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Abstract. A low voltage, low power bulk-driven transconductor for
low frequency Transconductance-C (Gm − C) filters is proposed. The
transconductor is designed in UMC 180 nm technology with supply volt-
age of 0.5 V. The transconductance (Gm) is tunable from 12 nS to 100 nS,
which is suitable for low frequency Gm −C filters. The power consump-
tion is 120 nW. As an application, a 2nd order Butterworth low pass filter
(LPF) with cutoff frequency tunable from 110 Hz to 960 Hz is designed.

Keywords: Bulk-driven · Low-voltage · Low-power
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1 Introduction

Continuous time (CT) filters are one of the important building blocks of analog
pre-processing in wearable and implantable medical devices such as heart rate
detectors, breathing detectors, cardiac-pacemakers, cochlear implants etc. They
are used to limit the frequency band and to eliminate the out-of-band noise. As
the signals involved in the above mentioned applications are of low frequency,
typically 10 mHz to 10 KHz [1], it is mandatory to design such filters with low
cutoff frequency. The other major requirements of these filters are low power
consumption, low noise and less area as these medical devices are portable and
battery operated.

The popular topologies of CT filters are Active-RC and Gm−C structures. To
design Active-RC filters with low cutoff frequency, large resistors and capacitors
are required, which occupy a large area on the chip. Hence, simple Active-RC
filters are not suitable for low frequencies. However, certain circuit techniques
have been developed such as current steering [2,3], Pseudo resistor based Active-
RC filter [4,5], R-2R ladder network [6,7] based filter etc., for low frequencies.
But all these techniques have their own limitations as far as power, area, thermal
noise, high sensitivity to changes in bias voltage etc., are concerned. In general,
Gm − C filters are preferred over Active-RC filters for low frequencies.

In Gm − C filters, the cutoff frequency is determined by Gm

2πC . To get low
cutoff frequency, either Gm should be low or capacitor should be large. But,
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large capacitors occupy more area on the chip. By using impedance scaler cir-
cuits [8,9] the capacitance value can be increased with less silicon area. But these
circuits not only consume extra power but also produce extra noise. Therefore,
a transconductor with small Gm is preferred for the realization of low frequency
filters. Current division and current cancellation techniques to reduce Gm are
reported in [9,10]. These techniques require more power and suffer from offset
voltage. Floating-gate transistors [11,12] capacitively attenuate the input volt-
age and reduce the Gm. But, these transistors occupy more silicon area and need
extra processing steps.

According to ITRS-2015 (International Technology Road map for Semicon-
ductors), by about the year 2024, the power supply for digital circuits will be
at 0.55 V. The main motive for this scaling of supply voltage is to reduce the
dynamic power of digital logic circuits. Analog circuits have to work with these
low supply voltages as they exist along with digital circuits in a typical System-
on-chip (SoC). But the supply voltage scaling in analog circuits, results in the
reduction of signal swing, and hence reduces dynamic range. As the threshold
voltage (Vth) of the transistors is scaled at a slower rate than supply voltage, this
problem is magnified. Thus, the existing analog circuits should be modified in
order to have the same or even better performance under low voltage conditions.

In order to avoid above mentioned problems, bulk-driven transistors [13] can
be used, where the signal is applied to the bulk terminal rather than the gate
terminal. This reduces the Vth of transistor and allows rail-to-rail input voltage
swing even under low supply voltages such as 0.5 V. The bulk transconductance
is typically 0.2–0.4 times that of gate transconductance, which is the major
requirement for the low frequency Gm − C filters. The transconductance can
be reduced further by current scaling circuits. Therefore, a low voltage, low
power transconductor with low Gm can be realized by using bulk-driven input
transistors and current scaling circuits.

This paper proposes the design of fully differential tunable bulk-driven
transconductor. As an application a 2nd order Butterworth LPF is designed
to demonstrate the performance of the transconductor. The rest of the paper
is organized as follows. In Sect. 2, design of tunable bulk-driven transconductor
is discussed. Section 3 deals with the simulation results. Finally conclusions are
drawn in Sect. 4.

2 Transconductor Design

2.1 Tunable Bulk-Driven Transconductor

A tunable single ended bulk-driven transconductor is shown in Fig. 1, where Vin

and Vo represent input and output voltages respectively. Vin is given to the bulk
terminal of the input transistor M1. Iin represents the current of transistor M1

and Io represents the output current. The transistor M1 is biased by a constant
current of 10 nA that is mirrored by constant current source IDC . M2 mirrors
the current Iin to M3 through Variable Gain Current Mirror [14] with a current
gain K.
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The Variable Gain Current Mirror circuit is shown in Fig. 2. The currents I1
and I2 are generated from a reference current source (not shown in Figure). M2,
M3, M6 and M7 are biased in the weak-inversion region and form trans-linear
loop [15]. The relation among the gate-source voltages of M2, M3, M6 and M7

can be expressed as (1).

VGS2 + VSG6 = VSG7 + VGS3 (1)

For an NMOS transistor operating in weak-inversion region, the drain current
can be written as

IDn = Ane
Bn(VGSn−Vtn)(1 − e

−VDSn
VT ) (2)
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where,

An = µnCox
W

L
(mn − 1)V 2

T

Bn =
1

mnVT

VT = kT
q , is the volt-equivalent of temperature and mn is sub-threshold slope

factor and its value lies between 1.1 and 1.4. For VDSn ≥ 4VT , the current IDn

can be assumed to be independent of VDSn i.e. (1−e
− −VDSn

VT ) ≈ 1. Then (2) can
be simplified to (3).

IDn ≈ Ane
Bn(VGSn−Vtn) (3)

Similarly, the drain current for a PMOS can be written as (4)

IDp ≈ Ape
Bp(VSGp−|Vtp|) (4)

From the Eqs. (3) and (4), VGSn and VSGp can be derived as (5) and (6) respec-
tively.

VGSn =
1
Bn

ln(
In

An
) + Vtn (5)

VSGp =
1
Bp

ln(
Ip

Ap
)+ | Vtp | (6)

The transistors M2, M3 and M6, M7 in the Fig. 2 are matched. By substituting
(5) and (6) in (1), the relation among the currents Iin, Io, I1 and I2 can be
derived as (7)

Io = K.Iin (7)

where K = ( I1
I2

)
mp
mn is the current gain.

When I1 = I2, the current gain is 1 as VSG6 = VSG7, VGS2 = VGS3. When
I1 > I2, the current gain is >1 as VSG6 > VSG7, VGS2 < VGS3. When I1 < I2,
the reverse is true and the current gain is < 1. Therefore the output current of
the transconductor can be scaled by varying the currents I1 or I2, which in turn
scales the effective transconductance of the circuit.

2.2 Fully Differential Bulk-Driven Transconductor

A fully differential tunable bulk-driven transconductor is shown in Fig. 3. The
input transistors M1 and M2 are biased by using a current source of 10 nA (not
shown in the Figure). M5-M10 and current sources I1, I2 form Variable Gain
Current Mirror. All the transistors are operating in weak-inversion region. Cc is
used as compensating capacitor to improve the phase margin.

The output differential current, iod is given by (8)

iod = K.gmb.vid (8)
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Fig. 4. CMFB circuit [16]

where iod = Iop − Iom is the output differential current, gmb is the bulk-driven
transconductance of the input transistor M1 or M2 and vid = Vip − Vim is the
input differential voltage.

The effective transconductance Gm is given by (9)

Gm = K.gmb (9)

The voltage gain of the transconductor is given by (10)

Av = K.gmb.(r11 ‖ r13) (10)

where r11 and r13 are small signal output resistances of M11 and M13 respec-
tively.

The transconductor uses a supply voltage of 0.5 V. The input common mode
voltage (Vcm) is fixed at 0.25 V. Gates of M13 and M14 are biased with a common
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mode feedback voltage (Vcmfb) which sets the output common mode voltage to
0.25 V. A common mode feedback (CMFB) circuit proposed in [16] (Fig. 4) is
used in this work. In Fig. 4(a), inverters 3 to 6 along with transistors Mg and
Mh form common mode detector. Inverters 3 and 5 sense the output voltages
of the transconductor. Inverters 4 and 6 have their outputs shorted to inputs.
This arrangement reduces the gain of sensing inverters, thus enhancing the lin-
earity of the sensing inverters and entire CMFB circuit. Transistors Mg and Mh

are connected such that they offer high resistance along with a capacitor. This
arrangement gives the average (Vcmd) of the sensed voltages. Vcmd is compared
with the reference voltage Vref using a simple error amplifier shown in Fig. 4(b).
The error amplifier output voltage Vcmfb is fed back to the transconductor to
set the output common mode to the reference voltage (Vcm).

3 Simulation Results

The transconductor is designed and simulated in UMC 180 nm technology. Gm

tuning of the transconductor is done by varying I1 from 2 nA to 18 nA by fixing
I2 at 10 nA. This varies the current gain, K and hence Gm. The simulated Gm

against the input differential voltage for different I1 values is shown in Fig. 5.
Gm is tuned from 12 nS to 100 nS by fixing I2 at 10 nA and varying I1 from 2 nA
to 18 nA in steps of 4 nA. The values of I1 and I2 can be digitally controlled
by using current splitting circuits implemented as in [17]. It is observed that an
equal increment in I1, gives almost an equal increment in Gm.
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Fig. 5. Gm tuning

The magnitude and phase response of the proposed transconductor are shown
in Fig. 6. The open loop DC gain is 30.3 dB, unity-gain frequency is 4.6 KHz and
the phase margin is 80◦. To test the linearity, the transconductor is connected in
unity feedback configuration. The total harmonic distortion (THD) is less than
−40 dB for an input signal of 1 Vpp differential. Table 1 lists the parameters of the
proposed transconductor. A performance comparison of the proposed transcon-
ductor with other similar works found in the literature is given in Table 2. It can
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Table 1. Parameters of the transconductor

Parameter Simulated values

Technology (µm) 0.18

Supply voltage (volts) 0.5

Transconductance (nS) 12–100

DC Gain(dB) 30.3

UGB (KHz) 4.6

Phase margin (degrees) 80

Vin−pp for 1% THD (volts) 1.0

Input referred noise 3.6

at 100 Hz (
µV√
Hz

)

Input referred noise 50

from 50 Hz–5 KHz (µV )

Dynamic range (dB) 77

Power (nW) 120a

aAt I1 = 18 nA and I2 = 10 nA, including CMFB
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Table 2. Comparison of the proposed transconductor with other similar works

Parameters [14] [18] [12] [19] This work

Technology
(µm)

0.18 0.35 0.8 1.2 0.18

Supply voltage
(volts)

0.8 0.8 1.5 1.35 0.5

DC gain (dB) 72.2 61 - - 30.3

Gm (nS) 300–3000 66 n 0.46–82 16.6 12–100

UGB (KHz) 15 with
CL=20 pF

0.195 with
CL=25 pF

- - 4.6

Phase margin
(degrees)

90 81 - - 80

Input referred
noise
(µV RMS)

- 80 110 17.29 50

Vin−pp for 1%
THD (volts)

1.6 0.1 1.2 0.24 1

Dynamic
range (dB)

75 52.9 73 73.9 77

Power (µW) 8.3 0.040 ≈1 1.35 0.12

be seen that, performance of the proposed transconductor is better in terms of
power and Gm tunability. Hence, it can be very efficiently used for low voltage,
low frequency filters.

A fully differential 2nd order Butterworth LPF, shown in Fig. 7 [20], is
designed and simulated to evaluate the performance of the proposed transcon-
ductor. The cutoff frequency of the filter is tuned from 110 Hz to 960 Hz as shown
in Fig. 8. The filter cutoff frequency can be tuned to the required value by con-
trolling the currents I1 and I2, so that it fits into the desired frequency range of
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different bio-potentials such as electromyogram (EMG), electroencephalogram
(EEG), electrocardiogram (ECG) etc.
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Fig. 8. Frequency response of the filter

4 Conclusion

A fully differential low voltage, low power bulk-driven transconductor for low
frequency Gm − C filters is presented. It offers 30.3 dB DC gain, 4.6 KHz unity
gain frequency and 80◦ phase margin. The transconductor consumes a power of
120 nW with 0.5 V supply. A 2nd order Butterwoth LPF with the cutoff frequency
tunable from 110 Hz to 960 Hz is designed as an application of the proposed
transconductor. By adjusting the currents I1 and I2, the cutoff frequency can
be tuned to fit into the desired frequency range of different bio-potentials. Filter
response closely matches with ideal 2nd order filter response upto an attenuation
of 60 dB.
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