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Abstract—Most biopotential readout front-ends rely on the
gm-C lowpass filter (LPF) for forefront signal conditioning. A
small g,, realizes a large time constant (r = C/g,,) suitable
for ultra-low-cutoff filtering, saving both power and area. Yet,
the noise and linearity can be compromised, given that each g,,,
cell can involve one or several noisy and nonlinear V-I conver-
sions originated from the active devices. This paper proposes
the subthreshold-source-follower (SSF) Biquad as a prospective
alternative. It features: 1) a very small number of active devices
reducing the noise and nonlinearity footsteps; 2) No explicit
feedback in differential implementation, and 3) extension of filter
order by cascading. This paper presents an in-depth treatment
of SSF Biquad in the nW-power regime, analyzing its power and
area tradeoffswith gain, linearity and noise. A gain-compensation
(GC) scheme addressing the gain-loss problem of NMOS-based
SSF Biquad due to the body effect is also proposed. Two 100-Hz
4th-order Butterworth LPFs using the SSF Biquads with and
without GC were fabricated in 0.35-um CMOS. Measurement
results show that the non-GC (GC) LPF can achieve a DC
gain of —3.7 dB (0 dB), an input-referred noise of 36 'V ms
(29 4V ms), aHD3@60 Hz of —55.2 dB (—60.7 dB) and a die
size of 0.11 mm? (0.08 mm?). Both LPFs draw 15 nW at 3 V.
The achieved figure-of-merits (FOMs) are favorably comparable
with the state-of-the-art.

Index Terms—Biomedical, biopotential, body effect, CMOS,
gain compensation, harmonic distortion, lowpass filter, MOSFET,
sour ce follower, subthreshold, time constant, transconductor.

I. INTRODUCTION

XTREMELY -LOW-POWER anaog circuits continue to
play a key role in wearable or implantable biomedical
devices to achieve maximum battery life [1], or to become
completely autonomous via energy harvesting [2]. A number
of nW-class analog circuits have been reported, such as the
operational amplifier [3], the power management unit [4], the

Manuscript received April 18, 2012; revised August 17, 2012; ac-
cepted December 22, 2012. This work was supported by the University of
Macau (ULOO6A/10-Y 3/EEE/VMI/FST, UL006B/10-Y 3/EEE/VMI/FST and
MYRG115-FST12-LMK) and Macao Science and Technology Devel opment
Fund (FDCT) (024/2009/A1, 015/2012/A1). This paper was recommended by
Associate Editor M. Sawan.

T.-T. Zhang, M.-I. Vai, P.-U. Mak, and F. Wan are with the Biomedical En-
gineering Laboratory, FST-ECE, University of Macau, Macao 999078, China.

P.-I. Mak, M.-K. Law, and S.-H. Pun are with the State Key Laboratory of
Analog and Mixed-Signal VLSl and FST-ECE, University of Macau, Macao
999078, China (e-mail: pimak@umac.mo).

R. P. Martinsis with the State Key Laboratory of Analog and Mixed-Signal
VLSl and FST-ECE, University of Macau, Macao 999078, China, and also with
the Instituto Superior Técnico (IST)/TU of Lisbon, 1049-001 Lisbon, Portugal .

Digital Object Identifier 10.1109/TBCAS.2013.2238233

Biological Electrical .
System Signal Analog preprocessing
Transducer \ »|Preamp LPF }*» Signal — Output
Processor

Fig. 1. Block diagram of a genera purpose biopotential signal acquisition
system.

sigma-delta modulator [5], the energy harvesting unit [6], the
sensor interface [7] and the voltage [8]. They, in conjunction,
exhibit high potential for bringing down the power consump-
tion of emerging bioelectronics. However, existing biopotential
acquisition systems still consume power in the range of tensto
hundreds of W [9], [10].

This work focuses on the nW-class lowpass filter (LPF) in
biopotential acquisition systems (Fig. 1), which should be able
to handle different bio-signals such as ECG, EEG and ECoG
(typically from 0.1-100 Hz). A LPF with a bandwidth from a
few Hz to hundreds of Hz has been widely adopted for signal
conditioning [11], and a high dynamic range (DR) is essentia
to enhance the signal resolution. Given the linearity specifica-
tion, the power and area should be optimized with the DR =
2010g(Vin. max/Vn.rms)» Where viy max is the maximum ampli-
tude of the input signal; and v,, ..,s IS the input-referred noise
(IRN) voltage. High linearity is also required to minimize the
harmonic distortion (HD). Notice that as the L PF is not a stand-
aone component but embedded in the signal processing chain,
system level co-designing can be practiced to achieve system
power optimization. As shown in Fig. 1, the LPF s driving ca-
pability can be evaluated by the input capacitance of the sub-
sequent signal processor (typically headed by a data converter
with [5]), which can be co-designed to achieve therequired L PF
performances.

Biopotential L PFswere widely based on the transconductor-
capacitor (g,,-C) topology [12, ch. 13], [13]. A very small g,,
(afew nA/V) yields a small bandwidth, being highly efficient
in terms of power and area. The linearity and noise, however,
are till moderate, as each g,,, cell fundamentally involves one
or several noisy and non-linear V-1 and I-V conversions with
MOSFETS. Hence, the reported g,,,-C LPFs still consume sig-
nificant power for improved DR and linearity: 10 W for a
60-dB DR and —60-dB HD3 in [11], 11 W for a57-dB DR
and a —61.5-dB HD3 in [14], and 0.453 ;W for a 50-dB DR
and —49-dB HD3in [15].

1932-4545/$31.00 © 2013 IEEE
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Fig. 2. (a) Non-GC NMOS-based SSF Biquad. (b) The single-ended equivalent circuit and its (c) small-signal equivalent circuit.

This paper proposes the subthreshold source follower (SSF)
as apromising sub-cell for nW-class biopotentia filtering. The
theoretical details of SSF Uniquad are omitted here for brevity,
and can befound in [16], [17]. Unlike the prior works that were
mainly focused on the saturati on-region operation of sourcefol-
lowers (e.g., [18]), this paper reveads its properties under a nA
bias current, and proposes a gain-compensation (GC) schemeto
alleviatethe gain-loss problem of NM OS-based SSF Biquad due
to the body effect. The SSF Biquad can be extended to synthe-
size a high-order LPF via cascading. The theory and the effec-
tiveness of the GC are validated by both simulations and mea-
surements.

This paper is organized asfollows: Section |l studiesthe SSF
Biquad and proposes a GC scheme to improve the SSF Bi-
quad performance. Section |11 describes the experimental re-
sults. Section 1V draws the conclusions.

Il. SSF BIQUAD

A. NMOS-Based SS- Biquad

The schematic of a NMOS-based SSF Biquad is depicted in
Fig. 2(a). It differentially consists of four MOSFETS (M,,1-M .4
), two current sources (1,,) and two floating capacitors (C; and
Cs). No common-mode feedback (CMFB) is entailed as each
inner node can be well-defined, which will be explained in de-
tail in Section11-B. Tosimplify thetheoretical analysis, asingle-
ended equivalent, as shown in Fig. 2(b), is employed. Its oper-
ating principle shows that the positive feedback from the drain
of M, toits gate realizes acomplex pole, sharpening the stop-
band attenuation. Theloop gain after breaking the positive feed-
back at the gate of M5 isinherently less than one (i.e,, no in-
stability issue).

1) I/O Transfer Characteristic: Fig. 2(c) shows the small-
signal equivalent circuit of such a Biquad including the finite
output resistance of all transistors and the body effect (for gen-
erality, no deep n-well isassumed). gmbn1,2 (gmn1,2) denotesthe
bulk (gate) transconductances of M1 (Mn2); Vesn1,2 (Vibsni,2)
is the gate-source (bulk-source) voltage; ron1, Ton2 and 71y
are the output resistances of M, 1, M, and the bias current
source, respectively. Assuming that all transistors feature the
same transconductance (i.e., g.,) given by I,,/nUr, where n
is the subthreshold slope factor (~ 1.5) and U+ is the thermal

voltage (~ 26 mV at room temperature), and the effect of bulk-
transconductances and finite output resistances are ignored, the
Biquad showsthefollowing characteristics[18]: DC gain (A) =
1; cutoff frequency (wo) = gm/+/C1C> and pole quality factor
(@) = +/C2/C. However, the body effect is not negligible for
the case of long channel-length devices and subthreshold cir-
cuitsdesign. With the bulk transconductance taken into account,
the s-domain transfer function is given by

__ _9mni1gmn2
+9gmsn2
H(s) = 9msn2 1
( ) §2 CICZ + Sclgn]sn2+cz(g1nsnl Imn2) +1 ( )
Imsn19m Gmsn1Jm

WhEre gmsn1,2 = gmn1,2 + gmbn1,2 1S the source transconduc-
tance; From (1) the new expressions of the DC gain, cutoff fre-
guency and pole quality factor are dependent on the body effect

A= 9Imn19mn2 7
9msn19msn2
w _2’/Tf _V 9msn19msn2
0 — 0= =~ —=—
vene
Q o v/ 9Ymsn1Ymsn2 V Cl 02

Clgman + C(2 (gmsnl - gng) .

Obvioudly the DC gain is no longer unity and is given by
1/(1+n)% where = gup/gm is the body effect trans-con-
ductance ratio in the range of 0.2 to 0.5. Thus, the achievable
DC gain should be between —3.2 to —7 dB in practice. This
gain lossis critical as it will degrade the IRN. Both wg and @
can be adjusted by tuning the bias current (i.e., the transcon-
ductances) to compensate for process variation, temperature
and parasitic effects, realizing the desired frequency response.
2) Linearity: Thelinearity analysisisbased ontheequivalent
circuit depicted in Fig. 3(a). The compositeinput signal consists
of aDC biasvoltage V1o andan AC signal v;, whichisconverted
into current Ipy via My,;. With the voltage through C; as 'V, it
will be composed of aDC component Vxq andan AC signal .
After passing through the feedback network, the gate voltage
of M, is defined by Vs = Vxq — vx, Which is converted
into current Ips via M,». The output signal V, consists of a
DC voltage Voq and an AC signal v,. M,,1 and M, conduct
the summed current of Ip; = Ips + ine1 and Ipy = I, +
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Fig. 3. Equivalent circuits. (a) Linearity analysis. (b) Noise analysis.

inc2, respectively, where [,, isthe DC bias current. 4,1 2 isthe
frequency-dependent current via the capacitive loads C . The
linearity performance is evaluated by analyzing the 3rd-order
harmonic distortion (HD3) (i.e., even-order terms are ignored
as the Biquad is practically differential). In order to obtain the
input-output function of the Biquad filter, we established firstly
the relationship between V; and V., then derived the function
between V. and V.. The detailed derivation can be found in
[16] and is omitted in this article for brevity. The nonlinearities
stem from the body effect due to the bulk modulation of the
threshold voltage and the frequency-dependent effect through
the capacitiveitem. According to the knowledge of power series
expansion for HD3 calculation in [19], the HD3 of SSF Biquad
is simplified as follows:

HD3
- { ~ 3 (070 +07) - (a4 07’
4[1+ 7 (@1 +6-1)]*
(ct+d*+2c3d+2cd® —6c2d? —2c3 —2d3)
A0 +ctd }“

2
i

1
+ 6(nUt)?

a =+/2®r + Voq,

b=1/20r + Vxapx — Voq

. Jjw(Cr — C2)nUr
Iy + jwCi(Vxapx — Voq — Vxq)’
ijQTLUT

a= LT

2

with

Vxapx = 2Vxq — Vion — 7(v/2®F + Voq — /2®F)

In
—nUp ln{ [QH[LC%XU% (%)] } (29)

where Vx apx represents the intermediate term in the 1st order
approximation of V; and is expressed with the zero-bias

threshold voltage V;g..., the body-effect coefficient ~, the Fermi
level @, the carrier mobility p and the gate oxide capacitor
per unit area C/ _, as shown in (2-a). In (2), the cross-product
terms are omitted since they are much smaller than other
terms, and it can be observed that there are two non-ideal
terms that contribute to distortion. The first term, which is
frequency independent and is caused by the body effect of
My, and My, is afunction of the DC operating point, while
the second term varies with frequency. At ultra-low frequency
(approaching DC), the nonlinearity arising from the body-effect
is pronounced, and the distortion is reduced with a higher DC
level. When the frequency increases, the frequency-dependent
effect becomes more pronounced as more AC current passes
through the capacitive load. With such insights, the linearity
can be optimized by minimizing the parameters ¢ and d of
the second term in (2). Instead of improving the linearity by
enlarging the bias current at the expense of increased power, it
can be shown that the frequency-dependent distortion can be
optimized by choosing the value of C, to be close to half of
C1. The frequency-dependent term should dominate the overall
linearity to be explained in Section [1-D. Further improvements
in linearity can be achieved viareducing Cy and C- at the ex-
pense of increased noise. Since the quality factor (Q) isdirectly
determined by the capacitance ratio, specia considerations
should be taken to balance the linearity and @@ when cascading
the Biquads for a high-order LPF in practice.

3) Noise: Fig. 3(b) is used for noise analysis. Both flicker
and thermal noises are considered. 2, , ,, denotes the squared
noise current of M, ,2; V7, , ¢ are the squared noise voltages.
Thetotal IRN density is given by

VT: qun <1+ g?nsnl)
e -qrgnnl -qrgnan

1Ko Ly
Co AT \(WL),

2
Ymsn1

(WL)Qgrgnan) (3)

where q is electron charge; Kgq is the flicker noise factor for
subthreshold operation, and A F' istheflicker noise exponent. As
ultra-low-power circuits require alarge gate area for the MOS-
FETs, the flicker noise can be suppressed effectively. The dom-
inant noise source should be the thermal noise when the bias
currentisextremely low. Thethermal noise after integrated over
the pa$band E\nd aSJml ng Jmsnl = GJmsn2, iS glven by

— 8nkT
vz .= 4
n.in.int /Cl 02 ( )

where k is Boltzmann's constant and T is the absolute tem-
perature. It is clear that the noise can only be reduced by in-
creasing the capacitance (i.e., atradeoff between area, linearity
and noise).

4) Smulation Validation: In order to confirm the above anal-
ysis, the schematic shown in Fig. 2(a) was simulated in AMS
0.35-pm 2P4AM CMOS process with SPECTRE as the simu-
lator. The process parameters for hand calculation are listed in
Table |. C; and C5 were set as 20 pF and 10 pF, respectively.
The bias current is 280 pA so as to redlize the desired cutoff at
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TABLEI
PROCESS PARAMETERS FOR HAND CALCULATION
NMOS process parameters Tvoical value
In AMS 0.35 um 2P4M CMOS Process w
Body factor y 058 vV
Fermi potential (&) 0.7V
Subthreshold slope factor (n) 1.5
0.026 v
Thermal voltage (U
ge (L) (room temperature)
Carrier mobility (u) 370 cmVs
Gate oxide capacitance (C,,) 7.6 fFlum?
Threshold voltage for long-channel (Vio.) 046V
Thermal-noise energy (kT) 4.142x10-21 VA Hz
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Fig. 4. Cutoff frequency versus the biasing current I,,.
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Fig. 5. HD3 versusinput dc level at 50-nV,_,, input for both f;, = 1 Hz
and f;, = 10 Hz.

100 Hz. All the transistors were biased in the subthreshold re-
gion with equal W/ L aspect ratio of 10/50 (um). As plotted in
Fig. 4, the cutoff frequency isamost linearly increased with the
bias current. The linearity performance is evaluated based on
thetheoretical analysisfrom (2) andillustrated in Figs. 5-7. For
low-frequency range test the input signal was set to 1 Hz such
that the frequency-dependent distortion components can be ne-
glected. With the input DC level swept from 1.1 to 2.4V, the
HD3 of the filter excited by a sinusoidal input with 50 mV , is
shown in Fig. 5. The distortion is reduced with an increase in
DC level as expected. For comparison, the HD3 with the input
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Fig. 6. HD3 versus input frequency at 50-mV,,_, input and 1.5-V input DC
voltage.
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Fig. 7. HD3 versus the capacitance ratio of C'» /C for different C', at 50-Hz
50-mV,_, input.

Fig. 8. Integrated IRN voltage for different cutoffs.

frequency of 10 Hz against different DC levelsiis plotted. The
distortion is immune to the variation of the DC level, showing
that the frequency-dependent term dominates the overall lin-
earity. Fig. 6 shows the HD3 with respect to different input fre-
guency in the passband. The linearity is progressively deterio-
rated when the signal frequency goes up. This confirmsthat the
in-band linearity ismainly affected by the frequency-dependent
effect. The calculated values using (2) are well consistent with
the simulation results. Fig. 7 describes the HD3 versus the ca-
pacitanceratio of Cy/C, for different C;. The optimum Cy /C4
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Fig. 9. (@) GC NMOS-based SSF Biquad. (b) The single-ended eguivalent circuit and its (c) small-signal equivalent circuit.

for low distortion is around 0.5, when C; increases, the distor-
tion becomes more pronounced. This validates the optimized
strategy in choosing C; and C, to achieve low distortion. The
noise against different cutoff frequenciesisillustrated in Fig. 8.
The cutoff frequency is swept by scaling the capacitances C;
and Cs simultaneously while keeping the same bias current. It
isobviousthat therel ationship between the cutoff frequency and
the integrated IRN voltage is almost linear, which agrees well
with (4).

B. GC NMOS-Based SS- Biquad

Dueto the body effect, the NM OS-based SSF Biquad suffers
from gain-loss that can degrade the IRN when cascaded with
other blocks. In this section, we describe a GC scheme con-
structed by a cross-connected differential pair A, to provide
an extra gain path to solve the problem. As shown in Fig. 9(a),
the GC circuitry is biased with the current source I,. and the
source-degenerated resistor R isutilizedtoleveragethegain-
linearity tradeoff. The simplified single-ended equivalent circuit
isdepicted in Fig. 9(b), in which node A isthe virtual ground.

1) 1/O Transfer Characteristic: Similar to the analysis
given in Section II-A, the small-signal model of the GC
SSF Biquad is shown in Fig. 9(c). Here, gyn1 is adways
smaller than g¢.,.2. The ideal parameters for the Biquad
ae A = 1+ gmgc/gan wo = \/M/V €10
(or written as /(I — Iye)In/ (nUry/CiC3)) and Q
\/m/ [Olgng + C(2(gmnl - gmr12)]- 9mgce
9mp/ (1 + gmp Raeg) is the equivalent transconductance of the
GC circuitry, where gy,,,, denotes the transconductance of M,,.
When the body effect isincluded, the transfer function is given

by

(gmn1+4 Imge)Imn2

gmsn1Zgmsn2

C1gmsn2+C2(gmsn1 —gmn2) +1
9Imsnl9msn2

2_ ChCy
9msnl1Y9msn2

+ s

©®)

VDD Virtual ground

M \ WPW2W1 Increase in w
\

id1+ge=inct Vo

(@)

Fig. 10. (a) Equivaent circuit for linearity analysis. (b) Effect of distortion
cancellation.

(b)

and the DC gain by

(gmnl + gmgc)gmn2
9Imsn19msn2

(58)

By desgnlng 9mgec = Gmbnl + Gmbn2, & Unity DC galn com-
pensating the gain-loss induced by the body effect can be
achieved. Due to the reduction of current through M., the
cutoff frequency is aso reduced. Consequently, smaller capac-
itance values can be used to maintain the same bandwidth and
@, and a smaller die size can be achieved. Due to the increase
in DC gain, the overall IRN will not be sacrificed because
of the smaller capacitor size. This issue will be discussed in
Section I11-C.

C. Linearity

The circuit representation shown in Fig. 10(a) is utilized
to analyze the linearity. A differential signa v; is converted
into an AC current i4; via M,; and the current i,. via
M,. The AC current though the capacitor C';, denoted as
inc1, 1S frequency dependent. For transistors M,; and M,
we obtain iqq 2npCl U%(W/L), - exp (9;/nUr) and
2nuCy Uz(W/L), - exp (0s/nUr), where o; is the

ige =
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Fig. 11. Equivalent circuit for noise anaysis.

amplitude of the input signal. The current can be expressed
as the sum of the linear and non-linear components given
by: iar A~ gmmd; + (172098002 + (1/3)gP) i3 and
lpe A Gmgeli + (1/21)95,};1)1 + (1/31)g%203. The linear
COMPONENtS, grmn1 i aNd gmg0;, realize the GC operation The
nonlinear components (1/31)¢%) 93 and (1/31)g0% deter-
mine the linearity as a result of the differential topology. The
summation of the two terms should be in avector form as there
exists magnitude and phase differences between the ac currents
iq1 and iz, Which are sensitiveto the bias current. In our design,
the bias currents are properly chosen to obtain an ailmost con-
stant magnitude and phase V-1 conversion for M, over the band
of interest. For M,;, with an mcrease of input frequency, the
distortion will increase (i.e., (1 /3')gmn1v goes up) according
to (2), and the phase given by ¢ (w) = —tan™! (WC1/gmn1)
will approach —90°. The mechanism of harmonic cancellation
for various input frequencies is illustrated in Fig. 10(b). The
magnitude after vector sum first decreases from w; to wo,
and then goes up from ws to ws. Thus, minimum harmonic
distortion can be obtained at an optimum spot frequency ws.
This optimum frequency for low distortion can be adjusted by
tuning the bias current. The GC scheme, thus, also exhibits the
additional beneficial feature of harmonic cancellation.

1) Noise: The noise analysis circuit for the GC scheme is
shown in Fig. 11. I, (I2,) denotes the noise current of

Raeg (My); Vi3, ¢ denotes the summed flicker noise voltage
of M, and M. The total IRN, with contributions from the
thermal noise of M,,; and M, the thermal noise of Rg., and
M, and the summed flicker noise of M1, Myo, and M, is
defined as (6).

V2, = 2(] (In — IgC) gng2 + 2qIngmsnl2

e gmn22(gmn1 + gmgc)2
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2qlyc + 4kTRdeggfnp
(gmnl + gmgc)2(1 + gmdeeg)2

1 gmsnl2 1

(WL)l - (WL>2<gmn1 +gmgc)2 - (WL)P
(6)

Kro
Ca T

The dominant thermal noise is integrated over the passband of

V(I = L)1/ (nUr/C1C3), expressed as

Vn21n int
4nkT<1 [+ %) +ART| A= 1| /7
= A2 JO.0h (7
where A = 1 + gmge/gmn1 . AlSO, Notice that
I It lge  Gom + Gump )
I — Iy I Ymn1

To achieve improved power and area efficiency, gmpRaes < 1
isdesirable. Asaresult, gmge & gmp, and I,/ (I, — I) ~ A.
Consequently, (7) can be rewritten as

i 4nkT( )+4kT|A— VA
vz o = . 9
n.in.int m ( )

It can be observed that the IRN voltage is reduced with an
increase in gain, and the noise contribution of its subsequent
blocks can aso be suppressed. The improvement will be more
noticeable when the design is extended to a higher order asin
the fabricated prototypes to be described later. From the above
analysis, the GC current and the degenerated resistor should be
well designed based on the tradeoff among DC gain, linearity
and noise.

2) Smulation Validation: A GC SSF Biquad with a 100-Hz
cutoff frequency was designed to validate the above analysis.
The bias current I,, was set to be 200 pA and I,. was prop-
erly chosen to be 80 pA to achieve aunity gain. All the transis-
tors were subthreshold-biased with an equal (W/L),, of 10/50
(um) and (W/L),, of 100/10 (1m). The source-degenerated re-
sistor of 100 M2 isimplemented by using subthreshold transis-
tors to save area. The capacitance values of C; and Cy were
set as 10.6 pF and 8 pF, respectively. Fig. 12 shows the en-
hancement of the DC gain with the increase of the GC cur-
rent I,., and simulated results are based on the DC gain ob-
tained from (5-a). The theoretical curve is related to the term
(1 + Gumge/gmn1) /(1 +1)>. The unity gainlocation isat 1. =
80 pA. Therelationship between the cutoff frequency and I,,. is
illustrated in Fig. 13, with wy = \/Jmsn1Jmsn2/V/C1C2. With

an increase of I, the current through M,,; is reduced for the

same I,,. This reduces g¢,,,1 and hence the cutoff frequency.
Fig. 14 shows the simulated HD3 for different input frequen-
cies, which featuresa V' -shape, and the optimized frequency for

low-distortion, which can be adjusted by bias current tuning, is
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~ 40 Hz. The noise voltage over the passband against I, is de-
scribed in Fig. 15. It is observed that the integrated IRN voltage
is reduced with higher I, (i.e., more DC gain), corresponding
well to (7).

I11. CASCADED SSF BIQUARD IMPLEMENTATION

To demonstrate the applicability of SSF for L PF design, two
4th-order 100-Hz-bandwidth LPFs using Butterworth approxi-
mation were designed for ECG monitoring application with a
bandwidth of 0.1-100 Hz [20]. For a filter-order greater than
two, acascade of NMOS- and PM OS-based SSF Biquadsisnec-
essary to match their bias voltages. Thefirst designisanon-GC
NMOS-based SSF Biquad followed by a PMOS one (Fig. 16).
The second designis a GC NMOS-based SSF Biquad followed
by aPMOSone (Fig. 17). Asthe body effect in the PMOS-based
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Fig. 15. Integrated IRN voltage against gain-compensated current I,..
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Fig. 17. Fabricated 4th-order GC LPF using SSF Biquads.

Biquad is avoided, no gain compensation is necessary. For the
cascaded Biquads, each Biquad should be optimized individu-
ally for overal filter optimization in terms of 2 and bandwidth.
Since the capacitance size can help to reduce the noise and non-
linearity but penalize the power and area, the sizing of the load
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TABLE Il
SIMULATED RESULTS WITH VARIATIONS OF MISMATCH AND PROCESS, SUPPLY VOLTAGE, TEMPERATURE AND BIAS CURRENT FOR NON-GC AND GC LPFs
Non-GC LPF GC LPF
Misg:j;g::nd Supply voltage Temp. Bias current b“g'nm Mis;?gg;:nd Supply voltage Temp. Bias current b“’;'&";:‘:'l‘
g .70 ¢ 0 : n 2 L7()° 0 n
oo | @733 OO0 s at) | 00.ung) @33V | (O70°C) | 5% | e (3%
DC gain (dB) 372+ 0.1 -3.71620.001 371041 -3.7160.002 | -3.716+0.001 0.16£0.23 0.038+0.004 0.07£0.08 0.038+0.005 0.16£0.14
CMVotoge (V) | 1563:0078 | 157500002 | 157:0087 | 1576:0001 | 15750001 | 15710085 | 157900002 | 156620038 | 0N | 4 5700005
Bandwidth (Hz) 99.9+10.4 99.8+0.6 98.7+9.2 99.8+4.2 100.11.8 100.1211.2 100.2£0.8 98.6+9.8 100.3£5.3 100.3£0.8
Offset (mV) 0.04+1.96 0 0 0 0.09+1.01 0.02+2.08 0 0 0 0
Noise (uV) 31£1.8 30.9+1.2 309£1.5 31.13£0.01 31.2:0.6 24.5+16 24.2+1.3 24.1£15 24.570.02 24.28+0.14
IIC | wieetts | w206 | @65 | 989 | 0109 | H09 | w605 | 023 | 318 | 8732
DO | sae29 | 6205 | 8623 | %07 | €405 | 51825 | 51807 | K76 | 51406 | 51806

capacitance must follow an optimization process. The capaci-
torsfor thefirst stage Biquad are chosen to be large enough for
reduced noise, whilethosefor the second stage are optimized for
low distortion to account for the extraloading capacitances for
pads and external test buffers. Moreover, the 2 should be bal-
anced as well in the cascaded Biquads. The total capacitances
for thefirst and second LPFs are 59.2 and 49.6 pF, respectively.

A. Mismatch and Process Variation

Ascomponent mismatches can lead to DC offset and linearity
degradation, transistors with a longer channel length are more
favored to improve the matching, which also befits the ultra-
low-bias-current nature of our LPFs. Symmetrical layouts with
the common-centroid technique also enhanced the matching.

To study the effect of various non-idedlities, the simulated
variations of different filter parameters under (1) mismatch and
process; (2) supply voltage variation; (3) temperature variation;
(4) bias current with 5% variation; and (5) bias current with
+3% mismatch are quantitatively givenin Tablel. As expected
the bandwidth has a strong relationship with the transconduc-
tances and capacitances. The DC gain variation of the GC LPF
isashigh as0.23 dB, which ismainly dueto the variation of the
pseudo-resistors. The impact of matching-induced offset on the
linearity, evaluated by the HD2, is also noticeable. However, the
HD3 is till dominant.

For the effect of non-ideal current sources, we adjust the bias
current I, (inFig. 16) with avariation of +5% for non-GC LPF,
and I,, and I, (in Fig. 17) simultaneously with the variation of
+5% for GC LPF. From Tablell, one can observethat thiseffect
causes large variation in the filter bandwidth, but has negligible
effects on the DC gain and CM voltage. We have also simulated
the effect of £3% bias current mismatch between the 1, pairs
in non-GC LPF, and I,, and I, in GC LPF. For the non-GC
LPF, an increase in offset is observed due to the mismatch in
the differential input pair, and degradation in HD2 results. For
the GC LPF, there is an observable effect on the DC gain as a
result of non-ideal gain compensation.

In both of our proof-of-concept prototypes, capacitor arrays
covering a gain range of +£12% with a 4-bit digital word for

manual filter bandwidth tuning are designed. For the GC LPF,
we also need an external manual calibration of the voltage-con-
trolled pseudo-resistor (nominal 100 M) to set the DC gain
to the expected value. The required tuning range to cover the
DC gain variation of +£0.23 dB due to process and mismatch in
Table 1l is £47%, which corresponds to a control voltage range
from 1.21t0 1.26 V. Of course, in practice, abandwidth calibra-
tion loop such as the amplitude tracking technique [21] should
be adopted. It is to quantize the LPF output’s amplitude using
a low-power amplifier and an asymmetric comparator. Then,
adigital controller can be used to vary the tuning parameters
(e.g., capacitor banks) until the maximum quantized amplitude
isfound, which correspondsto the desired bandwidth. Note that
a stable @ for each Biquad requires a concurrent tuning of its
two capacitors.

B. Filter Drivability

When the LPFs are to drive an A/D converter, they should
fulfill the corresponding settling requirement to achieve less
than 0.5 LSB tracking error [22], which can be achieved via
adding an output buffering stage. For a typical pre-amplified
ECG signd with a 100-Hz bandwidth and a 50-mV,,, ampli-
tude, an A/D resolution of approximately 50 .V /LSB is gener-
ally required, resulting in asampling capacitor size of ~ 6.6 pF
to limit the thermal noiselevel tolessthan 0.5 L SB at room tem-
perature. The required buffer bandwidth should be ~ 7 times
to that of the signal bandwidth to achieve 0.1% settling. From
simulations, a source follower with a power budget of ~ 1 nA
is capable to fulfill such a reguirement.

C. Experimental Verification

Fabricated in a standard 0.35-um CMOS process, the active
areasare 0.11 mm? (non-GC LPF) and 0.08 mm? (GC LPF) as
showninthediephoto of Fig. 18. Both aredesigned for the same
power of 15 nW including the bias circuit using a 3-V battery.
The bias currents are generated externally. For the filter without
GC, I, = 600 pA isinjected externally and mirrored on chip
for I,. For thefilter with GC, I,, = 500 pA and 2 I, = 360 pA
are provided externally. Around 6 nW is consumed by the front
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Fig. 18. Chip photo of the two L PFs using SSF Biquads with and without GC.

TABLE 11
COMPONENT PARAMETERS OF THE TWO FABRICATED LPFs

Non-GC LPF GC LPF
Components 1stStage | 2 Stage | 1stStage | 2n Stage
I (pA) 600 1000 500 1000
lge (PA) N/A N/A 180 N/A
WIL of M4 (um) | 10/50 N/A 10/50 N/A
WL of Mpt.4 (um) N/A 15.5/50 N/A 15.5/50
WIL of My (um) N/ A N/A 40/4 N/A
Raeg (MQ) 1 N/A N/A ~100 N/A
Cral2 (pF) 16 N/A 9.3 N/A
Cal2 (pFy? N/A 8.8 N/A 8.8
Ci11/2 (pF) 16.4 N/A 135 N/A
C21/2 (pF) N/A 18 N/A 18

! emulated by subthreshold transistors with W/L=2/20 (um)
and the resistance is voltage controlled.
2 exclude the capacitance of pad and input capacitance of buffer

stage, and 9 nW by the back stage. The component parameters
for the two LPFs are summarized in Table 111.

As SSF Biquads are utilized to achieve ultra-low power con-
sumption, the output common-mode (CM) voltage (designed to
be 1.575 V), which is determined by the gate-source voltage
Vs of thetransistors, is process dependent. Asthis CM voltage
variation may cause possible reliability issue, careful common-
centroid layout is practiced to alleviate thisissue. Measurement
results show that the worst case variation of the output DC level
for 10 chipsislessthan 40 mV, which will not affect the overall
performance of the filter. Notice that no on-chip buffers are in-
cludedtofacilitatethetesing, and the LPFsaredesigned to drive
an off-chip commercia buffer [23] directly, which offers suffi-
ciently high input impedance (5 T?||4 pF) and low noise (0.3to
0.1 xV/v/Hz inthe 10 to 100-Hz range) in all the experiments.
With an estimated pad and PCB loading of 2 pF, the capacitve
load of the LPF is up to 6 pF which has been accounted for in
Cys (Figs. 16 and 17) to obtain the desired cutoff frequency.

The measured and simulated results of the first non-GC LPF
are plotted and compared. Fig. 19(a) shows the gain response
which exhibitsaDC gain of —3.8 dB. With thebiascurrent vari-
ation of £5%, the DC gain and bandwidth varies by 0.002 dB
and 4.8 Hz, respectively. Fig. 19(b) plots the IRN voltage den-
sity (the noise contribution of the test buffer is de-embedded),
and the estimated integrated IRN voltage over the passband
i$36 1tV.ems (Mmulation is 31 V). The linearity was as-
sessed by measuring the HD3 against the input frequencieswith
a50-mV,,_,, single-tone output, asdepicted in Fig. 19(c), which
is obtained via averaging the results from 10 chipsto assure the

Fig. 19. Measured and simulated performances of the non-GC LPF. (a) Mag-
nitude response. (b) Noise response. (¢) H D3 and H D against different input
frequencies for a50-mV,_, sinusoid output.

accuracy with a standard deviation of 2.12 dB. The HD3 in-
creases with the input frequency which is consistent with the
analysis given in Section 11-B. The result at 50 Hz is omitted
as the powerline interference is picked up by the equipments.
The HD3 is —55.2 dB when the input is at 60 Hz. The DR
is 66.7 dB. HD2 is aso plotted to illustrate the matching per-
formance of the filter. The matching-induced offset leads to an
increment of HD2 for the fully differential topology. The DC
offset is 0.08 mV for 15 chips with a standard deviation of
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Fig. 20. Measured and simulated performances of the GC LPF. (8) Magnitude
response. (b) Noise response. (¢) HD; and H D, against different input fre-
quencies for a50-mV,_,, sinusoid output.

1.1 mV. TheHD2isbelow —70 dB for different input frequen-
cies in the passband.

Fig. 20 showsasimilar set of resultsfor the GC LPF. Thegain
responseisplotted in Fig. 20(a), wherethe DC gain isrecovered
to around 0 dB. The DC gain and bandwidth varies by 0.008 dB
and 5.7 Hz, respectively, with the bias current variation of +5%.
Fig. 20(b) describestheinput IRN density, and the estimated in-
tegrated IRN voltage over the passband is29 11V, (Simulation

|IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS

Fig. 21. Arrhythmic ECG signals before and after filtering (non-GC LPF).

Fig. 22. Arrhythmic ECG signals before and after filtering (GC L PF).

iS24.6 14V 1ms), Whichisimproved by 24% even with smaller ca-
pacitances when compared with the non-GC LPF. This derives
from the gain enhancement of the first stage, with the suppres-
sion of the noise contribution of the second stage. The linearity
performance is plotted in Fig. 20(c), which is aso obtained via
averaging the results from 10 chips with a standard deviation of
1.86dB. Whentheinput frequency isat 60 Hz or above, theHD3
isimproved by > 5.5 dB, when compared with the non-GC
Biquad. The V -shaped curve appears close to the frequency of
70 Hz matching fairly with the theory and simulation (Fig. 14).
The DR seems smaller (1.9 dB) than the non-GC, but thisisdue
to the improved passband gain to ensure the comparisonisat an
equal output swing of 50 mV,,. The measured HD2 is shown
in Fig. 20(c). It is worse than that of the non-GC LPF due to
the extra mismatch induced by the GC unit. The DC offset is
0.06 mV for 15 chips with a standard deviation of 1.1 mV.

To demonstrate the functionality of the LPFs, an arrhythmic
ECG signal is captured before and after thefiltering asshownin
Fig. 21 (non-GC LPF) and Fig. 22 (GC LPF). The input signal
constructed from [24] is amplified to be 50 mV,,,, and is su-
perimposed by a 10-mV ,;, out-band (300 Hz) sinusoid signal.
It shows that the latter can be suppressed adequately to improve
the signal quality.

Benchmarking with the works [14], [15], [25], [26] targeting
asimilar bandwidth in Table IV, both the GC and non-GC LPFs
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TABLE IV
SUMMARY AND BENCHMARK WITH PRIOR ARTS

11

' , , , This Work
ACSP'05 [14] TBIOCAS'09 [15] EL'10 [25] TBIOCAS'10 [26] Non-GC LPF GC LPF
VDD +15V 1V 1V 18V 3V 3V
CMOS 035 ym 018 ym 0.48 pm 0.8 ym 0.35 ym 0.35 um
Technology
Filter Order
(Topokoay 5(9) 5(0) 4(0) %©) 4(0) 4(0)
BW 37Hz 250 Hz 732 Hzb 3KHz 100 Hz 100 Hz
'"tes;t:;e' RN 243 WVims <340 Vims 50 Vims ~564 Ve o 13:;0":’0’35&) o 12 fo“:légst)
61.5dB -49 dB <-40dB <-38.4dB -55.2dB -60.7 dB
HD3 @fn=8 Hz @ fin=50 Hz, @ fin=700 Hz, @fin= 1 KHz, @ fn=60 Hz, @ fin=60 Hz,
Vou=50 mVp-p Vout=9.43 mVpp Vout= N/A Vout=40 mVp-p Vout=50 mVp-p Vout=50 mVpp
DR 57 dB 50dB 55 dB 34dB 66.7 dB 64.8 dB
Power 11 W 0.453 yW 14.4 nW 360 nW 15 nW 15nW
DC Gain ~0dB -10.5dB 6dB ~0dB -3.7dB 0dB
Active Area 0.25 mm2 0.13 mm2 0.13 mm2 0.03 mm2 0.11 mm?2 0.08 mm?
FoM 1.04 x 10 7.25 x 1012 0.89 x 10-13 39x101 5.62 x 10-13 5.79 x 10-13
a (S): Single-ended, (D): Differential.
b Center frequency of the bandpass filter.
¢ Calculated according given input range and DR.
exhibit superior performances in terms of the Figure-of-Merit REFERENCES

(FoM) defined as [27]

P

FoM =57 DR

(10)
where P is the filter power consumption, N is the order, f.
is the cutoff frequency (exception for the center frequency in
[25]), and DR isthe dynamic range. Lower FOM figures indi-
cate better filter performance. This work measures comparable
FoM with the state-of-the-art.

IV. CONCLUSIONS

Ultra-low-power analog circuits will continuously open up
new prospects for bioelectronics. This research work was fo-
cused on the nW-classfiltering revealing the val uabl e properties
of the SSF Biquad. It decouples better the linearity and noise
from the power and area than the widely used g,,,-C' topology.
The gain-loss problem of NMOS-based SSF Biquad due to the
body effect has been addressed via the proposed GC scheme.
Two 4th-order LPFs with and without GC verified the theory.
The GC LPF shows improved DC gain and lower IRN over
the non-GC structure. Both LPFs exhibit favorable power and
area efficiencies aswell as comparable FoM with respect to the
state-of-the-art. Subsequently, further research under develop-
ment is the design of a sub-pW biopotential readout front-end
using nW-class instrumentation amplifier and anal og-to-digital
converter. The future work includes the implementation of au-
tomatic tuning and on-chip biasing to improve the practicality
of our current prototype.
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