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ABSTRACT

This paper presents a power efficient transconductor-capacitor (G, — C) filter for front-end pro-
cessing of bio-medical signals. A low voltage, low-power transconductor with improved output
resistance is proposed. It offers a transconductance (G,) of 5.85 nS while operating at a supply volt-
age (V4q) of 0.8V. Furthermore, a low-power Proportional to Absolute Temperature (PTAT) current
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reference circuit is designed to bias the transconductor and to make G, independent of tempera-
ture. It follows PTAT characteristics in the temperature range of —20°C to 70°C and is less sensitive
to Vyq variations. A second-order Butterworth low-pass filter (LPF) with a cutoff frequency of 100 Hz
is implemented to validate the proposed transconductor and the PTAT circuit. The filter is designed
in UMC 65 nm CMOS process and it takes an area of 0.065 mm?2. While consuming a power of 47 nW,

it offers a dynamic range (DR) of 55.1 dB. Figure-of-merit (FoM) of the filter is as low as 4.2 x 10~

13J

which is found to be on par with the filters reported in the literature.

1. INTRODUCTION

Low-frequency filters are one of the essential building
blocks in front-end processing of biological signals. A
typical biological data acquisition system [1] is shown
in Figure 1, where pre-amplifier amplifies the signal to
a higher level. The filter removes the noise outside the
frequency band of interest. Bio-potentials such as elec-
troencephalogram (EEG), electrocardiogram (ECG) and
electromyogram (EMG) fall in the frequency range of
10mHz to 10kHz [2]. To process these signals in this
frequency range, the cutoft frequency of the filter should
be as low as the band width of these signals. Additional
requirements of such filter are low voltage and low power.

Active-RC and transconductance-C (G, — C) are the
two main topologies to design continuous-time filters.
The expressions for their cutoff frequency are 1/2wRC
and G, /27 C. In Active-RC filters, large capacitors and
resistors, which occupy more silicon area, are required
to get low-cutoff frequencies. Hence, active-RC filters are
generally not preferred for low-frequency applications.
In G, — C filters, either capacitance must be high or
G, must be low achieve low bandwidth. A large equiv-
alent capacitance can be achieved in a small chip area by
using capacitor multiplier circuits [3,4]. But these circuits
introduce non-linearity and generate extra noise.

© 2019 IETE

Current division and current cancelation are two impor-
tant G, reduction techniques proposed in [5]. These
techniques have been used in [6-8] to implement
transconductors with low G,,,. However, these techniques
consume more power. DC gains of the filters designed in
[7,8] are —10.5dB and —8 dB respectively due to finite
output resistance of the transconductors used in their
designs. Another amplifier has to be used in order to
increase the gain, which in turn increases the power
consumption. A transconductor with a G, of 0.1 nS is
implemented in [9] by cascading transconductance and
transimpedance amplifiers. But this circuit has the draw-
backs of higher power consumption and finite offset volt-
age. A transconductance reduction technique using input
voltage attenuation is proposed in [10] and a second-
order LPF of cutoff frequency in the range of 0.73-76 Hz
is designed using the proposed transconductor. Although
achieved dynamic range (DR) is 64 dB, the power con-
sumption of this filter is on the higher side (0.9 pW). A
0.9 nW, 101 Hz, fourth-order LPF using flipped voltage
followers (FVFs) is proposed in [11]. A 4.26 nW, 100 Hz,
fourth-order filter using sub-threshold buffers is pro-
posed in [12]. In [13], a 1.5V, 100 Hz, fourth-order filter
using sub-threshold current-reuse biquads is proposed.
These filter designs [11-13] are based on source follow-
ers or voltage followers which are very simple in structure
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Figure 1: Typical biological data acquisition system

and hence consume less power. In [14], a second-order
filter is designed using a tunable bulk-driven transcon-
ductor using 180 nm CMOS process. Even though the
supply voltage used for this design is 0.5V, the power
dissipation is 248 nW.

In this paper, a low voltage, low-power transconductor
with low G,, and improved output resistance is proposed.
Furthermore, a low-power proportional to absolute tem-
perature (PTAT) current reference circuit is designed to
make G, of the transconductor independent of tem-
perature. A second-order Butterworth LPF with a cutoff
frequency of 100 Hz is implemented using the proposed
transconductor and PTAT current reference. Organiza-
tion of the paper is as follows. Design and simulations
of the proposed transconductor and PTAT current ref-
erence are discussed in Section 2. Section 3 presents the
implementation of the filter and its simulation results.
Section 4 concludes the paper.

2. DESIGN OF THE TRANSCONDUCTOR

In this work, bulk-driven transistors [15] operating
in sub-threshold region are used to get low G,. In
bulk-driven circuits, the input signal is applied to the
bulk-terminal. This lowers the threshold voltage of the
transistor and hence increases the signal swing. Gate-
degeneration [16] technique is also used to reduce Gy,
further. When the transconductor is operating in sub-
threshold region, the gate and bulk transconductances
(gm and gpp) are given by the following [17]:

Ip
"= 1
I3 Vs (1)
gmb = (M — Dgnm (2)

where 7 is the sub-threshold slope factor. g3, is typically
20-40% of the g, [17].

Output conductance of the transconductor (g,) should be
as low as possible. If g, is comparable to G, there will be
a reduction in the filter DC gain as well as deviation in
the cutoff frequency and quality factor of the filter. This is

|
| Output
Continuous Timg : Signal Signal
Filter T | Processor >
I
I
I

Y

Figure 2: Composite transistor

justified by equations given in Section 3. Cascode transis-
tors can be used to reduce output conductance (increase
the output resistance). However, these cascode transistors
reduce signal swing. Composite transistor [18] shown
in Figure 2 can be used to reduce output conductance
without reducing signal swing. It can be treated as a sin-
gle transistor (M;) with transconductance, g, [18] and
increased output resistance given as in (3) [18]

Tcomp = Em2T 02701 (3)

Hence, the composite transistors can be used in the
output stage of the transconductor block to reduce the
output conductance without consuming extra power.

2.1 Proposed Transconductor

A fully differential proposed transconductor is shown
in Figure 3. The circuit is biased by the PTAT current
source (explained in Section 2.2) through transistor M.
Here, gate terminals of the input transistors, M; and M3
are connected to their respective drain terminals (gate
degeneration). Composite transistors (Ms — Mg, M7 —
Mg, Mg — Myp and Mj; — Mj,) are used in the output
stage to increase the output resistance of the transconduc-
tor. Supply voltage and input common mode voltage used
are 0.8V and 0.4V respectively. The output common
mode voltage is set to 0.4 V by using a common mode
feedback (CMFB) circuit shown in Figure 4. This CMFB
circuit is based on the circuit given in [19], where PMOS
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Figure 4: CMFB circuit

input transistors are used. A PTAT current of 4.5 nA, gen-
erated from the proposed PTAT current reference circuit
(Section 2.2), is mirrored to the transistor, M. Difference
of currents in the two legs of the CMFB circuit generates
a voltage (Vi) which in turn controls the currents in
the transconductor thereby closing the negative feedback
loop.

2.1.1 Small Signal Analysis

The small signal equivalent of left-half of the pro-
posed transconductor is shown in Figure 5, where r, (=
8meTosTos5) and 7, (= gu77,77,8) are output resistances of
the composite transistors M5 — Mg and M7 — Mg respec-
tively. The effective transconductance, G, can be derived
as

5
glgmbl

iOP gm2

Gm = - =
. 1 Em1

v sml

ip 1 + 8m2Tol + 8m2

(4)

As gmato1 > 1, gm1 = gm2 (as the same current flows
through M; and M,, their transconductances become
equal as per Equation (1)) and g2 = gms (as the same
current is mirrored from M, to Ms), (4) is simplified
to (5)

bl
G~ S8 (5)
The expressions for the output resistance (r,,:) and DC
gain (Ay) of the transconductor are given by (6) and (7)
respectively.

1
Tout = g_ =71y ry = (gm67’067'05) I (gm77’07708) (6)
o

bl
Ay = Gurout = ng[(gmGroérOS) I (gm7ro77’08)] (7)
From (6) and (7), it can be seen that the output resistance
and the DC gain of the proposed transconductor are
increased by g7, times compared to a simple transcon-

ductor where single transistor is used in the output stage.

2.2 PTAT Current Reference Circuit

Thermal voltage, V1 (= (kT/q)) is directly proportional
to the temperature. For a constant drain current, gmb 18
inversely proportional to the temperature as per Equa-
tions (1) and (2). As the temperature increases, gmp
reduces and vice versa. This can be compensated by
biasing the transconductor with a PTAT current source.
With this, the current generated is directly proportional
to the temperature and hence makes G,, (Equation (5))
of the transconductor independent of temperature. This
makes cutoff frequency of the filter independent of the
temperature as explained in Section 3.

The PTAT current reference circuit shown Figure 6(a) is
based on the beta-multiplier circuit [20,21]. All the tran-
sistors are operating in sub-threshold region. Gates of
My and Mp are connected to their drains and given as
inputs to the error amplifier shown in Figure 6(b). The
error amplifier output drives the gates of M¢ and Mp.
This makes the drain voltages of both M4 and Mp equal
and hence currents through M4 and Mp are equal. This
arrangement will also reduce the dependency of Iprar on
V4. The expression for Iprar including the body effect of
Mgp is given by (8) [20,21])

VTln(p)
R

where p = (W/L)p/(W/L)4.

(8)

Iprar =

«_ »

In this design “p” is chosen as 1.5. It can be seen from (8)
that the current is directly proportional to temperature
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for a fixed resistor, R. This PTAT circuit can be used to
compensate for the change in G, across the tempera- '15010 0 10‘1 1(; 2 1‘; 3 10‘4
ture variations. Transistor sizes are adjusted to generate Frequency (Hz)
an Ipryr of 4.5 nA and this current is mirrored as the bias (b)

current to the transconductor (Figure 3) as well as to the
CMFB circuit (Figure 4) through transistors M;3 and My
respectively.

2.3 Simulation Results

The proposed transconductor and the PTAT current ref-
erence are designed using UMC 65 nm CMOS technol-
ogy and post-layout simulations are performed using
Cadence Virtuoso. Figure 7(a,b) shows the magnitude
and phase responses of the transconductor respectively.
Transconductor offers a DC gain of 36.8 dB and the unity
gain bandwidth (UGB) of 5.8 kHz under no load condi-
tion. Observed phase margin is 72°.

Table 1 presents various parameters of the proposed
transconductor. It offers a G,;, of 5.85nS for an Ipyar of
4.5nA. The power consumption of the transconductor is
as low as 7.2 nW.

Input/output parasitic capacitances (C; and C,) and con-
ductances (g; and g,) of the transconductor are given in

Figure 7: Magnitude and phase response of the proposed
transconductor

Table 1: Transconductor parameters

Parameters Simulated values
Technology UMC 65 nm
Vi 0.8V
DCgain 36.8dB
UGB 5.8 kHz
Phase margin 72°

Gm 5.85nS
Power Consumption 7.2nW §

TExcluding CMFB and PTAT current reference

Table 2. It can be seen that g; and g, values are negligi-
ble compared to G, value. g, is reduced to 50 pS (from
3.3nS in the case of single transistor in the output stage
of the transconductor) due to composite transistors in
the output stage of the transconductor. Hence, these g;
and g, values will not reduce the DC gain of the filter as
explained in Section 3.
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Table 2: Input/output parasitic capacitances and conduc-
tances of the transconductor
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5.5

E
n

Current (nA)

N

w
.t
Y
S
8
—
=L
oL
—
=L

20 30 40 50 60 70
Temperature  (°C)

Figure 8: Ipyar versus temperature
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Figure 9: lprsr versus supply voltage

The designed PTAT current reference circuit offers a cur-
rent of 4.5 nA at room temperature (27°C) for an off chip
resistor, R = 3 M. In Figure 8, Iprar is plotted against
the temperature and it can be seen that the current varies
linearly with temperature in the range of —20°C to 70°C.
Figure 9 shows the current variation with supply voltage.
It can be seen that Iprar is constant in the supply volt-
age range of 0.4-1.2 V. The designed PTAT circuit can be
operated down to a supply voltage of 0.4 V.

2.3.1 Variation of G, with Temperature

Figure 10 shows the G, variation with temperature when
the transconductor is biased by a constant current of
4.5nA instead of a PTAT current source. As the tem-
perature increases, G, reduces almost linearly. G, is 6.4
and 5.5nS at —20°C and 70°C respectively. This leads
to a deviation of +9.4% and —6% at —20°C and 70°C
respectively.

Figure 11 shows the Gy, variation with temperature when
the transconductor is biased by the proposed PTAT cur-
rent reference circuit. It can be seen that G,, is almost
independent of temperature up to 50°C. The maximum
deviation of +1.8% occurs at 70°C. This deviation is due

20 -10 0 10 20 30 40 50 60 70

Temperature ( oC)

Figure 10: Gy, variation when the transconductor is biased by a
constant current

5.4 . . . . .
-20 -10 0 10 20 30 40 50 60 70

Temperature (‘C)

Figure 11: Gy, variation when the transconductor is biased by a
PTAT current

/
-+
Gm4
+\'
T To,
T T _T o Vor
G
paan BFS o e
I TC

Figure 12: Gp, — C bi-quad filter

to the deviation of Iprat current from its PTAT character-
istics. The total power consumption of the PTAT current
reference circuit is 11.4 nW at room temperature.

3. FILTER REALIZATION

A second-order Butterworth LPF of cutoff frequency of
100 Hz is implemented using the proposed transconduc-
tor and PTAT current reference circuit. Figure 12 shows
a standard fully differential G,,, — C bi-quad [22]. If the
output is taken at Vy, (or Vi), it gives a second-order
LPF characteristics.

If the input-output parasitic capacitances and conduc-
tances of the transconductor are considered, the expres-
sions for cutoff frequency (f;), DC gain (A]) and Quality-
factor (Q)) are given by (10), (9) and (11) respectively
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[14,22]
, 1 (go +gi)(Gm2 + Zgi + 3go) + Gz Gma
fO =- ali (9)
2w c G
GG
/ ml1Y9Im3 (10)

A =
? (go +gi)(Gm2 + Zgi + 3go) + Gz Gma

V(& + 8)(Gz + 2gi + 380) + Gm3Ga
=V G 5T 4 e 7o) C TGl
g + Zgz)Cz + (go +g1)C1 + Gm2C2

(11)

where C} = C; +3C, +2Cjand C, = C, + C, + Ci.

As g; and g, values (Table 2) are very small compared to
G, (5.851nS), they can be neglected in (10), (9) and (11).
C; and C, can be accommodated along with C; and C,.
The new expressions for the DC gain, cutoft frequency
and quality factor, if all the transconductors have equal
Gy, values, are given by (12), (13) and (14) respectively

A, =1 (12)

Gm
= —F— (13)
S 27,/CC}

_ |G

C; and C; are taken as 6 and 12.6 pF to get Butterworth
response (Q, = 1/ +/2). Two CMFB circuits, one for Gy,1,
Gun and G4 blocks and second one for G,,3 block are
used in the filter circuit.

3.1 Simulation Results & Discussion

The second-order Butterworth LPF is designed and laid
out (shown in Figure 13) using UMC 65 nm CMOS tech-
nology and post-layout simulations are performed in
Cadence Virtuoso. The filter takes an area of 0.065 mm?
(278 um x 235 pm). In the layout, MIM capacitors are
used. The magnitude response of the filter for an Ippar
of 4.5nA is shown in Figure 14. DC gain and cutoff fre-
quency are —0.14 dB and 100 Hz respectively. The roll-off
rate of the filter is —40 dB/decade.

As shown in Figure 15, cutoff frequency can be linearly
tuned from 10 Hz to 1 kHz by varying Iprar from 0.45 nA
to 45nA. Hence, it can be fit into the required band-
width of different biological signals. Ipya can be varied
by using the off chip resistor, R.

A sinusoidal signal of frequency 25Hz is fed into the
filter to test its linearity. Figure 16 shows the harmon-
ics in the output of the filter. Total harmonic distor-
tion (THD) is found to be 1% (—40dB) for an input

Figure 13: Layout of the filter with CMFB and PTAT circuits
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Figure 14: Magnitude response of the filter
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Figure 15: Cutoff frequency tuning of the filter

voltage of 580 mVpp. Third-order harmonic distortion
(HD3) of —42 dB is observed for the same input voltage.
Two input signals with the same amplitude and differ-
ent frequencies 20 and 30 Hz are applied to the filter to
check its inter modulation behavior. For an input volt-
age of 280 mVpp, third-order inter modulation distortion
(IMD?3) of 40 dBc is observed as shown in Figure 17.

Noise plot is shown in Figure 18. Input referred noise
(IRN) integrated over the frequency range 1-100 Hz is
found to be 360 pVrms. The DR is calculated as 55.1 dB.
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Figure 18: Noise plot of the filter

Figure-of-Merit (FoM) given in (15) [23] is used to check
energy efficiency of the filters. Lower value of FoM indi-
cates better energy efficiency

p

FoM =
°" = Nf,DR

(15)

where P, f, and N are power dissipation, cutoff frequency
and order of the filter respectively. FoM of the proposed
filter is 4.12 x 1013 7.

The comparison of the proposed filter with other simi-
lar designs is given in Table 3. It can be seen that FoM of
the proposed filter is better than the FoM of the G, — C
filters in [7,8,14,24-26]. Filters in [11-13] are based on
source followers or voltage followers (single branch fil-
ters). They generally consume very low power compared
to G, — C filters. However, the input signal swing of the
filtersin [11-13] is less than the proposed filter. Even with
the supply voltage of 0.8V, the proposed filter is better
in terms of input signal swing compared to all, except
[24] ([24] uses a supply voltage of 3 V). The DR of the
filter is better compared to all, except [13,25]. However,
the design in [25] consumes more power. The DC gain of
the filter is almost 0 dB, thanks to the composite transis-
tors. The DC gain of the filters in [7,8,24,25] is less than
0 dB due to finite output resistance of the transconductors
used in these designs.

IRN of the proposed filter is more compared to fil-
ters listed in Table 3. However, it is within the limit
as explained below in connection with ECG signal
processing. The limit on IRN is calculated by using
(16) [7]

Vin,rms

IRNmax = 10SNR(dB)/20

(16)

The maximum and minimum signal levels of ECG
are 4mV and 100uV [2] respectively. For ECG sig-
nal the SNR must be more than 38dB [7]. For the
proposed design, Viyms is 205 mVrms (580/2+/2). By
using (16), IRNpyax for the proposed filter is calcu-
lated as 2580 uVrms. But IRN of the proposed filter
is only 360 uVrms which is very much below IRN,ux
(2580 pVrms).

Table 3: Comparison of the proposed work with other designs from the literature

71 241t 1251 [26]* (4% [81* [ M2 EN This
Parameter (2009) (2012) (2013) (2016) (2018) (2018) (2018) (2018) (2019) work"
Technology (nm) 180 350 250 130 180 180 350 350 350 65
Vaa (V) 1 3 +08 0.9 05 1 0.6 0.9 15 08
Filter order 5 4 5 2 2 5 4 4 4 2
DC gain (dB) —105 ~—7 ~ —4 5.99 ~0 -8 —277 —0.05 —0.09 —0.14
Cutoff frequency (Hz) 250 40 243 48 456 50 101 100 100 100
Power (nW) 453 750 3 x 10 800 248 350 0.9 426 5.25 47
Vinpp for
1% THD (mV) 100 735 100 7 180 86 130 70 110 580
IRN (uVrms) ~ 300** 500 36 17.38** 160** 97 462771 80.57" 39.38"" 360**
DR (dB) 50 54 65 438 52 49.9 47 482 56.9 55.1
Active area (mm?) 0.13 - 0.09 - - 0.12 0.168 0.11 0.1 0.065
FoM (J) (x10713) 11.5 93.5 138 538 6.83 448 0.1 0.4 0.19 412

*measured, " post-layout simulation, ¥schematic simulation, **integrated over 1 - f,, Tintegrated over 1 - 2f,.
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Figure 20: Frequency response for different supply voltages

Considering IRN,4, limit of 2580 uVrms and IRN of
360 pVrms of the proposed design, output referred noise
of the pre-amplifier circuit should not exceed 2220 uVrms
(2580 uVrms - 360 uVrms). The gain of the pre-amplifier
should be sufficiently large in order to amplify the min-
imum ECG signal (100 1V) above the noise level at the
input of the filter. This will give us the minimum gain
of the pre-amplifier (Gainyin). As per (17), Gainpin
is calculated to be 36.5 in the present case. For this
gain, IRN of the pre-amplifier is calculated as 61 uVrms
(2220 uVrms/36.5).

. IRNmax
G in = 17
@imin = RMS of minimum ECG signal (17)

The maximum gain of the pre-amplifier (Gainmay) is
decided by the maximum input signal of the filter.
From (18), Gainmax is calculated to be 72.5. For this
gain, IRN of the pre-amplifier is calculated as 30.6 uVrms
(2220 uVrms/72.5).

Vin, max

RMS of maximum ECG signal

Gaillmax = (18)

The above-described analysis can be applied for the pro-
cessing of EEG and EMG signals also.

The proposed circuit offers wide input linear range,
thanks to the bulk driven structure. However, due to the
lower transconductance of input transistors, IRN is at the
higher side. But this value is well within the limits as
explained above.
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Figure 21: Frequency response for different temperatures
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gain and (c) THD

3.1.1 Effect of PVT Variations on Cutoff Frequency

The frequency response of the filter across the process
corners is shown in Figure 19. Gain is normalized to
0dB to compare the results. Cutoff frequency is 96 Hz
and 105Hz in “ss” and “ff” corners respectively. Worst
case deviation occurs in “ss” and “ff” corners. Hence, the
deviation in cutoff frequencyis < 5%. For a &= 10% vari-
ations in Vjy, cutoff frequency variation is only £+ 1%
as shown in Figure 20. The frequency response of the
filter for different temperatures is shown in Figure 21.
Cutoff frequency is 99.8 Hz and 102 Hz at —20°C and
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Figure 23: ECG signal (a) before filtering and (b) after filtering

70°C respectively. The deviation of 2 Hz at 70°C is due
to the deviation of PTAT current from its actual value.
These results show the robustness of the design across
PVT variations.

To check the deviation in filter parameters (cutoff fre-
quency, DC gain and THD) across transistor process and
mismatch variations, Monte Carlo simulations are per-
formed for 100 runs. As shown in Figure 22(a), the mean
and standard deviation of cutoft frequency are 100.5
and 5.4 Hz respectively. The mean value of DC gain is
—0.16 dB with 0.26 dB standard deviation as shown in
Figure 22(b). Figure 22(c) shows the Monte Carlo simula-
tions of THD when the 580 mVpp and 25 Hz sinusoidal
input signal is applied to the proposed filter. The mean
value of THD is 1.07% with 0.074% standard deviation.

3.1.2 ECG Signal Testing
To demonstrate the functionality of the proposed LPF,
an unfiltered ECG signal obtained from [27] is applied.
Figure 23(a,b) show a sample of unfiltered ECG and cor-
responding filtered output respectively. This portrays a
successful ECG detection.

4. CONCLUSION

A low voltage, low-power transconductor is proposed
and a low-power PTAT current reference circuit is

designed to bias the proposed transconductor. G, varia-
tion with temperature is reduced by biasing the transcon-
ductor with PTAT current. A second-order Butterworth
LPF with a cutoff frequency of 100 Hz is implemented
using the proposed transconductor and the PTAT cur-
rent reference circuit. The filter operates with a supply
voltage of 0.8V and consumes a power of 47 nW. The
DR and FoM are 55.1dB and 4.12 x 10713 J respectively.
The proposed filter can be a strong candidate in the front-
end processing of bio-medical signals where power is the
main constraint.
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