — Vin — va. (7)

sible since there is no limit on the voltage range at the input B%r a 1-V supply, the overdrive voltage is between 0.2 V and 0.3

the resistor, except the limit posed by the input protection diodg . . -
in the ESD structure. However, these diodes can be omig\e/ or Vi & 0.6 V. Using these current switches, analog circuits

if necessary. To keep the quiescent output voltageéras/2, SUCh. as DAC’S. and THA’S can be realized at low supply voltage
. as discussed in Sections IV and V.

proper values for the current sourEg or the resisto? g need

to be re-determined for the new quiescent input voltage.

If a bulk-driven differential pair is used as an input stage for
an opamp [8]y, can be set athpp /2 and analog circuits based In the proposed technique, a current source or a resistor is
on inverting opamp configuration, such as aciR@filters can required to allow the opamp input common-mode voltage set
be realized even at 1 V. However, analog circuits that requitev,.. As long asv,. is generated from a reference voltage, the
switches such as THA's amplifiers are still not realizable usingroposed technique that uses resistor for biasing the opamp will
this type of opamp, with,, set toVpp /2. This is due to the fact track with process variations as indicated in (2). However, the
that voltage signal at the mid-range of the supply voltage canriethnique that uses current source for biasing the opamp re-
pass through the switches [10]. In general, critical switches fquires a biasing circuit for generatidg (Fig. 4) that can track
passing voltage signals must be avoided in low-voltage desigvith variations on the resistor values. Assume that a reference
If the proposed technique is used, nMOS switches can be addetlageV;. is available. The required voltage can be gen-
to the opamp negative input at three possible locations as shaevated using a resistor dividét; and R,. Due to the feedback
in Fig. 3. In this case, the switches are not used to pass latgep consisting of the opamp ard, the positive input of the
voltage signals but for passing current signals. For a given copamp is equal ta, and the drain current of4; is equal to
rent, the switches (except for the switSh, which only affects v, /R3. Assume thafi/; matches\/> and M3 matches\,, the
the settling time of the circuit) need to be sized such that théasing current s is therefore equal t&,er X R2/R3/(R1 +
voltage drops across the switches are minimized. If the sizesi®f). As a result{z will track with variations on resistor values.

1

X

I1l. BIASING CURRENT GENERATION



KARTHIKEYAN et al. LOW-VOLTAGE ANALOG CIRCUIT DESIGN 179

DAC techniques except R-2R techniques, voltage switches
are usually required. Unless the signal swing is limited, the
switches will not have sufficient overdrive voltage for low
supply voltage. Although switched-opamp techniques can be
used for designing low-voltage DAC’s, the output of the opamp
Vi, A has to be switched to one of the supply rails_ during one of the
R, clock phases. Hence, the output of the DAC is only valid at one
R clock phase.
t To design a low-voltage DAC, a conventional R-2R DAC de-
M; :_' | :-I| | sign can be converted into a low-voltage design by applying the
IBl/ IBi/ S proposed technique discussed in Section Il. A 10-bit DAC ar-
chitecture is shown in Fig. 6. In this design, the biasing scheme
that uses current source is adapted. Although a fully differential
DAC can be designed based on the structure shown in Fig. 5,
two single-ended opamps are used to simplify the generation of
Ip's. Since the switches are connected between the resistors and
For fully differential inverting opamp configurations, thethe opamp negative input terminals, they are used for passing
same biasing circuit shown in Fig. 4 can also be used for gefirrrent signals and will have sufficient overdrive voltage as dis-
erating the required's if the input common-mode voltage iscyssed before. The sizes of the switches are scaled to accom-
held ata constant value, and the output common-mode voltaggigdate different resistor current levels to minimize the overall
fixed by the fully differential opamp. If the input common-modepaC nonlinearity. To relax the matching requirement of the re-
voltage can vary significantly, the biasing currdiats are re- sjstors and to minimize the magnitude of glitches, the two most
quired to change according to the input common-modggnificant bit (MSB) resistors are realized in one segment from
voltage such that the opamp input common-mode voltaggee equal resistors using thermometer coding.
is limited within the input common-mode range. Therefore, \When the input digital code is 1000000000, the positive
a common-mode feedback circuit is required at the opanBtput voltageV, . is desired to be atpp /2. For the input
inputs, as shown in Fig. 5. Resistor®'¢) are used to detectjgjtal code equal to 1111111111 and 0000000009, is
the opamp input common-mode voltage, which is comparg@sired to be close to rail-to-rail (0.9 V and 0.1 V, respectively).
with the desired values, using a single-ended opamp or &ased on these requirements, all resistor values can be found,
simple differential stage. Due to the feedback loop consistingd Ip's can be determined using (1) W.;, v, and R; are
of the single-ended opamps/,; and M, the opamp input given. In this design, they were chosen to be 1 V, 50 mV, and
common-mode voltage will be held at. and the biasing 20 k2, respectively.
currents/z's will be set according td;, Ity and the inputand  The design of the opamps that are used in the DAC is shown
output common-mode voltages. As a result, the proposed inpiiig. 7. It is a two-stage architecture that consists of a pMOS
common-mode circuit not only allows the inverting opamgifferential pair, a low-voltage current mirror and a common
configuration tracked with process variations, but also allowgyrce second stage as discussed in [15]. The output voltage
the circuit to be useful for interfaCing other CirCUitS, which mayan have a |arge Signa| Swing close to rail-to-rail (frUPﬂSsat
require higher supply voltages, without coupling capacitorgs V;,;, — Vip..:). Since the opamp is required to drive resis-
The range of the input common-mode voltage for the circui/e load, the second stage does not have a large voltage gain.
shown in Fig. 5 is determined by the values of the resistats  Thus, most of the gain has to be provided by the first stage. The
ande'S and thd/V/L ratios OfMl andMg. From simulation opamp was designed based on a Conventiona:]zll.ﬂn CMOS
results, an input common-mode voltage range betwedh5 process. The unity-gain bandwidth was simulated to be 10 MHz
and 10 V can be achieved fer, = 100 mV, Vpp = 1V, wijth a dc gain of about 60 dB for a 20 pF capacitance load and a
Ry = Ry = 20kQand(W/L); = (W/L)> = 100/1.2. The 10 k2 resistive load. The power consumption for a 1-V supply

designs of the single-ended opamp and the fully differentighd the settling time for 0.1% accuracy are about £5@W
opamp are discussed in Sections IV and VI. and 120 ns, respectively.

R,
V1+_,W\I

Fig. 5. Iy generation using input common-mode feedback.

IV. 1-V DAC DESIGN V. 1-V TRACK-AND-HOLD AMPLIFIER DESIGN

In the literature, different techniques have been proposedn general, THA's can be implemented based on either an
to implement DAC'’s, including the use of resistor stringsgpen-loop architecture, a closed-loop architecture, or using
switched-capacitor techniques, current-mode approaches, anitched-capacitor techniques. For low supply voltage, the
R-2R techniques [14]. If current-mode approaches are to tmain challenge is again the design of switches and amplifiers.
used, a cascode current source is usually required in each DAS a result, these architectures may not be suitable for a
cell to increase the output resistance. Due to the limited arew-voltage (1 V) supply. Fig. 8 shows the architectures of
for each DAC cell in a thermometer code DAC, relatively smathe two proposed 1-V THAs. The first scheme is a direct
transistors have to be used for the cascode current sourcesversion of a traditional THA (found in many texts, e.g., in
and hence, a small output signal swing will result. For oth§t4]) into a low-voltage design using the proposed technique
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outlined in Section Il. A biasing scheme that uses current (Vv
source is adapted. The switch is again used only for passing L

current signal. Since the drain voltage and source voltage of the —

switch is always at about,, it has adequate overdrive voltage

and the charge injection is not very signal dependent. During (b)

track mode, the THA behaves like a low-pass filter with thg Fig. 8. Proposed 1-V single-ended THA architectures.

dB frequency at about/[(R:Rs/R1 + Rs + R2)C], where

R is the resistance of the switch. This limited bandwidth willurns high, the THA is in the hold mode. During track mode,

lead to tracking error for an input signal with frequencies cloghe THA operates as an inverting amplifier with unity gain, and

to the —3 dB frequency. Therefore, for fast tracking, smalthe capacitot” is acting as a load to the opamp. In this case, the

Rs,Rs and C are needed. However, using a sméal would —3 dB frequency is approximately equal /(1 + R2/R:)

be a problem since the opamp must be able to drive it. Usingnere f; is the unity gain bandwidth of the opamp. Therefore,

a very small capacitor would cause large charge injection atiee bandwidth of scheme 2 will be higher than that of scheme

increase theéT'/C noise. Furthermore, increasing the size df for largeC and the tracking error will be minimized. Since

the switch will increase the charge injection. Hence, optimuthe drain and source voltages of all the switches in scheme 2

values for these components must be chosen based uponatteealways at about, (similar to scheme 1), charge injection

application requirement and the opamp driving capability. lpenerated from these switches are almost signal independent

the prototype design, the size of the switch and the valuesasfd only offset voltage (including the offset of the opamp) is

the resistors and the capacitor were chosen to be 21.6/1.2 pp@duced at the output. Converting the proposed THA's shown

k2 and 1.5 pF, respectively. in Fig. 8 into fully differential implementations, as shown in
Scheme 2, shown in Fig. 8(b), is proposed to reduce th@y. 9, can minimize the offset error due to charge injection.

tracking error. The THA tracks the input during. When¢s  However, a fully differential opamp is required.
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R a capacitance load of 20 pF and a resistive load of 20The
WA opamp consumes about 250V at 1 V.
R o —
V1+—/VV\I C S
. VII. | MPLEMENTATION AND EXPERIMENTAL RESULTS
" ¢ | The proposed 10-bit DAC and the THA's were implemented
in a conventional 1.2¢m CMOS process withy;,, =~ 0.6 V and
Vip = —0.8 V. Two THA schemes for both single-ended and

fully differential were implemented. The resistors were realized
using polysilicon, which has a sheet resistance®d2/square.
The die photos of the DAC and the THA's are shown in Figs. 11
and 12, respectively. The DAC has an active are6.ofx 1.1
mm? and the total active area for the four THAs is equal to
1.2 x 0.8 mme.

The DAC has a single-ended output swing approximately be-
tween 0.1V and 0.9V (close to rail-to-rail) aftér;, v, and/g
are set approximately to 1 V, 50 mV, and @8, respectively.
The total power dissipation, including all the biasing currents
vi. — W - and all the digital circuits, was measured to be less than 0.45
mW at 1 V for a throughput of 1 MS/s. When the digital input
was switched from its minimum value to its maximum value
and vice versa, the worst-case settling time with a loading ca-
pacitance of approximately 20 pF was measured (single-ended
output) and found to be less than}s as shown in Fig. 13. The

Vis

- = ®) settling time for the DAC is limited by the opamp finite gain
bandwidth product and slew rate limit. The DNL and INL were
Fig. 9. Proposed 1-V fully differential THA architectures. measured as shown in Fig. 14. The maximum DNL and INL

are 1.7 LSB’s and 3.0 LSB’s, respectively. Fig. 15 shows the
output spectrum of the DAC sampling a 1 kHz digital sinusoidal
input signal at a rate of 500 kS/s. The SNDR was measured to

Fig. 10(a) and (b) show the architecture of the 1-V fully difbe 48.3 dB. The nonlinearity is mainly caused by resistor mis-
ferential opamp [15] and its corresponding common mode feadatch. When the supply voltage is set to 0.9 V, the DAC still
back (CMFB) circuit. The opamp is again a two-stage desigperates properly with a lower output swing after proper adjust-
that consists of a folded cascode input stage, a common sourents made oW, and .
output stage and a continuous time CMFB. Although dynamic All the four THA's were measured with a 1-V supply and
CMFB circuits have been proposed for implementing switched- loading capacitance of 20 pF. Figs. 16 and 17 show the
opamp circuits [13], a continuous time CMFB circuit has toneasured output waveforms for the single-ended and the fully
be used for the proposed THA schemes since the opamps udiéf@grential implementation of scheme 2, respectively. For the
in the THA's are not switched-opamps, and the outputs of tliiest figure, the input frequency,, is 50 kHz and the sampling
opamps have to be valid for the entire clock cycle. frequency fs is 500 kHz. For the second figurg;, and fs

The proposed CMFB circuit is similar to a transimpedenaae 100 kHz and 1 MHz, respectively. The THD’s during track
amplifier. It does not need a differential pair, which is anode for all different THA's are measured to be less thaiT
common choice [13], [15] for comparing the common-modéB for input less than 50 kHz with peak-to-peak valug \of
voltage with the desired value. As shown in Fig. 10(b), tw600 mV (single-ended). High linearity is achieved due to the
resistors with values equal @k are used to sense the outputise of the poly resistors. When,Y, is increased to 700 mV
common mode voltage and produce a currgniThis current (single-ended), the track mode THD’s for all the THA's are less
is compared withis, which is set by the desired common-modé¢han —60 dB. During hold mode, the two single-ended imple-
voltage (Vpp/2) and the resistoR. The difference between mentations gave an offset of about 10 mV due mainly to charge
i1 and i, is then converted into a control voltage labeled agjection generated from the switches. This offset is minimized
CMFB by transistord\{y;, M12 and M;3. The control voltage in the fully differential implementations. After comparing the
will then be used to adjust thig;s's of M3 and M., such that performance of all four THAs, the fully differential THA
the output common-mode voltage is stabilized to aBgut /2.  using scheme 2 gave the best results in terms of track-and-hold
The proposed CMFB circuit has advantages of allowingode THD and tracking error. Fig. 18 shows the THD versus
rail-to-rail output swing. Furthermore, it does not need argeak-to-peak output swing for the fully differential THA using
level shift or attenuation on the common mode signal, unlikkcheme 2. Its performance is also summarized in Table I. Since
other continuous time CMFB circuits that use differential paithe opamps were designed for driving external capacitive load,
[15]. Simulation results of the fully differential opamp show dhe unity-gain frequencies of the opamps were limited. If the
unity gain frequency of 9 MHz and a dc gain of over 60 dB fofHA's were to be used on chip along with an analog-to-digital

VI. FuLLY DIFFERENTIAL OPAMP DESIGN
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Fig. 10. (a) Fully differential 1-V opamp design. (b) Proposed continuous CMFB circuit.
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(Scheme' 1)
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Fig. 11. Die photo for the 1-V DAC.

converter (ADC) so that the capacitive load is less, thenggy 12, Die photo for the four 1-V THA.
higher sampling rate can be expected.

source or a resistor is introduced between the opamp negative
input terminal and one of the supply rails so that the opamp
In this paper, a technique for converting analog circuiisput common-mode voltage can be set close to one of the
that utilizes inverting opamp configurations into low-voltagsupply rails, independent of the quiescent input and output
designs is proposed. To minimize the supply voltage, a curreqaitages. Based on this technique, an opamp with limited

VIIl. CONCLUSION
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Freq(Az)=250 . 2kHz Ve—P (A 1D=80B6 . 3mV VanglRI>=432.4mv
Fig. 16. Output waveform of the single-ended THA (scheme ) at 500

Fig. 13. DAC transient response for (upper) digital input values and (lowekHz andf;, = 50 kHz.

DAC output.

A CTCEEEEE a2 2003/ - 0.00s 1.00%/  Snglffl STORN

w2

Vp-p(A2> clipped VP-pCAII=1.050 V

‘ Fig. 17. Differential output waveform of the differential THA (scheme 2) at
! N f. = 1 MHz and f;, = 100 kHz.
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. 0 g | B——® " fs = 500KHz
Fig. 14. Measured (upper) DNL and (lower) INL for the 1-V DAC. E
-68 *— g —M-—fin = 100KHz
0 .70 fs = 1IMHz
0.5 0.7 0.9 1.1 1.3 1.5
-20 Fig. 18. Track-and-hold mode THD versus differential output swing.
o
A=)
o 401 TABLE |
'g PERFORMANCE SUMMARY FOR THE 1-V DIFFERENTIAL
= THA USING SCHEME 2 TECHNOLOGY
o -60
<E( Technology 1.2 ot CMOS process (Va=0.6 V and Vo= -0.8 V)
THD (Track mode) <-70dB @ fi, = 100 kHz, Vo= 1.2 Vp-p
-80 THD (Track-and-hold mode) | -61 dB @ fj, = 100 kHz, Vo = 1.4 Vp-p, fs = 1 MHz
Droop Rate 2 mV/us
100 Maximum Tracking Error <5mV
) ' ' ' ' ‘ ' ' ' ‘ T Slew Rate 0.3 V/ys
05 15 25 35 45 55 65 75 85 95 Supply Voltage 1V
Power Dissipation <350 uW
Frequency (kHz) Active Area 430 x 220 pm*

Fig. 15. Output spectrum of the DAC for a 1-kHz digital sinusoidal input
signal. switches at the opamp negative input terminal. At this location,
the switches will have sufficient overdrive voltages. Therefore,
input common-mode range can be used for low-voltage designtical voltage switches can be avoided. It should be mentioned
Furthermore, low-voltage analog circuits such as low-voltadgkat although the proposed technique can be applied to design
continuous time activ®kC filters can be realized without the many useful low-voltage analog circuits, it cannot be used
need for a specialized process or using bulk driven MOSFETuirectly to replace switched-opamp or switched-capacitor class
The minimum supply voltage for the proposed technique ¢ circuits since some circuits may be more effective to be
approximately equal t3Vpssat + V. For analog circuits realized using these techniques.
that require switches, switches for passing current signals cafo demonstrate the proposed technique, a 10-bit DAC and
be incorporated into the proposed technique by placing tfeur THA's were implemented in a conventional . CMOS
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process withV;,, =~ 0.6 V andV;, ~ —0.8 V. The designs are [15] R. Castello, F. Montecchi, and A. Baschirotto, “Low-voltage analog fil-
capable of operating at a very low voltage (1 V) with low power  ters,"IEEE Trans. Circuits Syst, kol. 42, pp. 827-840, 1995.
consumption£0.45 mW for the DAC and0.35 mW for each
THA). The designs also have a wide input and output signal
swings close to rail-to-rail. From the experimental results, th=
DAC has a maximum DNL of 1.7 LSB’s, a maximum INL of
3.0 LSB’s, a SNDR of 48.3 dB, and a maximum throughput ¢

1 MS/s for an output swing between 0.1 V and 0.9 V. The full
differential THA using scheme 2 shows to have a track-and-hc
mode THD of less than-61 dB at a sampling frequency of

1 MHz for an input signal frequency of less than 100 kHz wit

a differential output signal swing of 1.4,\,,.
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