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Abstract—The design and implementation of a fully integrated transconductances lead to higher noise level and practical ca-
complementary metal-oxide—semiconductor (CMOS) sixth-order pacitances are limited to below 50 pF due to silicon area limi-
2.4 Hz low-pass filter (LPF) for medical applications is presented. 41inns. Furthermore, the implementation of transconductances

For the implementation of large-time constants both linearized below 1 NA/V i t trivial iallv if other desi ii
operational transconductance amplifiers with reduced transcon- elowln IS nottrivial, especially It other design speciiica-

ductance and impedance scalers schemes for grounded capacitordions such as low noise level, low distortion, high dynamic range
are employed. Experimental results for the filter have shown and limited silicon area must be satisfied. Several design tech-
a dynamic range (DR) of 60 dB, while the harmonic distortion njques have already been proposed to overcome these design
components are below—50 dB. The power consumption for the - qngtraints [3]-[7]. The use of switched capacitor (SC) tech-
filter is below 10 W, the power supply is£1.5 V, and the active . - ; . .

area is 1 mn?. The filter was fabricated in a double poly double MdUes [3lis not_swtable formost medical appl_lcatlons f"md other
metal 0.8 um CMOS process. approaches using complementary metal—-oxide—semiconductor
(CMOS) technologies are not well situated for these applica-
tions [4], [6], [7]. Besides, techniques using bipolar transistors
are more expensive [5]. It has been demonstrated in [8] and [9]
that CMOS transistors biased in the linear region and both cur-
. INTRODUCTION rent cancellation and current division techniques can efficiently

OW-FREQUENCY filters are important building blocksPe used to.implement high—performanpe voltage to current con-

L for biomedical systems, wherein analog preprocessiN§ers. Itis also well known that the integrated thermal noise
blocks, such as low noise preamplifiers and filters for tnigvelis inversely proportional to the integrating capacitor, hence
acquisition of bioelectric signals are employed. These circuitdS desirable to increase the capacitors as much as possible. To
should not introduce any form of distortion that can destr(gjs end, impedance scalers have been proposed in the literature
the information contained. For this reason, the analog pfd0] and [11]. _ o
processing blocks must present high performance over thdn this paper, a 2.4-Hz low-pass filter achieving a 60-dB dy-
frequency of interest. namic range is presented. Capacitors ranging from 18 to 200

The filters employed in such systems are used for sensiﬁﬁ are implemented by using 5-pF capacitors and impedance
biolectrical signals which, typically, are in the range of $calers. This approach allows a considerable saving of silicon
11V—100 mV while the frequencies are below 100 Hz [1], [2ja"€@. As a result of the large capacitors emulated in the im-
At the input, a low-pass filter (LPF) is usually employed ifplementation a huge reduction in the filter noise is obtained.
order to limit the frequency band. In Section I, both design specs and filter architecture are dis-

The design of very low-frequency filtersc0 Hz) is not cussed. In addition, a differential pair based integrator is pre-
straightforward, especially for integrated circuit implementai€nted. Design guide lines for high-performance implementa-
tions where chip realization of large time constants are need8@ns (low-noise, low-distortion, and high dynamic range) of this
As an example, let us consider the implementation of a 5-{§4Cuit are also given. Design considerations for the implemen-
pole. In this case, transconductances of 1 nA/V and capacitéiiion of a low-distortion, low-noise operational transconduc-

for low frequency applications are presented in Section lll. In

Section |V, impedance scaling schemes for the realization of
large capacitor values are discussed. Trade-offs for an optimal
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Fig. 1. Block diagram of a general purpose bioelectric signal acquisition system.
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Fig. 2. OTA-C implementation of the single-ended low-pass filter.

1 pAiV/Hz) [1]. For electrocardiograph (ECG) applications To satisfy the above-mentioned design specs, several design
where the magnitude of the signal is around 1 mV-25 mV, amdnsiderations have to be taken into account. In this section, we
considering a preamplifier gain of ten, the magnitude of theill give guidelines for the optimal design of the LPF. For easier
signal to be processed by the low-pass filter (LPF) is aroumathalysis and better understanding, the OTA based integrator is
10-250 mV [1]. To sense the T wave signal, a cutoff frequendyst considered. Among other parameters, the most important
as low as 2.4 Hz is required. Moreover, system requirememiarameters for the OTA based integrator are THD and DR. THD

lead to the following filter constraints: is related to the linearity of the input stage of the voltage to
1) sixth-order Bessel filter; current transducer. DR is dependent on the linear range of the
2) total harmonic distortion (THDX—50 dB; OTA and the input referred noise.
3) dynamic range (DR}-60 dB; For an integrator based on a differential pair input stage, see
4) integrated noise levet100 xV: Fig. 3, the third harmonic distortion (HD3) can be computed as
5) minimum power consumptior<G0 pW).
For the implementation of high-performance low-frequency 1 Vb \?

filters, SC design techniques have commonly been preferred HD3 = 32 <VDSAT> (1)

over continuous-time design techniques (OTA-C, Mosfield-ef-

fect transister (MOSFET-C), and activBC filters). This whereVp is the magnitude of the differential input signal and
is mainly due to their high accuracy (0.5%), low sensitivity/psar is the saturation voltage of the input transistors. If the
to parasitic capacitors, and reduced harmonic distortitihermal noise is accounted, the input referred thermal noise
components (e.g., THD< —70 dB) [12]. However, SC power density is given by

implementations require a precise on-board clock and phase

generators. Moreover, for very large time constants, large 2 [2 <1 n gnzl\lP>:| 8ET

capacitor ratios are mandatory. The above limits are such that in,th ImM N )| 3gmmn

the design constraints cannot be satisfied. This paper presents SET

an alternative solution to thgC implementation. It describes =2NF 3gmMN )

the design of a sixth-order 2.4-Hz low-pass filter implemented

by using OTA-C techniques. This technique avoids the pre- anthere ¢,,.n;» and g.,pn are the small signal transcon-
post-filtering required bysC filters. Moreover, it is a contin- ductances of transistord/ P and M N, respectively. NF
uous-time technique which avoids noise switching problem&=1+(g,narr/gmarn)) is the noise factor. Fact8kT /3¢, a1 v

To minimize passband sensitivity to transistors mismatches, teehe equivalent noise density of a single transistor with a small
filter is based on a double-terminatét.C' ladder prototype. signal transconductance equalgQasy. Parameterg[J/° K|

The implemented single-ended filter is shown in Fig. 2. Eigland 7[° K] are the Boltzmann constant and the temperature,
linearized 2-nA/V transconductance OTAs are employed. Thespectively. In theony8k7'/3g,, is the minimum achievable
effective capacitors are in the range of 18-200 pF. noise density for a voltage to current converter implemented
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The lossless integrator’s dynamic range, defined as the signal
to noise ratio, can be approximately computed as

0.3Vps.
DR ~ — 2 DSAT (7)

Vint,t

where0.3Vpsar is the linear range of the OTA [13]. Equa-
tions (6) and (7) are the most important tools for the design
of high-performance OTA based integrators. To increase the
dynamic range, botVpsar for the differential pair and the
transconductance gain must be increased. Therefore, large ca-
pacitors should be used.

vsS I1l. L INEARIZED OTA FORLOW-FREQUENCY APPLICATIONS

In OTA-based filters, voltage-to-current converters can gen-
erate huge harmonic distortion components, hence it is manda-
tory to employ linearized OTAs. It has already been demon-
with transistors biased in the saturation region and a smaitated that transistors with large saturation voltages can effi-
signal transconductance equaliQas - ciently be used for the design of very low distortion voltage-to-

If the input referred thermal noise density is integrated ovg(;rrent converters. If further transconductance reductions are re-
the frequency range of interest or filter bandwidth BW then thg,jred, both current division and current cancellation techniques

Fig. 3. Integrator based on a differential pair input stage.

noise level can be computed as can also be employed. The OTA used in this paper, shown in
i ST Fig. 4_, co_rnbines t_hes_e tec_hr_1iques. In this_OTA, the transis_tor bi-
U?m = / U?ﬂ 1, Af = 2NFBW . (3) ased intriode regionis splitinto two transistofd {z) and their
’ v 39m source—gate voltage is controlled bi#C1. As a result, the small

rzs_}i_gnal transconductance is little sensitive to the common-mode
input voltage.V B2 andV B3 are used to tune the OTA.
In accordance with Fig. 4, if the small signal transconduc-
) Ig ) ) tances of transistord/ M, M1, and M N are such that these
Vinf = 120, fgl (Krnky, + Kppk,). (4)  transistors operate as source followers, then the differential
" input voltage {1 — v2) is converted to current by transistors

Integrating the noise density over the bandwidth leadsto M R which are operated in triode region. The drain current of
MR is split by transistors\/ M, M1, and M N. Most of the

If the flicker noise components are considered, the input
ferred flicker noise density is given by

o2 = 02 df current flows to ground through transistat$M because we
A designed the dimensions so thgkyar > GmMis GmMN-
Ig , , 1 Note that the drain currents af/1 and M N are partially
“ 1202 (Kpnky, + Krpky)| In BW- ()  cancelled at the output of the OTA, leading to huge transcon-
ox9mMN w

ductance reductions. It can be shown that the resulting small
In (4) and (5),K r,, and K r,, are the flicker noise constantssignal transconductance becomes
for the (n-channel) NOS and POS (p-channel) transistors, .
respectively, whilek!, (=u,,C.) and k;,(:upCOX) are the G, = o _ N-1
transconductance parameters for NMOS and PMOS transistors, vp—v2 M+N+1
respectively./ is the bias currentf. the channel length, and where g,ysr is the small signal drain—source conductance of

Cox the oxide capacitance. - .
ox . . . transistorM R, given b
Accounting for thermal and flicker noise components, the g y

total input referred noise can be computed as War

GoMR 8)

GoMR = ppCox Ton (Vsamr — Vo). 9
8kT MR
vi, , =2NF BW : . . :
’ 39mMN In the above equationg/ is defined as the ratio of transcon-
5 Ip Kok 4 Ko k)1 1 6 ductances between/ M and M1, while NV is the ratio of
+ L2Coxg?, i (Kpnkn + Kppkp) | In BW’ 6)  transconductances betweshN and M1. Parameterg,, and

Vr are the mobility of the carriers in the channel and the
Typically, for low-frequency applications, the flicker noise ighreshold voltage of thé/ R transistor, respectivelWsa g
the dominant one. According to (6), it can be seen that a sig-the source—gate voltage &f R, andW,,g andLL g are the
nificant reduction in the total noise level of the integrator cagatewidth and the gate length &f R, respectively.
be obtained if low values for the bias current are used. Further=rom (8) and (9), huge reductions of the ac small signal
reductions in the noise level can be achieved if both large tramansconductance, desirable for low frequency applica-
sistors and large transconductance gains are employed.  tions, can be obtained by adjusting th@ and N ra-
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Fig. 4. Single-ended OTA for low frequency applications.

tios and reducingg,nr. Reducing g,nsr implies small In (11), 16k7/3G,, represents a fundamental limit for the

Vpsarmr (= Vasmr — V) and largel yy g values. thermal noise level.
. . ) ) ) If flicker noise components for the MOS transistor biased in
A. Design Considerations for the Linearized OTA strong inversion are considered, the output referred noise cur-

1) Distortion: To reduce harmonic distortion componentgient and the input referred noise voltage can approximately be
it is convenient thafl/ R transistors realize the voltage to curcomputed by the following equations

rent conversion. For proper conversion it is desirable to keep Iy

ImMM = dgomr- Itis well known that the harmonic distor- 2 —

tion components for a MOS transistor biased in linear region are ., ; YN ET] LQf (kK pn + 2k, K pp) (12)
inversely proportional t&’psat [14]-[16]. Therefore, for low

distortion applicationsypsar cannot be further reduced as was UiQnt,f = / Uin. s df

remarked in the last section. A rule of thumb for low distortion W

applications is to keeppsat > 2Vpomax, WhereVpuax is 2 ]

the maximum differential input voltage. It can be demonstrated = % (ky K pn + 2K, oK Fp) ln[ W} (13)

that, under these conditions, HD3 is aroun@0 dB [15]. In this
specific application, the maximum differential input voltage is In these equations, we have assumed that the dimensions of
around 250 mV, henc&psar for MR transistors should be A71 andM N are of the same order of magnitude. Accounting
fixed around 500 mV. for thermal and flicker noise components, the total noise power

2) Noise: The noise contributions of transisto® BP, is computed as
MM, andM R are very small due to the current division effect,

most of the noise current flows to ground through transistors 16kT ) Is

MM. It can be noted that the most important noise contribu- v?m ;= [NF] BW + e oo 2M 5

tions are due to transistofg 1, A/ N, and A/ BN because their T 3G, L2C2.Gs

noise current is not reduced by the current dividedMf> 1 (K K+ 2H, ' Kry) ln[ } (14)
andg,.mn > gomr, then the output referred noise density BwW

current is approximately given by In accordance with these results, it can be noted that the noise

(10) level can be reduced i is increased. If the flicker noise com-
ponent is dominanifg should be reduced as much as possible;
From the above expression, the integrated input referrbdt keeping larg&?,,, values.
thermal noise power can be computed as In this design, transistor8/ M, M1, and M N are biased
165T near the weak inversion region where, low levels of bias current
UiQnt,th = / Vi o1, A = [NF] BW (11) (<100 nA) with moderate transistor dimensions can easily be
BW 3Gm driven. Since the circuits are designed for very-low-frequency
where NF is defined as the noise factor and is given kapplications, the flicker noise components can be reduced to a
(gma1 + Gmmn + 9mmsn)/Gm and G,,, is given by (8). few microvolts by using P-channel transistors and increasing the

52 — 9(,;2 52 52
iy h = 2(iom1 Tiomn Tiompn)-
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Fig. 5. Scaling up a grounded capacitance. (a) Basic circuit. (b) Capacitance scaler using a cascode transistor.

gate area of the most critical ones. As a result, thermal noifbe output conductance 8.5 N should be considered because
could be even more important than flicker noise componentsit limits the low frequency response of the equivalent capacitor.
After taking into account these elements, the equivalent circuit
IV. IMPLEMENTATION OF EFFECTIVE LARGE CAPACITORS is shown in Fig. 6.
By using typical circuit analysis techniques it can be shown

In OTA-C filters the pole’s frequency is given by that the small signal admittance becomes

Grn
fo= (15) Gin
2rnCr, — =gomsN + gomspr + sCp2
then by making”y, larger, large small signal transconductances " C
can be used leading to reductions in the noise level. An efficient 1+s ﬁ
technique for the design of large capacitors will now be pre- +s(N +1)C; ( g Jr)gé”MSl .an
sented. 14—t
The effective impedance of an element is inversely propor- ImM s1

tional to the input current, if more current is generated by the From (17), the following three facts can be concluded.
same input voltage the equivalent input impedance is reduced) g¢,,,sn5 + 9.5 IS dominant at low frequencies, limiting
In the case of capacitive impedances, the equivalent capacitance the quality factor of the equivalent capacitor.

is increased. If the input current is sampled, amplified, and fed 2) The precision of the equivalent capacitor is limited by
back to the input, then the equivalent impedance is scaled down  hoth transistor mismatcheséVéfactor) and parasitic ca-
by the current amplification factor. The resulting impedance pacitors, which are accounted @,.

will depends on both the current gain factor and the original 3) The frequency response is limited by the parasitic pole
impedance. A capacitive scaler based on this principle is shown  |ocated at,,, 151 /(C; + C,1). For proper operation, this

in Fig. 5(a). pole must be placed at higher frequencies than the pass-
By using typical circuit analysis techniques it can be shown  pand frequency, e.gg,a151/(Ci + Cp1) > 10w,. The
that the equivalent input impedance becomes zero is located at higher frequencies, and typically does
g Ui 1 (16) not play an important role in the circuit.

i s(N+1C; Neglecting the pole-zero pair, the equivalent admittance can

or Cr, = (N + 1)C;, where N is the scaling factor of the D& approximated as
impedance scaler, defined as the ratio of the small signal ¢, :
transconductances df/SN and M S1, and C; is the basic o, = oMsN + Gonrsp +5[Cpa + (N + 1G] (18)

capacitor. 2) Noise: If N > 1 and accounting for the noise sources, it

can be found that the scaler’s output referred noise is approxi-

A. Design Considerations for the Impedance Scaler .
mately given by

1) Pole Frequency and Finite Impedanc®#/hen designing

the capacitor scaler, the following design considerations must Lgt :ig,th + sz

be taken into account. According to Fig. 5@),is connected in _ 8kTN?

series with the impedance due to the diode connected transistor. -3 (gmarsi + gmpmsp)

Parasitic capacitances are represented’py. CapacitorCy, 21 spN? e o1 K 19
accounts for the parasitic capacitors associated with mpde W( n K+ 2k, Kpp). (19)
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If these noise components are reflected to the integrator’s
input and are integrated over the filter's BW the integrated noi§#- 8- Experimental frequency response for the filter.
power due to the scaled capacitors becomes
the impedance scaler, the parasitic pole must be placed at higher
2 e 8KTN? [ grunsi +9m]\451’:| BW frequencies than the passband frequency, as discussed in Sec-
met T 3g G tion IV-A. To this end,g,,,as51 must be increased as much as
LuspN? ) 1 possible. However, to mantain low noise levels in the impedance
G2 1207 (K, K pr + 2K, K pp) 111{ﬁ} - (20)  scaler the factop,,ars1 should be further reduced [see (20)].
meoer This drawback is overcome if a cascode structure is used as
From (20), it can be noted that thermal noise componergsown in Fig. 5(b). In this architectur€; is connected to the
could be the dominant ones because flicker noise componetdscode transistak/C' instead of to the current mirror. It is
can be reduced by increasidgand reducing/ y;sp. For this  well-known that noise contribution of cascode transistors is neg-
design, channel lengths of 1Q0n are employed. Because ofligible. As a result of this, the noise performance is similar for
its lower flicker noise constant, P channel transistors are usedith structures. Transistdd C can be optimized for frequency
the most critical parts of the design. The basic capacitor valtesponse. The scaling factor is controlledMy”1 andM PN .
is C; =5 pF. To obtain a significant reduction in the noise levelhe current mirror should be optimized for both precision and
introduced by the impedance scalers, the transistors employeise. Thus, noise performance and frequency of operation for
in this scheme are biased close to weak inversion where |the impedance scaler of Fig. 5(b) are almost independent. In this
bias current values<50 nA) are used [17]. The major draw-paper, the impedance scaler was implemented using the circuit
back of this scheme is that for proper frequency operation sfiown in Fig. 5(a).
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20085 -+ I TABLE |
EXPERIMENTAL RESULTS FOR THESINGLE-ENDED SIXTH-ORDER
1.80E6 | - 2.4-Hz ALTER
=4 Parameter Measured
Filter order 6th
Bandwidth 2.4Hz
=+ Integrated Noise @ 0.1 —2.4Hz <50V
HD3 @V}, = 100mV < —60dB
Dynamic Range @ THD < -50dB | > 60dB
-+ PSRR, VDD @ 2.4Hz -65dB
| PSRR, VSS @ 2.4Hz -66dB
Power Consumption 10 uW
400E8 | '/\\/v B Power Supply +15V
20056 \} Active area =~ 1 mm?
000840 1 -+ -t . I -
0.10 10.00 The output referred noise density is shown in Fig. 9. Inte-

Fig. 9. Measured output referred noise voltage density for the

low-pass filter.
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grating the passband noise from 0.1-2.4 Hz gives us an input
erferred noise voltage below 50v.
The measured harmonic distortion components for a 100-
mV/500-mHz input signal are shown in Fig. 10. It can be noted,
in this figure, that the harmonic distortion components are below
—50 dB. Note that the dominant harmonic distortion is HD2,
which can be further reduced by using fully differential struc-
tures. HD3 is around-70 dB and the dynamic range with the
THD below —50 dB is approximately 60 dB.

The experimental results are summarized in Table .

VI. CONCLUSION

It has been shown that linear voltage-to-current tranducers
combined with current division and current cancellation tech-
nigues can be efficiently used for the implementation of low-
noise low-distortion OTAs suitable for low-frequency applica-
tions. The efficiency of an impedance scaler scheme based on a
simple current mirror has been experimentally demonstrated. It
has been shown that high-performance very-low-frequency fil-
ters can be efficiently implemented in CMOS technologies.
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