
130 

  http://dx.doi.org/10.47176/TMI.2018.130 

© 2018 by the authors. Licensee T.M.I, Tehran, Iran. This article is an open access article distributed under the terms 

and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

Transactions on Machine Intelligence 1(3) (2018) 130-145 

    
 ISSN Online: 2821-1693  

     
 Transactions on Machine Intelligence  

 
Journal Homepage: https://tmachineintelligence.ir/index.php/TMI  

    
 

 
 

Design of a Low-Power and Low-Noise Neural Recording Front-End Block 

for Seizure Detection 
 
M. Pourkarimi Khiavi1, J. Javidan2,* 

 
1 M.Sc. in Electrical Electronics, Department of Electrical and Computer Engineering, Faculty of Engineering, University of 

Mohaghegh Ardabili, Ardabil, Iran  
2 Associate Professor, Department of Electrical and Computer Engineering, University of Mohaghegh Ardabili, Ardabil, Iran 

  
 

ARTICLE INFO 
 

 

ABSTRACT 

 

Article History: 

Received 3 June 2018  

Received in revised form 15 July 

2018 

Accepted 11 September 2018 

Available online 17 September 

2018 

 The design of a dedicated block within an epilepsy seizure detection system, 

intended for both medical and localized applications, plays a crucial role in 

amplifying vital and neural signals from the body, particularly brain and heart 

signals, thereby assisting in the precise diagnosis of various disease types. This 

paper focuses on the design and development of the front-end circuit of neural 

signal recording systems, which primarily consists of an amplifier and a bandpass 

filter. A key objective in this design is achieving low power consumption and 

minimal noise while maintaining high performance. To accomplish this, an 

amplifier with an RFC (resistor-feedback capacitor) structure is selected, offering 

the advantage of delivering high gain and reduced noise at comparable power 

levels. Furthermore, by employing an elliptic bandpass filter configured as a Gm-

C (transconductance-capacitor) filter, the system effectively addresses the 

challenges posed by signal ripple, resulting in enhanced signal quality, lower power 

usage, minimized noise, and a smaller circuit footprint. The proposed design is 

implemented using 180 nm CMOS technology, leveraging the TSMC BSIM 

library, and simulations are conducted using HSPICE 2008 software to validate the 

system’s performance. This work contributes valuable insights for developing 

efficient, compact, and reliable neural signal processing modules for biomedical 

applications. 
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1. INTRODUCTION 

Approximately 50 million individuals worldwide suffer from epilepsy, and about one-third of them experience 

seizures that are refractory to pharmacological treatment. Brain stimulation can be an effective approach for 

controlling intractable epileptic seizures [1-4]. One of the challenges in brain stimulation-based treatment is the 

accurate detection of seizure onset and occurrence. Recently, researchers have been attempting to design and 

implement an implantable deep brain stimulation chip with the capability of automated brain activity detection [5]. 

Mounting evidence suggests that the occurrence of a specific type of high-frequency oscillations in the brain activity 
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of epilepsy patients is closely associated with the onset of seizures. This signal can be recorded using the IEEG 

method and can provide valuable information for detecting the timing of seizure occurrence. The signal energy is 

predominantly within the 200 to 600 Hz frequency range, and the amplitude ranges from 30 μV to 1.5 mV, depending 

on the size of the electrodes used in the IEEG recording process [6]. 

Since seizures can occur at any time, the intended integrated circuit must perform continuous signal recording for 

an extended period, necessitating the requirement of low power consumption. Additionally, the neural signal 

recording circuit must effectively amplify the weak input signals before any further processing. Furthermore, given 

the small amplitude of the recorded neural signals, the input-referred noise of the entire system must be very low to 

ensure the integrity of the signal recording process. Therefore, this work focuses on the design of a low-power, low-

noise front-end circuit for the brain signal recording system. 

2. OVERALL SYSTEM STRUCTURE 

Based on the structure shown in Figure 1, the front-end circuit of the targeted brain signal recording system 

consists of two stages. The initial stage includes a preamplifier circuit to increase the amplitude of the weak recorded 

signals and prepare them for further processing. The subsequent stage is a bandpass filter to select the specific 

frequency range where the energy of the FR signal is concentrated [5-7]. 

Neural Front-end Block

Neural

Pre-Amp
BPF outVinV
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(b) 

Fig. 1. (a) Structure of the front-end stage of the neural signal recording system, (b) Structure of the neural signal preamplifier 

circuit 

2.1. Preamplifier stage 

The targeted preamplifier stage is based on an operational transconductance amplifier (OTA) with a capacitive 

feedback structure, as shown in Figure 1. This OTA-based preamplifier generates an output current proportional to 

the input voltage difference, where Gm is the constant of this proportionality. The midband gain (Am) of the 

amplifier is determined by the ratio of C1/C2, and its bandwidth is approximately Gm(AmCL) for C1·CL ≫ C2. 

The recorded signal is coupled to the circuit through the capacitor C1, which eliminates the DC offset generated at 

the electrode-tissue interface and allows only the AC component of the recorded signal to be amplified, thus 

preventing the amplifier from saturation due to the high gain required for the weak recorded signals [7-8]. 

The feedback resistor R2 sets the lower cutoff frequency of the preamplifier. These resistors are implemented on-

chip using pseudo-resistors, which are realized using PMOS and NMOS transistors [9]. 
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The input-output transfer function of the preamplifier stage is given by: 

(1) 
𝑉𝑋

𝑉𝑖𝑛
=
𝐶1

𝐶2
.

1−𝑠𝐶2
𝐺𝑚

(
1

𝑠𝑅2𝐶2
+1)(𝑠

𝐶𝐿𝐶1
𝐺𝑚𝐶2

+1)
= 𝐴𝑀

1−𝑠/(2𝜋𝑓𝑧)

(1+
2𝜋𝑓𝐿
𝑠
)(1+

𝑠

2𝜋𝑓𝐻
)
  

 
According to Equation (1), the midband gain Am is determined by the C1/C2 ratio, and the gain between the 

lower and upper cutoff frequencies is flat. The lower cutoff frequency is set by the R2 and C2 combination. The 

upper cutoff frequency is determined by the load capacitance CL, the OTA transconductance, and the midband gain. 

The capacitive feedback introduces a positive zero at the frequency fz, which can be shifted to very high frequencies 

by choosing C2 ≪ √(C1CL). Figure 2 shows the frequency response of the preamplifier circuit [10]. 

 

Fig. 2. The frequency response of the gain of the pre-amplifier circuit. 

 
Figure 3 illustrates the placement of the existing noise sources in the pre-amplifier circuit. Figure 4 shows the 

different components of the overall output noise of the amplifier in a case where both noise sources Vnia and VnR are 

white noise. The OTA noise is predominantly located in the range between the lower and upper cutoff frequencies. 

The noise from VnR also dominates for frequencies lower than the corner frequency fcorner. 

If the resistance R2 is implemented using a real resistor, its noise power spectral density is given by: 

(2) 𝑣𝑛𝑅
2 (𝑓) = 4𝑘𝑇𝑅2   

 
If C1 ≫ C2, Cin, the corner frequency is approximately: 

(3) 𝑓𝑐𝑜𝑟𝑛𝑒𝑟 ≈ √
3𝐶𝐿

2𝐶1
𝑓𝐿𝑓𝐻   

 
To reduce the noise from R2, the corner frequency must be much lower than the upper cutoff frequency of the 

entire circuit. For this purpose, the amplifier must be designed such that the following condition is met: 

(4) 
𝐶𝐿

𝐶1
≪

2𝑓𝐻

3𝑓𝐿
    

 
If the noise from the R2 resistance is negligible, i.e., fcorner ≪ fH and C1 ≫ C2, Cin, then the rms output noise 

voltage of the amplifier in Figure 4 is limited to the noise from the OTA. 
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Fig. 3. Noise source modeling of the preamplifier circuit 

The input-referred thermal noise power spectral density of the OTA is given by: 

(5) 𝑣𝑛𝑖𝑎
2 (𝑓) =

16𝑘𝑇

3𝑔𝑚1
(1 + 2

𝑔𝑚3
𝑔𝑚1

+
𝑔𝑚7
𝑔𝑚1

) 

where gm1 is the transconductance of transistors M1,2, gm3 is the transconductance of transistors M(3-6), and 

gm7 is the transconductance related to transistors M7,8. 

 
Fig. 4. Output noise of the preamplifier circuit as a function of frequency 

 
2.1.1. Structure selection for the OTA 

The Folded Cascode (FC) amplifier has become one of the most widely used structures, both as a single-stage 

and as the first stage in multi-stage low-voltage CMOS processes, due to its high voltage gain and large signal swing. 

Furthermore, the FC with a PMOS input has much greater application than the FC with an NMOS input, due to its 

higher non-dominant pole, lower flicker noise, and better common-mode input level. In switched-capacitor circuits, 

the input switching operation can be performed using a single NMOS transistor. 

The conventional FC amplifier is shown in Figure 5. Note that transistors M3 and M4 carry the largest currents 

and, in many designs, have the highest transconductance. However, their function is to provide a Folding node for 

the small signal currents generated by the input drivers (M1 and M2). To this end, the modified Folded Cascode 

structure shown in Figure 6 has been designed. In this structure, transistors M3 and M4 are used as the driver 

transistors. First, the input drivers (M1 and M2) in Figure 5 are replaced by transistors M1a, M1b, M2a, and M2b in 

Figure 6. These transistors carry a fixed and equal current (Ib/2). Transistors M3 and M4 in Figure 5 are also replaced 

by transistors M3a, M3b, M4a, and M4b in Figure 6 to form two current mirrors with a K:1 ratio. The cross-

connection of these two current sources ensures that the small signal currents added at the sources of M5 and M6 

are in-phase. Finally, transistors M11 and M12 are sized similarly to M5 and M6, and their use ensures that the drain 

potentials of M3a, M3b, M4a, and M4b are equal, resulting in better matching [10-14]. 

2.1.2. Recycled Folded Cascode (RFC)  

To provide qualitative evidence of the improvements in the RFC structure, it has been assumed that all transistors 

operate in the saturation region. 
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Fig. 5. Conventional Recycled Cascode Amplifier 

Additionally, the current gain K is chosen to be 3. This ensures that the power consumption is identical for the 

FC and RFC structures. It should be noted that the current flowing through transistors M5 to M10 is a function of 

K. For K≠3, the transistors M5 to M10 must be rescaled to achieve the same power consumption and area as the FC 

circuit in the case of K=3. 

The analyses presented hereafter are valid for both the single-ended and differential amplifier configurations. 

However, the discussion focuses primarily on the fully differential structure. 

2.1.3. Small-Signal Transconductance 

The amplifier transconductance, Gm, can be found using the ratio of the output short-circuit current to the input. 

The desired results for the RFC and FC structures are shown in equations (6) and (7), respectively: 

(6) 𝐺𝑚.𝑅𝐹𝐶 = 𝑔𝑚1𝑎(1 + 𝐾) 

 

(7) 
𝐺𝑚.𝐹𝐶 = 𝑔𝑚1 

Considering that the size of M1 is twice the size of M1a and it also draws twice the current (gm1=2gm1a), and 

substituting the value of K, it can be concluded that the RFC transconductance is twice the FC transconductance for 

the same power consumption. In other words, for the same power consumption, the gain-bandwidth product (GBW) 

of the RFC is approximately twice that of the FC structure, and consequently, it has twice the speed [12, 13]. 
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Fig. 6. RFC Amplifier 

Additionally, the bias circuit for the Recycled Cascode (RFC) amplifier to provide the desired operating points is 

shown in Figure 7. 
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Fig. 7. RFC Biasing Circuit 

2.1.4. Low Frequency Gain 

The low-frequency gain of OTAs is generally expressed as the product of the small-signal transconductance Gm 

and the low-frequency output impedance, Ro. It has been shown that (Gm.RFC =2Gm.FC), which results in a 6 dB 

gain improvement for the same output impedance. However, the output impedance of the RFC has been significantly 

improved compared to the FC, as observed in the following relationships: 

(8) 𝑅𝑜𝐹𝐶 ≅ 𝑔𝑚6𝑟𝑑𝑠6(𝑟𝑑𝑠2‖𝑟𝑑𝑠4)‖𝑔𝑚8𝑟𝑑𝑠8𝑟𝑑𝑠10 

(9) 𝑅𝑜𝑅𝐹𝐶 ≅ 𝑔𝑚6𝑟𝑑𝑠6(𝑟𝑑𝑠2𝑎‖𝑟𝑑𝑠4𝑎)‖𝑔𝑚8𝑟𝑑𝑠8𝑟𝑑𝑠10 

 
The increase in the gain due to the higher output impedance of the RFC structure is attributed to the increase in 

the rds of transistors M2a and M4a, implying that these transistors draw less current compared to their counterparts 

(M2 and M4) in the FC structure. Consequently, the overall low-frequency gain exhibits an 8-10 dB improvement 

over the FC structure. 

This additional gain has two significant advantages. First, it reduces the static offset errors due to the increased 

gain. Secondly, the PSRR of the RFC is improved compared to the FC structure. The PSRR is equal to the ratio of 

the gain of the noise injected from the power supply to the gain of the input signal. Both the RFC and FC structures 

have the same gain of the injected noise, but the loop gain of the RFC is higher, resulting in better PSRR performance. 
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Furthermore, the increased GBW of the RFC structure also provides improved PSRR performance at higher 

frequencies compared to the FC structure [11-14]. 

2.1.5. Slew Rate 

The slew rate is obtained from the derivative of the maximum output current that charges the load capacitor. It is 

obtained such that if a large voltage is applied to the input V (in+), Mb1 and Ma1 turn off, which in turn causes Ma4 

and Mb4 to turn off as well, and their drain voltages rise, leading to the turning off of M6 and the placement of Ma2 

in the deep ohmic region. Consequently, the current of Mb2 is transferred to the output through the gains K and K-

1, and the slew rates for the RFC and FC amplifiers are respectively defined in 10 and 11 [13]. 

 

(10) 𝑆. 𝑅𝑅𝐹𝐶 =
2𝐾𝐼

𝐶𝐿
 

(11) 𝑆𝑅𝐹𝐶 =
2𝐼

𝐶𝐿
 

 
2.1.6. Phase Margin 

To have a suitable phase margin, one must pay attention to the location of the zeros and poles of the RFC amplifier. 

The first pole is related to the output impedance and capacitance, the second pole is related to the source of transistors 

M5 and M6, and the third pole is related to the gate of the current mirror transistors. Opposing this, a mirror zero 

with a value of K+1 times the mirror pole also appears. To have a suitable phase margin from this amplifier, the 

third pole should be sufficiently far from the unity gain frequency, i.e.: 

(12) |𝜔𝑃3| ≥ |3𝜔𝐺𝐵𝑊| → 𝐾 ≤ √
𝐶𝐿𝑔𝑚𝑏3

3𝑔𝑚𝑎1𝐶𝑔𝑠𝑏3
− 1                                                                            

 
Where ωP3 is the third pole and ωGBW is the unity gain frequency of the amplifier. Also, gmb3 and Cgsb3 are 

the transconductance and gate-source capacitance of transistor Mb3, respectively [12]. 

2.1.7. Noise 

In many applications such as audio amplifiers, continuous-time filters, and data converters, noise can be a limiting 

factor in the design. The maximum noise current power seen at the output of a MOSFET is given by: 

(13) 𝑖𝑜
2̅ = [4𝑘𝐵𝑇𝛾𝑔𝑚 +

𝐾𝐹𝐼𝐷

𝐶𝑜𝑥𝐿
2𝑓
] . ∆𝑓                                                                                                           

 
Where the first and second terms represent the thermal noise and flicker noise, respectively. For comparison, the 

thermal and flicker noise components have been examined separately. The referred-to-input thermal noise for the 

FC and RFC amplifiers is respectively given by: 

(14) 𝑣𝑖𝑇.𝐹𝐶
2̅̅ ̅̅ ̅̅ ̅ =

8𝑘𝐵𝑇𝛾

𝑔𝑚1
[1 +

𝑔𝑚3

𝑔𝑚1
+
𝑔𝑚9

𝑔𝑚1
] . ∆𝑓                                                                                              

(15) 𝑣𝑖𝑇.𝑅𝐹𝐶
2̅̅ ̅̅ ̅̅ ̅̅ ̅ =

8𝑘𝐵𝑇𝛾

𝑔𝑚1𝑎
[
(1+𝐾2)

(1+𝐾)
+
𝑔𝑚3𝑎

𝑔𝑚1𝑎
+

1

(1+𝐾)

𝑔𝑚9

𝑔𝑚1𝑎
] . ∆𝑓                                                               

 

By replacing gm1a with gm1 and gm3a in the expressions for gm3, and also substituting the value of K, equation 

(16) is transformed into the following relation: 

(16) viT.RFC
2̅̅ ̅̅ ̅̅ ̅̅ =

8kBTγ

gm1
[
5

4
+
3gm3

4gm1
+
1

4

gm9

gm1
] . ∆f                                                                   
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The flicker noise associated with the FC and RFC structures is respectively expressed by the following equations: 

(17) 𝑣𝑖𝑓.𝐹𝐶
2̅̅ ̅̅ ̅̅ ̅ =

𝐾𝐹𝑃

𝜇𝑝𝐶𝑜𝑥
2 𝑊1𝐿1𝑓

[1 + 2
𝐾𝐹𝑁

𝐾𝐹𝑃
+ (

𝐿1

𝐿3
)
2

+ (
𝐿1

𝐿9
)
2

] . ∆𝑓                                                                 

(18) 𝑣𝑖𝑓.𝑅𝐹𝐶
2̅̅ ̅̅ ̅̅ ̅̅ =

𝐾𝐹𝑃

𝜇𝑝𝐶𝑜𝑥
2 𝑊1𝑎𝐿1𝑎(1+𝐾)𝑓

[
(1+𝐾2)

(1+𝐾)
+ 𝐾

𝐾𝐹𝑁

𝐾𝐹𝑃
+ (

𝐿1𝑎

𝐿3𝑎
)
2

 +
(𝐾−1)

(1+𝐾)
(
𝐿1𝑎

𝐿9
)
2

]                                   

 
The modifications made to the FC structure to obtain the RFC structure only relate to the width of the transistors, 

and no changes were made to the length of the transistors. Therefore, by replacing W1a with expressions of W1 and 

also substituting the value of K, the following equation is obtained for vif.RFC
2̅̅ ̅̅ ̅̅ ̅̅ : 

(19) 𝑣𝑖𝑓.𝑅𝐹𝐶
2̅̅ ̅̅ ̅̅ ̅̅ =

𝐾𝐹𝑃

𝜇𝑝𝐶𝑜𝑥
2 𝑊1𝐿1𝑓

[
5

4
+ 1.5

𝐾𝐹𝑁

𝐾𝐹𝑃
+ (

𝐿1

𝐿3
)
2

+
1

4
(
𝐿1

𝐿9
)
2

] . ∆𝑓                                                        

 
Considering the above equations, since two terms in vif.RFC

2̅̅ ̅̅ ̅̅ ̅̅  and viT.RFC
2̅̅ ̅̅ ̅̅ ̅̅  are smaller than their counterparts in vif.FC

2̅̅ ̅̅ ̅̅  

and viT.FC
2̅̅ ̅̅ ̅̅ ̅, it can be concluded that the RFC structure has lower noise compared to the FC structure. 

2.1.8. Calculation of the Preamplifier Capacitor and Resistor 

After designing the required OTA (Operational Transconductance Amplifier) used in the structure of the 

preamplifier stage, it is time to design the entire section and determine the values of the capacitors and resistors used 

to achieve the desired specifications, as outlined in Table 1. 

 
Table 1. Specifications of the Preamplifier 

 

 

 
  

 
To achieve the specified low cutoff frequency, the values of resistance R2 and capacitor C2 need to be calculated 

according to the following relationship: 

(20) 𝐹𝐿 =
1

2𝜋𝑅2𝐶2
 
(𝑓𝐿=200 𝐻𝑧)
⇒        200 =

1

2𝜋𝑅2𝐶2

𝐶2=0.1 𝑝𝐹
⇒      𝑅2 =

1

2𝜋×200×0.1 𝑝𝐹
= 7.95 𝐺𝛺                

 
As observed, the value of resistance R2 is very large and needs to be implemented within the integrated circuit. 

The dimensions of the transistors forming the pseudo-resistance R2 to achieve a resistance of 7.95 GΩ are provided 

in Table 3. 

For the pre-amplifier circuit, considering the relationship (1) to achieve a gain greater than 40 dB and the potential 

attenuation of the overall gain in the bandpass filter, the value of capacitor C1 needs to be designed according to the 

following relationship (22) to meet the above conditions: 

(21) 𝐴𝑀 =
𝐶1

𝐶2
 
(𝐴𝑀≥40 𝑑𝐵)
⇒        10

60

20 =
𝐶1

0.1 𝑝𝐹

𝐶2=0.1 𝑝𝐹
⇒      103 =

𝐶1

0.1 𝑝𝐹
= 100 𝑝𝐹                                          

 
Additionally, the upper cutoff frequency of the pre-amplifier circuit can be obtained from the relationship (22), 

which depends on the load capacitance CL, the amplifier transconductance Gm, and the mid-band gain Am. 

(22) 𝑓𝐻 =
𝐺𝑚

2𝜋𝐶𝐿𝐴𝑀
                                                                                                                                  

𝐕𝐚𝐥𝐮𝐞 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫 

≥ 𝟒𝟎 𝐝𝐁 Gain 

𝟐𝟎𝟎 𝐇𝐳 − 𝟔𝟎𝟎 𝐇𝐳 Bandwidth 

𝟏 𝐩𝐅 CL 



M. Pourkarimi Khiavi & J. Javidan/ Transactions on Machine Intelligence 1(3) (2018) 130-145 

138 

2.2 Design of the Band-Pass Filter 

After designing the pre-amplifier stage to increase the amplitude of the recorded weak signals, and given that the 

desired information is embedded within a specific frequency range in the FR signal, it is necessary to select this 

frequency range using a band-pass filter from the entire frequency spectrum, and filter out the components outside 

this band. To this end, the output of the pre-amplifier stage is connected to a band-pass filter, and the useful 

information in the FR signal is extracted. 

Since the frequency range was already selected using the resistance and capacitance structure in the pre-amplifier 

stage, the selected band-pass filter is a Gm-C filter, as shown in Figure 11. In the following, a 6th-order Gm-C band-

pass filter with a passband of 200 Hz to 600 Hz is designed and simulated to extract the useful information from the 

FR signal.   

2.2.1. General Structure of Gm-C Filters 

The Gm-C filter consists of two main blocks: the transconductance block (Gm) and the capacitor (C). In the 

transconductance block, the output current (Iout) is a function of the input voltage difference, i.e., Iout = Gm(Vin+ 

- Vin-), where Gm is the transconductance of the amplifier block. 

2.2.2. Design and Implementation of a 6th-Order Gm-C Band-Pass Filter 

The block diagram shown in Figure 8 represents the implementation of a 6th-order Gm-C band-pass filter. It is 

evident that a second-order band-pass filter must have one zero and two poles, and under specific conditions, the 

locations of these zero and poles determine the passband bandwidth of the filter. 
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2
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2
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Fig. 8. (a) Block diagram of a 6th order low-pass filter, (b) Circuit implementation of a 6th order low-pass filter. 

Considering Figure 8 and writing the governing circuit relationships of the given structure, the transfer function 

between the input and output of the filter can be obtained. In fact, based on the location of the zeros and poles of 

this relationship, it is well-proven that the given structure has the capability to implement a low-pass filter. 

  (23) 𝑇𝐹𝐵𝑃 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

𝑠(
𝐺𝑚3
𝐶2
)

𝑠2+𝑠(
𝐺𝑚3
𝐶2
)+
𝐺𝑚1𝐺𝑚2
𝐶1𝐶2
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Given the above transfer function, the center frequency ω0 and the quality factor Q of the circuit can be adjusted 

by varying the circuit parameters according to the following relationships: 

(24)  𝜔0 = √
𝐺𝑚1𝐺𝑚2

𝐶1𝐶2
                                                                                                                              

(25) 𝑄 = √
𝐺𝑚1𝐺𝑚2
𝐶1𝐶2

×
𝐶2
𝐺𝑚3

 

 
Therefore, assuming the transconductance Gm of all the transconductance amplifiers is constant, one can 

readily tune the center frequency and the desired bandwidth of the 2nd-order low-pass filter by varying the 

capacitor values C1 and C2. The following formula shows the relationship between the center frequency, quality 

factor, and bandwidth: 

(26) 𝐵𝑊 =
𝑓0
𝑄
 ⇒ 𝐵𝑊 ∝

𝐺𝑚3
𝐶2

 

 
From the above relationship, it can be concluded that, for a constant Gm of all the transconductance amplifiers, 

in order to increase the passband bandwidth of the low-pass filter, the capacitor C2 should be decreased, which in 

turn increases the center frequency ω0. Therefore, to increase the passband bandwidth while keeping the center 

frequency ω0 constant, the capacitor C2 should be decreased, and the capacitor C1 should be increased 

simultaneously. The internal structure of the designed OTA block is shown in Figure 9. The transistor dimensions 

and their bias currents can be adjusted according to the required specifications for the desired filter design. 

IB 10 µA

Vin+ Vin- Vout

Mb1 Mb2

Mb3 Mb4

M1 M2

M3 M4M5 M6

M7 M8

VDD

 

Fig. 9. Internal Structure of the Transconductance Operational Amplifier Circuit for the Gm Cell 

The gain Gm of the amplifier in our design is 65 μA
V

. To achieve a 6th-order lowpass filter, three 2nd-order lowpass 

filter stages can be cascaded in series.  

It should be noted that all stages have the same center frequency and passband bandwidth, and the circuit elements 

in each of the three stages are identical. By substituting the circuit elements, the overall structure of the 6th-order 

lowpass filter is revealed. The capacitor values used in the above structure to achieve the desired center frequency 

and bandwidth are summarized in Table 4. 

3. SIMULATION RESULTS 

As explained, the neural signal acquisition system consists of a preamplifier and a lowpass filter, with a 

transimpedance amplifier as the core of both subsections. This section presents the simulation results in three stages: 

1) preamplifier simulation results, 2) lowpass filter simulation results, and 3) overall neural signal acquisition system 

simulation results. 
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3.1. Preamplifier Simulation Results 

This amplifier is designed in TSMC's 180 nm technology with a gain of 27.72 dB. The frequency response of the 

input-output gain of the designed feedback-based amplifier is shown in Figure 10. The transistor dimensions and the 

biasing design for the amplifier are provided in Table 2. For the amplifier, the phase margin is 80.75 degrees, the 

rising-edge slew rate is 100 V/ns, and the falling-edge slew rate is 26 V/ns, as shown in Figure 11. Figure 12 shows 

the input-referred noise spectrum, with a total input-referred noise of 260 V
2

Hz
. 

Table 2. Transistor dimensions and biasing for the amplifier circuit 

𝐌𝐚𝐢𝐧 𝐎𝐓𝐀 

𝐓𝐫. W (µm)
/L (µm) 

M Tr. W (µm)
/L (µm) 

M Tr. W (µm)
/L (µm) 

M Tr. W (µm)
/L (µm) 

M 

𝐌𝟎 1.25 0.36⁄  4 M1a.2a 0.66 0.36⁄  2 M11.12 0.46 0.36⁄  4 M3b.4b 0.3 3⁄  1 

𝐌𝟏𝐛.𝟐𝐛 0.72 0.36⁄  2 M3a.4a 0.3 0.9⁄  1 M7.8 0.36 0.36⁄  16 M5.6 0.46 0.36⁄  8 

𝐌𝟗.𝟏𝟎 0.34 0.36⁄  8          

𝐁𝐢𝐚𝐬 𝐂𝐢𝐫𝐜𝐮𝐢𝐭 
Tr. W (µm)/L 

(µm) 

M Tr. W (µm)
/L (µm) 

M Tr. W (µm)
/L (µm) 

M Tr. W (µm)
/L (µm) 

M 

𝐌𝐛𝟏 0.3 3⁄  1 Mb2 0.46 0.36⁄  4 Mb13 0.29 0.36⁄  4 Mb10 0.34 0.72⁄  2 

𝐌𝐛𝟑 0.27 3⁄  1 Mb4 0.3 3⁄  1 Mb11 0.32 0.36⁄  2 Mb9 0.52 0.36⁄  4 

𝐌𝐛𝟓 0.46 0.36⁄  4 Mb6 0.52 0.18⁄  2 Mb12 0.32 0.36⁄  2 Mb8 0.3 3⁄  1 

𝐌𝐛𝟕 0.53 0.18⁄  1          

 

 

Fig. 10. (a) Frequency Response of the Gain of the Recycled Folded Cascode (RFC) Amplifier, (b) Phase Margin of the 

Transconductance Operational Amplifier 
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Fig. 11. Slew Rate of the Transconductance Operational Amplifier 

 

Fig. 12. Input-referred noise of the transimpedance operational amplifier 

X: 248.3

Y: 57.89

X: 515.2

Y: 54.89

X: 123.6

Y: 54.86

110 210 310 410
( )Frequency Hz

 (
)

A
m
p
li
tu
d
e
d
B

60

55

50

45

40

35

30

25

65

 
Fig. 13. Frequency response of the gain for the pre-amplifier stage 
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Table 3 summarizes the simulation results of the transimpedance amplifier design. As observed in Figure 13, the 

output of the pre-amplifier stage is approximately within the range of the brain signal. However, since the 

information of interest in the signal is confined to a specific frequency range, this band must be selected by a 

bandpass filter from the entire frequency spectrum, and the other components outside this band must be filtered out. 

In the next section, you will see the simulation results of the selected bandpass filter. 

 
Table 3. Target specifications for the design of the transimpedance operational amplifier 

𝐓𝐓 @ 𝟐𝟕 ℃ 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 𝐓𝐓 @ 𝟐𝟕 ℃ 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 

𝟕𝟐 ∙ 𝟐𝟕 DC Gain (dB) 165 ∙ 1 Power dissipation (μW) 

𝟕𝟏 ∙ 𝟗𝟐 GBW (MHz) 20 BW (KHz) 

𝟕𝟓 ∙ 𝟖𝟎 Open Loop PM (deg) 100 slew rate (v/ns) 

𝟏 Capacitive Load (pF) 128 CMRR (dB) 

𝟐𝟑𝟕 ∙ 𝟔 Input referred noise  

[1 Hz − 100 MHz] (μVrms) 

103 PSRR (dB) 

The bandpass filter was designed in the 180nm CMOS technology from TSMC. It is composed of three cascaded 

second-order bandpass filters. Each second-order filter stage has three Gm cells and two capacitors C1 and C2, 

where the required Gm value is obtained from the previously designed transimpedance amplifier. 

The transimpedance amplifier was designed with a gain of 26 dB and an impedance of 311 kΩ. The values of the 

capacitors used in the filter structure were chosen to achieve the desired center frequency and bandwidth. 

Table 4 summarizes the off-chip capacitor values and the overall specifications of the 6th-order bandpass filter: 

 
Table 4. Off-chip Capacitor Values and 6th-Order Bandpass Filter Specifications 

𝐒𝐢𝐦𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝐓𝐡𝐞𝐨𝐫𝐲 𝐒𝐢𝐦𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝐓𝐡𝐞𝐨𝐫𝐲 𝐒𝐢𝐦𝐮𝐥𝐚𝐭𝐢𝐨𝐧 𝐓𝐡𝐞𝐨𝐫𝐲 

𝟔𝟑𝟓 𝐇𝐳 600 Hz fH 385 Hz 350 Hz f0 60 nF 31 nF C11.21.31 

𝟎. 𝟗𝟒𝟔 0.875 Q 228 Hz 200 Hz fL 12 nF 24 nF C12.22.32 

 

 

Fig. 14. Frequency Response of the Output (6th-Order Bandpass Filter) 
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3.2. Simulation Results of the Front-End Neural Signal Recording System 

Now, if the designed 6th-order bandpass filter is placed after the amplifier block, the frequency response of the 

amplifier's gain for the brain signal will be as depicted in the figure below. 

 

Fig. 15. Frequency response of the gain of the front-end system for neural signal recording 

4. CONCLUSION 

In this paper, we have designed an integrated front-end circuit for a neural signal recording system, comprising 

an amplifier and a bandpass filter. The most critical characteristics of this system are its power consumption and 

noise performance. The power consumption of the preamplifier and bandpass filter are 48 μW and 660 μW, 

respectively, and the input-referred noise of the amplifier is 260 𝐕
𝟐

𝐇𝐳
. 

One of the key challenges in the preamplifier design was achieving low-frequency response down to below 1 

kHz, which was addressed using a pseudo-resistor. This pseudo-resistor provides a resistance of 7.95 GΩ, which, 

combined with a 0.1 μF capacitor, can establish a low-frequency cutoff of 150 Hz, which is crucial for capturing 

brain signals. Additionally, by considering appropriate bias current and values of gm, CL, and the midband gain, we 

have tuned the upper cutoff frequency of the preamplifier to 520 Hz, ensuring that the brain signals in the range of 

80 μV to 2 mV are properly amplified. The preamplifier gain is designed to be around 40 dB, and the RFC amplifier 

stage provides an additional gain of 27.72 dB, ensuring adequate overall amplification. The designed system can be 

realized on a medical integrated circuit, and by incorporating a suitable ADC, it can provide a means to digitize the 

neural signals for further processing and analysis. 
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