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Abstract- This paper presents a neural recording analog 
front-end IC intended for simultaneous neural recording with 
action potential (AP) detection for data compression in wireless 
multichannel neural implants. The proposed neural recording 
front-end IC detects the neural spikes and sends only the 
preserved AP information for wireless transmission in order to 
reduce the overall power consumption of the neural implant. 
The IC consists of a low-noise neural amplifier, an AP detection 
circuit and an analog buffer with digital delay. The neural 
amplifier makes use of a current-reuse technique to maximize 
the transconductance efficiency for attaining a good noise 
efficiency factor. The AP detection circuit uses an adaptive 
threshold voltage to generate an enable signal for the 
subsequent functional blocks. The analog buffer with digital 
delay is employed using a finite impulse response (FIR) filter 
which preserves the AP waveform before the enable signal as 
well as provides low-pass filtering. The neural recording 
front-end IC has been designed using standard CMOS 0.18-µm 
technology occupying a core area of 220 µm by 820 µm. 

I. INTRODUCTION 

In neuroscience research and clinical neuroprosthesis, 
simultaneous activities of a large population of neurons have 
to be recorded, transmitted and processed for neural pattern 
classification and recognition [l], [2]. Conventionally, a 
complete set of recorded raw data is preserved for data 
analysis [3]. However, for the recently emerging implantable 
wireless neural recording microsystem such as in Fig. 1, the 
compression of this large volume of data becomes of great 
necessity to reduce the effective transmission data rate so as to 
lower the power consumption of the entire recording implant 
[ 4], which is the key to minimize the required power and size 
of the data transmitting coils, thereby alleviating the excessive 
heat dissipation caused by the implanted electronics. 

In the neural recording system, the neural activity is 
recorded as action potentials (APs) which is a pulsatile signal 
with a peak-to-peak amplitude ranging from 50 to 500 µ V and 
a power spectrum that lies between 300 Hz and 5 kHz. Neural 
activities are decoded from these recorded APs using different 
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Figure 1. Typical system architecture of the fully implantable wireless neural 
recording microsystem. 

decoding methods such as the firing rate decoding, temporal 
decoding and population decoding [5]. Since AP represents 
the complete neural information, by detecting the APs and 
transmitting only APs, not only the signal integrity is 
preserved, the data volume required for neural information 
decoding [ 6] is also reduced. 

In [7], only the occurrence of APs is detected, resulting in a 
data rate of 330 kbps from 100 recording channels. However, 
recording of a complete AP waveform is essential to better 
understand brain functionality and to predict the intended 
movements. In [8] and [9], the neural AP detection is 
conducted in digital domain and it outputs only the detected 
APs for transmission, achieving more than 90% data 
compression. It has relatively accurate control in AP 
waveform preservation since it performs AP detection after 
data quantization. However, the system requires large on-chip 
memory and computation resources to store and process the 
quantized data from all the channels, and consumes a 
significant amount of power among the analog-to-digital 
converters (ADCs) that are constantly on. In [6], the AP is 
detected in the analog domain before quantization and an 
analog delay of 600 µs is inserted in the front-end chain to 
preserve the AP waveform before crossing threshold voltages. 
No memory is required and the ADCs can be switched off 
using this AP detection strategy. However, the time delay 
implemented using the analog filter can be significantly 
affected by process variation and mismatch, which makes the 
preservation of complete AP waveform not guaranteed, 
especially when the recording is performed from a large 
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Figure 2. Block diagram of neural recording front-end. 
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number of channels simultaneously. Therefore, an AP 
detection method providing precise preservation of AP 
waveform without requiring large memory and computation 
resources or power penalty is highly demanded. 

In this work, we present a neural recording front-end IC 
with AP detection using a discrete-time finite impulse 
response (FIR) filter as a delay buffer to perform data 
compression while ensuring preservation of the AP waveform. 
The AP detection is carried out in analog domain before data 
quantization so that the ADCs and their driving buffers can be 
powered down during the non-AP period. The time delay for 
preservation of the complete AP waveform is implemented 
using the FIR filter in discrete-time domain where the time 
delay is defined by the clock period that is accurate and robust 
to process variation and mismatch. 

II. SYSTEM ARCHITECTURE 

Fig. 2 depicts the block diagram of the proposed neural 
recording front-end IC which comprises three main building 
blocks: (1) a low-noise neural amplifier for amplifying the 
neural signal acquired through the multi-electrode array 
(MEA) by 100 times; (2) an AP detection circuit that detects 
the AP and generates triggering signal to enable its subsequent 
functional blocks such as buffers, ADCs, multiplexers, and 
circuits in the RF transmitter; and (3) an analog buffer with 
digital delay implemented using an FIR filter to preserve the 
complete AP waveform. 

III. CIRCUIT IMPLEMENTATION 

A. Low-Noise Neural Amplifier 

One of the most critical components in the design of the 
neural recording front-end IC is the low-noise neural amplifier 
as it contributes the most to the overall input-referred noise 
performance of the front-end IC. The schematic diagram of 

Figure 3. Circuit schematic of the low-noise neural amplifier. 

the low-noise neural amplifier used in this work is shown in 
Fig. 3. A capacitive feedback topology is chosen to effectively 
block the large input DC offset caused by the tissue-electrode 
interface while using pseudo-resistors to stabilize the DC bias 
at the input nodes. The gain of the amplifier is determined by 
the ratio of C i/C2, where C 1 = 20 pF and C2 = 200 fF. The value 
of the pseudo-resistor RDc together with C2 determines the 
high-pass cutoff frequency of the neural amplifier. It is set to 
be 300 Hz so that the AP waveform can be recorded without 
being affected by the LFP signal. The low-pass cutoff 
frequency is defined by the bandwidth of the operational 
transconductance amplifier (OTA), which is designed to be 5 
kHz so that the out-of-band noise can be filtered out. A fully 
differential current-reuse OTA [10] is used to achieve an 
optimal power-noise trade-off and hence a very low value of 
noise efficiency factor (NEF). The current-reuse technique is 
employed at the input stage of the OTA to improve the 
transconductance efficiency so as to achieve low power and 
low noise at the same time. 

B. Adaptive AP Detection Circuit 

Fig. 4(a) shows the block diagram of the AP detection 
circuit. In order to avoid any influence of the offset generated 
by the neural amplifier on the AP detection, the neural 
amplifier is AC-coupled to the AP detection circuit. A 
pseudo-resistor is used with a capacitor of 500 fF to 
implement a high-pass cutoff frequency of 100 Hz, resulting 
in full coverage of the entire AP signal bandwidth. The 
AC-coupled signal is further processed by two 
comparators-one for upper threshold detection and the other 
for lower threshold detection. The outputs from the two 
comparators are fed to an OR gate to generate a combined 
output as an enable signal. The enable signal is used to control 
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Figure 4. (a) Block diagram and (b) operation waveforms of the spike 
detection circuit. 
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the subsequent quantization and wireless transmission circuit 
blocks. The threshold voltages, Vm+ and Vm_, for the two 
comparators are produced by an adaptive threshold generation 
circuit which automatically sets the thresholds based on the 
noise level of the amplified neural signal. Typical operation 
waveforms of the AP detection circuit are shown in Fig. 4(b). 
The output of the OR gate covers only a part of the complete 
AP waveform where the signal value exceeds either one of the 
threshold voltages. To preserve the complete AP waveform, a 
delay time of TAPD = 400 µs is applied to the falling edges of 
both enable _yos and enable_ neg using eight D flip- flops 
(DFFs) connected in series and the AP waveform before the 
onset of enable is stored using an analog buffer with a digital 
delay of TFIR = 300 µs. TAPD and TFIR are both empirically 
determined by observing the real neural waveforms recorded 
from rat brains [l O], [ 11]. As a result, the entire information of 
the AP waveform is well preserved for further storage, 
transmission, and processing. 

C. Analog Buffer with Digital Delay 

The analog buffer is implemented using an FIR filter 
shown in Fig. 5. The main role of the FIR filter in the system is 
to provide a well-defined linear delay to the neural signal so 
that the complete AP waveform can be passed to the 
subsequent blocks when the enable signal is triggered. The 
extra advantage of using the FIR filter as a delay buffer is that 
the out-of-band noise can be further suppressed by the sharp 
filtering characteristics. By estimating the time delay required 
for recording the initial part of the AP waveform from the 
neural signal recorded in vivo, an 8-tap FIR filter is 
implemented. 

Two conventional switched-capacitor buffers are connected 
in series to form a one-clock delay cell. Different filter 
coefficients are realized using switched capacitors with 
different weights, which comprise a different number of 
multiple unit capacitors connected in parallel. The 
multiplication of the signal with the filter coefficient is 
accomplished via charge redistribution among the switched 
capacitors. First, the amplified neural signal is sequentially 
sampled on weighted capacitors ( C;o, Cf1, ···, CJ8) by a set of 

Figure 6. Layout and simulated performance summary of the designed 
neural recording front-end IC. 

switches. Next, the charges stored on the weighted capacitors 
are added together by another set of switches. To realize both 
positive and negative coefficient values, the switched 
capacitors are grouped into one array of positive coefficients 
and the other array of negative coefficients. The arrays of 
positive and negative coefficients are subtracted by the 
following summing switched-capacitor amplifier. All the 
switches used in the design are implemented usmg 
transm1ss10n gates. The charge injection and clock 
feedthrough errors in the FIR filter are minimized using 
small-size transistors with two dummy components at both 
sides of the switch. 

IV. SIMULATION RESULTS 

The neural recording analog front-end IC was designed in a 
standard 0.18-µm CMOS technology. It occupies a core area 
of 220 µm by 820 µm and does not require any off-chip 
component. The IC layout is shown in Fig. 6 together with a 
summary of its simulated performances. The neural amplifier 
operates with a 1-V supply, from which it draws 1 µA 
providing 40-dB gain with a low-pass cutoff frequency of 5 
kHz. The FIR filter consumes 5.6 µA and has a bandwidth of 
5.7 kHz. The AP detection circuit consumes another 0.6 µA 
from the 1-V supply. Although the AP detection and delay 
circuit consumes extra power compared to the conventional 
neural recording front-end design, the power saved in data 
storage, transmission and processing functions due to the 
reduced data volume should be much more significant [ 4 ], 
[11]. 

To verify the functionality of the proposed neural recording 
front-end IC, simulations were performed using the actual 
neural signals pre-recorded from anesthetized rats [ 10], [ 11] as 
the input of the designed IC. Fig. 7 shows the simulated 
outputs of the FIR filter and the spike detection circuit versus 
the pre-recorded neural signal input. Fig. 8 shows the zoom-in 
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view of the simulation results. Fig. 8(a) is the input neural 
signal and Fig. 8(b) is the spike detection output before the 
delay element. The two pulses in Fig. 8(b) are resulted from 
the positive and negative phases of the neural spike, 
respectively. Fig. 8(c) shows the enlarged spike recording 
window on the FIR output (Fig. 8(d)) to preserve the complete 
AP waveform information. Table I provides a comparison 
between the different data compression techniques used for 
implantable wireless neural recording microsystems.  

V. CONCLUSION 

A neural recording analog front-end IC with lossless data 
compression based on spike detection and adaptive waveform 
windowing has been demonstrated for fully implantable 
multichannel wireless neural recording systems. Wireless 
transmission of the recorded neural signal waveform is 
enabled only during the presence of neural spikes, and hence 
the data rate can be effectively reduced by more than 10 times 
[4] compared to the conventional wireless neural recording 
system. Furthermore, the complete neural AP information is 

securely preserved with adaptive AP recording windows. The 
functionality of the proposed recording front-end IC design 
has been verified with intensive simulation using actual neural 
signal waveforms pre-recorded in vivo.  
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Figure 7.  (a) Simulated outputs of the FIR filter and the spike detection 
circuit with (b) the pre-recorded neural signal from anesthetized rats (1.38-s 
long trace) as the input to the front-end IC. 

 
Figure 8.  Zoomed-in simulation results with the pre-recorded neural signal 
from rats (6-ms short trace) as the input: (a) input neural signal, (b) spike 
detection output before the delay element, (c) spike detection output after the 
delay element, (d) FIR filter output. 
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TABLE I.  COMPARISON OF DATA COMPRESSION TECHNIQUES. 

 

Domain Waveform 
preservation

Recording 
time per spike Scalability

[4] Digital Partial 1 ms Yes

[6] Analog Partial 2 ms Restricted 

[8] Digital Partial 2 ms Yes 

[9] Digital Poor - Yes 

This work Analog Complete Adaptvie Yes 

(a) 

(b) 
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