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Abstract—Neural amplifiers play a critical role in the bandwidth, 
power consumption, noise performance and area of wireless 
neural recording systems. This paper presents comprehensive 
analysis of neural amplifier design to optimize these 
performance characteristics. Amplifier architectures and 
feedback structures are analyzed to identify the best choice for 
implantable neural recording applications. Bandwidth and 
phase margin requirements are analyzed to identify an 
optimization path through relaxing phase margin requirements. 
To optimize the noise performance and circuit area, noise 
capacitive matching is applied to optimize the size of neural 
amplifier capacitors. Following the optimization guidelines 
identified in this paper, noise efficiency and a figure of merit for 
neural amplifiers were effectively improved. 

I. INTRODUCTION  
Neural recording systems can provide unique insight into 

the function of the human brain. Because of their promise in 
developing a brain-machine interface (BMI) and potential for 
monitoring and diagnosing neural disorders, neural recording 
systems are being explored by many research groups. Neural 
amplifiers provide the front-line interface between recording 
electrode and signal conditioning circuits and thus face critical 
performance requirements. One of the development paths for 
BMI systems is a fully implanted multi-channel neural 
recording system with wireless power and data transmission 
[1]. In such systems, the strict requirements of the neural 
amplifier are further complicated because of the demand for 
ultra low power consumption, the presence of a large ripple on 
transmitted power line and the need for a multi-channel analog 
front end.  

This paper presents a comprehensive analysis of neural 
amplifier design in order to optimize the bandwidth, noise, 
power and area for wireless neural recording implants. Fig. 1 
illustrates the typical differential configuration for neural 
amplifiers. Within the reported neural amplifier designs, 
different feedback path options operational transconductance 
amplifier (OTA) structure, and capacitor values have been 
utilized, and these choices must be carefully analyzed to 
optimize a neural amplifier. This paper provides a thorough 
analysis of these available design options and identifies the 
best choice of neural feedback structure and OTA for 
implantable recording applications. To optimize the OTA 
design, the open loop phase margin requirement is analyzed. 
To minimize the noise and area, noise capacitive matching 
technology is considered and the optimized neural amplifier 
capacitance is calculated. The optimized neural amplifier is 

described and shown to provide a significant improvement in 
noise efficiency factor and a comprehensive figure of merit. 

II. NEURAL AMPLIFIER FEEDBACK STRUCTURES 
The main duty of a neural amplifier is to provide gain over 

the limited bandwidth of neural action potentials. Neural 
spikes typically exhibit amplitudes ranging from 10μV to 
500μV and contain data up to ~7kHz. Neural amplifiers 
should also block low frequency interference, including DC 
offset from electrode that are typically around 1V, and local 
field potentials (LFP), typically 0.1mV to 50mV at 300Hz and 
below. Neural amplifiers typically employ two different 
feedback path structures, defined as I and II in Fig. 1, to 
realize a high-pass filter. Style I is realized with two 
subthreshold-biased transistors [2], while style II is realized 
with two diode-connected transistors [3].  

To compare these two structures, neural amplifiers with 
both feedback paths were implemented in a 0.5μm CMOS test 
chip. To accommodate an n-well technology, the substrates of 
the feedback path transistors were connected to GND, for style 
I. Experimental results from the feedback structure test chip 
are summarized in Table I. Style I was shown to be capable of 
an adjustable low-cutoff frequency, from less than 1Hz to 
several hundred Hz by changing the voltage Vtune, in Fig. 1. In 
contrast, style II provides a fixed low-cutoff frequency of less 
than 10Hz even with large size M1 and M2 in feedback path. 
Thus, for neural recording applications, style II would require 
an additional filter, e.g., a gm-C filter or a simpler structure [3], 
to provide a higher low-cutoff frequency. This additional 
filtering would occupy more chip area and weaken the total 
harmonic distortion (THD). 

Fig. 1.  Neural amplifer with two optional feedback paths. The feedback 
paths  at the two inputs of OTA are the same to improve CMRR. 
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Style I produces an offset at Vout that is proportional to the 
input amplitude and can be several mV for neural spikes with 
amplitude over 300μV. This offset voltage in style I is due to 
the gate voltage of M1 and M2 being fixed by Vtune (0.6V 
larger than Vcm), as shown in Fig. 2. When Vin_p is equal to Vcm, 
Vout is pushed to a voltage higher than Vcm to ensure M1 and 
M2 are on and operated in the subthreshold region. This offset 
also weakens the THD in style I. In style II, the feedback 
transistors act as pseudoresistor elements [3]. The MOSFETs 
and parasitic bipolar transistors in these elements act as 
converse polarity diodes connected in parallel so the output 
node will never be pushed to an offset above Vcm. 

Style II without an additional filter the best choice for 
low frequency neural signals (e.g., LFP) because it has better 
THD and no offset. However, for recording neural spikes 
(300Hz to 7kHz), style II requires a filter to raise the low cut-
off frequency, which will weaken the THD and increase 
power consumption. To accurately compare style I and style 
II, an additional filter was simulated with style II to match the 
bandwidth of style I. Table I shows that the THD of style I is 
similar to style II with a filter. The output offset is not critical 
because it can be removed by the following variable gain 
stage. Thus, style I was determined to be better for recording 
neural spikes because it requires lower power and less chip 
area. 

III. NEURAL AMPLIFIER OTA STRUCTURES 
Many different OTA structures have been reported for 

neural amplifiers, including a 2-stage amplifier [2], a current 
mirror [3], a folded-cascode amplifier [4], and a telescopic 
amplifier [5]. To determine the optimal OTA structure for 
neural amplifiers, OTA performance was analyzed relative to 
the requirements of neural recording applications.  

A. OTA open loop gain 
Open loop gain will affect the closed loop gain error as 

described by 

 ( )
βoAT
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where T is the loop gain of the neural amplifier, Ao is the open 
loop gain of the OTA and β is the feedback factor, equal to 
Cf/Ca. (1) shows that the gain error increases if the closed loop 
gain Ac (represented by 1/β) increases for a fixed Ao. However, 
a large Ac is needed for weak neural inputs. For a 40dB closed 
loop gain, the OTA open loop gain should be larger than 80dB 
to ensure gain error is less than 1%. Higher open loop gain can 
further reduce the gain error. 

B. OTA phase margin and bandwidth 
In all the published papers on neural recording systems, 

the OTA open loop phase margin (PM) is set to a value larger 
than 50. However, higher closed loop gain inherently provides 
a larger loop PM [6]. For a neural amplifier with a large 
closed loop gain of 40dB, the requirement for the OTA PM at 
0dB can be greatly relaxed. To illustrate this principle, 
suppose that the OTA is a two-pole system with dominate and 
secondary poles at fd and fnd, respectively. The loop gain T can 
thus be expressed as 
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which results in the gain and phase response illustrated in Fig. 
3. For two possible closed loop gains, Ac1 and Ac2, the loop 
PM and loop gain T, which is the difference between Ao and 
Acx, are shown. Here, PM1 and PM2 are larger than 45º even 
though PM0 is almost 0º. Note that PM1 is larger than PM2 
because T1 is smaller than T2. Thus, because the closed loop 
gain can be as large as 40 dB, the PM of the neural amplifier 
OTA can be very small. This permits OTA design to tradeoff 
PM for other performance parameters. Considering also that 
the desired high-cutoff frequency for neural amplifiers is quite 
low, ~7kHz, neither bandwidth nor phase margin are critical 
OTA parameters. However, because frequency characteristics 
can vary slightly from theoretical models, and because the 
neural amplifier filter feedback loop will introduce a new pole, 
it is important to test stability of the closed loop system while 
setting the OTA PM. 

C. OTA structure analysis 
For implantable neural amplifiers, the OTA should 

demand minimal power consumption to avoid damage to 
human tissue and permit maximum channel density. It should 
have extremely low noise for high SNR. A very high open 
loop gain is preferable to minimize the gain error for a large 

 
Fig. 2. Feedback structure test chip results for style I. The input is 1kHz, 
20mVpp sine wave and the output is 1.52Vpp sine wave with 0.6V dc offset. 

 
TABLE I.  PERFORMANCE COMPARISION OF FEEDBACK STRUCTUERS 

Feedback path styles Performance Style I Style II Style II + filter 
THD1 0.9% 0.37% 0.8% 
Low cut-off freq. Adjustable Fixed Adjustable 
Ouput offset  Yes None None 
Area Small Small Medium 

1. Simulation result

 

 

Fig. 3.  Bode plot of gain for a two-pole system. PM0 is OTA’s open loop 
phase margin at 0dB and closed to 0º, whereas PM1,2 is closed loop phase 
margin, larger than 45º.
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closed loop gain, and high CMRR is needed to reject common 
mode noise including common mode neural signals and 
interference from 50/60 Hz power line noise. For implants 
with wirelessly transmitted power, a high PSRR is needed to 
reject the large ripple on the power line, which can be larger 
than 10mV even if the wireless power receiver is followed by 
a regulator. For example, a PSRR over 80dB is necessary to 
ensure 10-bit accuracy for a 10mV ripple, assuming a 10μV 
input. The bandwidth requirement is not strict because the 
high cut-off frequency is less than 10kHz and the phase 
margin does not need to be large. The input and output range 
does not need to be large; for example, for a closed loop gain 
of 40dB, the output amplitude for a 10μV to 500μV input is 
only 0.1mV to 50mV. 

Based on theoretical studies and experimental experience, 
a generalized comparison of key neural amplifier performance 
parameters is given in Table II for the four common OTA 
structures. Combining the Table II assessment with the OTA 
analysis above, it was determined that the telescopic OTA has 
the best performance for the combination of parameters that 
are most important for neural amplifiers. 

IV. CAPACITANCE OPTIMIZATION FOR NEURAL AMPLIFIER 
The analysis in sections II and III defines the preferred 

feedback path structure and OTA for use in a neural spike 
recording amplifier. To complete the design, values must be 
assigned to Ca and Cf. This is not a trivial process because 
these values have a significant impact on noise and layout area 
as described in the optimization analysis of this section.  

Three primary noise sources must be considered for a 
neural system: neural signal noise, electrode noise, and 
electronic noise. For spike recording with a typical 
microelectrode array, the first two sources can be estimated as 
5~10µVrms [7] and 12.6µVrms [8], respectively. The electronic 
noise should be kept below the total input noise from the 
neural electrode, which is around 20µVrms. The main source of 
electronic noise is the neural amplifier because contributions 
from following stages will be divided by the high gain of the 
neural amplifier stage and can thus be ignored.  

The noise model of a neural amplifier is shown in Fig. 4. 
The input referred noise Vieq for OTAs in Table І can be 
expressed as 
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where Cg is MOSFET gate capacitance at the OTA input and 

Cp is the wiring parasitic capacitance that is negligible 
compared with Ca. Considering the relationship between Cg 
and gm, the theory of capacitive noise matching [6] says that 
Vieq is minimized when Cg = (Ca+Cf). However, in a practical 
design this minimum can not be achieved without excessive 
power consumption and chip area.  

 

Fig. 4.  Noise model for neural amplifier. 

Consider the standard model for Cg given by 
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where Cox is the gate oxide capacitance per unit area, γ is a 
factor relating gate-source and gate-drain capacitances, W and 
Leff represent the effective gate size, and N = (Ca+Cf)/Cg is a 
ratio useful in considering capacitive noise matching. Cg is 
determined by the OTA input transistor size. For neural 
amplifiers, the sum of Ca and Cf is generally a large value, 
such that N≥1. A plot of input referred noise vs. input 
transistor size [6] shows that smaller N results in better input 
referred noise when N≥1. For a fixed input transistor size, i.e. 
for a fixed Cg, Cf and Ca should kept small to decrease N and 
thereby improve noise performance. At the same time, this 
helps to minimize the chip area of the neural amplifier.  

V. NEURAL AMPLIFIER DESIGN AND RESULTS 
The analysis above can be summarized by the following 

design guidelines to improve the performance of neural 
amplifier for multi-channel neural spikes recording implants. 

• Style I feedback structure should be used to decrease 
chip area and power consumption. 

• The open loop phase margin of OTA can be set well 
below 45º to further improve OTA performance. 

• A telescopic OTA provides a good tradeoff between 
noise, power and PSRR. 

• The capacitance in the feedback structure should be 
minimized to improve noise performance and 
decrease area. 

Following the above guidelines, a neural amplifier was 
designed in 0.5μm CMOS. Cf was chosen to be 100fF to meet 
the feedback capacitance guideline with a value large enough 
to overcome stray parasitic capacitance [2]. The closed loop 
gain of the neural amplifier Ac was set at 100, which is the 
most common value found in neural amplifiers [2-4, 10]. To 
match these values, Ca was set to 10pF.  

TABLE II.  PERFORMANCE COMPARISION OF OTA STRUCTUERS

OTA structures 
Performance Two 

stage 
Current 
mirror 

Folded 
cascade Telescopic

Gain good poor good good 
Noise good poor fair good 
Power poor poor fair good 
Bandwidth fair good poor poor 
I/O range good good fair poor 
PSRR poor poor good good 

Noise efficiency factor (NEF) is commonly used to qualify 
the tradeoff between noise, bandwidth and power in neural 
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amplifiers [3-5, 10]. To set OTA parameters during design, 
simulations were performed to minimize NEF. Several 
different bias currents were considered, and 1 µA was found 
to provide the best NEF. Different input transistor sizes were 
also tested, and the final size was set to 165µm by 4.5µm 
because further increase of size beyond this yielded limited 
improvement in noise performance. PM optimization was 
found to enable improvements in open loop gain, noise, power 
performance, CMRR and PSRR. The final neural amplifier 
layout is shown in Fig. 5 and described by the post-layout 
simulation parameters in Table III.  

Fig.5.  Layouts of neural amplifier following guidelines identified in this 
paper The area is 507µm×114µm.  

For neural amplifiers, layout area and supply voltage are 
also important factors to maximizing the channel density of a 
multi-channel neural recording system. To incorporate these 
parameters into the performance comparison, a new figure of 
merit (FoM) relating noise, power, and area is given by 

  (5) BWPAVKVANEFFoM ieqdd /22 ⋅⋅⋅=⋅⋅=

where A is the chip area, Vdd is the supply voltage, P is the 
amplifier power consumption, BW is the bandwidth, and K is a 
constant. Lower values of FoM represent a better performance. 
Table IV shows a comparison of NEF and FoM between 
reported neural amplifiers. The design reported in this paper 
consumes the lowest power, has the lowest (best) NEF, and 
had the lowest (best) FoM. Reported NEF and FoM values, 
normalized to the results of this work, are plotted in Fig. 6 for 
easy comparison. Fig. 6 shows that [4] has the closest NEF but 
has an FoM that is almost two times larger. [5] has the closest 
FoM but its NEF is 83% larger. This comparison shows that 
the optimization guidelines developed in this paper enable 
significant performance improvements in amplifier for 
wireless neural recordings. 

VI. CONCLUSION 
A comprehensive analysis of neural amplifiers for design 

optimization was presented in this paper. Analysis showed 
that the telescope OTA with voltage tuned feedback is most 
suitable for a wireless neural spike recording system. OTA 
performance was found to be optimized with relaxed open 
loop phase margin requirements. Capacitive noise matching 
technology was incorporated for noise and area optimization 
of neural amplifiers. Following the optimization guidelines in 
this paper, NEF and an FoM for neural amplifiers were 
effectively improved. 
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