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Abstract

Close collaboration between the Bioelectronics department at Delft University of Technology and the
Neuroscience department at the Erasmus Medical Centre has resulted in a successful tethered design
for a real-time epileptic seizure detection and suppression method for mice. The goal of the Neuromate
project is to develop this method into a wireless setup containing group-housed freely moving and
interacting mice for use in behavioural studies. The system will include continuous monitoring and
stimulation at set points in time. The Neuromate project comprises three links, two of which have
previously been established.

The main goal of this study was to find and evaluate a technique to complement the current Neuromate
project with a wireless downlink, channelling the communication from the researchers towards themice.

This new downlink should fit in the ongoing project and meet particular specifications. The most critical
requirements are that it should be lightweight and small-scale and should allow simultaneous multi-user
communication. Also crucial are the prevention of interference with the two other links, reliability and
low power consumption. The three most promising techniques, power source keying, optical wireless
transmission and terahertz torching are elaborated.

Terahertz (THz) torching, covering the high thermal part of the THz band (10 to 100 THz), was chosen
as the technique to be developed in this thesis. This decision was based on the fundamental limitations
of power source keying and optical wireless transmission, which appear in the weighted criteria eval-
uation of the requirements. The challenges of THz torching are mainly practical, while fundamentally
it provides the opportunity to form a reliable non-interfering wireless link. The feasibility of THz torch-
ing for our specific application was tested by creating a proof-of-principle and conducting five different
experiments.

The prototype includes two components. The first is a thermal source, which in the final design will
be placed above the cage, and the second is a pyroelectric detector, which will later be positioned on
top of the head module of each of the mice. During the experiments, communication with the recently
developed THz torch was proven to be feasible. Experiment 1 resulted in an optimum data rate of
35.71 bps, allowing for the simultaneous stimulation of the mice. And the divergence of the source
was sufficient to cover the entire cage, as it was found in experiment 3 that an angle of 50° was the
maximum misalignment still allowing reliable transfer of the data. However, the prototype did fail to
reach the required distance. In experiment 2 only 8 cm could reliably be bridged. The source was not
strong enough to overcome the attenuation in the air. A more powerful source will allow an increased
reachable distance, making sure the entire cage is covered.

In this work an innovative and promising proof-of-concept has been realized for the wireless downlink
of the Neuromate project.
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1
Introduction

1.1. Neuromate
Close collaboration between the Bioelectronics department of the Delft University of Technology and
the Neuroscience department at the Erasmus Medical Centre has resulted in a successful tethered
design for a real-time epileptic seizure detection and suppression method for mice [56] [96]. Figure
1.1.A shows the system overview of this closed-loop project. The electrocorticography (ECoG) signals
of the mouse are recorded, and once a seizure is detected the optogenetic1 stimulator provides a pulse
of light (represented by the blue bar in 1.1.B). Untreated brain tissue would not react to such a light
pulse but in this case, specific cell types within a particular area of the brain are modified by a virus that
transports the DNA coding for the light sensitive proteins called channelrhodopsin-2 (ChR2) to the cells.
The cells that express these proteins in the cerebellar nuclei (CN), and their projections are shown in
Figure 1.1.C [55][56].

Figure 1.1: A. System overview of the closed-loop project [96] B. Representative electrocorticograms (ECoG) which exemplify
how optogenetic stimulation stops a seizure. [56] C. Confocal image of sagittal brain section showing ChR2 expression in the

CN with projections to the thalamus (M1, S1 represent primary motor and sensory cortex, respectively) [56]

The closed-loop project is successful in ending seizures. However, it still has one significant drawback
namely that it is a tethered solution. The wires prohibit free movement of the mouse and thus restricts
the experimental setup [39] [68] [9]. Even if the mouse could walk around with attached cables, the
interaction with the researcher at the beginning of the experiment could result in behavioural changes of
the mouse [68] [101]. Furthermore, the wires will induce 50Hzmains noise andmovement artefacts [77]
[22]. The risk of entanglement and cable damage is another significant constraint of tethered project
for head-fixed mice, as the number of observed animals becomes limited [101]. Therefore, the next
1the technique optogenetics is discussed in more detail in section 1.2
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2 1. Introduction

step will be to develop the closed-loop tethered project for head-fixed mice into a wireless closed-loop
project for group-housed animals, which will from now on be called the Neuromate project.

Figure 1.2: Current project overview: the power link, indicated by the metal coil and explained in more detail in section 2.1.1,
and the uplink, indicated by the radiowaves and the connection with the computer and explained in more detail in section 2.1.2

(does not represent a realistic scale)

In Figure 1.2 the already established parts of the Neuromate project are schematically represented.
The coil around the cage represents the wireless power link. The WiFi symbol represents the commu-
nication link from the mice to the researcher (uplink). Chapter 2 briefly explains these two projects.

The Neuromate project will provide a technique which is applicable in many behavioural studies. As
an example of the new possibilities, the previously mentioned epilepsy study will be presented. At
Hoebeeks lab the mechanisms behind epilepsy are studied which recently resulted in solid evidence
for the therapeutic benefit of cerebellar stimulation, namely the stimulation of the CN, as was shown in
Figure 1.1 [55] [56]. Considering the success rates in mice it is their intention to bring the technique to
the clinic to help patients. However, before the transit from mice to human can securely be made one
important factor should be studied, the side effects. Patients will only consider undergoing an invasive
treatment like deep brain stimulation (DBS) when the benefits outweigh the costs. Note that DBS in
humans will not include optogenetics due to ethical concerns only electrical stimulation is used in human
patients. Reducing the number of epileptic seizures is favourable, but it should also be clear that the
treatment does not induce anxiety, aggression, nor depression. For testing such social behaviour a
group-housed mice experiment is required.

Epilepsy is one of the most common neurological disorders, with more than 50 million people affected
worldwide [91] [57] [94] [55]. The recurring seizures that patients suffer from differ in terms of their cause
and appearance depending on the type of epilepsy [57] [55]. Current treatment options often consist of
medication, and for the more severe cases might even include surgery. Although most patients benefit
from these interventions, approximately 20 to 30 percent of all patients are treatment-resistant and
experience monthly seizures. Half of the resistant patients have a seizure every week and one-third
experience daily seizures [94] [32] [74] [92] [107].

As engineering students, we learn to describe phenomena on the basis of models, systems and simu-
lations. Therefore, the description of Epilepsy by Wang et al. (2016) is a helpful translation of a medical
phenomenon into engineering principles:

“Epilepsy is thought to be a dynamical disorder of the brain at the systems level, which makes it par-
ticularly suitable to be studied from the perspectives of computational modelling and system theory”
[99]

When a system does not operate as desired, applying distortions can create a better state. Likewise,
when a brain does not function as desired, applying distortions, such as light or electric pulses, might
change it to a healthier state. Enhancing our understanding of the systems or subsystems involved in
epilepsy and our understanding of their response to different artificial inputs will optimise the implemen-
tation of perturbations as a new treatment method. Current assumptions can be connected in models
and verified by neuroscientific experiments [33].
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1.2. Closed-Loop Optogenetic Stimulation
The results of circuit-based models will becomemore valuable once verified by closed-loop (CL) control
experiments [65]. By adding a feedback link to the control scheme, perturbations could guide the circuit
toward a targeted activity pattern. Figure 1.3 shows an example provided by Grosenick et al. (2015) of
a possible closed-loop system based on a neural microcircuit. The observed output is estimated by the
modelled micro-circuit and fed back to the controller. The controller compares the target pattern with
the predicted outcome and tries to decrease the error while minimising the cost function [33]. Such a
closed-loop circuit also requires both an uplink and a downlink to be responsive.

Figure 1.3: Example of a closed-loop control system applied to Neuroscience by Grosenick et al. 2015. The green neurons
indicate the cell-specific control of cell types [33]

In this model the perturbation given to the system is a light stimulus. This light stimulus refers to the use
of optogenetics, due to its high temporal and cellular precision a widely used technique for research
[107] [24] [19] [104]. However, it is not yet applicable to clinical use due to various technical and ethical
limitations. The main concern with optogenetics is the fact that it requires modification of the targeted
neuronal cells to make them light sensitive. Inserting different types of opsins into the cell membranes
facilitates different control strategies. For example, Channelrhodopsins can be used to depolarise the
neurons after a blue light stimulation, and Halorhodopsins can be used to hyperpolarize the neurons
with yellow light [107] [24] [19] [104]. The high cellular and temporal specificity together with the freedom
of control make optogenetics an extremely helpful tool for closed-loop experiments.

1.3. Problem statement

Figure 1.4: The missing downlink, is added to the schematic overview of the Neuromate project

The goal of the Neuromate project is to transform the successful closed-loop project into a wireless
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setup. Creating a setup for long-term studies of group-housed mice, which enables continuous moni-
toring and interaction with each animal. Two previous master projects have established an uplink and
a power link. Both projects are successful wireless solutions. However, there is still a link missing that
would make the Neuromate a closed-loop system, the downlink. In Figure 1.4 the future downlink is
visualized.

The challenges that the Neuromate should address are (1) individual and simultaneous monitoring of
four mice that stay in one cage, and (2) the system should be wireless and battery-free, plus (3) the
mice should receive individual stimulation controlled by the neuroscientist.

There is limited power available over the wireless power link. Thus the two communication links have
a tight power budget. The backscattering method is an energy efficient uplink that enables individual
monitoring of the mice (1). However, the technique only allows for a one-way communication link. Both
solutions are wireless and, once the miniaturisation steps are completed, will allow for freely moving
group-housed animals (2). But there is still one function missing: the individual control of the stimulation
paradigms (3). This function can be added by creating a downlink from the researcher towards themice.
The requirements for such a link are elaborated in more detail in Chapter 2.

1.4. Goal
The overall goal of the Neuromate project is to build a setup for long-term studies of group-housed
mice, which enables continuous monitoring and interaction with each animal.

In Figure 1.5 four different stimulation paradigms are shown. The most simple one is continuous stim-
ulation, the microLED will turn on with a regular interval. The microLED might blink at,for example,
20Hz or 50Hz. In the figure all mice receive the same continuous stimulation pattern, but it should also
be possible to give a mouse individual continuous stimulation. Another parameter that should be con-
trollable is the colour of the stimulation. The implanted optrode might include up to three microLEDs
with varying colours. As explained in section 1.2 these colours will activate different opsins. Besides
individual stimulation patterns asynchronous individual stimulation with irregular intervals should also
be supported, allowing for the final option of responsive stimulation. Once the researcher detects an
event in the ECoG data or in the behaviour a stimulation pulse should be applied. In the future this
responsive stimulation will also allow for closing the loop by detecting events without the intervention
of a neuroscientist. An algorithm could determine the most optimal stimulation onsets. Until now the
downlink was missing and it should support all four stimulation options to work towards this closed-loop
goal.

Figure 1.5: Example of stimulation paradigms of the Neuromate: Continuous, 3 Colours, Asynchronous, Responsive

The first goal of this study is to determine and test what the most optimal technique is for
establishing the downlink of the Neuromate project. This should be achieved without interfering
with the wireless power link and the wireless ECoG uplink. The technique should be power efficient
and suitable to individually and simultaneously address four mice.

After choosing the best technology for the Neuromate application, the second goal is to built a
prototype and to test the principle of the chosen technique.
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1.5. Approach
First the requirements have to be determined to ensure that the chosen technique will suit the current
project and will lead to the most optimal solution. These needs will rely on the outcome of both the
power link project and the uplink project. Chapter 2 will present a brief introduction to both projects,
followed by the determined requirements and lastly, it will provide an overview of other wireless projects
described in the relevant literature. This overview enables us to learn from the different approaches of
other research groups and at the same time it is a comparison of their and our results.

In Chapter 3 the basic variables of communication and modulation will be elucidated and four different
multiple access techniques are explained. Based on the specified variables the next chapter, Chapter 4
will describe the three most promising techniques: power source keying, optical wireless transmission
(Li-Fi), and terahertz torching including their most suitable multiple access methods. Followed by a
choice between these three methods based on a weighted multi-criteria analysis, including the most
critical requirements.

After the most optimal technique has been determined, the focus will shift to the prototype. In Chapter
5 the essential components and a range of widely used options will be discussed. The prototype and
the experiments performed will be discussed in more depth in Chapter 6. And the results of the exper-
iments are presented in Chapter 7. Finally, Chapter 8 will return to the initial goals of this study and
evaluate the chosen technique. This final chapter will give a brief review of the decisions and the out-
comes throughout this research and discusses the results and concludes with some recommendations
including suggestions for further study.





2
Background

2.1. Previous Master Projects
Other students have laid a foundation for the project by working on the uplink and powerlink compo-
nents. Integrating these can help to create a complete solution. The first master thesis is written by
ir.Farnaz Nassiri Nia. Her main goal was to harvest power at the head module of the mouse [72].The
other master thesis is written by ir. Ide S. Swager. He focused mainly on the data transmission from
the mice towards the receiver outside the cage [93].

When combining these two projects, a critical component is still missing. With the addition of com-
munication from the neuroscientist towards the head module, a downlink, more complex experimental
design become available. Adding this missing link would make closed-loop, real-time interaction with
the mouse brain possible.

The requirements for the downlink rely on the outcome of both the power link project and the uplink
project. Thus, a brief introduction to both projects is given. However, the interested reader is referred
to both master thesis reports for more details.

2.1.1. Wireless Power Harvesting
Batteries are bulky, result in waste products and require intervention from the neuroscientist for timely
replacements [3] [53]. Therefore, a wireless power link consisting of two resonating coils was created
to harvest power at the mouse’s head module [66]. The first coil is a large coil wound around the
walls of the entire cage. The second smaller coil surrounds the head module on the mouse. The large
coil induces a magnetic field through the cage and thus through the smaller coil [58] . The amount of
harvested power depends on the efficiency of the link between the transmitting coil and the receiving coil
[66]. It also depends on the maximum allowable exposure for mice to radiofrequency electromagnetic
fields [1]. The Fourier transform of the Maxwell–Faraday equation leads to this relationship between
induced voltage and the magnetic field [38].

𝑉 = 𝑗 𝜔 𝜇 ∫𝐻 𝑑𝑆 (2.1)

With

𝑗 = √−1
𝜔 = Frequency
𝜇 = Constant magnetic permeability [Henry/m]
𝐻 = Magnetic field [A/m]
𝑑𝑆 = Vector element of surface area, S, normal to surface

7



8 2. Background

Power transmission in the short range, the small coil is located inside the large coil, via magnetic
induction has advantages such as the efficiency and small coil size. However, it also has some disad-
vantages such as the restricted position [86].

From now on the project performed by Nassiri Nia (2016) will be called the power link project.

2.1.2. Wireless Communication Uplink

Figure 2.1: Simplified principle of backscattering, with Tx transmitter and Rx receiver [93]

Back-scattering is a passive technique that can achieve low power consumption at the head module.
With a power consumption of only 0.25mW Swagers solution is much more efficient than conventional
transmitters are. However, the total power consumption of the prototype is 20.3 mW for one chan-
nel 20kHz recording. Swager (2016) established a high bitrate backscattering link that uses digitally
generated sub-carriers and frequency division multiple access (FDMA) to support multiple concurrent
measurements, as is illustrated in figure 2.1. The main carrier frequency is chosen to be the 915 MHz
ISM band. A prototype of the system is built and tested. [93]

2.2. Downlink Requirements
To achieve the goal of creating a wireless and wearable design, strict requirements apply to this project.
The size and weight of the end product will determine if the mice can successfully carry the device
and thus enable interesting experiments. However, next to the great demand for miniaturisation more
requirements can be derived based on the goals for this project. At the start of the two previous thesis
projects, bioelectronics students and the neuroscientist already determined some requirements in close
collaboration. More specific requirements complement the list based on the life-cycle of the prototype.

I Production/Purchase

i Off the shelf components

ii The prototype should be a low-cost solution

iii Reproducibility with similar components, thus components should be easily available

II Assembly

i PCB techniques, no cleanroom or IC design

ii A prototype should be assembled at the bioelectronics or neuroscience lab
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iii The production steps should be reproducible

III Testing

i Chosen technique should be safe for mice and for humans

ii Verification should be possible before implantation

IV Storage

i Regulations should be met

ii Product should be stored at room temperature

V Attachment

i The final product should consist of two parts: 1. Implantable part, including 𝜇LEDs and the
electrodes. 2. External part, including the antenna’s and the coil

a Part 1 should be attached to the mouse during surgery

b Part 2 should be attached to the mouse right before the experiment starts

ii After implantation of the first part the mouse should be able to live group housed. With either
an optional cover part or with a finished connector

iii Safety

a A warning should indicate an incorrect attachment and/or a wrong settings

b Clear instructions and optional training should be available when the prototype is in use
at the Neuroscience department

VI Experiment

i A laboratory mice (C57BL/6 weighing around 10g [93]) should be able to carry the device

a max. volume of 1 cm [93] [72]

b max. weight of 1 g [93] [72]

ii Operating time should be minimal three days without the need for intervention by the neu-
roscientist

a The new downlink may not be lost during monitoring

b The new downlink should use a low power receiver that consumes max. 0.3mW (ex-
plained in 2.4)

iii Safety

a The prototype should not induce unnecessary damage to the mouse

b The prototype should not induce damage to the researcher

c The prototype should not have negative influence on the environment

iv Multiple mouse should be able to each carry the product without disrupting the natural be-
haviour

v The new technique should not interfere with the two prior developed links, the uplink and the
powerlink

vi the new downlink should wirelessly reach the mice from outside the cage

vii the setup should be build in an existing measurement setup at the Erasmus MC

viii All four mice should receive a unique control signal to change their stimulation within one
second

VII Detachment
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i After the experiment the external part should be detachable from the implanted part without
damage

ii It should be possible to place the mouse back into the group housing after the experiment
(Requirement V.ii.)

VIII Further development

i When better (in term of performance, size or weight) components become available parts
of the product should be replaceable OR the product should be reproducible within the bio-
electronics or the neuroscience lab.

2.3. Wishes
I Water resistant, so it can be used in a watermaze, and withstand drinking bottles, urine and other
excrements.

II Multiple setups next to each other without interference

III Low power consumption of both the transmitter and the receiver

IV Prototype should be ’fool-proof’ so that students can use the device without help of engineers

V Device enables continuous monitoring of multiple mice for months

VI Could also by worn by mice with a bodyweight lower than 10g

Changes in requirements since Swagers project: he determined a maximum weight of the product to
be one gram based on a body weight of 10 grams. However, adult mice (C57BL/6) can grow up to 20 to
30g and therefore together with the neuroscientist this requirement is stretched up to 2 grams maximal
weight for the total product [64][93]. The volume requirement remains 1 cm .

To determine a new power requirement solely for the downlink technique the assumption about the
uplink being optimized later on was made. A rough estimation was made to divide the total available
power over the future functionalities. When a total of 20mW would be available via the powerlink, a
division over the four main power consuming functional blocks can be assigned. The four main blocks
are: the stimulation (enlight the LEDs), the microcontroller (early data processing, controlling all other
functionalities), the uplink (changing impedance and encoding the ECoG signals into transferable bits),
the downlink ( receiving and demodulation of the control signal). An equal amount of power is chosen
to send the data from or to the mice. This is a rough estimation to provide boundaries for the project.
In a later phase of integration of the Neuromate project these ratios might change.

Harvested power = 20mW
Microcontroller = 10.9mW [93]

Stimulation = 8.5mW [72]
Uplink = 0.3mW [93]

Downlink = 0.3mW
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2.4. Other wireless projects in literature
Establishing a wireless monitoring setup for small rodents is of high demand in many neuroscience
departments worldwide. This interest is due to the increasing possible experimental designs with such
a configuration. For example, behavioural studies can investigate mice within a (water) maze or a
group without the burden of wires. Currently long-term studies are conducted in single-housed settings
and thus include social isolation of the rodents which by nature live in colonies. This social isolation has
impact on their behaviour and neuronal activity. Therefore, studying rodents in group-housed setting
is preferred. Especially the relation between the neuronal activity and social behaviour are of interest.

An overview of the most relevant examples from this research field is given in Figure 2.2. The following
summary elaborates on the focus and achievements of other groups. The first observation concerns the
small number of projects available for mice [82][101][22][106][83] [54][35][39].Rats are larger, heavier
and can carry more weight than mice can. Most projects still include a heavy battery backpack attached
to a Velcro jacket that can be worn by the animal [37][102][4][15][7][103]. One of the projects set up
by Lapray et al. 2008 chose to implant the batteries within the abdomen [59]. Some groups used
power harvesting instead of bulky batteries, which considerably decreased the size of the total prod-
uct [51][101][39]. Another project focused on long-term monitoring and succeeded in implantation on
postnatal day 12 (P12) in mice and P7 in rats [106]. Moreover, the way of stimulating varied between
electrical stimulation and optical stimulation. Some projects did not have a stimulation function and
were focused only on data harvesting [59][36][22][9][106][83]. Other projects solely focused on optical
stimulation [79][39][101]. One group created a purely wireless deep brain stimulation (DBS) system
[35]. Other techniques were also integrated into wireless setups, such as a microfluidic system to de-
liver droplets of drugs [50]. Most projects tried to stack the layers of PCB to create a more compact
model [108][101][9] . One project even used partially flexible PCB but failed to make their prototype
wearable [29]. None of the groups created an integrated product, and most are still in the prototyping
phase. Pinnell et al. 2016 did succeed in creating a waterproof shell to cover their prototype, which
enabled them to perform experiments within a water maze [78].

All figures and values included in the table in Figure 2.2 are taken from the reviewed paper mentioned by
author and year, references can be found in the caption below. Note: Care should be taken when com-
paring projects with a different application. For example, various stimulation techniques and paradigms
will influence the battery life.
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Figure 2.2: Table - Overview other wireless projects [78] [59] [36] [22] [108] [101] [54] [39] [79] [8] [83] [35] [106] [9] [4]

.



2.4. Other wireless projects in literature 13

.



14 2. Background

The main advantage of our wireless project will be the continuous closed loop functionalities without
the use of batteries. Other projects either achieved closed loop interactions, or they managed to create
small enough wearables to monitor the animals natural behaviour. The new project moves one step
closer to the integration of both features by adding a link from the researchers towards the mice. Thus
closer to a small wearable solution that provides optogenetic stimulation based upon the brain signals.



3
Communication and Modulation

The downlink that will be proposed, tested and discussed in this report is a communication link. This
chapter introduces the basic principles of communication. Next chapters will use this knowledge to, for
example, elaborate on and distinguish the proposed concepts. First, the function of the three essential
parts of a communication system, the transmitter, the channel, and the receiver, are discussed. The
basic transmission scheme is shown in Figure 3.1.

Figure 3.1: Basic transmission scheme

Transmitter

The transmitter transforms an input signal into a suitable form for transmission through the channel.
For an optical communication link the transmitter will transform the electrical input signal into an optical
transmission signal. The matching of the signal to the channel is called modulation or coding and is
described in more detail in Section 3.1 [5] [52].

Transmission channel

The transmission channel covers the distance between the transmitter and the receiver. Examples of
media that can guide the transmission signal are wires, coaxial cables, optic fibers, but also water or air
might form the channel that transmits the signal. In wireless systems the medium is usually the ether
also known as free space [5] [52].

Receiver

At the end of the transmission channel a receiver will pick up the signal. The receiver extracts an
output signal from the transmission signal, which is known as demodulation or decoding. Looking at
the optical communication example again, the receiver will transform the optical signal back into the
electric domain [5] [52].

15
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3.1. Modulation
Modulation is a form of signal processing required for transmission of, in this case, the control signal
for the modification of the stimulation paradigm. During the transmission, the information is stored on
a carrier wave which is usually sinusoidal. The sinusoidal carrier can be written as:

𝑢 = �̂� ⋅ 𝑠𝑖𝑛(2𝜋 ⋅ 𝑓 ⋅ 𝑡 + 𝜑 ) (3.1)

Based on the properties of a sinusoidal wave there are three different options for modulation of the
carrier:

• Amplitude Modulation (AM) where �̂� = 𝑓{𝑠(𝑡)}
• Frequency Modulation (FM) where 𝑓 = 𝑓{𝑠(𝑡)}
• Phase Modulation (PM) where 𝜑 = 𝑓{𝑠(𝑡)}

These three modulation options are elaborated on in Subsections 3.1.1 , 3.1.2 and 3.1.3.

3.1.1. Amplitude Modulation
Amplitude modulation is the oldest of the three modulation methods and originates from radio commu-
nication. Figure 3.2a shows amplitude modulation in the time domain. The carrier wave (’draaggolf’ in
dutch) is multiplied with data signal (S(t)) to get the AM signal. The dotted line that covers the outline of
the AM signal is called the envelope and it indicates the amplitude of the data signal. In the frequency
domain the bandwidth of the AM signal is twice the bandwidth of the data signal mirrored around the
carrier frequency, as can be seen in Figure 3.2b.

Figure 3.2: Amplitude modulation, depicted in the time domain (a) and in the frequency domain (b). Courtesy of [87]

3.1.2. Frequency Modulation
Another class of modulation is angular modulation. In this case, not the gain but the argument of the
sine of Equation 3.1 is modified. The angular class includes frequency modulation, FM. In FM the
frequency of the carrier signal is changed by the data signal, as can be seen in Figure 3.3a. FM is
harder to implement and more challenging to analyse than AM is. Another difference between AM and
the angular modulation method can be found in the frequency domain. Comparing Figure 3.2b with
3.3b shows that FM has a bandwidth-expansion property. The new bandwidth is still mirrored, only this
time not around a signal frequency but a bandwidth of 𝑓 − 𝑓 and 𝑓 + 𝑓 .
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Figure 3.3: Frequency modulation, depicted in the time domain (a) and in the frequency domain (b). Courtesy of [87]

3.1.3. Phase Modulation
Another form of angular modulation is phase modulation. Again the argument is modified, but now the
phase of the signal is changed instead of the frequency in the previous example. The two methods are
similar in their properties. In PM the phase of the carrier signal is modified based on the alternations of
the data signal. In Figure 3.4a a square wave is chosen since it is a clear example to show the phase
changes. Figure 3.4b is similar to Figure 3.3. However, PM might also be applied in combination with
other data shapes such as sinusoids.

Figure 3.4: Phase modulation, depicted in the time domain (a) and in the frequency domain (b). Adapted from [87]

3.2. Multiple access
The communication link should be able to address four mice simultaneously. Thus next to the type
of modulation of the carrier wave to encode the information on a single-channel, a multiple access
technique should also be chosen to send data to multiple receivers. The four major methods are
discussed. All of them divide the fixed available spectrum differently to allow for multiple access. The
main principle of each method can be retrieved from the names. However, the next subsections will
discuss what is behind the names and whether they apply to the Neuromate project [71][17].

Figure 3.5 represents the power division over frequency and time of the four main multiple access
methods. Thereby a fundamental difference between the methods is visualised. CDMA and SDMA
are both options that do not divide the power in time slots or frequency bands. Their difference is
clarified in subsections 3.2.3 and 3.2.4.



18 3. Communication and Modulation

Figure 3.5: The power division over frequency and time of the four main multiple access methods

3.2.1. Time division multiple access (TDMA)
TDMA divides the available bandwidth into multiple time slots. One mouse a time could be addressed,
as is illustrated by Figure 3.6. Depending on the type of experiment a maximum allowable delay be-
tween the control of the different mice can be determined. Some require simultaneous stimulation
where others might allow less strict synchronisation. For example, if it is acceptable that all mice get
their stimulation pattern updated within one second then four slots should fit within one second, resulting
in a maximum of 250ms per time slot.

Figure 3.6: Time division multiple access

3.2.2. Frequency division multiple access (FDMA)
The bandwidth can also be separated in the frequency domain. The available spectrum is divided in
multiple narrower channels. Each user is assigned with a unique frequency band. These frequency
bands are separated by guard bands to prevent interference between the bands. Filters can be used at
the side of the transmitter and receiver to create the distinct frequency bands; this means the hardware
is different for each mouse. Differences in hardware will complicate the usage of the Neuromate, since
it then becomes necessary to keep track of which mouse received which headmodule. The software
could be reprogrammed in the case of doubt, but hardware can not be changed later and should indicate
any difference with markings. The Neuromate already includes an FDMA application for the multiple
access of the uplink, as can be seen in Figure 3.7. However, the different subcarrier frequencies are
not created with hardware but can be reprogrammed [93].

Figure 3.7: An example of FDMA is the uplink of the Neuromate, modified from [93]
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3.2.3. Code division multiple access (CDMA)
The bandwidth can be shared without division in time or frequency domain by assigning a code, some-
times called spreading code, to the receivers. The data is processed with the code for each user and
multiplied to one combined signal that is transmitted. Each receiver can decode their data from the
combined signal by using their assigned code. Correct decoding at all receivers can be assured by
using orthogonal codes. An example of four orthogonal codes is given in Figure 3.8. When all pairwise
cross correlations are zero, a property of orthogonal signals, the data of other users will not appear in
the decoding.

In appendix 3.2.3 an example of the data encoding of two bits with CDMA for four mice including their
orthogonal codes is given.

Figure 3.8: Four orthogonal spreading codes that can be used for code division multiple access

3.2.4. Space division multiple access (SDMA)
Space division multiple access uses the different locations of the receivers to separate the transmission
signals, shown in Figure 3.9. There are two possible configurations: either the receivers are fixed
at their locations or the receivers move around but do not reach the same location at any moment.
The second case requires information about the current receiver locations and a steerable transmitter.
SDMA will not be taken into account for the downlink since all the mice should be addressable in
every corner of the cage and they should be able to interact with each other and thus be close to each
other. Creating multiple narrow beams means that a mouse can walk into an area of another mouse.
Future versions of the Neuromate will probably contain location information. However, SDMA is still
not a suitable method because extremely high accuracies will be needed when mice are near each
other resulting in a more complex solution compared to the three previously discussed multiple access
methods. Therefore, in chapter 4 SDMA will not be taken into account when evaluating the possibilities
of the three concepts.

Figure 3.9: Space division multiple access

In the sections 4.1,4.2 and 4.3 three concepts are discussed based on the carrier wave. The suitable
modulation methods and multiple access techniques are discussed.
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Concepts

The main goal of this chapter is to find the best way to realise a wireless closed loop system. It should
allow the neuroscientist to modify the stimulation paradigm by interacting with the module on the head
of the mouse. Currently, in the wireless project mentioned in Chapter 1, communication is only possible
in one direction (headmodule to researcher). This chapter considers techniques that could be added
to the setup to facilitate the downlink by adding communication in the other direction (researcher to
headmodule).

In the sections 4.1,4.2 and 4.3 three concepts are discussed based on the carrier wave. The suitable
modulation methods and multiple access techniques are discussed.

Some carriers options are discarded for various reasons and thus not discussed here. For example, it
might be discarded because it is not safe for mice or researchers e.g. near infrared radiation and x-ray.
Another reason to drop a technique is the perceivability by the mice e.g. sound waves. Or it might
not reach high enough data rates e.g. temperature. Alternatively, it can interfere with the two other
wireless technologies e.g. magnetic switch or RF close to 915MHz [93]. The next paragraphs elucidate
the three most promising carrier techniques, power source keying, optical wireless transmission (Li-Fi),
and terahertz torching.

4.1. Power Source Keying
4.1.1. Carrier
The first investigated technique was the modulation of the inductive power link. Modulating one of the
previously used techniques, either from the powerlink or from the uplink both explained in Section 2.1,
minimises the interference. When the power arrives at the head module on the mouse, the switching
magnetic field creates an alternating current in the coil [58][53]. This alternating sine shape of the
current is a potential source of information. Thus sending data together with the power over this link is
feasible [76].

4.1.2. Modulation
AM

Figure 4.1 shows an overview of digital modulation techniques. Since on-off keying requires periods
without any transfer, and the most important function of the link is the transfer of a maximum amount of
power to the headmodule, this is not ideal. The strength of the magnetic field is not uniformly distributed
through the cage, in the corners the field is weaker. Thus the difference in amplitude should be large to
also be functional in the entire cage. Amplitude modulation is the most simple option but for this carrier
not the most efficient method due to the reduced amount of harvested power.

21
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FM

Frequency modulation is another possible modulation technique that is frequently used in RF applica-
tions as it is considered a promising tool for wireless networks [30]. Nevertheless, for the application of
a combined power and communication link FM might not be the best option either. A joined resonance
establishes the connection between the two coils, which in our case is not a wideband inductive link.
This makes the frequency an important variable that should not be changed for applications other than
setting the resonance [53] [38] [11] [13]. Thus frequency modulation is not preferred.

PM

Phase modulation does not change the resonance frequency or the amplitude of the signal, it only
switches the phase of the signal. PM is expected to be affected by the amount of harvested power the
least and is thus the most promising of the three options.

Figure 4.1: Different digital modulation methods. Adapted from Yarman et al. 2010 [80]

4.1.3. Multiple access
Another challenge of reusing the power link is the ability to support multi-channel communication to-
wards the mice. Since the magnetic field is the same for all of them, there is only one power link
possible within the cage [86]. When choosing for PM each mouse would be assigned a different phase
shift.Comparing the assigned phase shift and the occurring phase shift enables the demodulation of
the signals. This comparison can be done with differential-phase-shift-keyed (DPSK) receivers to over-
come the unknown reference phase [31] [10] [75]. However, it will lead to more complex and thus larger
receiver designs [16] [105] [97]. Instead multiple access methods can be used to address the right mes-
sage to the intended mouse. TDMA and CDMA are both applicable since they can both be combined
with a single link. In contrast to FDMA and SDMA who require four available frequencies, that are not
available as was discussed above, or require four separate spacial links respectively.

When multiple mice stay in the same cage, they will all receive the same information of the phase
changes via the power link [86]. By assigning a specific phase shift to every mouse, the signals are
accurately distinguished. Figure 4.2 depicts these different phase changes which have to be identified
and processed on the mice.
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4.1.4. Drawbacks

Figure 4.2: Reduction in harvested power due to misalignment in similar power harvesting for wireless rodent set up. Different
colours indicate different locations in the cage. Various heights in the cage and various tilted positions of the head are

compared. Courtesy of [89]

Non-continuous harvesting of the power can result in the loss of the connection. The power supply can
still function well by adding a backup circuit including a capacitor. However, the communication link
will suffer from interrupted harvesting. For example, when the direction of the coil on the head of the
mouse is positioned orthogonal to the orientation of the magnetic field through the cage, it may lead
to a considerable decrease in the harvested power and thus loss of communication as can be seen in
Figure 4.2 [66] [89].

Hence, it is to be expected that the power keying is an unreliable option because it decreases the total
amount of harvested power. Therefore the search for other possible non-interfering techniques was
continued.

4.2. Visual Light Communication
4.2.1. Carrier

Figure 4.3: Schematic and simplified representation of VLC communication

Using the visible light spectrum for communication is known as visible light communication (VLC). By
changing the intensity of the light data can be sent, as shown in Figure 4.3 The first concern of this
technology is whether the mice can perceive the signals and be possibly influenced by these signals.

Some advantages of visual light communication over radio communication are the low probability of
detection, interruption, jamming and ’spoofing, it will not cause interference with radio frequencies and
no licence is required for using optical communication.
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4.2.2. Modulation
AM

VCL also includes intensity modulation (IM) [60]. This technique recently became popular and is some-
times called Li-Fi, short for Light Fidelity. Li-Fi could complement the radio frequency spectrum that is
widely used for wireless applications without interference [34]. Internet-Of-Things applications are the
main target of Li-Fi. It is a technique that allows for data transmission via a widely available network
of lightning bulbs. Changing the intensity of the transmitted light from a LED within a range that is not
perceivable for humans will send the data. Nevertheless, rod photoreceptors in mice are packed more
than twice as densely compared to the ratio in human [98]. And since the physical size of mouse rods
and primate rods are similar, which is an indication of the sensitivity, it might be the case that mice
can perceive much smaller differences in light intensity than humans do [46] [28] [49]. This should be
further investigated.

While studying the behaviour of the mice, it is of particular importance to obtain information about their
activity during the night since they are most active in the dark. When the lights are switched off, there
is no data transmission. Hence, this interesting period can not be studied.

FM

The colour vision of mice is dichromatic, unlike that of primates who have trichromatic colour vision [46],
and therefore mice can differentiate less colour grades [45] [28].. Nonetheless, the difference between
the bands will be detectable with both di- and trichromatic colour vision within four generated colour
bands. The signal should be undetectable for mice, and thus the use of LEDs/lasers with different
colours of light is discarded unless the intensity of the total amount of light is unperceivable.

Thus, FM faces the same issues as AM faces of perceivability and light intensity variations especially
during the night.

PM

Phase modulation is a more complex method as was discussed in Section 4.1. PM can be of value
when the simpler AM and FM methods are not applicable. In this case unnecessary complexity would
be added. The receiver should be kept as simple as possible to enable a light-weight and small-scale
design.

4.2.3. Multiple access
When using Li-Fi, one way of addressing the different mice would be by using FDMA, also known
as Colour Shift Keying (CSK) [34] [69]. Assigning a specific colour to each mouse will prevent multi-
user system problems such as inter-user interference (IUI) [88]. At first, the use of different colours
of light was discarded because the mice could react based on their visual perceptions instead of to
the real stimulation. However, when the intensity variations can be proven to be undetectable by the
mice, FDMA can be useful. Even as the other multiple access techniques TDMA, CDMA and SDMA.
Although SDMA would require converging sources, since regular divergent light distribution will cause
interference. All four methods can potentially be implemented in combination with VLC.

4.2.4. Drawbacks
Another important drawback of using light in the visible spectrum is the risk of shadowing and blocking
by the other mice in the cage. For example, when they are sleeping mice like to crawl next to each other
and the head modules may not be reachable by the light. Figure 4.4 presents the optical properties
of the skin of mice. The four lines indicate skin of males and females from both albino and pigmented
mice (C57BL/6 and BALB/c) [84]. The absorbing chromophores like blood, water, melanin, and fat,
will block signals within the visible and infrared spectrum [47] [100] [85]. The chance of optimal line-
of-sight (LoS) propagation, which is necessary for successful transmission via visible light is, reduces
tremendously when the light is absorbed.



4.3. Terahertz Torching 25

Figure 4.4: The optical properties of the skin of mice. Courtesy of [84]

Although this technique itself may not be optimal for the application, mainly due to the perceivability
and the blocking effects, it did lead to the next idea of using a THz Torch since these frequencies are
outside of the perceivable spectrum of mice [28] and, in principle, is less sensible to blocking.

4.3. Terahertz Torching
4.3.1. Carrier
The terahertz (THz) band covers the sub-millimeter wavelengths as is depicted in figure 4.5. The fre-
quency band between radio waves and microwaves on one side, and the infrared spectrum followed by
the visible light spectrum on the other hand. The terahertz spectrum is mainly used for astronomic and
atmospheric sensing [67] and was introduced for airport security around ten years ago [23]. Recently a
new application of the terahertz band is proposed by Hu et al. (2013), depicted in figure 4.6. Their goal
was to create a short-link wireless communication technique [61]. Similar to our objective but executed
towards a slightly different application. The borders of the terahertz band are limited in various ways,
most often 0.1 up to 10 terahertz is meant when researchers use the name Terahertz. The THz Torch
of professor Lucyszyn operates at the higher thermal part of the terahertz band, as he calls it: ”Over
the terahertz Horizon”. In this report the name terahertz is used for frequencies between 0.1 and 100
THz.

Figure 4.5: Schematic representation of terahertz band. Courtacy of [73]

The radiation in the near infrared (NIR) bands can pass through the human cornea and potentially
cause damage to the retina [41]. The mid-infrared (MIR) and far infrared (FIR) bands do not induce
possible eye damage [41]. The terahertz band is regarded to impose no health risk for people since it
is non-ionizing radiation [23].

Figure 4.6: Schematic representation of Thz torch. Courtesy of [61]
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The terahertz torch system consists of two parts: a transmitter and a receiver. The transmitter trans-
forms the incoming data stream into electromagnetic waves in the terahertz spectrum. The transmitter
generates a primary terahertz source, the heated tungsten filament within the bulb, and a secondary
source, the increased temperature of its glass envelope [42] [18]. The terahertz band-pass filter can be
used to guarantee an emission in a specific band especially functional during multi-channel communi-
cation (figure 4.7). A terahertz bandpass filter also covers the receiver. A pyroelectric infrared sensor
(PIR) detects the signal and provides an output voltage when a terahertz signal is received. This voltage
passes through a low-noise amplifier (LNA) and a band-pass filter (BPF), and finally, a Schmitt Trigger
determines whether there was a sequence of data sent towards the receiver [40][41][42][44][43].

4.3.2. Modulation
AM

Similar to visual light communication intensity can be changed. However in this case simple on-off
keying (OOK) can be used since the terahertz spectrum is not perceivable by mice. And thus a larger
intensity difference can be used to modulate the signal.

FM

FM can be achieved by a source that can quickly switch between different frequency bands. The avail-
ability of multiple frequency bands might be more useful to create multiple access technique instead of
using it for modulation, where AM is the preferred method due to its simplicity.

PM

Fast switching between the phase will be challenging and not beneficial over the more simple OOK
scheme. As was mentioned for the two previous concepts it is difficult to detect the changing phase
and demodulate the signal at the detector side.

4.3.3. Multiple access
Hu et al. (2014) introduced two multiple access methods based on the general FDMA, namely fre-
quency division multiplexing (FDM) and frequency-hopping spread-spectrum (FHSS). His intention was
not to enable multi-user access but to gain higher data rates. Four different frequency bands were cre-
ated with the following four filters of Northumbria Optical Coating Ltd.

• SLWP-8506-000240 (0-34 THz)

• SWPB-6177-000111 (42-57 THz)

• SWPB-4596-000070 (60-72 THz)

• SWPB-3685-000091 (75-89 THz)

The setup with multiple targets created by these filters is schematically visualised in Figure 4.7.

Next to the proven application of FDMA, other multiple access methods could also be combined with
the terahertz technique. TDMA and CDMA can be integrated since both do not require adaptations of
the modulation or setup. SDMA is not applicable for the Neuromate application but could potentially be
achieved with THz torching.

4.3.4. Drawbacks
The current terahertz torch example of Hu et al. 2014 is not yet applicable to the wireless mouse
project mainly because of the size of the receiver [61]. Also the convergence of the beam should be
addressed. Nevertheless it is possible to minimise the receiver size by choosing separate components
that could be added to the head module.
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Figure 4.7: Overview of Thz torching for multiple targets. Courtesy of [61]

4.4. Multi-criteria analysis
In order to make a choice between the described concepts a multi-criteria analysis is performed in
table 4.1. The five most essential requirements, are chosen as selection criteria. A weighting value is
assigned to all of them. The three options are evaluated on the chosen requirements with a scale of 1
to 5, where 1 is the lowest score and 5 the highest score. In the end, all the scores are added up to a
total score for the options.

Table 4.1: Weighted criteria selection

Requirement Weight Power Keying (PK) Li-Fi (VCL) THz Torching (THz)
Size & Weight 3 3 1 1
Multiple mice 3 4 4 5
Interference 2 3 5 5
Power consumption 1 2 3 4
Reliability 1 1 1 3

Total 30
(9+12+6+2+1)

29
(3+12+10+3+1)

35
(3+15+10+4+3)

The criteria and their weights and scores are explained in more detail in Appendix 8.3.

The three most promising techniques for downlink communication that were found during this literature
research have been discussed. All of them are viable options since they do fit with criteria such as
safety of mouse and researcher, not perceivable by the mice, not introducing a time delay, and not
interfering with the other two links. However, all three options do have their limitations.

The Power Source Phase Shifting is an attractive option because it does not add a new technique to
the system by using an existing link. By doing so, it reduces the chance of interference with the other
two wireless signals considerably. However, the most important function of the powerlink is to harvest
as much power as possible. Using the link for other purposes will decrease the harvested amount of
power, this can also be seen as a form of interference. A different phase shift could be assigned to
each mouse to enable a multiple channel link. However, the powerlink is not a continuous connection,
and thus data might be lost.

Visual Light Communication is an increasingly popular technique for wireless communication, mainly
focused on Internet-of-Things. Fluctuating the intensity of visible light from a regular LED bulb will send
a data signal without being perceivable by humans. With some modifications, this technique could fit
the field observable by mice. However, shadowing and blocking are the main challenges when applying
this method to the wireless mice project.

Terahertz torching is a relatively new application of the high terahertz frequency band. Signals within
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the terahertz band can penetrate through tissue and are thus expected to face less blockage. And since
a different band is used, the interference with the radio frequencies is limited. However, the technique
is developed recently and not widely used. Therefore, the total system is not yet miniaturised, and the
current terahertz torch receivers do not fit on the head of a mouse.

Based on the elaboration of the main limitations of the three most promising options and from the
multiple criteria analysis terahertz torching appeared to be the most promising technique. This option
mainly has practical challenges, and fundamentally provides the opportunity to form a non-interfering
reliable wireless link. By creating a prototype, the feasibility of terahertz torching for the Neuromate
application should be proven. However, the primary function of the powerlink is to harvest as much
power as possible.
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Components

Producing and capturing terahertz waves can be done in different ways. Each technique introduces
unique advantages and drawback. Based on the application, the most suitable combination of tech-
niques should be chosen. Building a communication link, the application of the Neuromate, requires
both a source and a detector, which is in contrast to observation tools in astronomy that investigate the
available sources from the atmosphere and thus only require detectors. In the last 50 years, many new
terahertz techniques have been developed. Below one or two examples are given to illustrate each
type of source and detector, together these examples form an overview of widely used techniques in
the (thermal) terahertz band. [12] [14] [21] [62]:

terahertz Sources
• Thermal sources

– Black bodies
– Metamaterials

• Electrical sources
– Backward wave oscillator (BWO)

• Optical/Photonic sources
– Quantum cascade lasers (QCLs)
– Photomixing

THz Detectors
• Thermal Detectors

– Bolometer
– Pyroelectric device

• Photoconductive Detectors
– Gallium Arsenide Detectors

• Heterodyne Detection
– Schottky Diode Mixer

5.1. THz Sources

Figure 5.1: Overview of electrical (left) and optical (right) THz sources

In Figure 5.1 the output power of different Thz sources and IR sources is plotted against their operating

29
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frequency. Not all of these sources will be discussed in this chapter. Nevertheless, it does visualise the
terahertz gap clearly. The Thz sources at the left loose power once the frequency goes up. And the
IR sources, at the right, loose power when the frequency goes down. The region in between, around
1-10 THz, is called the THz gap.

5.1.1. Thermal sources
Black bodies

A black body is an object that behaves according to Planck’s law 5.1. The absorbed and received
energy are equal and solely determined by the temperature of the object. In reality, the emitted radiation
also depends on the absorption of the material. Thus the concept of a black body is an idealisation.
However, some objects such as the Sun behave in a comparable way to ideal black bodies. The
spectrum of the Sun is very close to that of a 5778 K black body [1].

𝐼(𝜆, 𝑇) = 2ℎ𝑐
𝜆

1
𝑒( )/( ) − 1 [𝑊/𝑚 /𝑠𝑟/𝑚] (5.1)

The radiated power (I) per unit area of the emitting surface per unit solid angle per unit wavelength at
absolute temperature T. 𝜆 is the free space wavelength; ℎ is the Planck constant; 𝑐 is the speed of light
in a vacuum; 𝑘𝐵 is the Boltzmann constant.

The source that was used for the original ”THz Torch” project was a black body. A tungsten filament
lamp, which is a widely used source of light in homes due to its cost effectiveness and longevity.

Metamaterials

Blackbodies are objects that exists in nature. Metamaterials are man-made materials that are similar
to blackbodies but include optimized properties. One property that scientist try to address is emission
spectrum of a material. For example by creating selective emitter with a narrower thermal radiation
compared to a blackbody at the same temperature [62]. Based on Kirchhoff’s radiation law it is expected
that material can emit exactly the same thermal emission spectrum as it has absorbed. Thus the
absorption characteristics are also addressed by material scientist [6].

5.1.2. Electrical sources
Backward wave oscillator (BWO)

Figure 5.2: Schematic overview of an BWO. Picture from Wikimedia Commons

Backward wave oscillators also known as carcinotrons, are vacuum tubes that create terahertz fre-
quency by shooting an electron beam through a strong magnetic field [25] [14]. BWOs are commonly
used in laboratory environments but they are bulky and require high operational voltage.
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5.1.3. Optical sources

Quantum cascade lasers (QCLs)

Figure 5.3: Energy levels in a quantum cascade laser. Courtesy of [14]

Quantum cascade lasers (QCLs) use the intersubband transitions between the quantum wells. Those
wells are layers of gallium arsenide (GaAs) in between barriers of Aluminium gallium arsenide (Al-
GaAs). The QCL exists of repeating active regions, where the electron is transitioned to a lower energy
level while emitting photons, and injectors, that couples the electrons to a higher energy level before it
reaches the next active region [25]. Figure 5.3 schematically represents the energy band of a QCL and
the energy levels [14]. The band gap of the material determines the emission wavelength of the laser.
A QCL can achieve high output power for the terahertz frequencies. However, the systems cannot
operate at room temperature since it requires cooling which also increases the size.

Photomixing

Figure 5.4: THz continuous wave generation with photomixing courtesy of [14]

Terahertz signals can also be generated by the down conversion of an optical signal. Two lasers with
different output wavelengths are mixed together. The difference between their frequencies should lie
within the terahertz region as shown in Figure 5.4. By combining two inexpensive lasers with commer-
cial off-the-shelf (COTS) components a cost-effective telecommunication setup can be realised [41].
The poor frequency stability and phase noise performance are drawbacks of photomixing [14].
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5.2. THz Detectors
5.2.1. Thermal Detectors
Bolometer

Figure 5.5: Schematic illustration of a bolometer. Picture from Wikimedia Commons

A bolometer exists of a thermometer that is connected to an absorber material and a supporting sub-
strate. The radiation will fall onto the absorber and is conducted via the supporting substrate, which
has a large thermal conductivity [81]. Bolometers have been used for almost 40 years, and they are
still used and optimised. For example, superconductor bolometers were created based on the change
of state of niobium [25].

Pyroelectric device

A pyroelectric detector converts thermal energy into electrical energy by the generation of an electric
charge in response to a heat change. The equivalent circuit of an pyroelectric detector is shown in
Figure 5.6. The sensors capacitance (C) will be of importance again in Section 8.3.

Figure 5.6: (a) Pyroelectric detector (b) equivalent electric circuit diagram; figure courtesy of [26]

A pyroelectric detector can operate at room temperature, is relatively cheap and robust, and can
achieve response times up to less than a nanosecond [12].

5.2.2. Photoconductive Detectors
Gallium Arsenide Detectors

Gallium Arsenide (GaAs) is a photoconductive material. Based on the effective mass ratio of electrons
in GaAs it was expected that the material could be used in the terahertz spectrum. However, GaAs
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Figure 5.7: Photoconductivity of GaAs detector material. Courtesy of [12]

detectors have a high resistance, in the GOhm range, thus achieving both high speed and good de-
tectivity can be challenging in practice. A peak response around the frequency of 1.06THz has been
observed as can be seen in Figure 5.7[12].

5.2.3. Heterodyne Detection

Schottky Diode Mixer

Figure 5.8: Image of an anti-parallel pair of airbridged Schottky diodes. Courtesy of [20]

Schottky diode devices, as shown in Figure 5.8, are currently the most widely used terahertz detectors.
They are applied in test equipment, scientific instrumentation and transmit elements in radars and
communication systems [20]. A schottky diode mixer converts the signal power to an output power by
comparing the incoming signal with the frequency of a local oscillator. Schottky diode devices do not
have to be cooled and can be made small-scale and low-weight [90].
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5.3. Component Selection
An overview of the available types of sources and detectors is given. For the Neuromate the most
suitable combination of components is chosen to be the thermal link. Thus a thermal source combined
with a thermal detector to make sure the operating spectrum of the source fits with the sensitivity of the
detector.

The most important arguments for the selection of the thermal components are the compliance with
requirement II.i about the assembly of the prototype. Which should not be to complex due to the
time limitation for this thesis project of 6 months. And the compliance with requirement III.vii about the
experiment location. The small-scale and low-cost thermal sources aremost suitable for the Neuromate
application.
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Experiment

To determine whether the proposed concept is a suitable solution for the Neuromate project a proof
of principle was built. The signal quality was evaluated for different conditions. The prototype can be
used in combination with the other prototypes (of the powerlink and uplink) when it can transfer bits
over at least 50cm, with 40º misalignment, and with a data rate of 30bps. Thus the influence of these
three parameters: distance, misalignment, and data rate, were changed and tested independently. In
this chapter, the experiments and the setup will be explained in more detail. Information about the prior
conducted infrared pilot experiments can be found in Appendix 8.3. And the next chapter will discuss
the results and elaborate on the relation between the signal quality and the three parameters.

Figure 6.1 shows a schematic overview of the experimental setup, the basic communication scheme
that was introduced in Chapter 3 can be recognised in the setup since the prototype is a communication
link.

Figure 6.1: Schematic representation of the experimental setup, where S, the source, is the transmitter and D, the detector, is
the receiver. The default transmission channel for the prototype is free space.

35
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6.1. Materials
Next to the chosen source and detector, the experimental setup included more components. The entire
setup is shown in Figure 6.2. The functional blocks are schematically represented in Figure 6.1. The
transistor used was a BC550C low noise NPN transistor. The base resistor, R, was chosen to be 620
Ohm to enable a collector current (through the source) of 64mA, the typical operational current retrieved
from the data sheet of the source. The signal was generated by programming the arduino due, for the
code used see the Appendix 8.3. A signal which included all possible bit transitions was generated and
repeated. When those transitions are plotted on top of each other an eye diagram appears. The signal
quality is determined based on those eye diagrams, in Section 6.3.1 this analysis method is explained.
The power supply devices are not further discussed.

Figure 6.2: Overview of the entire experiment setup

The two most important components of the tested prototype are the source and the detector.

Figure 6.3: Image of the chosen source and detector on millimetre paper

6.1.1. Source

The chosen source is the infrared radiation source JSIR350-5-BL-C-D2.55-0-0 from Micro-Hybrid. Due
to its small size, indicated in Figure 6.3, the radiation element is able to heat and cool down fast. A
beneficial property when higher data rates are required.
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6.1.2. Detector
The chosen detector is the one channel pyroelectric low noise detector PS1x1C2-A-S3.7-open from
Micro-Hybrid. The PS1 is a current mode pyroelectric detector. The active area of the detecor is 0.8 x
0.8mm and made of nanoamorphous carbon (NAC) which has a wide range of infrared transparency
(1-14 µm) and a conductivity that can reach 10 S/cm resulting in a high detectivity (D*) of 2.8 x10

√ . [datasheet Microhybrid].

Filter

Without an optical filter the detector was completely saturated when connected. The output value was
always high and could only be influenced by blocking the detector. The nanoamorphous carbon (NAC)
material appeared to be sensitive to background sources of radiation, such as sunlight and human
heat. By mounting an optic filter in front of the detector only specific signals were captured. The filter
was removed from a IRA-S210ST01 PIR detector that was used during the pilot. In the datasheet of
the PIR the graph, shown in Figure 6.4, was presented. From the graph it becomes clear that the
filter transmits all signals with a longer wavelength than 5µm. However, even in the higher region the
transmission was decrease by the filter to a level of 80-90%.

Figure 6.4: Spectral transmittance for the 5µm long-pass filter [41]

6.1.3. Cases and Baseplate
The source and the detector both had their own lasercutted wooden cases. They were designed to
align the active elements of both components. The feet at the bottom of the cases fit into the holes of
the base-plates. These holes were designed to locate the cases at an exact distance or at the intended
misalignment. An example of the baseplate and the cases is shown in Figure 6.5 and 6.6 respectively.

Figure 6.5: First version of the first baseplate (top)

Figure 6.6: Cases source and detector (back)

The design was created in illustrator and produced with a lasercutting machine from Lionlasers at
the PMB in the faculty of Industrial Design Engineering. To systematically vary the distance and the
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misalignment two baseplates were produced: 1. Distance varying from 1cm increased with steps of
1cm up to 50cm. 2. Misalignment options form 0° up to 90°. Wood is a product of nature thus accuracy
can vary between prototypes. The ’feet’ of the cases were produced too large on purpose to make a
tight connection with the baseplate. After sandpapering and with pressure the cases were fixated to
the baseplate.

6.1.4. Oscilloscope
The signal quality was measured with the MSOS804A oscilloscope from Keysight, which was gener-
ously lent by the Microelectronics group that share their floor and measurement rooms with the Bio-
electronics group. This oscilloscope has many features including the creation, display and automatic
measurement of an eye diagram, due to embedded clock recovery. An eye diagram provides a visual
of the signal quality and includes parameters such as the jitter and the Q-level. This analysis method
will be explained in 6.3.1.

6.2. Measurement Method
The source and the detector were secured in their wooden case by means of damping folded tissue
bands, glue and duck-tape. The the wires of the sources and the detector were all thickened with
solder tin to create a tight connection with the regular female jump-wire connectors. In front of the
detector an IR filter was placed and secured with glue. The first conducted experiment was the data
rate experiment which determined the default setting for all other experiments.

6.2.1. Experiment 1 - Data rate

Table 6.1: The default settings for the data rate experiment

# sources 4
interval 5 - 17 ms
distance 2 cm
misalignment 0°
power supply 3.3 V
medium free space

From the data sheet of the detector aminimum data rate of 30bps was expected, since the time constant
was typically 17 ms. The graph in Figure 6.7 illustrates controlling the source on a minimum speed
versus a maximum speed. Minimum control drives the source up to a point of 63% of the power and
back to the baseline, which requires twice the minimum of 17ms delay. The maximum achievable
data rate depends on the smallest value of Δ𝑇. However, due to the overlaying low-pass and high-pass
filters from the internal circuit of the components a single optimum data rate was expected to lay around
35Hz, as shown in Figure 8.5. A series of tests with a data rate varying between 29.4Hz and 100Hz
was conducted to determine the most optimal data rate experimentally.

Since the interval [ms] between the on and off state of the source determined the data rate [Hz] both
units are used, Table 6.7 shows their relation.
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Figure 6.7: Table: Data rate relation to interval. Fig: Influence of timedelay source on data rate

6.2.2. Experiment 2 - Distance

Table 6.2: The default settings for the distance experiment

# sources 4
interval 14 ms
distance 1 - 10 cm
misalignment 0°
power supply 3.3 V
medium free space

The parameter varied was the distance between the source and the detector. Starting form a dis-
tance of 1cm and increased with steps of 1cm up to a maximum of 50cm misalignment (which was not
reached during the experiments). The experiment was conducted four times in a row, first with only
one source operating, then two sources, followed by three sources, and finally with all four sources
radiating simultaneously.

6.2.3. Experiment 3 - Misalignment

Table 6.3: The default settings for the misalignment experiment

# sources 4
interval 14 ms
distance 2 cm
misalignment 10° to 90°
power supply 3.3 V
medium free space

The parameter varied was the misalignment. Starting form an angle of 0° and increased with steps of
10° up to a maximum of 90° misalignment. A special baseplate was created in Indesign by Adobe, the
distance between the two components was kept constant the angle from the midline was increased for
each step, as shown in Figure 6.9.
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Figure 6.8: Two caps result in different radiation patterns,
the reflector will form a more focused and powerful beam
compared to the cap option that was used during the

experiments

Figure 6.9: First version of the second baseplate,
distance was 1cm in the image but the final version
included 2cm distance between source and detector

6.2.4. Experiment 4 - Power

Table 6.4: The default settings for the power experiment

# sources 4
interval 14 ms
distance 2 cm
misalignment 0°
power supply alternating vs. constant ON
medium free space

The current driven from the power supply by the source(s) was read for different conditions, the total
current drawn with 1,2,3 or 4 sources connected and for continuous high output or during transmission
of the data. The current driven by the detector was too low to be presented by the power supply. Thus
was decided for this experiment to focus on other parameters. The output voltage range of the detector
was measured for different amount of sources and continuous or alternating transfer of data, to present
the effect of the different power levels of the source.

6.2.5. Experiment 5 - Medium

Table 6.5: The default settings for the medium experiment

# sources 4
interval 14 ms
distance 5 cm
misalignment 0°
power supply 3.3 V
medium varying

In this case different media were tested on their influence to the attenuation of the signal. The signal
was not strong enough to penetrate through tissue of a human hand. Therefore was decided to not
test with real mice tissue. A prototype with stronger source is required to test the penetration through a
mouse ear, tail, flaw, or total body. However, the transmission of paper, fabric, plastic and wood were
tested.

6.3. Analysis Method
6.3.1. Eyediagram
An eye diagram is a visual representation of the signal quality. Often used in telecommunication to
compare system quality with similar protocols. All eight possible 3 bit combinations are plotted on top
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of each other together forming the shape of an eye, as is illustrated in Figure 6.10. The opening of the
eye is related to the bit rate error. Namely, the larger the opening of the eye, the clearer the difference
between 1 and 0 and the more easy a bit can be detected. And for a more closed eye the chance is
higher that a bit gets incorrectly flipped [95][27][48].

Figure 6.10: All possible bit transitions plotted on top of each other results in an eye diagram courtesy of [48]

Figure 6.11: The key eye diagram definitions, source: Keysight

The most important quality measure in optical communication links is the bit error rate (BER). However,
measuring the BER takes a substantial amount off time if it is small. Thus counting errors is not an ideal
method to define the quality of an optical communication link [27]. Another important quality measure is
the Q-factor, which is related to the BER. Both measures are used in the field of optical communication
and it is possible to estimate the BER based on the Q-factor and vice versa.

Since the oscilloscope did measure the the Q-factor and not the BER the optimum BER value was
estimated with the following formula, provided by Freude et al. 2012, to allow for comparison with other
methods [27]:

𝐵𝐸𝑅 = 1
2𝑒𝑟𝑓𝑐(

𝑄
√2
) (6.1)

All parameters that include their units and do not specifically mention otherwise were measured during
the experiment.
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Table 6.6: Eyediagram definitions, # link to Figure 6.11

# Name Explanation
1 Eye zero level [mV] The mean value of the logical zero
2 Eye one level [mV] The mean value of the logical one
3 Rise Time (not measured) Time the upward transition from the 10% to 90% level takes
4 Fall Time (not measured) Time the downward transition from the 90% to 10% level takes
5 Eye height [mV] Vertical opening of the eye, (𝑜𝑛𝑒𝑙𝑒𝑣𝑒𝑙 − 3𝜎[1])(𝑧𝑒𝑟𝑜𝑙𝑒𝑣𝑒𝑙 + 3𝜎[0])
6 Eye width [ms] Horizontal opening of the eye
7 Eye jitter RMS [ms] Deviation from the ideal periodicity
8 Eye Amplitude (not measured) Difference between zero level and one level
9 Bit Rate (not measured) Data rate, width of one bit from crossing to crossing
- Crossing [%] Crossing points amplitude relative to one and zero level
- Q-factor [-] General metric of signal quality often used to estimate BER
- Duty Cycle [ms] Time difference between rising and falling edge at 50% (middle) threshold
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Results

7.1. Data rate
The data rate experiments was conducted first to determine the default data rate for the other experi-
ments. An optimal data rate of 35Hz was expected due to the ’high-pass/low-pass misinterpretation’,
which will be explained in Section 8.3. From the eyediagrams that were created for data rates between
29.41 Hz and 100 Hz (between 17ms and 5ms interval). Different parameters, explained in Section
6.3.1, were measured and are displayed in the graphs in Figure 7.1. The two plots on the top are the
most important since they show the BER values and Q-factors.

Figure 7.1: Mean parameter changes over varying data rate

There are some important notes about the results to make. The Eye zero level is given as an absolute
value, thus higher the zero-level the better. The Crossing should optimally be around 50%. And the
longer the sources stays on the more time it has to heat up and thus slower data rates will result in
higher output power.
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7.2. Distance
Four situations were tested for transmission over the increasing distance. The first case was with 4
sources turned on simultaneously, represented by the blue lines in Figure 7.2, in the second case three
sources were powered, the red lines, two sources, yellow lines, and the setup with only one source
connected is represented by the purple lines.

The distance has a major impact on the signal strength, an exponential decay can be seen output
peak-to-peak voltage. The quality of the link decreases within a few centimetres to unreliably high BER
values. The importance of the power that the source can transmit is indicated by the different lines.
Four time higher power, when all four sources were transmitting simultaneously, show better results
for almost all parameters. Especially the BER, Q-factor, zero and one levels, and output voltage show
higher quality of the link with the use of a stronger signal.

Figure 7.2: Mean parameter changes over varying distance
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7.3. Misalignment
A beam divergence close to that of a Lambertian emmission is expected based on the transmission
shape shown in Figure 8.7.

Figure 7.3: Mean parameter changes over varying misalignment

In this experiment the emission angle of the source is proven to be wide, as was expected. Between
40° and 60° the signal quality started to decay. And from Figure 7.3 it can be seen that the BER value is
stable around < 10 5 for a misalignment up to 50°. This validates the assumption of the source having
a Lambertian emission spectrum.

7.4. Power
Sources draw around 64mA each, thus step wise increase means the setup was a valid simulation of
four times higher power compared to a single source. In the situation were data was transferred the
sources was alternating. Therefore, the current drawn was not stable and more difficult to read.

Table 7.1: Source

Source(s) 1 source 2 sources 3 sources 4 sources
ON 64 [mA] 123 [mA] 183 [mA] 241 [mA]
Alternating 24-35 [mA] 52-67 [mA] 75-100 [mA] 97-137 [mA]

A pyroelectric detector is only sensitive to changes, thus constant high signal results in a low output
signal. The default output value of the detector was 35mV, which was observed during all constant
illumination values. The output voltage for the alternating signal did increase with the increase in signal
power. Four active sources resulted in four times higher output voltages from the detector.

Table 7.2: Detector

Detector 1 source 2 sources 3 sources 4 sources
ON 35 [mV] 36 [mV] 35 [mV] 35 [mV]
Alternating 250 [mV] 520 [mV] 773 [mV] 1000 [mV]
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7.5. Medium
In Figure 7.4 the output of the detector from communication links with different media is shown. In
A. the signal was transmitted through free space, the default situation. B. indicates the penetration
through a human hand, which did not result in a detectable output signal because there was too much
attenuation. C. shows that a signal could be send through coloured bubble wrap since it is a material
mainly consisting of air, thus the attenuation is lower than for tissue. Situation D. a single sheet of paper
was put in between the source and the detector and it blocked the signal, similar to the blockage of a
human hand.

Figure 7.4: Output signal of the detector when transmitted through different media. A) free space (no obstruction), B) human
hand, C) bubble wrap, D) paper A4 (thickness)

Source and detector were placed on a distance of 5cm from each other so that different material could
be placed in between. The distance experiment 6.2.2 already showed a strong decay of the signal
power at 5cm.

One advantage of THz over VLC was expected to be the reduced blocking of soft tissue. However,
it was unknown whether the THz Torch could indeed penetrate through mouse tissue. Especially be-
cause of the high water content of the tissue and the known attenuation of THz due to water. Whether
the blocking issue of a THz Torch are reduced in comparison to VLC could not be eliminated by this ex-
periment. The tests should be repeated with a future version of the prototype including a more powerful
source.
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Concluding remarks

8.1. Conclusion
This report describes an exploratory study to a new small-scale, low-cost, divergent, wireless commu-
nication method for multi-user biomedical applications such as the Neuromate project. The first goal
was to find an optimal technique to complement the current Neuromate project with a wireless downlink
to enable continuous and individual control over the stimulation patterns of the four mice. Furthermore,
the new principle had to be tested with a prototype thus the second goal was to build a proof-of-principle
and evaluate it in a series of experiments.

In Chapter 2 the requirements were determined and an overview of the current status of wireless
projects was created. After that an introduction is given to communication and modulation in Chapter
3. including the two main components: the transmitter (source) and the receiver (detector). Amplitude
and angular (frenquency and phase) modulation were explained next to four multiple access methods,
TDMA, FDMA, CDMA and SDMA. Chapter 4 elucidated the three most promising techniques to realise
a wireless closed loop system. All of them were viable options since they do fit with criteria such as the
safety of mouse and researcher, the unperceivability by the mice, not introducing a time delay, and not
interfering with the other two links.

The first concept, Power Source Keying, was an interesting option because it does not add a new tech-
nique to the system by using an existing link. By doing so, it reduces the chance of interference with the
other two wireless signals considerably. However the power link was not a continuous link, and thus
data might be lost. The second concept, Visual Light Communication, an increasingly popular tech-
nique for wireless communication, mainly focused on Internet-Of-Things. Fluctuating the intensity of
visible light from a regular bulb would send a data signal with out being perceivable by humans or in our
case by mice. However, shadowing and blocking were the main foreseen challenges for the application
in the Neuromate project. The third concept, Terahertz torching, was the relatively new application of
the thermal Terahertz frequency band. Signals within the terahertz band can penetrate through soft
tissue and thus were expected to face less blockage. However, the technique was developed recently
and not widely used. Therefore, the total system was not yet miniaturised, and the current Terahertz
torch receivers did not fit on the head of a mouse.

From the multiple criteria analysis Terahertz Torching appeared to be the most promising technique
for our specific application. This option mainly has practical challenges, and fundamentally provides
the opportunity to form a reliable non-interfering wireless link. Thus the feasibility of THz Torching was
tested by creating a proof-of-principle and conducting five different experiments with it.

In Chapter 5 examples were given to illustrate different types of widely used sources and detectors
in the (thermal) terahertz band. Concluding with the most suitable types for the downlink prototype.
Chapter 6 started by describing the prototype in more detail and continued with the experiment design
which was divided into five separate experiments. The results of these experiments were presented in
Chapter 7.
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During the experiments the principle of communication with a THz Torch was proven to be feasible.
Experiment 3 resulted in an optimum data rate of 35.71 bps, allowing for the simultaneous stimulation
of the mice. And the divergence of the source was sufficient to cover the entire cage, as in Experiment
2 an angle of 50° was proven to be the maximum misalignment that still allowed transfer of the data.
However, the prototype did fail to reach the required distance. In experiment 2 only 8 cm could reliably
be bridged. The source was not strong enough to overcome the attenuation in the air. A more powerful
source will allow an increased reachable distance and makes sure the entire cage will be covered.

Figures 8.1,8.2,8.3 show the bit error rates (BER) of the first three experiments. From these quality
measures it can be seen that the signal quality decreases for larger distance, larger misalignment, and
for higher or lower data rates than optimal. In the middle graph the influence of the power of the source
can clearly be seen. When more sources are radiating, thus the higher the power, the BER value will
stay lower for further distances.

Figure 8.1: BER values of the first three experiments

Figure 8.2: BER values of the first three experiments

Figure 8.3: BER values of the first three experiments
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8.2. Contribution
The contribution of this thesis to the academic field is an exploratory study to a new small-scale, low-
cost, divergent, wireless communication method for multi-user biomedical applications such as the
Neuromate project. In this work an innovative proof-of-concept has been realized for this project.

In Table 8.1 a comparison of this work with the work of professor Stepan Lucyszyn,[63], and his for-
mer phD student Fangjing Hu,[41], is shown. The first publication about their ”THz Torch” dates from
2011, the proof-of-concept version. They build a proof of principle of which the measured performance
in terms of data rate and range at that time was described and they concluded that it was rather lim-
ited. However, it was just the very first step and their next versions rapidly improved in quality. The
performance of the data rate and BER that Hu achieved and reported in his phD thesis in 2014 are
higher than those performances off this work. This work can be seen as a first proof-of-concept in a
new application direction. Therefore, improvements are expected in the next versions of the prototype
similar to the rapid improvements their work showed. This work is focused on the new requirements
that Neuromate application brings on top of the requirements of the original THz Torch. The thermal
Terahertz technology is still in its infancy and this is the first time a small-scale, divergent application of
it is tested.

Table 8.1: Comparison of THz Torch proof-of-concept version, THz Torch improvement and this work

Stepan Lucyszyn (2011) Fangjing Hu (2014) This work
Application ultra-low cost, short-range, ubiquitous, low-cost, low-cost, small-scale, divergent,
„ security security and defense multi-user, biomedical
Frequency 20-40 & 60-100Hz 20-40 & 60-100Hz 20-100Hz
Data rate 5 bps (at 0.5cm) >2kbps 35.71 bps
Distance 2.5 cm (with <1bps) >10cm 8 cm (4sources)
Misalignment unknown unknown functional <50°
BER unknown <10ˆ-6 (2.5 cm) 10ˆ-6 (2 cm)
Size prototype unknown 6 x 4 x 10 cm 9 ∅ x 4 mm

8.3. Discussion and recommendations
Highpass-lowpass misinterpretation

Figure 8.4: Equivalent circuit and RC circuit of passive highpass filter. Image from Electronics-tutorials

During the selection of the detector a misinterpretation occurred of the presented equivalent circuit
in the given data sheet of the detector. Looking at the parallel feedback capacitance and feedback
resistor the assumption was made that the value of the feedback resistor would influence the low-pass
properties of the detector. However, the active element also acts as a capacitor and thus forms a high-
pass filter together with the feedback resistor. Thus, instead of choosing the highest possible resistor,
which would have been the most beneficial, the lowest value was chosen. Therefore, instead of a
range of optimal frequencies only one optimal frequency appeared. Figure 8.5 shows the bodeplot of
both filters and their crossing point at ≈36 Hz. This optimum is unfortunately located -5.5 dB lower than
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the optimum of correctly matched components. Which means that at the optimum the output power of
the prototype could actually be 3.5 times higher than it was in the current experiment. And thus that
the results that were achieved by combining four sources should be achievable with only one (correctly
matched) source and detector.

Figure 8.5: Overlap of the lowpass and highpass filters of the prototype

Power consumption

In Chapter 2 a rough estimation of the available power was made based on the results of the work
of Swager(2016) and Nassirinia(2016) [93] [72]. From this estimation a total power of 0.3mW would
be available for the downlink at the side of the headmodule. The source will be located on top of the
cage, thus can be powered externally and does not have such strict power requirements. From the
datasheet of the detector a total operational power consumption of 0.3mW can be calculated for a
supply voltage (Vdd) of 2.2V and a maximum operational current of 0.07 mA. This is a comparable
result to the backscattering technique used for the uplink and thus fits with the criteria. However,
the power required for the demodulation is not taken into account nor is the power consumption of
the microcontroller in the powerlink project, 0.99 mW [72]. Since both projects are not optimised it is
expected that the power consumption of the microcontrollers can be reduced up to the point that all
three functionalities will together required < 10 mW of power consumption from the microcontroller.

Wooden baseplate and cases

Wood is a product of nature and thus the accuracy of the prototype was less than it could have been if it
was produced from other material. It might have influenced the alignment of the sources and detector.
However, the soft wood allowed for secure fixation of the components and between the baseplate and
the cases, due to an intended over-sizing.

Divergence

Most Terahertz applications for communication purposes use collimated lenses [43] [70]. Those lenses
converge the beam and reduce the scattering and thus gain a higher signal-to-noise ratio. For the
downlink, a divergent beam is desirable to address the entire surface of the cage. In experiment 2 an
angle of 50° proved to be the maximum misalignment that still allowed transfer of the data. This angle
could be reduced when multiple sources are used on top of the cage.
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Figure 8.6: Required divergence of the terahertz beam presented in a diagonal cross-section of the cage.

Metal reflection

The metal coil of the power link covers the entire cage and the reflector of the uplink covers the bottom
in metal. This inclusion might be an advantage since metal is used to create THz mirrors because of
its high reflectance. Figure 8.7 schematically shows how the coil and bottom might become a benefit.

Figure 8.7: A.Possible reflectance of metal B. Reflectance of coil C. Reflectance of the metal flour, also used as reflector for
uplink waves.

Multiple access

Due to time limitations only a single-channel experiment was conducted, multi-channel experiments
can in the future be performed with the same prototype to test the multiple access methods and to
investigate the interference between the channels. The preferred option is currently Code Division
Multiple Access (CDMA). However, both Frequency DivisionMultiple Access (FDMA) and Time Division
Multiple Access (TDMA) are viable options and can be tested with future prototypes. For FDMA a new
prototype is required which include optical filters in front of the source and detector to split the terahertz
spectrum in four different bands as has been done by Hu et al. (2014) [41]. Further research should
be done to make the optimal choice between the multiple access methods.

Interference

The interference with the other two prototypes has not been tested yet because the current prototype
is not powerful enough to cover the entire cage. Once by iterations a strong enough combination of
transmitter and receiver is found the three separate Neuromate solutions should be tested together to
ensure that none of them is influenced by the others.

Thermal background

All objects above 0K are emitting thermal energy. Thus in the environment were the Neuromate will
end up multiple thermal sources will be present. Examples of sources that will definitely be present
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are the sun (through windows), the mice and the researchers. The detector is only responsive to rapid
changes in temperature. Thus during the experiment the presence of the hands next to the setup did
not influence the results, as was tested during the pilot studies. However, it was possible to activate
the detector by quickly waving the hand in and out of the detectable field. In Figure 8.8 the difference
in body heat of a mouse and a human is visualized with a thermal camera. The mouse has a lower
temperature and thus radiates with lower power and lower frequencies. How much influence the fast
running mice in the receptive field of the detector will have should be tested with the next generation
of the prototype.

Figure 8.8: Thermal image of a snake around a human hand and a snake with a mouse. Note the difference in legend.
Pictures from Wikimedia Commons

The behavioural experiments will mostly occur in the dark which will cause a better signal-to-noise ratio
due to the lower amount of background energy.

State feedback and error correction

Even with low BER values bit errors might occur during long-term experiments. The neuroscientist
should always be able to rely on the link and they should be able to check and reset the current state of
the control paradigm. State feedback can be send over the uplink with a small delay, which is acceptable
for the control paradigm state information. For error information and correction the path via the uplink
will be too slow. Therefore, other solutions like foreward error correction should be implemented to
correct for the incorrectly received bits without the need to report the error via the uplink. By adding
extra bits to the message a redundancy is created that enables the decoder to retract the original
message even when it contains errors. One example of forward error correction is the use of parity bits
that indicate whether the amount of ones in the message is even or odd. It will increase the bit length
of a message and thus lowers the data rate but will ensure a reliable link.

Safety

Infrared can cause eye damage when wavelengths below 1400nm are used. The human cornea is
opaque to wavelengths higher than 1400 nm and thus the risk at ocular hazard is reduced when using
lower frequencies such as the thermal part of the terahertz band.

Terahertz is non-ionizing radiation thus generally considered safe for humans. However, there has been
discussion on whether terahertz radiation could interfere with DNA. One study modelled the influence of
a Terahertz field on double-stranded DNA and found that at high intensities nonlinear mechanisms could
lead to spatial perturbations that create large localized openings (bubbles) in the DNA [2]. However,
this is only shown in simulations and extremely unlikely to happen in real-life. Nevertheless, interaction
of terahertz with human tissue has barely been studied and should be investigated more closely to be
able to make safety statements.

Animal studies

All experiments conducted on mice in the Erasmus MC are approved by Dutch Dierexperimenten com-
missie (DEC) ethics committee and are performed in accordance with Dutch animal care and use laws.
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Nevertheless, reticence with the amount of animals used for studies is desirable. The Neuromate
project wants to achieve natural behaviour thus automatically creating more animal-friendly environ-
ments.

The headmodules will be less disturbing to the animals since after the single surgery they can move
freely and live group-housed.

Downlink

The results of experiment 2 indicate that a more powerful source is required to reach the required
distance. Another option is to use multiple sources simultaneously.

The size of the detector can be minimized, since SMD versions of pyroelectric detectors are available.
However, the properties do not match the properties of the chosen component in the prototype. The
current detector has proven to meet all the requirements of the application. To make sure it is not
overqualified different smaller detectors with other properties such as lower detectivity could be tested.
Thus further investigation whether SMD detectors are more interesting than the currently chosen TO
packaged one is recommended.

NeuroMate

In this work an innovative and promising proof-of-concept has been realized for the wireless downlink
of the Neuromate project.

Currently two separate one-way communications have been proposed. However, both include innova-
tive solutions and require more development time to reach a functional prototype. This development
will take time and expertise. The alternative solution is to use a single solution that includes a two-way
communication link

The time it will take to finalise the separate solutions of the Neuromate plus the time it will take to in-
tegrate the solutions depends on the availability of master students who want to do their graduation
project for the Neuromate project. In the mean time current commercially available two way communi-
cation links will improve and probably increase in power efficiency up to a level that is compatible with
the requirements of the Neuromate system. A commercial solution could possibly be more reliable then
two innovative techniques combined. This should be examined by the Neuromate team.

However, given the above mentioned options for optimisation the proposed wireless terahertz downlink
is a promising solution for the Neuromate project. And given the foreseen rapid improvements the
technique could well be developed in a series of further prototypes.
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A - Multiple Criteria Analysis

Size & Weight (VI.i.a & VI.i.b )
This is critical for the success of the total project, a mouse should be able to carry the device. There-
fore the highest weight of 3 is assigned to this requirement. PK does not require additional receiving
components. However, the decoding does require a more complex receiver design. Thus a little size
and weight is added, and the PK score is higher but not perfect. Both VCL and THz require added
sensors that use space and bring extra weight. The lowest score is therefore assigned to both.

Multiple mice (VI.iv)
The success of the prototype relies on the allowance of communication with multiple mice at once. This
unique feature adds value to the solution and differentiates from currently available wireless setups.
Therefore the highest weight of 3 is assigned to this requirement. PK and VCL provide the possibility for
multiple access. However, both require modulation techniques and thus demodulation at the receiver
side. THz easily provides different bands through filters and does not require demodulation techniques
after detection.

Interference (VI.v)
Is less demanding compared to the previous two, the product can still exist and be innovative. However,
the functionality will decrease with too much interference. Thus has a lower weight than the first two
requirements. Due to the productivity dependence, a value of 2 is assigned. PK uses one of the two
existing links and thus does not provide an extra source of interference. However, the powerlink did
previously show to cause some interference with the uplink and thus a score of 3 is given. Both VCL and
THz are expected not to cause any interference since their in a range of the electromagnetic spectrum.

Power Consumption (VI.ii.a )
Achieving a functional end product is still possible, but the demand for harvested power increases if the
consumption of the downlink increases. Therefore the lowest weight of 1 is assigned to this require-
ment. PK is using the power link which will reduce in effectiveness. This decrease in effectiveness
might be minimised by using the phase information. However, the demodulation of the phase differ-
ences will require more power. VCL and THz both do not affect the power link and use passive sensors.
However, VCL does require more complex demodulation, due to the passive filters of THz. All of the
options do require some power, and therefore none of them scores 5 points.

Reliability (VI.ii.b )
It does not affect the functionality of the product either. However, the usefulness of the device de-
creases when the communication link fails too often. Hence, the lowest weight of 1 is selected for this
requirement. PK will encounter misalignment issues as described in Chapter 3.1. When the receiving
coil is placed orthogonal to the magnetic field the signal might get lost. VCL will probably also encounter
reliability issues due to blocking. When the sensor is covered no signal can be transferred. THz does
not get blocked by soft matter. However, there is still a chance that the water in the mice tissue cause
attenuation or that the mirroring properties of metal will induce problems. Thus THz did not score all
the 5 points.
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B - Pilot

Materials

The source and detector had to be produced by hand and thus involved a very long delivery time. In the
mean time different pilot studies were conducted to gain experience with the setup. These pilot studies
could be divided in NIR-pilot and a MIR-pilot. The components were controlled with via an Arduino.

Pilot - Near Infrared Transmitter - IR LEDs

I 5mm HE3-290AC

II Solid State Lamp GaAs 5mm L-53F3C

III TSAL6200 GaAIAs IR Zenddiode

Receiver - IR Diodes

I TSOP31240

II TSOP1838 VIS

Pilot - Mid Infrared

Transmitter - Miniature light bulbs

I Gloeilampje E10 3.5V 0.3A

II Kogellampje Barthelme 00810650

III Miniatuurlamp 4.5V 0.06A 30cm

IV Bipin-LP T1 5V 60mA

Receiver - PIR movementsensor

I Panasonic AMN31112 (digital) and AMN21112 (analog)

II Velleman VMA314

Single-channel

During the pilots only single-channel setups were build. The intention was to gather data to later on
compare to the THz Torch data. However due to practical limitations described in the next section there
was no useful data gained from the pilot studies. The experience did help in building the final setup but
are not suitable for comparison.

Distance 1cm, 10cm, 40cm (height of the cage), 1m

Misalignment an angle of 15º, 30º,60º,90º

Data rate 30bps, 60bps, 300 bps, 1kbps.

Power 1. Determine the power consumption of the source and the detector at 40cm, 0º, 30bps, 10-3
BER (value to be determined 10-3 from Ide).

Struggles

IR LEDs and diodes only work at amodulation frequency of 38kHz or 40 kHz since the discrete receiving
components already incude a decomposition circuit. Regular IR communication between devices like
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TV remote controls all work on this modulation frequencies to reduce the influence of background
radiation. The modulation method of each brand sightly differs from how the uptime and downtime are
used to encode the bits. Therefore not all remote controls work on all IR controlled devices. But the
modulation frequency is similar for all, around 40kHz.

PIR movement sensors include two sensitive elements. Only a difference between the two elements
result in a high output signal. By moving the sources in front of the receivers a signal could be detected.
However by simply switching them on and off no difference was generated and thus no output signal.



C - CDMA
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CDMA	example	
Mouse	 Data	 Code	 X-OR	
1	 10	 0101	 1010	 0101	
2	 01	 0011	 0011	 1100	
3	 11	 0000	 1111	 1111	
4	 00	 0110	 0110	 0110	
	
Modulate	the	combined	signal	
0	=	1V	
1	=	-1V	
	

X-OR1	 	 1010	 0101	 		 -1			1		-1			1	 	1		-1			1		-1	
X-OR2	 	 0011	 1100	 	 	1			1		-1		-1		 -1		-1			1			1	
X-OR3	 	 1111	 1111	 						 -1		-1		-1		-1	 -1		-1		-1		-1	
X-OR4	 	 0110	 0110	 	 	1		-1		-1			1	 1			-1			-1			1	
Combi	 	 	 	 	 0			0			-4			0	 0			-4				0			0	

	
Demodulate	the	combined	signal	
	
Mouse	1	

Code	 	 1			-1			1		-1			 1			-1			1		-1	
Combi	 	 0				0			-4			0	 0			-4				0			0	
Multiply	 0				0			-4			0	 0				4				0				0	
	 	 	
	 	 -4/4	=	-1à	1	 4/4	=	1à	0	 	 10	
	

Mouse	2	:	0011	
Code	 	 	1				1			-1		-1				 1				1			-1		-1				
Combi	 	 	0				0			-4			0	 0			-4				0			0	
Multiply	 	0				0				4			0	 0			-4				0			0	

	
	 	 4/4	=	1à	0	 -4/4	=	-1à	1	 	 01	
	

Mouse	3	
Code	 	 1				1				1			1				 1				1				1			1	
Combi	 	 0				0			-4			0	 0			-4				0			0	
Multiply	 0				0			-4			0	 0			-4				0			0	
	 	 	
	 	 -4/4	=	-1à	1	 -4/4	=	-1à	1	 	 11	
	

Mouse	4		0110	 	
Code	 	 1			-1			-1			1				 1			-1			-1			1	
Combi	 	 0				0			-4			0	 0			-4				0			0	
Multiply	 0				0				4			0	 0				4				0			0	
	 	 	
	 	 4/4	=	1à	0	 4/4	=	1à	0	 	 00	

Figure 9: Example of CDMA with 4 users. Each user is assigned with a orthogonal code that enables decodation after
receiving the combined signal.



D - Arduino
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/*
 * Experiments - Modulate data and send
 * 
 * written by Jinne Geelen 
 * August 22, 2017
 *
 */
#include "Timer.h"
Timer t;

const int TEST          = 7;
const int SOURCE1       = 8;
const int SOURCE2       = 9;
const int INTERVAL      = 17;  //ms
const int INT_C         = 2.5;

const int DATA_LENGTH  = 25;
int currentTick = 0;
int currentValue = 0;
int currentTable[DATA_LENGTH];

//001011100 110000111

//char data[DATA_LENGTH] = {1, 1, 1, 0, 1, 0, 1, 1, 0, 
0, 1, 1, 0, 1, 0, 1, 0, 0, 1, 0, 1, 0, 0, 0};
char data[DATA_LENGTH] = {1, 0, 1, 0, 1, 0, 1, 0, 1, 
0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0};

void setup() {
  Serial.begin(9600);
  pinMode(SOURCE1, OUTPUT);
  pinMode(SOURCE2, OUTPUT);
  pinMode(TEST, OUTPUT);

  t.oscillate(TEST, INT_C, HIGH);
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  t.every(INTERVAL, doTick, (void*)0);    //int 
tickEvent = 
}

void loop() {
  t.update();
}
  
void doTick(void* context) { 

  int check = data[currentTick];
  
  if (check != currentValue) {
    if (currentValue == 0) {
      digitalWrite(SOURCE1, HIGH);   // turn the 
SOURCE on/off based on currentValue
      digitalWrite(SOURCE2, HIGH);   // turn the 
SOURCE on/off based on currentValue
//      Serial.println("source switch 1");
      currentValue = 1;
    } else {
      digitalWrite(SOURCE1, LOW);   // turn the SOURCE 
on/off based on currentValue
      digitalWrite(SOURCE2, LOW);   // turn the SOURCE 
on/off based on currentValue
//      Serial.println("source switch 0");      
      currentValue = 0;
    }
  }
  currentTick++;
  
  if (currentTick == DATA_LENGTH-1) {
    currentTick = 0;
  }
}

Figure 10: Arduino code for creating the transmitted data signal
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Figure 11: Matlab code





F - Eyediagrams
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Experiment 1 - Data rate

17 ms 16 ms

15 ms 14 ms

13 ms 12 ms
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Experiment 1 - Data rate

11 ms 10 ms

9 ms 8 ms

7 ms 6 ms
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Experiment 1 - Data rate

5 ms
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3 cm 4 cm

5 cm

1 cm 2 cm

Experiment 2 - Distance (1 source)
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Experiment 2 - Distance (2 sources)

1 cm 2 cm

4 cm

6 cm

3 cm

5 cm
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Experiment 2 - Distance (2 sources)

7 cm
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Experiment 2 - Distance (3 sources)

1 cm 2 cm

4 cm3 cm

6 cm5 cm
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Experiment 2 - Distance (3 sources)

7 cm 8 cm

9 cm
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Experiment 2 - Distance (4 sources)

1 cm 2 cm

4 cm3 cm

6 cm5 cm
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Experiment 2 - Distance (4 sources)

7 cm 8 cm

10 cm9 cm
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Experiment 3 - Misalignment

10º 20º

40º30º

60º50º
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Experiment 3 - Misalignment

70º 80º

90º
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Experiment 5 - Medium

free space (no obstruction) hand

bubble wrappaper (1 A4)

fabric (shawl, cotton blend)plastic ruler (transparant)



G - Lunteren

THz Torching is a new one-way communication 
method that is suitable for long-term wireless 
monitoring and stimulation of group-housed 

freely moving rodents

Our goal is to build a setup for long-term studies 
of group-housed mice, that enables continuous 
monitoring and interaction with each animal.

Individual monitoring

Wireless & freely moving

Multiple mice simultanuously

Control individual stimulation

63%

100%

100

∆T

34 [ms]
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Table 1 - Multi-criteria analysis: three data 
transmission concepts are weighed and added

• Power Shifting Keying (PSK) 
 modulation of the inductive 
	 magnetic	field

• Visual Light Communication (VLC) 
 modulation of visible light carrier

• Terahertz Torching (TT) 
 electro-magnetic wave modulation  
 in the THz band

Elaboration of three data transmission 
concepts for the downlink  

• Determine time delay

• Test penetration THz through tissue

• Miniaturize headmodule      implantable

• Add electrical stimulationInfluence of the time constant of the 
receiver on the data rate

Criterion                           Weight PSK VLC TT
Size and weight          3x 3 1 1
Multiple mice              3x 4 4 5
Interference                2x 3 5 5
Power consumption   1x 2 3 4
Reliability                    1x 1 1 4

Total 30 29 36

Contact: jinnegeelen@gmail.com

Figure 12: Poster Lunteren
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