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Abstract: This paper demonstrates the advantages of the multiple-input transconductor (MI-G,)
in filter application, in terms of topology simplification, increasing filter functions, and minimizing
the count of needed active blocks and their consumed power. Further, the filter enjoys high input
impedance, uses three MI-Gp,s and two grounded capacitors, and it offers both inverting and non-
inverting versions of low-pass (LPF), high-pass (HPF), band-pass (BPF), band-stop (BS) and all-pass
(AP) functions. The filter operates under a supply voltage of 0.5 V and consumes 37 nW, hence it is
suitable for extremely low-voltage low-power applications like biosignals processing. The circuit was
designed in a Cadence environment using 180 nm CMOS technology from Taiwan Semiconductor
Manufacturing Company (TSMC). The post-layout simulation results, including Monte Carlo and
process, voltage, temperature (PVT) corners for the proposed filter correlate well with the theoretical
results that confirm attractive features of the developed filter based on MI-Gy,.

Keywords: OTA; multiple-input MOS transistor; low-voltage low-power; universal filter;

biosignals processing

1. Introduction

The innovations in circuit design techniques for low-voltage supply and low-power
consumption for portable electronics, energy harvesting, biomedical monitoring, and au-
tonomous sensor applications are vital [1-4]. For biosignal processing electronics, where
the bio-signals spectrum lies between sub-hertz up to 10 kHz, the extremely low-voltage
supply and low-power consumption of such electronics are rather beneficial since it pro-
longs the operating lifetime of these applications. Figure 1 shows a conceptual diagram of
biosignals processing, where the biosignals with very low amplitude (in the range from
uV up to mV) are sensed by actuators/sensors. Then, the sensed signals are amplified
by a low-noise amplifier (preamplifier), and the unwanted noise is removed by a suitable
analog filter, which is the target of this paper. Next, the digital signal processing includes
an analog-to-digital converter (ADC) and a central processing unit (CPU). The resulting
data are displayed or wirelessly transmitted.

The operational transconductance amplifier (OTA), also known as the transconductor
(Gy, stage), is a basic block for electronic applications like filters and oscillators [5-10]. Un-
like the standard and well-known single-input OTA, the multiple-input OTA /transconductor
(MI-OTA /MI-Gn,) offers increased arithmetic operation at the input that results in a re-
duced number of active elements, power consumption, and simplification of the filter
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topology. It is worth noting that for designers in CMOS, it is a challenge to design a circuit
operating with supply voltage Vpp around or even below the threshold voltage Vry of the
MOS transistor without scarifying the performance of the circuit. The use of multiple-input
transconductors to reduce the number of components in the design of OTA-C filters was
confirmed in the literature [5,6]. It was shown that the multiple-input OTA can reduce
the number of components, silicon area, and power dissipation by approximately factor k,
where k is the number of OTA inputs [5]. Multiple-input transconductor can be obtained
by the following techniques: 1. using extra differential pairs [5,6], or 2. using a multiple-
input floating-gate transistor (MIFG) [7-10]. While the first technique increases the count
of transistors, current branches, and the complexity of the design, the second technique
suffers from the high-voltage offset, incapability of processing DC signals, and becomes un-
suitable for modern deep-nanoscale CMOS technology with gate leakage [11]. A promising
technique that offers multiple-input OTA without the above-mentioned limitations is the
multiple-input MOS transistor (MI-MOS), firstly presented and experimentally confirmed
in [12-14]. The multiple-input MOS transistor is shown in Figure 2. The multiple-input
terminals Vy, Vy, etc. can be obtained from: a. the gate while the bulk is biased by voltage
Vg, b. from the bulk while the gate is biased by Vg, c. from the bulk-gate (known as
dynamic threshold MOS transistor “DTMOS”) without biasing or d. from the bulk-gate
(known as quasi-floating-gate “QFG”) with different biasing voltages Vpg and Vpg for bulk
and gate, respectively [15].

Analog signal processing Digital signal processing

This work |

Actuators/
Sensor

Preamplifier —| Filter —% ADC —p CPU —p

Display or
Wireless transmission

Figure 1. The conceptual diagram for processing biosignals.
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Figure 2. Symbol of the multiple-input MOS transistor: gate (a), bulk (b), DTMOS (c) and QFG (d).

The realization of the multiple-input with bulk-driven MOS device is shown in Figure 3.
The multiple-input is constructed by a capacitive summing circuit using capacitors C;
(i=1,...,N) connected to the bulk terminal of a MOS transistor. To provide proper
biasing of the bulk terminal for DC operation, the high resistance resistors Ryjos is used.
These Ry10s are realized as the anti-parallel connection of two minimum-size transistors
M, operating with Vg = 0. For AC signals, and for frequencies f >> 1/2nC;Rp0s;,
i=1... N, resistors Ryjos are shunted by capacitances C;, which create an analog voltage
divider/voltage summing circuit, with the gain coefficients determined solely by the ratio
of capacitances [15].

In this work, the multiple-input bulk-driven MOS transistor is implemented using
a CMOS structure of the Gy, to build a multiple-input voltage-mode analog filter. As a
result, the number of used active devices is reduced while offering more filtering responses
compared to conventional Gy-based filters.
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Figure 3. MI-BD MOS transistor (a), and realization of Ryjos (b).

2. Methods

In this section, the design of the multiple-input G;, and the universal filter based on it
will be described.

2.1. The Multiple-Input Gy,

The symbol and CMOS structure of the MI-Gy, stage are shown in Figure 4a,b, respec-
tively. In an ideal case, the transfer characteristic of the MI-G, stage of Figure 4a can be
expressed by:

Lout = Gm(V+1 + Vi =V — V—Z)r @

where Gy, is the transconductance gain, V1 and V., are signals at the non-inverting inputs,
V_1, V_j are signals at the inverting inputs, and I, is the output current.
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Figure 4. The symbol of the multiple-input G, stage (a) and its CMOS structure (b).

The particular realization of the MI-Gy, stage discussed here was first presented and
experimentally verified in [15]. The circuit employs the MI-bulk-driven differential pair My,
M,, with the source-degenerative bulk-driven transistors M1, M1y, which operate in the
triode region and improve the circuit linearity. Note, that Vs as well as Vg voltages for
Mj, My; and My, M, are identical for any common-mode input voltage and biasing current.
The single-input gate-driven counterpart of the input stage was first proposed in [16], and
its weak-inversion version was discussed in [17]. Here, due to the use of bulk-driven
transistors, and an additional capacitive voltage divider, both, the input linear range, as
well as the input common-mode range are significantly increased, as compared with the
conventional gate-driven (GD) version operating in a weak-inversion region. Moreover,
the application of MI transistors allows realizing MI-Gp,s without multiplying the input
differential pair, as in classical solutions, which saves power and simplifies the overall
structure of such circuits.

Regarding the rest of the structure, the circuit can be seen as a classical current-mirror
OTA, where all current mirrors are realized with the use of self-cascode transistors. This
improves their output resistances, and consequently, also the DC voltage gain of the
proposed OTA, with negligible limitation of the output voltage swing. Note, that the
current gain of all current mirrors in this design was assumed to be equal to unity.
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Assuming that a p-MOS transistor is operating in a weak-inversion region, the drain
current can be described by the following equation, [18]:

o= (7 Jer (S5 ) 1o (7). @

where It is the technology current, W and L are the transistor channel width and length,
respectively, 1 is the subthreshold slope factor, Ut is the thermal potential and V7 is the
threshold voltage, which can be linearly approximated as:

Vry = Vro — (np — 1) Vs 3)

where Vo is the threshold voltage for Vs = 0.

Assuming that the circuit is controlled with i-th differential input, with other inputs
grounded for AC signals, the low-frequency large-signal transfer characteristic of the G,
can be expressed as:

V., [ 1 Wii-v.
Loyt = 2Lsertanh <:B F—tanh™! {4711 +1 tanh (511727;UT>:| > @
P

l"%%u
pYT
where 17 = (1, — 1)=¢,,p1,2/gm1,2 at the operating point, m= (W11 /L12)/(W1/Ly) is the relative
aspect ratio of the two matched transistor pairs M1;-Mj; and M1-M;_ ; is the voltage gain
of the input capacitive divider from one input, which neglects the second order effects and
for f >>1/C;iRp10s; can be approximated as:

Ci
o 5
e ©)

where 7 is the total number of differential inputs (in the discussed design n = 2).

For optimum linearity, the coefficient m should be equal to 0.5, as for the GD counter-
part, of the discussed circuit. This value does not depend on the biasing voltage I [17].

As it can be concluded from (4), as compared to its single-input GD counterpart, the
linear range of the proposed circuit is extended by a factor of 1/8;1, which for the discussed
case (B; = 0.5, 7 = 0.34) means that the linear range is extended around 6 times.

The small-signal transconductance of the G;, can be calculated from (4) as:

4m Iset
dm+1 YlpUT

Gm = Bin- (6)
thus, the small-signal transconductance is equal to the gate transconductance of the input
transistors My and M,, multiplied by a factor of [4m/4m + 1)] B;17, which for the proposed
design in the optimal case (i = 0.5) is equal to around 19.

The low-frequency voltage gain of the G;; can be approximated as:

Avo = Gu[(8moraspordsac) || (§meTdseT dsec )] 7)

Its value is negatively affected by the low transconductance of the MI-Gp,. On the other
hand, however, self-cascode connections allow for enlarging the output resistance of the
MI-Gp,, thus improving its voltage gain and at least partially compensating the losses caused
by the input capacitive divider and the small bulk transconductance of MOS transistors.

Assuming that the noise current of an i-th MOS transistor in a weak inversion region
can be expressed as:

— 1 (K¢,
12 =2gIp; + — | =
ni q Di + fCOX <WiLi ) (8)
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where g is the electron charge, Cpx is the oxide capacitance per unit area and K is the flicker
noise constant, the input-referred noise of the MI-G,, referred to as one of the differential
inputs, is given by:

_ . 0 2
2 1 2 2G 2 m1,2
Ui = o2 [Zlnl,Z (7g,,,1,2+2c> + 267 55c ( gm1,2+2c>
- 2
2 8m1,2 2 2
+l (ng,ﬁzc;) +4L5 o0 T 21n9,1OSC]

where G = Urys11 | 174512) at the operating point.

As it can be concluded from (9), the input-referred noise of the MI-Gy, is increased,
as compared to its single-input GD counterpart, due to the lower transconductance Gy;,.
However, the input noise is increased in the same proportion as the input linear range,
therefore, the dynamic range will not be affected and remains the same in both realizations.

)

2.2. Universal Filter Design

The voltage-mode analog filter is a commonly used analog signal processing block,
that is well-known for a long time. This is due to the versatility of operational amplifiers that
are commonly used in the synthesis of analog electronic circuits [19]. Over the last decades,
some other active elements such as operational transconductance amplifiers (OTAs), second-
generation current conveyors (CClIs), and current feedback operational amplifiers (CFOAs)
have received considerable attention for designing voltage- and current-mode analog
filters [20-28]. To design voltage-mode filters, multiple-input type filters can reduce the
number of active devices compared with single-input type filters, because variant filtering
responses can be obtained by appropriately applying the input signal, depending on the
conditions of the required filtering responses. To avoid loading effects, the input terminals
of the voltage-mode filter must have high impedance. To avoid additional circuits such as
inverting amplifiers, the minus-type input signal of voltage-mode filters must be available.

For the purpose of illustration, Figure 5a shows a universal filter design using five
standard G, blocks, and two grounded capacitors and it offers five standard filtering func-
tions [26]. In this work, a multiple-input voltage-mode analog filter using multiple-input
transconductors MI-G, is proposed as shown in Figure 5b. The structure will show that the
multiple-input Gp-based filter can reduce the number of used active devices and can offer
more filtering responses compared with conventional Gp,-based filters. The filter employs
three multiple-input G, stages and two grounded capacitors, which is desirable in integrated
solutions. Thanks to the MI-G,, elements that offer noninverting/inverting multiple-input ter-
minals, noninverting /inverting transfer functions of five types of filtering responses, namely,
low-pass, high-pass, band-pass, band-stop, and all-pass can be easily obtained. Moreover,
the input signals are connected to the high-impedance inputs of MI-Gy,, hence the additional
buffer circuits to avoid the loading effects are not required. It is worth noting that although
both filters in Figure 5a,b offer the five standard filtering functions, the count of active elements
is reduced from 5 to 3 thanks to the MI-Gy,. This results in power consumption reduction
and filter topology simplification, and in offering more transfer functions (including both
non-inverting and inverting versions of five standard filtering functions).

Using (1) and nodal analysis, the output voltages of Figure 5b are given by

(sC2Gm1 + Gu1Gm2) Vin1 — Vinz) + Gu1 G2 (Vina — Vins + Vius — Vine)

V1= 10
ol $2C1Cy + 5C1Gma + Gy1 Gmo (109
V2 _ GmlcmZ(Vinl - VinZ) + C1Gm2(Vin3 - Vin4 + Viné - VinS) (11)
? SZClCZ + SC] GmZ + Gml Gm2
Gu1Gm2 (Vi1 — Vina) + C1Gpa(Viug — Vina) + (s*C2Ca + Gt Gz) (Vius — Vine) (12)

52C1C2 + SC1 sz + Gml sz
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Figure 5. Proposed universal filter using standard G, [26] (a), and MI-Gp, (b).

The conditions for obtaining variant filtering responses by the appropriate connection

(b)

of input signals are shown in Table 1.

Table 1. Variant filtering functions of the universal filter.

Filtering Function Input Output
Lp Non-inverting VinaVins Vin1 Vini Vo1 Vo1 Vo2 Vo3
Inverting Vin3 Ving Vin1 Vina Vo1 Vo1 Vo2 Vo3
Vin1 and V;
Non-invertin in in6 Vo1Vo2Vo2 Vi
BP J Vin3Vine Vin3 o1 Fo2 R0z T3
Vipp and V;
Invertin in2 ins Vo1 Vo2 Vir V.
8 VinaVins Vina o1 foz o2 o3
up Non-inverting Vins and Viyp Vos
Inverting Vine and Vi Vo2
BS Non-inverting Vins Vo3
Inverting Vine Vos
AP Non-inverting Vins and Vi Vo3
Inverting Vins and Vi3 Vo3

Note: the unused inputs should be grounded.

The natural frequency (w,) and the quality factor (Q) are given by:

| Gyt Gz
= —_— 1
Wo C1Cy (13)
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GG
Q=4 C1Goma (14)

It is apparent that the parameter w, can be controlled electronically by Gu1 = G2
while the parameter Q is controllable orthogonally by the ratio of C;/C;.

Taking into account the non-idealities of MI-Gpy,, there are three major non-idealities
that should be considered [29]: (i) the frequency-dependent transconductance, (ii) the input
parasitic resistances and capacitances, (iii) the output parasitic resistances and capacitances.

Figure 6 shows the non-ideal model with parasitic elements of the MI-G,, where
R:, R_, C,, C_ are the input parasitic resistances and capacitances, and R,, C, is the
output parasitic resistance and capacitance, respectively. Considering Figure 5b the
parasitic resistances at nodes V,; and V,, are, respectively, Ry1//R+1 and R/ /Ry3,
thus the value of these parallel resistances is very high and can be neglected. Consider
the parasitic capacitances at nodes V,1 and V,,, they can be expressed respectively as
Cl=C+Cn+CppandC), =Cr+Cpp+C_q + Cy3.

Figure 6. Non-ideal MI-G, model with parasitic elements.
Considering the non-ideality of transconductance, the output current can be rewritten as
Lout = Gmnj(v-i-l + Vi =V - V72)/ (15)

where G, is the non-ideal transconductance gain of the j-th MI-Gn, that is frequency-
dependent, and can be approximately given by [29,30]:

Guuni(5) = G (1= Tys) (16)
From Figure 5 and (16), denominators of (10)—(12) can be expressed by:

CiGm2Tr — G G Th T2 / GG T1 + Gu1 G T
— CG 1-—
CiCy +5C16m ClGm

The non-idealities of the transconductance Gy,;,;; can be neglected, if the following
condition is satisfied:

2C,Ch (1 ) + Gua G (17)

Ci1Gm2T2 — Gy G2 T T,

1 18

e, < (18)

Gmle2T1/+ Gu1Gm T <1 (19)
Clez

In such a case, the parameters w, and Q become as follows:

[G i G

Wo = g;c;n (20)
[CLGm

_ 21

Q C{Gma @1)
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The parasitic capacitances will decrease the value of w, as compared to the ideal case.

3. Results and Discussion

The filter circuit was designed in a Cadence environment using 180 nm TSMC CMOS
technology. The voltage supply was 0.5 V, and the power consumption of the filter was
37 nW. The MI-G,, stage first presented in [15] was used. The transistor aspect ratios
W/L are presented in Table 2. The input metal-insulator-metal (MIM) capacitor C; with a
capacitance value of 0.5 pF was used. The layout of the MI-G, is shown in Figure 7, with a
silicon area of 116.3 pm x 99.2 pm.

Table 2. Transistor Aspect Ratio of the G;.

Device Name W/L (umv/um)
My, My, M7-Myg, My3 2 x15/1
M;-Mg 2 x 10/1
Ms—Mgc 10/1
Mz~Migc, M1z, M11, M1 15/1
My, 5/4

Figure 7. The layout of the MI-Gp,.

The DC transfer characteristics of the used MI-Gy, for I = [2, 5, 10, 15, 20, 25] nA are
shown in Figure 8. The enhanced linearity in the V;, range of £500 mV is clearly observable.

Iset=2nA Iset=5nA
Iset=10nA Iset=15nA
Iset=20nA Iset=25nA

-40.0
-500 -400 -300 -200 -100 0 100 200 300 400 500

V,, (mV)
Figure 8. DC transfer characteristic of the MI-Gp,.

For the filter application, the simulated frequency responses of the proposed filter
are shown in Figure 9. The values of C; = C; = 15 pF and the setting current [; = 5 nA.
The simulated cut-off frequency value of 153 Hz is very close to the calculated value of
154.9 Hz. The power consumption of the filter was 37 nW.
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Figure 9. The simulated frequency responses of the proposed filter.

Figure 10 shows the tuning capability of the LPF (a), HPF (b), BPF (c), and BSF (d) with
C1 = C =15 pF. The setting current was Is; = 2 nA, 5nA, 10nA, and 20 nA and the cut-off
frequency values were 62.3 Hz, 153 Hz, 301.9 Hz, and 595.6 Hz, respectively. Results shown
in Figure 10 confirm the wide tuning capability of the proposed filter for low-frequency
biomedical applications.

10 Iset=2nA Iset=5nA 10 Iset=2nA Iset=5nA
—~ Iset=10nA iset=20n —~ Iset=10nA Iset=20nA
== ==
) ) Te—
o o
..g -10 ..g -10
= 20 = 20
S S
g -30 § -30

-40 -40

-50 -50

1 10 100 1,000 10,000 1 10 100 1,000 10,000
Frequency (Hz) Frequency (Hz)
(a) (b)

10 Iset=2nA iset=5nA 10 Iset=2nA iset=5nA
a Iset=10nA iset=20nA a iset=10nA Iset=20nA
z ° 20— ——
o o
= -10 = -10
g =20 é =20
) )
§ -30 § -30

40 40

-50 -50

1 10 100 1,000 10,000 1 10 100 1,000 10,000
Frequency (Hz) Frequency (Hz)
(©) (d)

Figure 10. The simulated tuning capability of the proposed LPF (a), HPF (b), BPF (c) and BSF (d).

The Monte Carlo process and mismatch analysis was performed with 200 runs.
Figure 11 shows the simulated results for the LPF and BPF. The low-frequency gain at 1 Hz
of the LPF was in the range from —1.39 dB to 0.47 dB, and the gain of the BPF at a frequency
of 153 Hz was in the range from —0.438 dB to 0.168 dB.
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10 10
s dJ
2 0 2
g 5 2
= - =
& 30 &
= =

-40

-50 -50

1 10 100 1,000 10,000 1 10 100 1,000 10,000
Frequency (Hz) Frequency (Hz)
(a) (b)
Figure 11. The Monte Carlo simulation of the LPF (a) and BPF (b).

Figure 12 shows the simulation results of the LPF and BPF with the process, voltage,
and temperature variations. The process corners were fast-fast, fast-slow, slow-fast, and
slow-slow, the voltage supply corners were in the range of Vpp =+ 10%, and the temperature
corners were 0 °C and 70 °C.

10 10
3 T d
S 10 S -
2 % 2
= - = -
& 30 & .
= =

-40 -

-50 -50

1 10 100 1,000 10,000 1 10 100 1,000 10,000
Frequency (Hz) Frequency (Hz)
(a) (b)
Figure 12. The PVT simulation of the LPF (a) and BPF (b).

Figure 13 shows the transient response of the LPF with an applied input signal of
100mVpp, @ 50Hz and its output spectrum. The total harmonic distortion (THD) of 0.33%
was achieved, which was kept still below 1% for the input signal of 200 mVp, @ 50 Hz. The
output integrated noise of the LPF was 220 uV;ms which resulted in a 50 dB dynamic range
(DR =20 x log (Vrms-max/ Vims-onoise)) Of the filter with 1% THD.

—~ 50
> a -20
g ;g S o 763 g1 o
o 20 Q 40
T 1w -g -120
= 0 = 0 100 200
= -10 g
g 20 S -80
< -30 >

-40

-50 I\ Iy )

-60 -120 LI . 1

0 20 40 60 80 100 0 200 400 600 800 1,000
Time (ms) Frequency (Hz)
(a) (b)

Figure 13. The transient response of the LPF (a) and its spectrum (b).
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Table 3 shows a comparison of the proposed filter with the others [26-28]. It is
evident that the proposed filter offers the largest amount of filtering functions with a
minimum count of active elements, and the lowest voltage supply, and is the only one
with nanopower consumption. All these facts confirm the usability of the multiple-input
G stage in filter applications mainly by means of reducing the count of active blocks
and power consumption. The figure of merit (FoM) is also presented, where a lower FoM
implies the better performance of the filter.

Table 3. Comparison with other filters.

This Work [26] [27] [28]
Technology (nm) 180 commercial IC 180 180
Vb (V) 0.5 +15 1.2 +0.3
Power consumption (nW) 37 860 x 100 0.96 x 10° 5770
DR (dB) 50 53.2
Fter function 22 (VM) 13 (VM) 22(VM) 20 (MM)
Offer inverting and non-inverting of five Yes No Yes No
standard responses
Natural frequency (kHz) 0.153 217 1 5
Number of active and passive element 3-0OTA, 2-C 5-OTA, 2-C 4-OTA, 2-C 8-OTA, 2-C
Total harmonic distortion (%) 0.33@100 mVpy, 1.93@200 mVpy, 1.67@600 mVpp <2@200 mVpyp
FOM = = n 241 x 10712 - 78.6 1.26 x 10712

foxNxDR

where Py, is the power dissipation, f, is the center frequency, N is the order of filter, and DR is the dynamic range.

4. Conclusions

This paper demonstrates the advantages of the MI-Gy, in filter application, in terms of
topology simplification, increasing filter functions, and minimizing the count of the needed
active blocks and their power consumption. Therefore, the developed circuit is a good
candidate for extremely low-power low-voltage applications like biosignals processing.
The filter application offers the largest amount of filtering functions with a minimum count
of active elements. The post-layout simulations prove the presented advantages of MI-G,.
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