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Abstract—Sleep is an important and ubiquitous process that,
despite decades of research, a large part of its underlying
biological circuity still remain elusive. To conduct research in
this field, many devices capable of recording neural signals
such as LFP and EEG have been developed. However, most of
these devices are unsuitable for sleep studies in mice, the most
commonly used animals, due to their size and weight. Thus, this
paper presents a novel 4 channel, compact ( 2.1cm by 1.7cm )
and lightweight ( 3.6g ) neural-logging device that can record
for 3 days on just two 0.6g zinc air 312 batteries. Instead of
the typical solution of using multiple platforms, the presented
device integrates high resolution EEG, EMG and temperature
recordings into one platform. The onboard BLE module allows
the device to be controlled wirelessly as well as stream data in real
time, enabling researchers to check the progress of the recording
with minimal animal disturbance. The device demonstrates its
ability to accurately record EEG and temperature data through
the long 24 hour in-vivo recordings conducted. The obtained
EEG data could be easily sleep scored and the temperatures
values were all within expected physiological range.

Index Terms—Neural recording, Wireless device, Micro device,
Sleep analysis

I. INTRODUCTION

Sleep is an ubiquitous biological process that is found in
most mammals and plays a major role in memory consolida-
tion, cognitive performance and alertness. Some studies have
also shown that sleep has association with certain neurological
diseases as it was reported that REM sleep behavior disorder
(RBD) could be used as an early marker for Parkinson’s and
dementia [1], [2].

Sleep studies have traditionally been carried out on small
rodents, in particular transgenic mice, which places a limit on
the size and weight of the device used for neural recording.
There are many physiological factors that can affect sleep
therefore with growing popularity in this field, there has been
a steady increase in the demand for more and more sophis-
ticated devices that can measure both neurological signals
(EEG, ECoG) and also other physiological signals such as
temperature, whilst still conforming to the limitations placed.
Despite the rapid development of neural logging devices most
of them that are currently on the market are still too big and
heavy for sleep studies that involve mice as shown by Table. II.
The device should weigh < 10% of the body weight of the
animal ( typical adult mice weigh 20-30g ) , untethered and
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Fig. 1. Device Architecture
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be as small as possible to keep disturbance to the animal to a
minimum, whilst having a minimum battery life of two days.
With the above in mind, this paper presents a 4 chan-
nel, compact (2.1cm by 1.7cm) and light weight (3.6g with
batteries) neural-logging device that can measure and record
EEG/EMG and temperature signals for more than 3 days. The
device has a sample rate of 200 Hz and a low input referred
noise (1-100 Hz) of 0.495 uV,.,,s. The data is stored on the
onboard 4Gb NAND Flash memory that can be downloaded
in 450s. The integrated BLE module allows the device to be
controlled wirelessly as well as steam data in real time.

II. DEVICE WORKFLOW

To start a recording, first insert two zinc air 312 batteries
into the device and check that it is advertising with the Android
app. Then insert the device into a mouse that has a head
stage connector implanted. Connect to the device by using
the app and recording can be started by pressing the “Start
Sampling” button. At the end of the experiment, connect to
the device again and recording can be stopped by pressing
the ”Stop Sampling” button. The logger can then be removed
and data can be downloaded by connecting the device to the
downloader. During the experiment, the user can connect to
and stream data from the device in real time at any given
moment to check device operation.

III. DEVICE IMPLEMENTATION

The device architecture is shown in Figure. 1. It consists of
two boards, the main board and the battery board. The main
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Fig. 2. Top, bottom and assembled views of the device

board has the analogue front end circuity for signal amplifica-
tion, filtering and a digital back-end for data sampling, storage
and BLE communication. The battery board hosts the power
management circuity. The two boards are connected by the
three one pin headers at the edges.

A. Analogue Front End

The analogue front end is a simple 2nd order band pass filter
(2-120 Hz) with a pass-band gain of 48 dB and uses low noise
(18nV/ V/H?z) and low power (50uA per channel) LTC6079
opamps. The reference and signal inputs are buffered as they
are connected to nodes that require a low source impedance.
REF3312 from Texas Instruments is used to generate the 1.2V
bias for the brain. The outputs of the analogue front end are
connected directly to the PGA(G = 4) in the differential SAR
ADC module.

B. Digital Back End

The digital back-end is powered by the NRF52832 SoC
from Nordic, which contains an ARM Cortex M4 CPU and
a Bluetooth 5 module. The MCU samples and stores the data
from the differential ADC onto the NAND flash memory,
which is organised into pages and blocks. Each page has 2048
bytes of main memory and 128 bytes of spare memory. The
main memory holds exactly 256 samples of data and the spare
memory holds the temperature data and also the bad block
marker. This means with a sampling rate of 200 Hz, data
is written to the NAND flash only once every 1.28 seconds,
thus saving a significant amount of power. A custom BLE
service and Android App are used to start/stop the device and
stream the selected channel’s data in real time through BLE
notification events.

C. Temperature Sensing Board

A micro four pin JST header (SM04B-XSRS-ETB) on the
main device is used to connect the device to a daughter
temperature sensing board. The temperature sensing board
contains an AD8945 K type thermocouple amplifier that has
onboard cold junction compensation and an analogue output
of 5mV/°C.

D. Battery Board

The battery board contains the TPS613221A DC-DC boost
converter to boost the 2.8V voltage from the zinc air 312
batteries to 3.3V. The device is shown in Figure. 2.
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Fig. 3. Device temperature measurement error against a pre-calibrated
thermocouple reader(Omega HH1384)

IV. DEVICE CHARACTERISATION
A. Temperature Measurement Accuracy

ADBS8495 is a K type thermocouple amplifier, however a T
type thermocouple is used in this device as the thermocouple
will be inserted either into the body or cortical tissue and T
type thermocouples are more suitable for humid environments.
A humidity and temperature chamber (ESPEC SH-221) and a
thermocouple reader (Omega HH1384) were used to calibrate
the device. The readings from the reader were compared with
the readings from ADS8495 over the temperature range of
15°C' — 40°C set by the chamber and the conversion factor
from voltage to temperature was adjusted accordingly. After
calibration, the device is accurate to 0.3°C' as shown by
Figure. 3.

B. BLE Performance

The device’s bluetooth range at 4dBm radio power is around
4 meters when unobstructed. This range allows the device to
be controlled from outside the animal holding room. However
due to the limited bandwidth of BLE, the device can only
stream one data channel at any given time.

C. Data Download

Data is downloaded off the device through a USB to
SPI bridge (FTDI F232H). Due to the NAND flash used
not supporting continuous read operation, data can only be
downloaded one page at a time. This limits the total download
time to 450s when SPI clock is set 16 MHz. However the 4Gb
memory is enough for nearly 4 days of recording, therefore for
a typical experiment that only lasts a day the download time
is less than 2 minutes. The total number of pages to download
along with the start date/time of the experiment are stored on
two spaced out blocks (10 and 100) of the NAND flash to
avoid memory corruption from bad blocks. These information
are automatically read by the client software during data
download.

D. Power Consumption

To ensure the device is as low power as possible, the MCU is
configured to only wake on interrupt events and the ADC mod-
ule is switched off in between sampling events. This results



in the device only drawing a total of ImA during sampling.
However this current consumption increases to 1.1mA when
a central BLE device is connected to the device and further
to 2.2mA when the device starts sending notification packets
(data streaming). The power consumption can be reduced
by increasing the BLE advertising and connection intervals,
however this also results in the increase in the time taken for
a central device to connect to the device and a decrease in the
data transfer speed. The break down of current consumption
is shown in Figure. 4.
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Fig. 4. Breakdown of power consumption

E. Battery Life

The device is powered by zinc air batteries as they have the
highest energy density out of all coin cell batteries. However
they have a very low maximum discharge rate. Hence it is
important to ensure the batteries can power the device and are
stable for the entire duration of the experiment. The battery
life was measured using a DC power analyzer (N6705C)
over a period of three days at a sampling interval of 100ms.
Figure. 5 shows the effects of sudden increase in power
consumption from NAND write/erase and BLE events on the
battery voltage. It also shows that it took a few hours for the
battery voltage to stabilise but once it did, both the battery and
regulator voltages stayed constant throughout the remainder of
the experiment.

V. EXPERIMENTAL RESULTS

A. Headstage Implantation

A surgical setup had already been devised for the logger
currently used in the lab, therefore to be compatible with the
current surgical setup, the device also uses the same seven
pin ( 4 channels, 2 references and 1 GND ) 1.27mm pitch
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Fig. 5. Battery life of the device measured using DC power analyzer N6705C

connector to interface with the animal. To prepare the animal
for headstage docking, three m1 metal screws, which are used
as the electrodes, are inserted into locations REF (1.5mm,
1.5mm), EEG1 (-1.5mm, -1.5mm) from bregma and EEG2
(Omm , -5mm) from lambda as shown in Figure. 6A. The two
EMG wires are slid under the neck muscles. Wires are then
attached to the screws and also to the headstage connector and
everything is sealed off with a mixture of dental cement and
glue as shown in Figure. 6B.

Fig. 6. Headstage surgery. The locations of the electrodes are shown relative
to bregm (top star) and lambda (bottom star)

B. Long EEG Recording

A long 10 hour recording was conducted on a black strain
mouse in its home cage. The obtained data were then sleep
scored by using the OSD7 v7.2 script in Spike2 (data pro-
cessing software). Sleep stage scoring is an important process
whereby the data is split into epochs of 5-30s and each epoch
is labelled a sleep stage (Wake, NREM and REM) according
to its delta, theta and EMG powers. Wake is defined as having
high EMG but low delta power, NREM is defined as having
low EMG but high delta powers and REM is defined as having
a low EMG but high theta/delta ratio. Therefore it is important
that there are clear distinctions between high and low levels
in the EMG, theta and delta powers. This is evidently shown
in Figure. 7A. The power spectrum and wavelet transform [3]
in Figure. 7B show the shift in the dominating frequency from
theta to delta and then the increase in delta power, when the
animal changes state from wake to NREM and then to REM.
The observed results are in agreement with many publications

(4], [5].

C. Long Temperature Recording

To record cortical temperature, the temperature daughter
board was glued onto the headstage connector, then a T
type thermocouple (STC-TT-TI-40-1M) was inserted into the
hippocampus of the animal with an insertion depth of 1mm,
shown in Figure. 8B. The thermocouple used has a small diam-
eter of 0.08mm which minimizes tissue damage. Figure. 8A
shows the recorded cortical temperature over 24 hours. The
animal was under isoflurane (an anaesthetic) and then moved
into a heat box (36°C') before being put back to its home cage,
hence the initial lower temperature. The baseline temperature
is lower than expected at 34°C and oscillates during sleep
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Fig. 7. (a)EEG recording taken from Spike2, the scored sleep epochs are shown in the stage channel. (Blue = Wake, Green = NREM, Light Blue = REM )
,(b)power spectrum and wavelet transform, black contour indicates the 5% significance level
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Fig. 8. 24 hour temperature and EMG recording

and wake stages in the lights off period only. More trials
are needed to see if this behviour is significant. Nevertheless
all temperature values were within the accepted physiological
range.

VI. CONCLUSION

A compact, low power (ImA) 4 channel EEG/EMG and
temperature logging device is presented in this paper. Its small
size (2.1cm by 1.7cm) and light weight (3.6g with batteries)
make it ideal to be used in sleep studies involving small
rodents such as mice. The inclusion of a temperature sensor
for cortical temperature recording and the integration of BLE
radio to allow user to control and stream data in real time
have made the device able to compete with top devices on the
market as shown by table II. The device has demonstrated that
it can accurately record EEG/EMG signals that can be used
in sleep stage scoring. Powered by two zinc air 312 batteries,
the device can record for over three days which is adequate
for most sleep experimental work and longer than any other
devices.
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