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Abstract: A second-order lowpass Butterworth filter with tunable bandwidth capable of offering a dynamic range of 91.86 dB
operating on a supply voltage of 1.8V is presented. The proposed filter is based on a sub-threshold source follower. The
transistor bias currents are switched to enable the bandwidth tuning in the range 4-100 Hz. A proportional to absolute
temperature (PTAT) current reference circuit helps to keep the bandwidth intact across process, voltage and temperature
variations. The filter, designed in 0.18 ym standard CMOS process, consumes 25.9 nW making it a potential candidate for

portable biomedical applications.

1 Introduction

Analog filters with low cut-off frequency are the essential building
blocks in biomedical devices. The low-frequency lowpass filters
(LPFs) are used to enhance the quality of sensed bio-signals by
rejecting the out-of-band noise. The filters sense the bio-signals
with frequencies <100 Hz and amplitude ranging from 1 uV to
100 mV [1]. The circuits processing these low amplitude bio-
signals are required to exhibit sufficiently low input-referred noise
(INR) and distortion to avoid input signal degradation.

The designed filters with low cut-off frequency are quite
challenging for applications like portable and implantable
biomedical devices. The filters are required to be ultra-low power
to support small form-factor of batteries and to extend the battery
back-up. In addition, they are also required to occupy as little area
as possible for cost minimisations.

Switched capacitor (SC) filters are not suitable for low-
frequency applications as they suffer from clock feed-through and
leakage problems in advanced processes [2]. Active resistor-
capacitor filters and passive resistor-inductor-capacitor filters are
not preferred for biomedical applications, as large-sized
components are needed to achieve low cut-off frequencies.

Transconductor—capacitor (g, — C) filter topologies are widely
used for low-frequency LPFs. In g, — C based topologies, the cut-
off frequency is decided by the ratio g,/C, where C is the
integrating capacitance. Lower cut-off frequencies can be achieved
by increasing C and/or decreasing g,,. However, capacitances used
on-chip are limited to few tens of pico-farads because of silicon
area limitations. With the small value of capacitance available on-
chip, the minimum bandwidth that can be achieved is also limited.
For fully on-chip solutions, impedance scaling techniques are used
to increase the effective capacitance by utilising the Miller effect
[3], but with increased complexity, power consumption, and noise.

Low bandwidth is also achieved by using transconductors of
sufficiently low value. Several g, reduction techniques are reported
in the literature [3, 4], where the transconductor unit is modified to
achieve a low value of g, by techniques like multiple input floating
gate, current division, source degeneration and bulk-driven. The
detailed discussion on relative performance and limitations of these
techniques has been presented in [5, 6].

In this paper, an alternative design for realising low-frequency
LPFs has been presented. The design uses source-followers to
realise the filter. The paper is organised as follows. In Section 2,
sub-threshold source follower (SSF) biquad is illustrated. Second-
order LPF based on the SSF biquad is presented in Section 3.
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Simulation results are presented in Section 4. Section 5 concludes
the paper.

2 SSF-based biquadratic cell

A basic source follower circuit shown in Fig. 1 can be viewed as a
first-order LPF, considering the capacitance at the output.
The transfer function is given by

8mlo,eq (1)

H(s) =
) Scro.eq + (gm + gmb)ro.eq +1

where g, and g, are the gate transconductance and back-gate
transconductance  of  the  transistor M,,  respectively,
To.eq( = Tor || 7o2) is the equivalent output resistance.

The source follower shown in Fig. 1 is extended to realise a bi-
quadratic cell as shown in Fig. 2a. The circuit elements include
four transistors (M, — M,), four current sources (I, 21l,) and two
floating capacitors (C,/2,C,/2). Here, a positive feedback
generated by transistors (M,, M;) is utilised to generate the complex
conjugate poles required for the second-order response. Source
follower based biquads are reported in [7]. However, the
architecture shown in Fig. 2a has not been found to be explored
further for low power, low frequency filter applications.

Source follower based biquads exhibit the following
advantages: Additional common mode feedback circuit is not
required as the output common mode voltage is self-biased by the
transistor's, Vs, saving area and power. The circuit is free from the
effects of parasitics as only two nodes are present and they are the
integrating nodes. Furthermore, there are no instability issues
because of positive feedback as the loop gain is inherently <I.
Also, it exhibits a low output impedance to drive the later stages

VDD

Fig. 1 Basic source follower, with an output capacitor
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Fig. 3 Schematic of switched second order LPF

and offers excellent linearity, as the signal is processed in terms of
voltage by local feedback. The equivalent half circuit of source
follower biquad is as shown in Fig. 2b. It's small signal equivalent
circuit is shown in Fig. 2c¢. The complete transfer function of the
biquad is given by (2), where gu., =8m +8&m and
8mp2 = &my + &mb: (s€€ (2)) . By neglecting body effect and channel

length modulation, and if input transistors are designed to have
equal gate transconductance g, the overall transfer function

reduces to (3)

Vo 1
Vi~ $(CGClgn) +5(Colgy) + 1 ®)

The filter parameters (cut-off frequency @, and quality factor Q)
are given by

8m

©o= TEC “)
o-F

Considering body effect, from (2) the passband gain A4 is expressed
as,

8ds2 S Lasol, G,

Em2(Vor VO /N Emva(-Vo)
1 v,
o

8ds.1, 1

L
L
L
Ic

TR 1A

The cut-off frequency is decided by the ratio g,,/C. Practically,
low cut-off frequencies are attained by reducing g,,. The value of
&m 1s reduced (to the order of nano-siemens) by operating the
transistors in weak-inversion region. In weak-inversion region, g,
is given by g, = Ip/nVr, where 7 is the sub-threshold slope factor
(=~ 1.0), Vg is the thermal voltage (~26 mV) and Ip is the drain
current. Here, the g, is reduced to nano-siemens by using a
sufficiently low value of Ip, resulting in low power consumption.

3 Switched SSF biquad based second-order LPF

The bandwidth of the filter is further reduced by the technique of
switched transconductor. Here, the filter cut-off is made tunable by
switching the transconductors with a tunable duty ratio. This is
achieved by switching bias currents of the transistors with a
required duty-ratio (D). The schematic of switched second-order
LPF based on source follower biquad cell is shown in Fig. 3.

3.1 Current reference with switching circuit

Small bias currents (of the order of nA) are more susceptible to
variations in temperature. A slight variation in temperature can
cause a large change in the current, resulting in a large deviation in
gm and hence the cut-off frequency. In weak-inversion region,
&mn = Ip/nVr. The thermal voltage Vg is proportional to the
absolute temperature (PTAT) and therefore, g, (and the cut-off
frequency) decreases with the temperature. This can be easily
mitigated with a PTAT drain current /. A classical beta multiplier
circuit [8] has been modified suitably with cascode transistors and
associated switching circuitry to generate a switched PTAT current
reference required for the purpose. The complete current reference
circuit is shown in Fig. 4a.

The sub-threshold current Ip through a PMOS transistor is
given by

Vsg — | V- -V
Ip= KIDgexp(—SGﬂvlT THl)(l - exp( anS )) 7

where K=W/L is the aspect ratio of transistor,
Ino = uC,(n — 1)V is the pre-exponential factor of sub-threshold
current, p is the carrier mobility, C,, is the gate-oxide capacitance
and Vry is the threshold voltage. For Vpsd4Vr, (7) reduces to

2
8m 1
A= = (©6) Vsg — |V
(gm + gmb)2 1+ (gmb/gm)2 ID = KIDOCXP(SGTlTHl) (8)
T
where g.n/gn is the ratio of bulk transconductance to gate - .
transconductance. The value of the ratio is in between 0.2 and 0.5 The reference current Iy in Fig. 4a is expressed as
and therefore, the passband gain achievable is in the range —3.2 to Veer — V.
—7.2dB. Loy = 2367~ 75Gs )
R
& _ _ 8mi(8m> — 8ds2) 2)
Vi (&mni — &mo + &asi + &asz + 8ds. 2, $C)(8mp2 + &asa + 8ds., + $C)) + (8mp2 + 8as2)(8m2 — 8ds2)
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Fig. 5 Complete schematic of the switched SSF biquad based second-order LPF

Substituting for Vsg; and Vsgg from (8) and by considering same proving that the reference current is almost independent of supply
drain currents, /s is given by voltage. The generated current reference is mirrored and switched
using the transistors My — M, as shown in Fig. 4a. Here, the duty
nVrn(p) _ »kTIn(p) ratio of Vs is varied to switch the bias currents of the

Lep = R~ gR (10) transconductors.

A complete schematic of the proposed switched SSF biquad
where p = Ky/K; = (W/L)y/(W/L), is the ratio of transistor sizes, k based second-order LPF is as shown in Fig. 5. Regulated cascode
is the Boltzmann constant, T is the absolute temperature and q is current mirror has been used for accurate mirroring of the switched
the electron charge. With a thermally stable external resistor, the current. The transistor sizes for the proposed filter are listed in
Io¢ is found to be PTAT. In this work, R = 10MQ is chosen to Table 1.
generate a nano-ampere current reference (If = 1.47nA). From

(10), it is also evident that the reference current varies proportional 3.2 Noise analysis

to the absolute temperature (PTAT) and it is clearly shown in The noise model of SSF biquad is shown in Fig. 6. In transistors,
Fig. 4b. o ) ) ) . the major sources of noise are flicker noise and thermal noise.

For the current reference circuit designed in this work, It is Flicker noise is dominated at lower frequencies and thermal noise
plotted as a function of Vpp at room temperature in Fig. 4c. A line at higher frequencies. For noise analysis, both flicker noise and

sensitivity of 0.9%/V is observed in a supply range of 0.8—-1.8V,
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Table 1 Transistor sizes of the proposed filter

Transistor W, pm/L, ym
Mi_4 131 2(211)
Ms 4 2 (6/1)
Mg 2 (91)
My_» 2 (1/0.5)
M;s 4 (12/18)
Mg 6 (16/18)
My, 6 (16/18)
Mig_2 2 (110)
Mi,2,24,25 4 (12/18)
Mo 4 (6/18)
Mys_3 6 (16/12)

Fig. 6 Equivalent noise model for analysis

Fig. 7 Complete layout of the switched SSF biquad filter

Table 2 Summary of the filter performance at 1.8 V supply

Parameters Values
total current, nA 14.42
power, nW 25.95
DC gain, dB -3.25
filter order 2
bandwidth, Hz 4-100
linearity @1% THD (Viy pk - pk (MV) @ 10 Hz) 996
IRN (#V1s) (100 mHz—100 Hz) 8.985
dynamic range, dB 91.86

thermal noise are considered. The IRN of the biquad integrated
over the passband is given by

Vain=(Vainn+ Vainr) - Af (1
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2
Vin= 0]y 4 Bl pg
8mi Emi8mo (12)
+ KF [ 1 gmnl f
Cox : fl(WL)l (WL)Z gml

where, y is the noise co-efficient, K is the flicker noise coefficient
and f'is the frequency. Flicker noise, being inversely proportional
to the transistor gate area, is reduced by choosing a large sized
transistor. By reducing the flicker noise, thermal noise is made the
dominant contributor. The thermal noise integrated over the
passband is given by

'z]m_ 4kTy /gmz gmm (13)
C]C2 gml gmlgm2

Assuming that all transistors have same gate transconductanes and
by neglecting body-effect, the thermal noise is equal to

8kTy

JccC (14)

From (14), it is evident that thermal noise reduces with higher load
capacitors. In the proposed filter, with the value of capacitors used
the noise offered is less.

2
Vn, in =

4 Simulation results

The proposed switched SSF biquad based Butterworth second-
order LPF is designed using UMC 0.18 um CMOS technology.
The filter is designed to operate in the weak inversion region with a
supply voltage of 1.8 V. The complete layout of the filter is shown
in Fig. 7. The layout area is 0.121 mm?. Post layout simulations are
carried out to evaluate the filter performance. The summary of the
filter performance is shown in Table 2.

The magnitude response of the filter for varying duty ratio (D)
of the current pulse is shown in Fig. 8a. The filter cut-off frequency
f. is tunable from 4 to 100 Hz for 1-100% duty ratio of the current
pulse. Note that, the clock frequency is modified suitably to keep
clock feed-through out of stop-band frequency (corresponding to
attenuation of 100 dB). The integrating capacitors for the filter are
C,/2 = 15.25pF and C,/2 = 30.50 pF including parasitics, for the
transconductance of 27.23nS (g, =~ gm =~ &m») to achieve
bandwidth of 100 Hz with 100% duty ratio. Fig. 85 shows the cut-
off frequency of the filter as a function of duty ratio. It is evident
that cut-off frequency varies linearly with duty ratio except at 4 Hz.
Clock feed-through charge on capacitor starts dominating over that
from the switched transconductor (due to low on-time) and
capacitor charge/discharge due to junction leakage (due to large off
time). Monte-Carlo simulation has been carried out on the layout
extracted filter to evaluate the performance in the presence of
transistor mismatches. Fig. 8¢ shows the distribution of filter cut-
off frequency for 200 samples for f. = 100 Hz (with D = 100%). A
mean of 100.1 Hz and standard deviation (o) of 4.62 Hz are
obtained. The sizes are chosen sufficiently large to keep the INR at
a sufficiently low value. This in turn helps to keep the mismatch
and hence the input offset to a low value [9].

Post layout simulations are carried out across process corners,
supply voltage and temperature (PVT) variations, for a setting of
fo = 100Hz. Fig. 9a shows the frequency response of the filter at
various process corners. The change in cut-off frequency f. is <1%
at nominal supply voltage of 1.8V and at room temperature
(27°C).Fig. 9b shows the magnitude response for +10% variation
in supply voltage from the nominal value at typical process corner
and room temperature. The change in bandwidth is <5%. For a
temperature in the range 0-80°C at nominal supply voltage and
typical corner, the bandwidth variation is <5% as shown in Fig. 9c.
It is to be noted that the robustness of bandwidth against
temperature is due to the PTAT current reference circuit. This is
evident from Fig. 9d where it can be clearly seen that the filter
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(a) Output-referred noise of the filter, (b)) Harmonic distortion of the filter with Vi, =

996 mV,, @ 10Hz, (¢) The post layout filter test for ECG:(i). The time representation of the

original ECG signal (ii). The filtered ECG signal obtained from the proposed LPF (Normalised for DC gain)

exhibits a poor bandwidth stability with temperature when a
constant current reference is used.

These deviations can be tuned back by re-adjusting D
appropriately.

The output referred noise of the filter is shown in Fig. 10a. The
overall noise contributed by the filter is well within the permissible
range. For biomedical applications, the acceptable in-band INR of
the filter is given by (as in [10, 11])

Vin‘ rms

Noisejp ref(rms) < —1 SNRaBm

(15)

where Vi, s 1s the given input voltage and SNR is signal-to-noise
ratio of the filter. From [10], for filtering biomedical signals like
ECG, the SNR requirement of the filter is >38 dB. Similarly, for
EEG the requirement on SNR is >40 dB [12]. With the dynamic
range offered in excess of 90 dB, the overall noise contributed by

1090

proposed filter is well within the acceptable range to cause any
notable performance degradation. The proposed filter can process
input voltage up to 996 mVp,,. As per (15), for SNR > 40 dB the in-
band INR of the filter must be <3.52 mV,, Therefore, the
proposed filter offering INR of 8.985 uV,,s is indeed the best
candidate for filtering bio-signals.

The linearity performance of the filter is evaluated by single
tone test, for an input voltage of 996 mV,, at 10 Hz. Fig. 105
shows output voltage spectrum of the filter. Even-order harmonics
are inherently rejected due to fully differential architecture of the
filter. Third harmonic component is the dominant contributor and
third harmonic distortion (HD3) is found to be —40.05 dB. HD3 is
associated with a 1% THD (total harmonic distortion) as higher
order harmonics are negligible. An un-filtered original ECG signal
shown in Fig. 10c(i) obtained from [13] is provided as an input to
the proposed LPF with 10 Hz bandwidth. The output of the LPF is
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Table 3 Comparison of the filter performance with prior works found in the literature

Parameters  Supply  Technology,um Power, yW DC gain, Filter Bandwidth f., THD, dBIRN, xV,,s DR FoM, J
voltage, V dB order Hz

[14] [2013] 3 0.35 0.015 0 4 100 -60.7 29 64.8 2.15%x 107"
[15] [2014] 3 0.35 6.31 — 2 1.95 -40 791 50.65 4.74 x 107°
[16] [2015] 1.5 0.35 0.0019 0 2 250 -40 89 59.6 397x 107"
[17] [2016] 0.9 0.13 0.8 41 2 47.98 -40 17.38  43.8 538x 107!
[18] [2018] 1.8 0.18 2.7 0 1 5 -40 12.8 >80 5.40x 107!
[19] [2018] 0.9 0.35 0.00426 -0.05 4 100 -40 80.5 48.2 4.14%x 107"
[20] [2018] 1 0.18 0.35 -8 5 50 -49.9 97 49.8 453%x 107"
[21] [2018] 1.5 0.35 0.0052 0.06 4 99 -40 43.9 59.7 135%x 107"
[22] [2018] 1 0.18 1.75 0 1 1 -40 11.3 >70 553x 107"
[23] [2018] 1.8 0.18 0.689 21.82 3a 200 — 8179 — —
[24] [2018] 0.6 0.35 0.009 -2.77 4 101 -41 46.27 47 995%x 107
[25] [2018] 1 0.18 0.041 -7 5 250 — 134 61.2 285%x 107"
[26] [2018] 1.5 0.35 0.00525 -0.09 4 100 -40 39.38 56.9 1.87x 107"
this work 1.8 0.18 0.0259 -3.25 2 100 -40 8.985 91.86330x 107"

aWith pre-amplifier.

as shown in Fig. 10c(ii), and it is clearly seen that the filter is
successful in extracting the signal from the noise.

Table 3 compares the filter performance with the state-of-the-art
filters. To validate the results, the switching duty-ratio is set to
100% with I, = 1.47nA (f. = 100Hz setting). The filter with a
high dynamic range (DR) of 91.86 dB is the best when compared
to other filters found in the literature. To compare the performance
of the proposed filter with other filters, figure-of-merit (FoM) [26,
27] is used

Power

FoM = Order X f. X Dynamic range (16)

It can be clearly seen that, with its energy efficiency (FoM), the
proposed filter stands as one of the best candidates for biomedical
signal processing.

5 Conclusion

A low-power, second-order, switched sub-threshold source
follower biquad based filter has been presented. Switching
technique used for the filter allowed the cut-off frequency to be
adjusted from 4 to 100 Hz. The filter is found to offer a very good
linearity and noise performance when compared to the widely used
gm — C topology. Also, power efficiency and FoM is found to be
on-par with the state-of-the-art filter found in the literature. As the
overall power consumed by the filter is only 25.95nW, the
proposed filter is best suited for portable and implantable
biomedical devices.
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