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Abstract— Multi-channel neural signal recordings need high 
data compression and efficient data transmission. Our 
previous work has shown a practical data compression solution 
based on discrete wavelet transform, multi-level thresholding 
and run length encoding. This paper presents a custom 
designed communication protocol for bidirectional data 
telemetry to and from the implanted module. A global 
controller is also presented which configures, operates and 
unites all the modules together effectively and efficiently into a 
32-channel system. Performance of the communication 
protocol and the compression engine is analyzed. 

I. INTRODUCTION  
Successful use of microelectrode arrays to record neural 

activity in the cortex has opened new opportunities for 
scientists to decode the intricate functionality of the human 
brain and the behavior of neurons that enable its complex 
operation. Most functions of the brain are a result of 
collective activity of ensembles of neurons, and thus it is 
necessary to observe their activity in response to external 
stimuli. The algorithms required to decode neural signal are 
computationally complex and resource hungry, and therefore 
the high bandwidth neural signals must be transmitted 
wirelessly to computationally powerful external units. The 
need for a wireless link arises, in addition to various surgical 
complications, from the inadequacy of wired links that limit 
the mobility of subjects. The solution lies in the use of 
implantable wireless transceivers. This approach encounters 
three major limitations, bandwidth, implantable area, and 
power. A typical recording of 32 neural channels sampled at 
25Ksamples/s with 10-bit ADC resolution results in data 
being generated at 8Mbits/s. Wireless transceivers for 
biomedical applications are not capable of providing the 
required data rate, necessitating signal compression before 
transmission. An excellent survey article by Judy and 
Markovi [1] summarizes some of the efforts aimed at 
addressing these challenges.  

This paper builds on our earlier work towards a system 
proposed in [2] which consists of two modules, the 
implantable Neural Interface Node (NIN) and the extra-
cranial Manager Interface Module (MIM). Fig. 1 provides a 
system level view of the integrated circuit in charge of 
processing and transmitting neural data in the NIN. The NIN 
is combined with a microelectrode array and implanted in the 
cortex. It communicates wirelessly to the MIM that, in turn 

communicates wirelessly to external processing units. The 
MIM also provides power to the NIN through inductive 
coupling and relays configuration commands to the NIN. In 
our earlier work [2-3], we presented a compression scheme 
based on discrete wavelet transform (DWT) that was tailored 
to suit neural signals, and be implemented within the NIN. 
The high-level architecture of the wireless neural recording 
system is presented in [2]. DWT, threshold and run length 
encoder (RLE) blocks form the compression engine to 
pseudo-simultaneously compress data from multiple 
channels. In this paper, we describe a new communication 
protocol tailored specifically for highly efficient half-duplex 
communication between NIN and MIM. We also present a 
global controller that binds the complete NIN into a 
functioning module and describe the different modes of 
operation. Simulated results show that the system as a whole 
works seamlessly and very effectively compresses and 
transmits the most important biological information in the 
acquired neural data. 

 

II. THE COMPRESSION ENGINE 
The compression engine is based on the theory of time-

frequency domain signal processing to ease the limitation of 
bandwidth by employing lossless as well as lossy 
compressions. The engine consists of three blocks: 1) a 
DWT block that acquires amplified and digitized multi-
channel signals and generates wavelet coefficients as their 
sparse representation [2-3], 2) a threshold block that takes 
the responsibility of de-noising and compressing these 
signals and thus employs lossy compression, and 3) an RLE 
block that removes the redundancy from the streaming data 
which is then formatted into packets for wireless 
transmission. The DWT block was designed to support up to 
32 channels with 4 levels of wavelet decomposition, and the 
best compression is achieved by using separate threshold 
values for each decomposition level of each channel. [3]   

This work is supported by the National Institute of Health under grant 
number NS062031.  

 
Figure 1. System diagram of the neural data compressor in the NIN. 
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III. COMMUNICATION 
The communication system transmits neural spike data 

from the NIN to the MIM and at the same time receives 
configuration settings and commands from the MIM. For 
cortical implants, this communication takes place across the 
skull and the scalp, thus the NIN and MIM are effectively 
only a few millimeters apart. The system has been designed 
assuming that the NIN will receive power and a clock signal 
wirelessly from the MIM.  

A. Packet Structures 
The neural data is considered pristine, which means error 

detection is necessary at both ends of the communication 
channel so that the packets can be retransmitted if erroneous 
data has been received. Two different packet structures are 
used during communication, one for uplink from NIN to 
MIM and the other for the downlink from MIM to NIN. As 
shown in Fig. 2, the uplink packet, also called the Data 
Packet, is large and contains eighty 10-bit values 
representing the compressed neural data. The packet contains 
8-bits of channel and DWT level information as the first data 
value in the packet. This channel and level information is 
only required for the first data value and subsequent values 
conform to a predetermined sequence of channels and levels 
set by the DWT block. The packet contains one bit to 
represent the current Packet ID to establish proper data 
sequencing at the receiving side. It also contains a Command 
Request ID as an acknowledgement for the last packet 
received. If the request ID is the same as the ID of the last 
transmitted packet, the receiver is requesting retransmission 
of the last packet. Finally, the packet contains 8-bits of 
Cyclic Redundancy Check (CRC) for error detection. A 
standard 8-bit CRC (CRC-8-CCITT) has been selected for 
this application based on the anticipated error patterns 
possible during communication. 

 
The downlink packet, also called the Command Packet, 

is used to send commands from NIN to MIM. This 25-bit 
packet contains 8 bits for the Command Code and 10 bits for 
corresponding Command Data. As in the Data Packet, the 
Command Packet also contains identification and request 
bits. A 5-bit CRC is sufficiently powerful for a packet of this 
length. 

B. Protocol Design 
A major limitation in the protocol design is the use of a 

half-duplex transceiver, chosen to conserve power and 
bandwidth. As a result, a single 1Mbps channel is used for 
both uplink and downlink data transfer. A stop-and-wait 
based approach has been taken to meet the requirements of 
the system, including a need for the NIN to wait for a packet 
to fill before transmission of streaming data. At the same 
time, the MIM has to transfer various configurations and 

commands to the NIN. However, the MIM does not have to 
wait for streaming data to become available. Since the 
system clock is generated wirelessly, another issue is the 
transmitter-receiver re-synchronization once a disruption 
takes place.  

Several sophisticated window-based protocols have been 
reported in the literature. However, with streaming data, 
where the transmitter sometimes has to wait for the data to 
become available, window-based protocols may take very 
long to hand channel control back to the MIM. This would 
preclude instant changes in configuration of the NIN. In 
addition, the protocol presented here has the obvious 
hardware area and complexity advantage of not having to 
maintain a number of previous packets.  Fig. 3 shows the 
flow diagram of the modified protocol. The diagram depicts 
normal flow of data as well as error handling. Command 
Packets are represented with a ‘C,’ Data Packets are 
represented with a ‘D,’ and the acknowledgement is 
represented with an ‘A’. Three important parameters in the 
flow diagram are the three configurable timeout values 
described below. 

 
An essential feature included in the protocol is the 

programmable ‘Data Not Ready’ timeout, referred to in Fig. 
3 as TimeOut N1 (TN1). This timeout occurs when the MIM 
requests new data from NIN but the NIN packet is not filled 
completely and thus not ready for transmission. TN1 is the 
maximum time that the NIN waits before stuffing and 
transmitting the packet if it is incompletely filled. This 
timeout is only relevant when neural activity is low and the 
spikes are sparse. A packet is transmitted as soon as the 
buffer fills; however, if a single spike is followed by a very 
long string of zeros it can take up to approximately 100ms to 
completely fill the Data Packet. This ‘delay’ in transmission 
may not be acceptable for certain applications where real-
time spike recording and decoding is important. The default 
value of TN1 is set to 8ms, but it can be reconfigured to any 
temporally relevant value of less than 32ms through a 
command from the MIM.  

The MIM transmits a Command Packet as soon as it 
receives a Data Packet from the NIN; it does not have to wait 
for a new command to become available and always 
maintains a preconfigured Command Packet. If the NIN does 
not receive a Command Packet within a specified time, then 
TimeOut N2 (TN2) occurs. The NIN assumes a ‘Data or 
Command Packet lost’ error and retransmits the Data Packet. 

 
Figure 3. Flow diagrams for the communication protocol. The diagram 
shows normal flow as well as handling of error conditions. 

Figure 2. (top) MIM to NIN Command Packet. (bottom) NIN to MIM Data 
Packet. 
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Let ‘TD’ be the time to transmit a Data Packet and ‘TC’ be the 
transmit time of a Command Packet. With a transmission 
frequency of 1Mbps, the 818-bit Data Packet takes 
TD=0.818ms for transmission, and the 25 bit Command 
Packet takes TC = 0.025 ms. TN2 can then be expressed as 

  TN2 ≥ TD + TC + 2*TP  ≈ 0.85 ms (1) 

where TP is the packet propagation delay, which is negligible 
due to the close proximity of the NIN and MIM. Similarly 
the idle time between reception of a packet and transmission 
of a preconfigured packet is also negligible.  

The reconfigurable TimeOut N3 (TN3) acts as a watchdog 
timer for the communication controller. If the NIN does not 
receive a packet from the MIM for three consecutive Data 
Packet transmissions, then the NIN communication 
controller resets itself assuming a ‘Break’ in communication 
requiring re-synchronization. TN3 can be expressed as 

 TN3 ≥ TN1 + 3*TD + 3*TC + 3*TP (2) 

The default value of TN1= 8ms gives TN3≈ 10.6ms. If needed, 
a reset command can be issued through the MIM that resets 
the NIN and initializes all settings to their default values.   

Fig. 4 shows the functional diagram of the communication 
controller. The transmitter and the receiver use serial data in 
and out lines in conjunction with corresponding clock signals 
to communicate with the transceiver. The controller contains 
two frames. At any given time, one frame is the active frame 
while the other acts as a reserve frame. The reserve frame is 
filled while data from the active frame are being transmitted. 
It is desirable to be able to transmit the active frame twice (in 
case of an error) before the reserve frame fills and data 
overflows. As a result, from (1), the buffer should be large 
enough to store incoming data for a time greater than 2*TN2 
≈ 1.7 ms seconds. This can be achieved by settings the 
appropriate threshold and frame size. 

 

IV. THE GLOBAL CONTROLLER 
In addition to the local controller for each block, a global 

controller binds all the components together into a system 
and is responsible for the correct operation of the NIN. It is 
responsible for synchronization of data flow between blocks, 
generation of respective clocks and the engagement or 
bypass of certain blocks in the data path. The controller also 
contains a power management module. However, most 
importantly, the global controller interprets the different 
commands from the MIM and changes the configuration and 
operation of the NIN accordingly. The operation of the NIN 
is controlled by several configuration registers. The values in 
these registers can be changed by the MIM to control the 
operation of the NIN.  

A. Modes of Operation 
The system operates in three modes controlled by the 

configuration registers. The first two are monitor modes in 
which the data is transmitted without compression. These 
modes are called monitor spikes (MS) mode and monitor 
LFP (MF) mode, where LFP refers to local field potential. 
Because data is uncompressed in monitor modes, only one 
selectable channel can be active at a given time. In MF 
mode, the system bypasses the high gain amplifiers and 
routes the analog signals directly to the ADC. The 
transmitted signal thus contains the information embedded in 
the LFP as well as the neural spikes. In MS mode, the 
amplifiers and filters are activated resulting in a signal that 
contains only the neural spikes and is free of LFP effects. 
Gain of the amplifiers is adjustable to four different settings.  

The third mode is called the compression mode (CM). 
This mode engages the digital signal compression blocks in 
the NIN and is capable of processing up to 32 channels 
simultaneously. The configuration registers dictate which 
channels will be sampled and which, if any, will be ignored. 
The channels are sampled in a time division multiplexed 
manner maintaining separate gain settings for each channel. 
The ADC output is then fed to the DWT block which 
computes the wavelet coefficients up to four levels of 
scaling. These coefficients are generated in a predefined 
sequence. They are then passed through the threshold block, 
which keeps the significant coefficients and discards the 
insignificant values. The MIM assigns appropriate values to 
each threshold, which are stored on the NIN. The resulting 
signals are sent to the RLE block that compresses the data 
and forwards it to the communication controller for 
transmission to the MIM. 

Upon reset, the system will sample channel one at 
25Ksamples/s in MS mode. The MIM receives and processes 
the uncompressed data to compute appropriate thresholds 
and transmits the resulting values back to the NIN. Then the 
NIN is configured to monitor the next channel and the 
procedure repeats. Once the thresholds for all the channels 
have been set, the NIN can be reconfigured for operation in 
CM mode and begin processing all channels simultaneously. 

B. Power Management 
The global controller also manages power for the NIN. 

Two main techniques are used to conserve power. First, 
dynamic frequency scaling (DFS) is employed whenever the 
NIN system is not required to function at its maximum 
capability; the clock frequency is scaled down, which 
linearly effects the power dissipation.  A dedicated block in 
the global controller is used to generate clock signals for all 
the NIN blocks. The controller also disables any components 
not on the signal data-path for a given mode of operation, 
reducing unnecessary transistor switching. Since the 
performance of components is not currently limited by the 
signal propagation delays, dynamic voltage scaling can be 
used in addition to DFS in future generations of the design. 

V. DISCUSSION 
The analysis and results of the DWT and threshold 

blocks have been presented in [3]. The communication 

 
Figure 4. Functional diagram for the communication controller. 
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system can be seen as operating in two phases. In the 
beginning the NIN has data to send to the MIM and the MIM 
has configuration commands to send to NIN. During this 
phase the protocol efficiency is maximum and is given by 

 η = (TD + TC)  / (TD + TC + 2*TP) ≈ 1 (3) 

Steady state is reached when the initial configuration is 
complete and the MIM has very few commands for the NIN. 
During this phase, the efficiency of protocol can be given by 

 η = TD / (TD+TC+2*TP)  ≈  97% (4) 

The efficiency expression in (4) is valid when there are 
no errors during transmission. The probability of error 
because of a CRC failure or lost packet is denoted by Pe. If T 
is the amount of time taken to successfully transmit a packet 
and receive its acknowledgement in the presence of errors, 
then the average time it takes to successfully transmit a 
packet in presence of errors, E[T], is given by 

 E[T] = (TD + TC + 2*TP) (1 + Pe/(1-Pe)) (5) 

During steady state, in the absence of any errors, the data 
throughput of the compressed coefficients can be given as 

NIN Throughput = No. of Data Bits / Total Bits * Tx. Rate 

 = 800/(818+25) * 1Mbps ≈ 950 Kbps (6) 

Thus, a 1Mbps channel can transfer data generated at rates 
less than 950Kbps. However, as with other protocols, if 
successive packets result in failed CRCs or are lost, then 
multiple retransmissions may be required for each packet. If 
at the same time there is a burst of activity in the neurons, 
then this may result in data being generated at a higher rate 
than the throughput of the channel, raising the possibility of 
a buffer overflow and thus data loss at the NIN. 

VI. RESULTS 
To test the functionality and integrity of the design, 32 

channels of neural spike trains were simulated and sampled 
at 25Ksamples/sec per channel. Each channel contains spikes 
at a high firing rate of 90 spikes per second which are 
multiplexed into a single stream and provided to the 
compression engine. The system was tested in both the 
monitor and compression modes. The monitor mode resulted 
in an exact reconstruction of the original signal. For the 
compression mode, Fig. 5 shows a comparison of the 
original signal with a signal reconstructed by keeping only 
2.5% of the coefficients, which means each bit of 
compressed data represents 40 bits of raw signal. No data 
loss due to overflows was recorded during the transmission. 
Same thresholds were used for consistency across channels, 
resulting in similar quality of reconstruction for all channels.  

Fig. 6 shows a histogram of the time taken for incoming 
neural data to completely fill each frame during the 
experiment. It can be seen that, on average, each packet was 
filled in about 4ms. Corresponding to the highest level of 
activity in the neurons, the minimum time taken to fill a 
packet was recorded as 2.6ms which is within the allowed 
time limit of 1.7ms (see III.B) to avoid data overflow. 
However, in experiments using very low threshold values, 

packets have been observed to fill faster than they can be 
transmitted, which is expected and demonstrates the need for 
setting thresholds that result in the greater data compression. 
Our ongoing work aims at raising the thresholds to their 
highest possible value to enable spike sorting to 
simultaneously take place [4]. 

 

 

VII. CONCLUSIONS 
A new communication protocol and corresponding 

circuitry was designed and shown to integrate well in the 
larger system, enabling highly efficient error free data 
transmission and reception under the constraints of 
bandwidth, area and power. A global controller was also 
presented that unites the compression engine and the 
communication controller into a highly configurable system 
capable of pseudo-simultaneously processing up to 32 
neural spike trains. The controller manages three modes of 
operation and various configurations built into the design.  

REFERENCES 
[1] J. W. Judy, and D. Markovi, “Guest Editorial Special Section on 

Wireless Neural Interfaces,” IEEE Trans. on Neural Systems and 
Rehabilitation Engineering, vol. 17, no. 4, pp. 309-311, Aug. 2009. 

[2] K. Oweiss, A. Mason, Y. Suhail, A. Kamboh, and K. Thomson, “A 
Scalable Wavelet Transform VLSI Architecture for Real Time Signal 
Processing in High Density Intra-Cortical Implants,” IEEE Trans. on 
Circuits and Systems, vol.54, no. 6, pp.1266-1278, Jun. 2007. 

[3] A. M. Kamboh, M. Raetz, K. G. Oweiss, A. Mason, “Area-power 
efficient VLSI implementation of multichannel DWT for data 
compression in implantable neuroprosthetics,” IEEE Trans. on 
Biomed. Circuits and Systems, vol. 1, no. 2, pp. 128-135, Jun. 2007. 

[4] M. Aghagolzadeh, and K. G. Oweiss, “Compressed and Distributed 
Sensing of Neuronal Activity for Real Time Spike Train Decoding,” 
IEEE Trans. on Neural Systems and Rehab. Engg., vol.17, no. 2, 
pp.116-127, May 2009. 

Figure 5. Part of the 32 neural signals received and reconstructed by the 
MIM, at a compression ratio of 1/40, in comparison to the original signal 
acquired by the NIN. Despite some apparent signal loss, spikes are easily 
discriminated. 

 
Figure 6. Histogram of time taken in milliseconds by the compressed 
neural data to completely fill each Data Packet. 
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