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ABSTRACT 
 
Although the information processing in the brain is 

mostly done through neuron’s electrical activities, there 
might be significant information in presynaptic 
neurochemicals. Recent studies suggest concurrent 
measurement of interrelated brain’s electrical and 
neurochemical activity may lead to novel approaches for 
diagnostic and better understanding of brain operation 
which may result in improved solutions for nervous system 
related disease and developing optimal neural prosthetics. 
We present a energy efficient multimodal CMOS Nano-
Brain-Machine-Interface for simultaneous measurement of 
Action Potential (AP) and neurotransmitter concentration. It 
consist of a nano-power neural amplifier for action 
potential detection and amplification; a nano-power current 
conveyor potentiostat which senses picoscale to microscale 
current that corresponds to micromolar neurotransmitter 
concentration; and a micro-power ∑∆ Analog to Digital 
Convertor (ADC) to convert the analog signal (AP or 
neurotransmitter concentration ) to digital code. This 
microsystem is fabricated in CMOS 0.18 µ technology and 
tested using recorded signals from dorsal premotor cortex 
(PMd) area of a macaque monkey in our lab. 
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1 INTRODUCTION 
 
Electrical energy and chemical impulses are essential 

for communication throughout the nervous system. 
Understanding how this communication occurs gives us a 
better perceptive of the processes that are interrupted by 
neurological disorders which are the fastest-growing 
disease worldwide [1]. The communication in the nervous 
system occurs when one neuron is exited. It fires what is 
called an Action Potential (AP) which is a brief electrical 
charge travels down the axon to the synaptic terminal. The 
communication between two neurons begins at the 
microscopically small space which separates the axon from 
adjacent neurons. This is called the synaptic gap. The AP 
triggers the release of neurotransmitters which are sent 
through this gap to defuse to receptors on the target neuron 
in order to complete the transfer of the information [2].  

Although the majority of studies focus on action 
potentials (AP) [3,4,5], however, since neurotransmitters 
and APs are interrelated, simultaneous measurement of both 
elements and investigating possible correlations might lead 
to better understanding of brain operation and result in 
improved solutions for nervous system related disease 
[6,7,8]. Thus a neural interface should not only detect the 
action potentials but also measure the neurochemical 
concentrations in synaptic areas, as shown in Fig. 1. 

 
Figure 1: System level block diagram of a Action 

Potential and Neurotransmitter measuring interface. 
 

Since one of our ultimate goals is to apply this neural 
interface in an implantable neural prosthetic; 
microsystems’s power efficiency is crucial. The system 
should operate on minimum power to avoid over heating 
the brain tissue. In addition frequent battery replacement 
and surgical procedures to replace the implants are 
unnecessary.   

We start with action potential recording module, a low 
power neural amplifier with 63.57 dB gain and 4.6 KHz 
bandwidth while consuming 653 nano watts. We continue 
with chemical recording module, a nano-power current 
conveyor-potentiostat which applies Fast-scan cyclic 
voltammetry electrochemical technique to detect 
micromolar neurotransmitter concentration by sensing 
picoscale to microscale current. Its power dissipation is 470 
nano watts which maintaining a 2.75 KHz bandwidth. We 
conclude this manuscript by introducing a micro-power 
65.8 SNR/ 10 bit first order ∑∆ analog to digital convertor 
(ADC) to convert the analog signal (AP or neurotransmitter 
concentration) to digital codes. Its power dissipation is 88.2 
micro watts while having a 1.5 KHz bandwidth. 
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Figure 2:  Electrochemical Recording and Digitizing 

Circuits fabricated in CMOS 0.18 um 
 

2 ACTION POTENTIAL RECORDING 
CIRCUIT 

 
Neural amplifiers are one of the major elements of an 

action potential recording systems. Recording of neural 
activity has been done using bench-top biomedical 
instrumentation equipment. These equipments are 
stationary, bulky and limited to few recording channels. 
Also they suffer excessive noise due to external wiring and 
environment. Since 1971 (Wise at Stanford) there have 
been remarkable efforts to miniaturize the recording 
systems using JFET and CMOS technology [9]. By 
increasing the number of recording channels, amplifier’s 
low power dissipation is more essential than ever since each 
channel requires an amplifier. Several promising low power 
designs have been reported [9,10]. We have fabricated a 
neural amplifier with one of the lowest power dissipation 
reported to date, Table I. To design an optimum low power 
neural amplifier, it is important to understand the nature of 
action potential first. The AP’s magnitude ranges between -
300 to 400 uW and its bandwidth is between 0.1 to 3.5 KHz 
[11]. 

A single stage, telescopic operational amplifier 
fabricated in CMOS 0.18u technology, Fig. 3. The main 
reason of selecting this topology is its low power 
dissipation in addition to its high gain and input referred 
noise. In addition since there is no capacitor, neural 
amplifier area is very small. The main drawback of 
telescopic amplifier is its limited swing; but based on action 
potential range, the achieved swing is adequate. We have an 
on chip biasing circuitry which adds to system accuracy and 
mobility. The neural amplifier is design to operate in weak 
and moderate inversion region to minimize power 
dissipation. It has 63.57 dB DC Gain and 4.6 KHz 
bandwidth while consuming 653 nano watts. Furthermore; 
the amplified signal is buffered in order to drive the ADC. 
A source follower voltage buffer is used to prepare the 
amplified signal for further processing. Since we required 
more bandwidth in AP recording we were not able to use 
the amplifier used in neurotransmitter recording interface. 
We increase the bandwidth at the cost of slight increase in 
power dissipation. 

 
Figure 3:  Overall system diagram of the low noise neural 

amplifier and Transistor level diagram 
 
To validate the amplifier performance, we have used 

action potentials which were recorded in physiology 
division of our lab using chronic multi-electrode arrays in 
an awake, behaving male macaque monkey. Figure Fig. 4, 
shows 50 waveforms from one neuron in dorsal premotor 
cortex (PMd) area. These waveforms were recorded 
approximately six months after array implantation. The 
initial signal magnitude was between -99.4 to 39.78 uV and 
amplified to -0.15 to 0.06 V, Fig. 4. 
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Figure 4:  Recorded and amplified action potential form 

monkey’s brain PMd 
 

Specifications This Work [12] [13] 
Fabrication Year 2013 2013 2013 
Technology (µ m) 0.18 0.18 0.18 

DC Gain (dB) 63.57 48.36 55.9 
3dB Bandwidth (KHz) 4.6 3.7 1 to 10 

Phase Margin (deg) 84.45 59 63 
Supply Voltage (V) 1 0.9 1 
Output Swing ( V) -0.3,+0.3 -0.2,0.2 -0.3, 0.3 

Power (µ W) 0.653 3.7 13 

Table 1 : Low Power Neural Amplifier Specifications 
and Comparison.  

3 NEUROTRANSMITTER RECORDING 
CIRCUIT 

 
Neurotransmitters carry extremely important 

information which decoding this data my lead to 
breakthrough in understanding how neurons work and 
communicate in order to achieve an optimum neural 
prostheses. Previous studies suggest that electrochemical 
sensors are suitable for neurochemical sensing [14, 
15].Every neurotransmitter is associated with a certain 
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voltage [16]. To measure neurochemical concentration, this 
voltage is applied between the working and reference 
electrode.  The potential difference generates a reduction-
oxidation (red-ox) current which is proportional to the 
neurotransmitter concentration [16]. Our goal is to 
implement a device that possesses high sensitivity, high 
chemical selectivity, and fast temporal resolution. Thus we 
are applying Fast-scan cyclic voltammetry technique which 
possesses good chemical selectivity while maintaining 
subsecond temporal resolution [16]. 

We have implemented a CMOS potentiostat, Fig.2, 
which consist of a current conveyor that converts pico to 
nano-amp red-ox current to voltage. To measure the 
electrochemical current, the red-ox potential is applied 
between working and reference electrode. The core of the 
current conveyor is the operational amplifier. Instead of 
using power hungry front end amplifiers; a wide swing 
folded cascade amplifier, Fig. 5, is used for its high gain 
and stability [12].   

Power dissipation is minimized since the Op-Amp is 
designed to operate in the subthreshold region. We chose a 
folded cascode due to its high gain and low bandwidth. We 
have reduced the power consumption by decreasing the 
unity gain bandwidth. 

Vred-ox is applied across RSensor. I red-ox which is 
proportional to neurochemical concentration, accumulates 
charge on CINT over the integration period TINT.Output 
voltage is calculated by Equation (1). In addition since 
integration is an averaging operation, this circuit provides 
high noise immunity. 

 
Figure 5:  Overall system diagram and Transistor schematic 

level of the low power potentiostat  
Specifications This Work [17] [12] 

Fabrication Year 2013 2009 2013 
Technology (µ m) 0.18 0.18 0.18 

DC Gain (dB) 65.1 62 48.36 
Unity Gain Bandwidth 

(MHz) 
4.75 0.54 2.408 

Phase Margin (deg) 83.8 52 59 
Supply Voltage (V) 1 0.9 0.9 
Output Swing ( V) -0.45,+0.43 -0.2,0.2 -0.2,0.2 

Power (µ W) 0.47 9.9 3.741 

Table 2: Amplifier Specifications and Comparison 
The designed Op-Amp consumes 470 nano Watts. This 

power dissipation is one of the lowest reported [12, 17]. 

Table II summarizes the amplifier’s specifications in 
addition to comparing our work to other similar designs. 
Fig. 6 shows   the measured red-ox current in response to 
addition of five uM Dopamine (neurotransmitter). 

 
Figure 6: The static red-ox current in response to addition 

of 5 µM dopamine 
4 10 BIT, ∑∆ DIGITIZING CIRCUIT 

 
 To convert the measured brain analog biosignal into a 

digital code, a 10 bit first order ∑∆ ADC is fabricated in 
CMOS 0.18u technology. We choose ∑∆ topology for its 
high resolution, low power and small area. Since brain 
activities are in mille second to second range, high speed 
digitizers are not required.  ∑∆ ADC owes its performance 
to oversampling and noise shaping. Quantization noise is 
pushed out of the band of interest. It consists of an 
integrator followed by a quantizer in forward path and a 
Digital to Analog Converter (DAC) in feedback path 
followed by a decimator, as shown in Fig. 7.  

The major design goal was minimizing the power 
dissipation while meeting required specifications. Thus, a 
lower sampling frequency was selected in addition to low 
power biasing. Total ADC power dissipation is 88.2 µW 
which is comparable with similar designs  and one of the 
lower ones in CMOS 0.18 technology.  

 
Figure 7. Overall system diagram of the ∑∆ ADC 

 
Figure 8: Transistor level diagram of the same ADC 
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ADC bandwidth is 1.5 KHz while sampling at 384 KHz 
with 65.8 dB Signal-to-Noise (SNR) ratio which is 
equivalent to 10 bit resolution, Equation. 2. The 
Oversampling Ratio (OSR) is 128. Equation. 3 Demonstrate 
the relationship between bandwidth, sampling frequency 
and oversampling ratio. 

 
We tested the ADC by computing the Fast Fourier 

Transform (FFT) of the output to calculate the power and 
Signal-to-Noise-Ratio (SNR). Fig. 10 shows the power 
spectral density of the 10 bit first order sigma delta ADC. 
The total number of samples is 1024 and Over Sampling 
Ratio (OSR) is 128. To find the peak SNR, input amplitude 
swept over the input swing range, Fig. 9.  

       
0.05 0.1 0.15 0.2 0.25 0.3 0.35

30

40

50

60

Input Amplitude (V)

S
N

D
R

, d
B

 

 

Peak SNR = 65.8 dB

 
Figure 9: SNR Vs Input of the 10 bit, sigma delta ADC 

 

 
Figure 10:  PSD plot for the 10 bit, sigma delta ADC 
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