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Abstract—A tunable Gm-C filter is presented for bio-signal 

acquisition application. It incorporates linear tunable trans-
conductors utilizing MOSFETs biased in the triode region. Both 
the filter architecture and transconductor circuit design are 
optimized for good tuning, linearity and noise performance with 
low power consumption. The filter was fabricated in a 0.6 μm 
BiCMOS process, occupying 0.17 mm2. Measurement results show 
a tuning range of cut-off frequency from 2.5 kHz to 10 kHz. At 
5 kHz cut-off frequency, the filter achieves a dynamic range of 
85 dB with 1% THD, and consumes 75.9 μW from 3.3 V supply. 
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I. INTRODUCTION  

Bio-potential signals provide vital information about the 
patient for disease diagnosis and health monitoring. Fig. 1 shows 
the block diagram of a typical bio-signal acquisition system. In 
the analog frontend, the ac-coupled low-noise amplifier (LNA) 
and the programmable-gain amplifier (PGA) provides gain to 
reduce noise contribution of subsequent blocks [1] [2]. They are 
followed by a low-pass filter to eliminate the out-of-band noise. 
In addition, this filter acts as anti-aliasing filter for the ADC 
backend. In biomedical applications, it is often desirable to have 
a filter with tunable cut-off frequency as the bio-signal can range 
from sub-Hz to a few kHz [3]. In a wearable or implantable 
system, low power consumption is imperative to extend the 
battery life and avoid heating of nearby tissue. Furthermore, as 
the bio-signal amplitude can range from several microvolts to 
tens of millivolts, high dynamic range (high linearity with low 
noise) is required to maintain fidelity of the acquired signal. All 
these requirements place challenges on the filter design. 

 The filter function can be integrated in the LNA by adding 
load capacitors at the output of the amplifier [4]. This approach 
is not economic in terms of chip area because the LNA is 
normally placed in a feedback loop and has large trans-
conductance (gm), resulting in a large load capacitor value for 
low corner frequency. Switch-capacitor circuits are used to 
implement the filter in [5]. However, this sampled-data system 
has the potential problem of out-of-band interference and noise 
being folded back to baseband by aliasing. Active RC filters 
show good linearity performance due to the virtual ground 
provided by the op-amp, but they normally do not have 
continuous tuning capability and rely on the availability of high 
quality resistors in the process. Another popular type of filter is 
the Gm-C filters [6]. They are built with transconductors and 
capacitors. The frequency tuning is easily achieved by varying 
the gm of the transconductor, and the absence of feedback allows 
them to have better frequency response than active RC filters. 

The performance of the Gm-C filter is largely determined by the 
transconductor, as it is the only active component and operates 
in open-loop configuration. 

 In this paper, a second-order Gm-C filter for bio-signal 
acquisition application is presented. The filter incorporates 
linear tunable pseudo-differential transconductors, which are 
based on transistors biased in the triode region. A common-
mode feedback (CMFB) circuit maintains suppression of CM 
component across the entire range of output swing. Both the 
architecture and circuit design are optimized specifically for bio-
signal acquisition application with wide tuning range, high 
dynamic range and low power consumption. 

II. TRANSCONDUCTOR CELL DESIGN 

A. Triode Transconductor 

In a Gm-C filter, the transconductors are required to have 
good linearity with large differential signal input, and tunable 
transconductance. Common linearization techniques include 
source degeneration [7], bias offset [8] and source coupling [9]. 
The tunability can be achieved by tunable active resistor [7] [10], 
or current division [11]. Apart from these techniques, trans-
conductors based on transistors biased in the triode region are 
good candidates as they show good linearity and wide tuning 
range with low circuit complexity. 

For a transistor biased in the triode region, its drain current 
is given by 
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where μ is the mobility, COX is the unit gate capacitance and VTH 
is the threshold voltage. The transconductance is then obtained 
by taking derivative of ID with respect to VGS 
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indicating that gm is independent of VGS, and tunable by VDS.  

 
Fig. 1. Block diagram of a typical bio-signal acquisition system. 
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B. Overall Design 

 The simplified schematic of the transconductor is shown in 
Fig. 2. MP1/MP2 is the input transistor biased in the triode 
region by the cascode transistor Q1/Q2 [12]. Vtune determines the 
VDS of MP1/MP2 and therefore the gm of the trans-conductor. 
The upper boundary of Vtune is limited by the VBE mismatch of 
Q1/Q2, which becomes significant when |VDS| of MP1/MP2 gets 
lower, while the lower boundary is limited by the linearity: as 
Vtune is reduced, MP1/MP2 begins to transition out of the triode 
region. Transistor Q3/Q4 and degeneration resistor RE1,2 act as 
active load, whose current is controlled by the CMFB circuit. 

 The design of CMFB circuit in a linear transconductor is not 
trivial, as the CM path needs to be as linear as the differential 
mode (DM) one to maintain good suppression of CM 
component and interference. The commonly used CMFB circuit 
using differential pairs [13] is not adequate in this application 
because the large differential swing at the output can completely 
turn off one input transistor and cause non-linearity. The 
proposed CMFB circuit uses a structure similar to the DM path 
and therefore offers comparable linearity. Triode transistors 
MP3/MP4 convert the output voltages to CM currents Icm. Icm is 
then mirrored by MN1/MN2 and compared to Icmref , which is a 
current generated from the CM reference voltage Vcmref by 
MP5/MP6. MP3-6 have the same aspect ratio, so the negative 
feedback loop stabilizes the CM output to Vcmref. Q7 
compensates for the base current of Q3/Q4. Capacitor C1/C2 
provides frequency compensation to ensure the stability of the 
loop. It’s worth noting that C1/C2 at the same time serves as the 
load capacitance for the filter therefore does not consume 
significant area overhead. 

C. Linearity, Noise and Power Considerations 

 Equation (2) suggests ideally linear transconductance of the 
triode transistor. However, second-order effects such as 
mobility degradation due to vertical field degrade the linearity 
by making the mobility input-dependent: 

 0 ,
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where μ0 is the mobility without degradation, and θ is the 
mobility degradation factor. The employment of fully 
differential structure largely mitigates this nonlinearity as the 
first-order components cancel each other.  
 The other assumption in (2) is that the VDS of the input 
transistors are kept constant, regardless of input. This can be 
achieved by adoption of regulated-cascode technique in which 

an amplifier provides negative feedback to fix the drain voltage 
of the input transistor [14]. This amplifier, however, adds extra 
area and power consumption. Moreover, the noise of the 
amplifier contributes significantly to the output noise because 
the low drain resistance of the input transistor is insufficient to 
attenuate the cascode transistor and amplifier’s input-referred 
noise. Instead, we take the advantage of the BiCMOS process 
and use bipolar transistors as cascode devices. As the gm of the 
cascode devices Q1/Q2 is much larger than that of the input 
device MP1/MP2, the VDS variation can be greatly reduced to 
the point that its effect on the non-linearity is insignificant.  

 The amplitude of bio-signals can be as low as several 
microvolts. Therefore the noise floor of the acquisition system 
needs to be low enough to maintain acceptable signal to noise 
ratio (SNR). In the frequency band of interest (10 Hz-10 kHz), 
the dominant noise source is the flicker noise in MOSFETs. 
Therefore, we extensively use bipolar transistors to eliminate 
this noise. For the input devices, PMOSs are used because they 
show much lower flicker noise than NMOSs in this process. In 
addition, to minimize the noise contribution of the active load, 
emitter degeneration is employed. Proper design ensures that 
the noise in the active load is dominated by the resistor RE, and 
the input referred noise power is given by: 
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where Vn,p
2, gm,p and gds,p are the input referred noise, 

transconductance (given by (2)) and drain conductance of the 
input device MP1/MP2, respectively, Vn,cas

2 is the input referred 
noise of the cascode device Q1/Q2, K is the Bolzsmann constant 
and T is the temperature in Kelvin. Assuming that |VDS| is small 
enough that the channel is homogeneous (when Vtune is high 
enough), Vn,p

2 can be expressed as 
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where KF is the flicker noise coefficient. The input referred noise 
of the cascode bipolar transistor is given by 
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where rb is the base spread resistor, and UT is the thermal 
voltage. Equations (4)-(6) indicate direct trade-offs between 
noise and power/area: as we increase gm,p to reduce noise, power 
consumption increases and the filter capacitance also has to 
increase to maintain the same corner frequency. Therefore, we 
performed optimization to meet the system dynamic range and 
SNR requirement, while keeping the power and area to their 
minimum. The noise on the bias voltages (Vtune, Vcmref, Vtcm) 
only contributes to the common-mode noise therefore has 
negligible effect on the filter performance. 

III.  FILTER DESIGN 

The proposed transconductor cell is used to implement a 
second-order low-pass filter. The filter design adopts the biquad 

 
Fig. 2. Simplified schematic of the transconductor cell. 
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structure [6] and its schematic is shown in Fig. 3. It can be shown 
that the filter has a transfer function of  
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We choose gm1-4 = gm to facilitate matching. The filter’s cut-off 
frequency (fc) and quality factor (Q) are given by [6]: 
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 Note that Q is determined by the capacitor ratio therefore can 
be very accurate. To get a maximal flatness in the passband, 
Butterworth type is chosen and Q = 0.707. fc is tunable by 
varying gm, while Q is unaffected by this tuning. 
 As shown in Fig. 3, gm1 and gm4 share the same output nodes, 
so does gm2 and gm3. Therefore, each pair can share their cascode 

transistors, active loads and CMFB circuits, significantly 
reducing the area and power consumption of the filter system. 
Fig. 4 shows how two transconductors can be combined to a 
single transconductor with two inputs. 

IV. MEASUREMENT RESULTS 

 The second-order Butterworth low-pass filter is fabricated in 
a 0.6 μm BiCMOS process to facilitate low-noise design of the 
filter as well as the LNA, occupying 0.17 mm2 active area, 
shown in Fig. 5. The supply voltage is 3.3 V. 

 The measured frequency response magnitude is shown in 
Fig. 6, showing a tunable cut-off frequency from 2.5 kHz to 
10 kHz when the tuning voltage Vtune varied from 2.5 V to 2 V. 
The filter power consumption also varies with the tuning as 
listed in Table I.  

 The linearity of the filter is measured with 1 kHz sine wave. 
The total harmonic distortion (THD), second order (HD2) and 
third order (HD3) harmonic distortions at the output are plotted 
in Fig. 7 with 5 kHz fc as a function of differential input peak-
to-peak voltage. It can be seen that the THD is below −66 dB 
with 1 Vpp input. The differential input to generate a 1% THD is 
about 4 Vpp, verifying good linearity of the transconductor, and 
the CMFB circuit. Similar measurement results with other cut-
off frequency values are listed in Table I. 

 The output noise spectrum with 5 kHz fc is shown in Fig. 8. 
The flicker noise from the input transistors is the major 
contributor in the frequency band of interest and the integrated 
output noise from 10 Hz to 100 kHz is measured to be 78.2 μVrms. 
The noise at frequencies above 100 kHz is strongly reduced by 

 
Fig. 3. 2nd order low-pass filter structure. 

 

Fig. 4. Combination of two transconductors to share the load and CMFB. 

 
Fig. 5. Chip micrograph of the proposed filter. 

 
Fig. 6. Measured frequency response of the filter, showing tunable cut-off 
frequency fc by Vtune. 

  
Fig. 7.  Measured THD, HD2 and HD3 at 5 kHz fc with 1 kHz sine wave input 
as a function of input peak-to-peak voltage. 
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the filter’s attenuation. The dynamic range is 85 dB with 1% 
THD, well-suited for bio-signal acquisition applications. From 
Table I, it can be seen that the dynamic range is above 84 dB 
across the entire tuning range. 

 In Table I, the performance of the filter at different values of 
fc is summarized. The performance with fc=5 kHz is compared 
to similar previous works in Table II. In order to compare the 
performance of different implementations, we use the figure-of-
merit in [15]: 

 
2

max

,diss

c

P
FOM

pQ f DR
   (9) 

where Pdiss is the power dissipation, p is the number of filter 
poles, fc is the cut-off frequency, and DR is the dynamic range 
of the filter. A lower FOM indicates a more power-efficient 
design. It can be seen that the proposed filter achieves the best 
dynamic range with lower power consumption, and the best 
FOM in the comparison. 

V. CONCLUSIONS 

We present a Gm-C low pass filter utilizing tunable linear 
transconductors based on triode transistors. The system 
architecture and circuit are designed to achieve both low power 

and high dynamic range. The measurements of the filter show 
2 octaves tuning range of cut-off frequency, and a dynamic 
range of 85 dB with 75.9 μW power consumption. The 
performance compares favorably with previous works, and the 
system is well-suited for bio-signal acquisition applications. 
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Fig. 8. Output noise spectrum with 5 kHz cut-off frequency. 

TABLE I. PERFORMANCE SUMMARY OF THE FILTER 

Technology 0.6 um BiCMOS 
Area 0.17 mm2 
Supply (V) 3.3 V 

Corner Frequency  2.5kHz 5kHz 10kHz 
Power (µW) 47.2 75.9 111.2 
THD @ Vin=1VPP (dB) -69.79 -66.69 -60.54 
Input VPP @ 1% THD (V) 4.13 3.94 3.13 
Noise 10Hz-100kHz (µVrms) 91.8 77.3 60.7 
Dynamic Range (dB) 84.03 85.13 85.23 

 

TABLE II. PERFORMANCE COMPARISON 

  This work [16] [17] [18] 
Supply  (V) 3.3 1.5 1.8 1.8 
Technology 0.6 µm 0.18 µm 0.18 µm 0.18µm 
Area (mm2) 0.17 0.11 0.3 0.16 
Power (µW) 75.9 240 800 4070 
Tuning Range (Hz) 2.5k-10k 20k-86k 250-1M 462k-2.61M
Dynamic Range         
@ 1% THD (dB) 

85 75 48 45 

FOM (aJ) 33.73 71.56 456.9 20531 
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