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Summary

Restoring visual function in blind people using technology can be challenging but beneficial
in improving their quality of life. For most cases of blindness, nerves between the eyes and
brain are damaged, so the only option is to stimulate the visual cortex directly. Such a system
requires external cameras, image processing and implanted electrodes. Powering, stimulating
the brain (downlink), and recording neural activity (uplink) is preferably done wirelessly to
avoid infections and is also more comfortable. The wireless communication to and from
the implant is the core topic of this work. The wireless powering is subject to another PhD
project.

The implanted electrodes in the visual cortex are grouped into 16 tiles, arrays of 64 elec-
trodes totalling 1024 electrodes. There are a few possible configurations for the wireless
system to communicate with these tiles. Our approach after discussion with neuro-surgeons
is to place the central transceiver beneath the skin, with the electrode arrays tethered to it.
This provides a scalable solution because it avoids multiple transceivers, and it avoids exces-
sive attenuation or path loss through the skull. The main challenge, however, is the possible
micro-motion of the implanted connecting wires, which can be partly alleviated with better
packaging and implantation.

Based on a comparison between possible communication techniques and systems that
meet the requirements for communication to and from the intracortical visual implant, the
most viable solutions for downlink and uplink are investigated in detail. For the downlink,
binary phase shift keying (BPSK) communication with an inductive link is selected. For the
uplink, impulse radio ultra-wideband (IR-UWB) using on-off keying (OOK) modulation is
proposed.

For the downlink part, a low-power non-coherent digital demodulator was designed for
the implanted receiver. The downlink was experimentally demonstrated on a scaled-down
version at a lower carrier frequency showing a promising data rate delivery. The experimental
demonstration provides proof of principle for a future system that consumes under one mW
at the receiver side in an integrated circuit (IC). Due to its digital architecture, the system
is easily adjustable to an industrial, scientific and medical (ISM) frequency band, with its
power consumption scaling linearly with the carrier frequency. The tested system uses off-
the-shelf coils, which gave sufficient bandwidth while staying within safe specific absorption
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X SUMMARY

rate (SAR) limits. The digital receiver achieved a reduction in power consumption by skipping
clock cycles of redundant bits.

For the uplink part, the need for a low-power transmitter with high data rate was shown.
Electromagnetic simulation of the transmit antenna, tissues and receive antenna resulted in
about 20–30 dB path loss. The worst-case link budget of the IR-UWB demonstrates its
system-level feasibility. A proposed IR-UWB transmitter demonstrated low-power consump-
tion at its schematic stage and a high data rate (over 50 Mbps) potential. A proof of principle
non-coherent external receiver was investigated, already delivering high data rate at its rudi-
mentary stage. The uplink system promises to deliver a vital link for the compressed low data
rate architecture to enable monitoring and calibration of the implanted intracortical prosthesis.

A sub-milliwatt transceiver IC for the intracortical visual prosthesis implant site was de-
signed, fabricated and measured. It delivers 1 Mbps for the downlink (for stimulation) and
50 Mbps for the uplink (for recording), using a non-coherent BPSK demodulator and an
IR-UWB transmitter, respectively. Its predominately digital components led to the low power
consumption being sub-milliwatt using complementary metal–oxide–semiconductor (CMOS)
technology for IC integration. Based on the transceiver IC in the implant, the system link bud-
get analysis for both uplink and downlink shows achievable figures: 18–23 dB excess margin
for uplink with 20 dB of path-loss, and 12–26 dB for downlink. These figures show that the
link will be closed with an excess margin for the antenna/coil pair to communicate through 3
to 7 mm of skin.

In conclusion, the bi-directional communication using the proposed system comprises of
IR-UWB for the uplink and BPSK communication with an inductive link for the downlink,
and delivers sufficient data rates. We have developed a sub-milliwatt transceiver IC for the
implant, which is the most power-constrained sub-system of the wireless part of the prosthe-
sis. The communication system is reliable and physically secure when fully developed and
integrated into an intracortical visual prosthesis due to closing the communication links with
excess margin. The logical next step is to fabricate antennas/coils and a transceiver IC for the
external side to realize the system link budget and also system packaging.



Samenvatting

Het herstellen van de visuele functie bij blinde mensen met behulp van technologie is een
uitdaging, maar gunstig voor het verbeteren van hun kwaliteit van leven. Bij de meeste
gevallen van blindheid zijn de zenuwen tussen de ogen en de hersenen beschadigd, waar-
door de enige optie is om de visuele cortex direct te stimuleren. Een dergelijk systeem vereist
externe camera’s, beeldverwerking en geı̈mplanteerde elektroden. De energievoorziening, het
stimuleren van de hersenen (downlink) en het opnemen van neurale activiteit (uplink) gebeurt
bij voorkeur draadloos om infecties te voorkomen. Dat maakt het ook comfortabeler. De
draadloze communicatie van en naar het implantaat is het kernonderwerp van dit werk. De
draadloze energievoorziening is het onderwerp van een ander PhD-project.

De geı̈mplanteerde elektroden in de visuele cortex zijn gegroepeerd in 16 tegels, arrays
van 64 elektroden, wat het totaal op 1024 elektroden brengt. Er zijn een paar mogelijke con-
figuraties voor het draadloze systeem om met deze tegels te communiceren. Na overleg met
neurochirurgen, is onze benadering om de centrale zendontvanger onder de huid te plaatsen,
met de elektrode-arrays eraan vastgemaakt via verbindingsdraden. Dit biedt een schaalbare
oplossing omdat het vermijdt dat er meerdere zendontvangers nodig zijn en voorkomt dat
er overmatige signaalverzwakking (padverlies) door de schedel plaats vindt.. De grootste
uitdaging is echter de mogelijke microbeweging van de geı̈mplanteerde verbindingsdraden,
hetgeen gedeeltelijk kan worden beperkt door een betere verpakking en implantatie.

Op basis van een vergelijking tussen mogelijke communicatietechnieken en -systemen die
voldoen aan de eisen voor communicatie van en naar de intracorticale visuele prothese, zijnde
meest haalbare oplossingen voor downlink en uplink in detail onderzocht. Voor de downlink
is binaire phase shift keying (BPSK) communicatie met een inductieve link geselecteerd. Voor
de uplink wordt impulsradio ultrabreedband (IR-UWB) met behulp van aan-uit-sleuteling
(OOK) modulatie voorgesteld.

Voor het downlink-gedeelte werd een niet-coherente digitale demodulator met laag ver-
mogen ontworpen voor de geı̈mplanteerde ontvanger. De downlink werd experimenteel
gedemonstreerd op een geschaalde versie bij een lagere draaggolffrequentie die een veel-
belovende gegevenssnelheid liet zien. De experimentele demonstratie levert een principieel
bewijs voor een toekomstig systeem dat minder dan één mW verbruikt aan de ontvanger zijde
in een geı̈ntegreerde schakeling (IC). Dankzij de digitale architectuur kan het systeem een-
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XII SAMENVATTING

voudig worden aangepast aan een industriële, wetenschappelijke en medische (ISM) frequen-
tieband, waarbij het stroomverbruik lineair schaalt met de draaggolffrequentie. Het geteste
systeem maakt gebruik van kant-en-klare spoelen, die voldoende bandbreedte gaven terwijl
ze binnen veilige limieten voor specifieke energie-absorptie (SAR) van weefsel bleven. De
digitale ontvanger zorgde voor een vermindering van het stroomverbruik door klokcycli van
redundante bits over te slaan.

Voor het uplink-gedeelte is er duidelijk behoefte aan een zender met een laag vermogen
en een hoge datasnelheid. Elektromagnetische simulaties met de zendantenne, tussenliggende
weefsels en de ontvangstantenne resulteerde in ongeveer 20-30 dB padverlies. Het worst-case
link budget van de IR-UWB toont de haalbaarheid op systeemniveau aan. Een voorgestelde
IR-UWB-zender liet een laag stroomverbruik zien in de schematische fase samen met een
potentieel voor een hoge datasnelheid (meer dan 50 Mbps). Een proof-of-principle niet-
coherente externe ontvanger werd onderzocht, die al een hoge datasnelheid leverde in zijn
rudimentaire fase. Hiermee geeft het uplink-systeem de belofte om te voorzien in een es-
sentiële link voor de architectuur met gecomprimeerde lage datasnelheid. Dit zal monitoring
en kalibratie van de geı̈mplanteerde intracorticale prothese mogelijk te maken.

Er is een sub-milliwatt zendontvanger-IC voor de intracorticale visuele prothese ont-
worpen, gefabriceerd en gemeten. Deze levert 1 Mbps voor de downlink (voor stimulatie)
en 50 Mbps voor de uplink (voor opname), met respectievelijk een niet-coherente BPSK-
demodulator en een IR-UWB-zender. De overwegend digitale componenten leidden tot een
laag stroomverbruik van sub-milliwatt, gebruik makend van complementaire metaal-oxide-
halfgeleider (CMOS) -technologie voor IC-integratie. Gebaseerd op de zendontvanger-IC in
het implantaat, toont de analyse van het systeem link budget voor zowel uplink als downlink
haalbare cijfers: 18-23 dB extra marge voor uplink met 20 dB padverlies, en 12-26 dB voor
downlink. Deze cijfers laten zien dat een verbinding tot stand gebracht kan worden met een
extra marge voor het antenne/spoelpaar om te communiceren door 3 tot 7 mm huid.

Ter conclusie omvat de bidirectionele communicatie van het voorgestelde systeem IR-
UWB voor de uplink en BPSK-communicatie met een inductieve link voor de downlink,
en levert deze voldoende hoge datasnelheden. We hebben een sub-milliwatt transceiver-IC
ontwikkeld voor het implantaat, het meest beperkte subsysteem van het draadloze deel van de
prothese. Het communicatiesysteem is betrouwbaar en fysiek veilig wanneer het volledig is
ontwikkeld en geı̈ntegreerd in een intracorticale visuele prothese en bevat voldoende marge
in het link budget voor de communicatieverbindingen. Een logische volgende stap is het
fabriceren van antennes/spoelen en een zendontvanger IC aan de buitenzijde van het hoofd
om daarmee het systeem link budget en ook de systeemverpakking te realiseren.
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CHAPTER ONE

Introduction

1.1 How to restore vision in the blind?

In recent decades, a radical change in biomedical engineering began around clinical applica-
tions to electrically stimulate the nervous system [1–6]. A plethora of clinical systems that
have emerged from this revolution abound: cochlear implants to restore hearing, deep brain
stimulators to alleviate symptoms of Parkinson’s disease, and vagal nerve stimulators to ame-
liorate the effects of epilepsy [4–6]. A significantly more complex system already emerging
is one to restore functional vision in visually impaired, or blind, individuals by electrically
stimulating the visual pathway, based on input from a video system on a patient’s head: a
visual prosthesis [7].

Approximately 216 million people worldwide are visually impaired, 36 million of whom
are blind [8, 9], and most would need an intracortical visual prosthesis to regain some (rudi-
mentary) form of vision. The ultimate purpose of a visual prosthesis is to artificially produce
a visual perception in individuals with profound loss of vision due to disease or injury. This
will allow them to perform activities for which current assistive technologies have severe lim-
itations, such as reading text, recognizing faces, and navigating through unfamiliar spaces.
When the visual system is damaged by disease or trauma, blindness can be the ultimate re-
sult; this is further exacerbated by the inability of the neural elements of the visual system
to repair or regenerate. In this way, the prosthesis can artificially generate visual perception
where none would otherwise exist. While a visual prosthesis cannot replace the full complex-
ity of the mammalian visual system (i.e. color, depth, textures), it should provide at least an
amount of visual perception that will help an individual to perform day to day tasks more au-
tonomously. Although the experience may be limited in scope, it should improve the quality
of life of the individual nonetheless [7]. When implementing such a prosthesis, it is essential
to consider the patient’s point of view. For some blind patients, even a minor restoration of
some of the vision can mean a lot. Therefore, any level of vision a prosthesis can provide
could still improve the quality of life for a class of patients.
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2 INTRODUCTION

The desire to restore visual perceptions in blind individuals has a long history in biomed-
ical engineering. Lessons learned from the first efforts to develop artificial vision systems
have played an important role in the development of the current generation of these systems.
The first efforts to provide a useful visual sense to blind individuals can be found in the early
work of Brindley [1, 3] and his contemporary Dobelle [2, 11]. For both of their systems, a
certain number of subdural stimulating electrodes (76 electrodes for Brindley, 57 electrodes
for Dobelle) were placed over the occipital pole, where high acuity vision is thought to be
processed. Both Brindley and Dobelle were able to stimulate the visual cortex in such a way
that phosphenes were evoked. In addition, Dobelle was able to induce patterned perceptions
by electrically stimulating the brain through a subset of his implanted electrodes [11].

In general, a visual prosthesis could be placed in several different ways: subretinal, epireti-
nal, on the optic nerve, or intracortical.

Subretinal prosthesis: Retinitis pigmentosa is a progressive degenerative disease of the
eye, characterized by the gradual loss of retinal pigment epithelial cells. Vision loss pro-
gresses to blindness as more of these cells die and the capacity of the retina to transduce
light into biologic signals is diminished. In what could be considered a bio-based approach
to visual prostheses, consortia in the United States [13] and Germany [14] are determined to
replace the lost retinal pigment epithelial cells with replacement cells of man-made origin.
In such a prosthesis, a silicon micromanufactured device called a microphotodiode array is
placed behind the retina, between the sclera and the bipolar cells. Incident light is transformed
into graded electrical potentials that stimulate the bipolar cells to form a visual sensation [7].

Epiretinal prosthesis: An alternative approach to stimulating the retina from ‘behind’, as
is the case with the subretinal implants, is to use an array mounted to the ‘front’ of the retina.
In contrast to the subretinal approach, where the stimulating device is placed in the outer
retina between the sclera and the bipolar cells, the epiretinal approach places the stimulating
device on the inner retina between the vitria and the retinal ganglion cells (RGC) [15]. Based
on published models of extracellular stimulation of the human retina [16, 17], the epiretinal
implant will likely stimulate both RGC cell bodies and passing axons from RGC located on
the periphery. This approach bypasses the damaged or missing photoreceptors as well as
any remnant retinal circuitry (amacrine, bipolar, and horizontal cells) and directly stimulates
the output layer of the retina. A commercially available epiretinal prosthesis is the Argus II
Retinal Prosthesis System from Second Sight Medical Products [22]. It is the first that was
commercially approved for the treatment for severe to profound retinitis pigmentosa. The
system uses an array that has 60 platinum-based electrodes arranged in a 6×10 grid.

Optic nerve stimulation: One issue with electrically stimulating the retina or visual cor-
tex is that the visual field is represented over a relatively large area, making coverage of the
entire visual field nearly impossible with current electrode array technologies. In the visual
pathway, the optic nerve is one place where the entire visual field is represented in a rela-
tively small area. In a fairly novel approach to a visual prosthesis, it has been proposed that
spiral cuff electrodes similar to those used in functional neuromuscular stimulation or vagus
nerve stimulation could be used to electrically stimulate the optic nerve and produce visual
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perceptions [18,19]. The objective is to place multi-electrode cuff electrodes around the optic
nerve and, by using complex patterns of electrical stimulation, selectively stimulate subsets
of axons, or even individual axons, in the optic nerve [20]. In a proof-of-concept experiment
performed in a blind human volunteer, the ability to safely interface to the optic nerve and to
evoke multiple phosphenes covering the entire visual space could be produced from a single
cuff by varying the stimulation parameters [21].

Intracortical visual prosthesis: An implanted intracortical visual prosthesis is perhaps
the only possible technological option for 90 percent of the blind, who cannot use other vi-
sual prosthesis systems. Stimulating the visual cortex can be the last resort when the visual
pathway is damaged. Since the days of Brindley and Dobelle, progress in intracortical mi-
crostimulation of the visual cortex has concentrated on establishing the safety, long-term bio-
compatibility, and functionality of penetrating microelectrode arrays in the brain [24, 25, 41].
An integrated wired system with a large number of electrodes (65,536 electrodes) for neural
recording and stimulation was reported in [37]. Second Sight Medical Products is develop-
ing the Orion Visual Cortical Prosthesis System, which is a chronically-implanted subdural
electrode array intended to induce visual percepts in patients who are profoundly blind from
various causes of non-cortical etiology [23]. The System leverages the technology and plat-
form of the Argus II Retinal Prosthesis System (<100 electrodes). Other intracortical visual
prosthesis projects include Monash vision project from Monash university [38] using 43 elec-
trodes, and floating microelectrode array stimulator from the Troyk lab at the Illinois Institute
of Technology [39]. An intracortical visual prosthesis system generally comprises a cam-
era, an external processor, implanted electrode arrays, and a feedback loop [36]. Figure 1.1
illustrates an intracortical visual prosthesis system.

1.2 Different system layouts

A desirable aspect for the visual prosthesis is that the powering and communication to and
from the implanted electrodes be done wirelessly, to avoid infections and to enable free move-
ment [40]. Wireless enablement is part of the goal of the NESTOR project 5 of the NESTOR
program (P15-42) which has the aim to implant a high count of electrodes (∼1000) [42, 120],
using 16 of Blackrock Microsystems’ Utah arrays of 64 electrodes each [43].

The NESTOR project will develop the world’s first large-scale, chronically implanted
wireless device that directly imparts clinically relevant visual patterns to the visual cortex.
The NESTOR project is in the “NWO Perspectief” programme, a Dutch government initiative
bringing together academia and industry to solve research challenges with socio-economic
impact. The NESTOR project involves partners including the National Institute of Neuro-
science, Blackrock Microsystems Europe GmbH, Brain Innovation B.V., VicarVision, Eli-
tac B.V., Twente Medical System International B.V., ATLAS Neuroengineering, BlueMark,
AEMICS and Tiberion B.V.. Scientific partners include Radboud University, Maastricht Uni-
versity and the Netherlands Institute for Neuroscience. Patient organisations including Visio,
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Figure 1.1: An illustration of an intracortical visual prosthesis (based on [7]).

Bartiméus and De Oogvereniging are also part of the NESTOR project [44–46].
The wireless-enabled visual prosthesis will need a communication link to send stimula-

tion information to the implant (downlink), another link for retrieving recorded neural activ-
ity from the brain (uplink), and wireless powering of the implant. The uplink is needed for
adaptation, monitoring, and calibration over time. This work focuses on the wireless com-
munication part of the system. The wireless power transfer system is designed separately in
another sub-project of the NESTOR project.

There are a few possibilities in laying out this wireless system, which may di-
rectly impact the communication technology used for transmitting stimulation information.
Figures 1.2 through 1.4 shows three possible layouts with different levels of modularity and
complexity. Table 1.1 highlights the advantages and disadvantages of each option.

One form (Option 1) as depicted in Figure 1.2 is that the tiles of electrodes (the electrode
arrays) are each equipped with wireless capabilities and are independent. The Monash Vision
group [38] developed a medium count (< 500 electrodes) prosthesis of this form. The main
advantages of this implementation are that there will be no wires in the brain and that the
surgical procedure is more straightforward than other implementations. However, a possible
challenge is that it requires individual antennas/coils for each electrode array. This may face
variable signal reception as the electrode arrays may have a different orientation, depending
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on their position on the cortex. For example, arrays implanted on the medial surface of the
occipital pole may be at a larger angle to the transmitting antenna or coil than those on the
more lateral surface. If arrays are implanted more on the anterior of the medial calcarine
cortex, these would be more distant from and orthogonal to the external coil than the more
superficial arrays, resulting in poor coupling and energy transfer [61].

Another implementation (Option 2), as shown in Figure 1.3 is to tether the tiles of elec-
trodes together with wires to a central transceiver placed beneath the skull. An advantage of
this option is that both the electrodes and the transceiver are beneath the dura so that no wire
will penetrate through the skull. The challenge of this approach is that there is less space for
the central receiver placement. Surgical implantation in this space may not be convenient for
the implanted transceiver if its components are bulky.

The last approach (Option 3) is to tether the electrodes to a central transceiver subsystem
that is placed between the skull and the skin and to use a transcutaneous wireless link for
communication. Figure 1.4 shows this option. This approach has advantages, such as a larger
space for the wireless transceiver. Also, the transmission loss through 3–5 mm of skin tissue
will be lower than transmission loss through 20 mm of tissue to reach the cortex [62]. This
leads to 10 dB lower transmission loss compared to the other two implementations [123].
The challenge of this option is the possible micro-motion of the implanted connecting wires,
which can be partly alleviated with better packaging and implantation using slack wires to
mitigate mechanical stress (this statement followed from a discussion with a neurosurgeon).
The micro-motion disadvantage is relevant for option 2 as well, but with shorter wires.

This last approach (Option 3) is the implementation proposed for the NESTOR project
and is used throughout this work. The main reason for this is that the implanted electrodes
array can remain passive, and a central transceiver just beneath the skin will enable lower
transmission losses. Also, the current 1024 electrode count could still easily be tethered
with wires beneath the skull to its central transceiver beneath the skin without causing severe
micro-motion. In option 3, this is above the skull, under the skin, where there is more room
without taking brain space. The space for the electrode arrays will always be necessary.

1.3 Research Objective

The research objective of this thesis is to design a bi-directional wireless communication
system for the implanted prosthesis according to option 3 in Fig. 1.4. The design has to
meet key requirements in terms of power consumption, data rate and co-existence with other
technologies. These will be described in the next chapter. Figure 1.5 illustrates the focus of
this thesis. The left-hand side of Figure 1.5 shows different categories of biomedical implants.
The desired option (Fig. 1.4) is in the category of transcutaneous implants. The right-hand
side of Figure 1.5 shows the main areas of application for wireless systems. Wireless power
transfer is out of the scope for this thesis, although it is investigated within the NESTOR
project [42](See Section 1.2). Here, we focus on the uplink and the downlink communication.
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Figure 1.2: Option 1 for the system layout for the wireless enabled visual prosthesis: an
implanted transceiver embedded into each electrode array.

Figure 1.3: Option 2 for the system layout for the wireless enabled visual prosthesis: a
central transceiver placed beneath the skull.

Figure 1.4: Option 3 for the system layout for the wireless enabled visual prosthesis: im-
planted transceiver placed beneath the skin.
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Table 1.1: Comparing implementations of a wireless-enabled visual prosthesis.
Advantages Disadvantages

Option 1
(Fig. 1.2)

• Highly scalable

• No wires in the brain

• Straightforward
surgical procedure

• Highly flexible

• Low power efficiency
(due to lossy media)

• Variable power
efficiency (very
challenging
link-budget)

• Each tile needs a
transceiver (more
power consumption)

Option 2
(Fig. 1.3)

• Wireless module
beneath the dura

• Can be joined with the
dura

• Limited available
space

• Low power efficiency
(due to lossy media)

• Wires in the brain

• Mirco-motion of wires

Option 3
(Fig. 1.4)

• Higher power
efficiency

• Less transmission loss

• More implantation
space available

• Wires in the brain

• Mirco-motion of wires

To achieve the research objective, our approach consists of the following steps:

• Investigate communication techniques and systems that will fit best with the require-
ments of the intracortical visual prosthesis context for both the uplink (sending out
measurement data from the brain through the skin) and the downlink (sending stimula-
tion data to the brain through the skin) parts of the total system.

• Carry out system level analysis for the downlink and uplink system, including link
budgets of the proposed subsystems.

• Designing and testing the downlink system and the uplink system to show feasibility.
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Figure 1.5: Research focus of the thesis: bi-directional transcutaneous wireless communica-
tion.

• Miniaturization of the implanted side and integration into an IC. Fabrication and valida-
tion of the core part of the IC, which is the uplink transmitter and the downlink receiver,
to validate that requirements are met.

1.4 Outline of the Thesis

The thesis is structured along the steps that are required to meet the research objective, as
described in the previous section. Figure 1.6 graphically illustrates the outline of the thesis.

In Chapter 2, relevant background on communication systems will be given and require-
ments for the bi-directional communication system will be detailed. Different options for
downlink and uplink will be presented and judged against the requirements. This will lead
to the key options for the system design. Finally, the selection of communication techniques
most suitable for the intracortical visual prosthesis system will be motivated.

In the next two chapters, the downlink system and the uplink system will be designed,
respectively. Chapter 3 is dedicated to the downlink communication system and the design
considerations specific for this part of the visual prosthesis. The selected option, binary phase
shift keying (BPSK) communication with a non-coherent receiver, is designed and demon-
strated with off-the-shelf components. Exploratory investigation for the inductive link and
considerations for coils for future application for the downlink in a scaled version will be
carried out.

The design for the uplink communication system is presented in Chapter 4. We analyze
the selected option, impulse radio ultra-wideband (IR-UWB), and the design considerations
for its implanted side transmitter. System and link budget analysis of the IR-UWB System are
carried out. In addition, the communication link through the skin will be investigated through
simulations.

Chapter 5 focuses on the miniaturization of the implant side of both communication sys-
tems, of which the proof of principle was shown in Chapters 3 and 4. These systems have
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Figure 1.6: General outline of the thesis.

been integrated into a transceiver IC. The design was manufactured and tested with a demon-
strator on a printed circuit board. This validates a low-power implant side communication
that meets the minimum data rate requirements.

Finally, overall conclusions will be presented in Chapter 6, together with recommenda-
tions and an outlook for future work.

1.5 Original contribution of the Thesis

The work that is presented in this thesis contains the following original contributions.

• Determination of the system requirements and selection of communication techniques
for the uplink and downlink for a 1024 - implanted electrode system in which the im-
planted transceiver is placed beneath the skin.

• System and link budget analysis of the uplink - IR-UWB System.

• Design and analysis of an improved non-coherent BPSK receiver for the downlink.

• Miniaturization of the core electronic parts and low-power demonstration of the implant
side transceiver on an integrated circuit.
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Table 1.2 shows the link between chapters and the research publications.

Table 1.2: Links between Chapters and Publications.
Journal 1 [P1] Journal 2 [P2] Conf. 1 [P3] Conf. 2 [P4] Conf. 3 [P5]

Chapter 1 x
Chapter 2 x
Chapter 3 x x x
Chapter 4 x
Chapter 5 x



CHAPTER TWO

Implanted communication systems

This chapter explores implanted communications systems—literature survey including mod-
ulation techniques, low-power high data rate solutions and effect of the communication fre-
quency. The wireless system requirements of the intracortical visual prosthesis are described.
Next, key options are proposed, and the selected option for the uplink and the downlink sys-
tem is motivated and discussed.

2.1 Literature survey

2.1.1 Background

Implanted communication systems have long been sought for various medical applications
such as pacemakers [48], paralysis [50], hearing implants [52] and retinal prostheses [51].
The communication with the implant can be from outside the body to inside the body, mostly
for stimulation purposes (downlink). The communication with the implant could also be the
other way around, from inside the body to outside the body (uplink). The uplink is mostly
for recording or monitoring of the stimulation process or the organ under stimulation. An
implanted communication system is often designed for a particular communication depth
into the body. For example, this could be only through the skin, like in Figure 1.4, but also
for deeper implantations, see for instance [48]. The system, in general, could have a very low
data rate, for instance below 100 kbps, in applications like pacemakers and audio implants,
or much higher data rates of over Mbps like in the case considered in this thesis: neural
recording for a visual prosthesis. Low power consumption is usually needed due to limited
space available for a possible battery. Low power consumption can also help reduce the
weight and size of the implant and improve lifetime [54]. In addition, low power consumption
could even avoid the need for a battery [55,56] completely and the required power is obtained
from wireless power transfer like in this work. Since the system has to be available for a very
long time, solely powered by a battery can not be used.

11
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For an intracortical visual prosthesis, low power consumption and high data rate are de-
sired for uplink and downlink communication. The implant side would include the transmitter
for the uplink and the receiver for the downlink. Generic biomedical telemetries have been
proposed for the implanted transmitter for recording and also for an implanted receiver for
stimulation. These will be described further on in this chapter. Based on relevant options from
state-of-the-art related work, we propose a unique combination to form our proposed system
for bi-directional communication in an intracortical visual prosthesis. The uniqueness lies in
the fact that predominately digital components are used, and the system design is investigated
to fit the system requirements of a visual prosthesis. The specific requirements for our work
will be detailed in Section 2.2. In the following subsections, we will describe the state of the
art in modulation techniques and we will look at available solutions that provide high data
rate at low power consumption.

2.1.2 Modulation techniques

Modulation is one of the core techniques of any communication system. Since the input sig-
nals intended to be transmitted consist of digital data (bits) already, we only discuss digital
modulation techniques. Digital modulation techniques impress the digital signal onto a car-
rier signal for data transmission. A sequence of digital data is used to alter parameters of the
(analog) carrier signal at a high frequency, which is the desired data rate. Thus, signal trans-
mission occurs by modulating different parameters like amplitude, phase and frequency of
the signal. Different types of modulation techniques provide a range in performance in terms
of transmission data rate, data security, signal quality, complexity of the architecture, power
consumption, performance over a communication channel, channel capacity, accuracy in the
presence of noise and distortion, etc. [57]. The main criteria for choosing the modulation
schemes are based on power, bandwidth and system efficiency, among other parameters [80].
Figure 2.1 shows the three most common digital modulation techniques used in biomedical
devices: amplitude shift keying (ASK), phase shift keying (PSK), and frequency shift keying
(FSK). Each of these will be described briefly next and PSK will be subdivided further.

Let a general binary input bit signal have the following form:

b(t) =

{
binary 1,
binary 0,

(2.1)

where b(t) is binary input bit signal in time domain, binary 1 and binary 0 are the possible
states of a bit representing digital information.

On/off keying (OOK) modulation and demodulation

The technique of on/off keying (OOK) is a typical example of amplitude shift keying (ASK)
and is the most straightforward digital modulation option used in wireless telemetry bio-
devices and biomedical implanted devices. In these modulation types, no carrier is used
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Figure 2.1: Digital modulation in biomedical implants.

during the binary 0 transmission, which minimizes the modulator’s power consumption. The
principle of OOK transmission is explained in [58] and can be represented as follows:

SOOK(t) =

{
Acos(2π fct), vT ≤ t ≤ (v+1)T, binary 1,
0, vT ≤ t ≤ (v+1)T, binary 0,

(2.2)

where SOOK(t) is the OOK signal in time domain, T is the bit duration, fc is the carrier
frequency and v is an integer denoting the vth period. In general, OOK modulation is used in
the implanted part for its simplicity, low power consumption, and better spectral efficiency.
There are two methods of OOK demodulation: coherent and non-coherent detection. The
coherent method uses carrier phase information for detection. This method uses a product
detector and a phase-locked beat frequency oscillator for detection. In non-coherent methods,
no carrier phase is used for detection. Most research reports the use of the non-coherent
method due to its simplicity and low power consumption. Classical non-coherent methods
are based on filtering signal energy within allocated spectra and envelope detectors. The
performance degradation of these types of non-coherent method is about 1-3 dB compared
to coherent detection [80], depending on the normalized signal to noise ratio (symbolized as
Eb/N0) [78], which is related to the bit error rate (BER). On-off keying will be used later on
in this work for impulse radio ultra-wideband communication (see Section 4.4.1).

FSK modulation and demodulation

The frequency shift keying (FSK) modulation principle is based on sending binary data with
two different frequencies. The resulting modulated signal is regarded as an amplitude mod-
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ulation of different carrier frequencies. There are two types of FSK modulation: i.e. non-
coherent or discontinuous, and coherent FSK modulation [78]. In non-coherent modulation,
φ1 and φ2 are the initial phases of the signals at t = 0. These are not the same, in general.
Such modulation can be generated by switching the modulator output line between two dif-
ferent oscillators. However, in the coherent type of FSK modulation, the two coherent signals
have the same initial phase φ1 = φ2 at t = 0. In general, FSK modulation uses two different
frequencies ( f1 and f2). The FSK signal represents binary 1 and 0 as follows:

SFSK(t) =

{
Acos(2π f1t +φ1), vT ≤ t ≤ (v+1)T, binary 1,
Acos(2π f2t +φ2), vT ≤ t ≤ (v+1)T, binary 0,

(2.3)

where SFSK(t) is the FSK signal in time domain, v is an integer denoting the v-th period, and
φ1 and φ2 are the aforementioned initial phases. With FSK a low-data rate can be combined
with power transfer through one of its carriers [60]. The combination with power transfer is in
that one of the frequency carriers can also be made the frequency for power transfer. However,
using one of the carriers in the FSK signal for the power transfer can be challenging if the
desired power transfer frequency is much lower than the frequencies of the FSK carriers. The
challenge is that the required channel bandwidth is now significantly increased due to the
spreading of the signal over the band between both frequencies.

PSK modulation and demodulation

Phase shift keying (PSK) constitutes a large class of digital modulation techniques. Over
the last decades, PSK modulation has been used extensively in wireless communication for
biomedical applications [66, 79, 81, 84]. In PSK, to carry out coherent demodulation, one
main implementation is to compare the received signal with a reference signal. This way of
coherent modulation is done through a correlated or matched filter. The reference signal is
generated by the carrier recovery circuit, which is synchronous to the received signal in terms
of frequency and phase [80]. However, the differential coherent demodulator is non-coherent
in the sense that phase-coherent reference signals are not required, which is used to overcome
the adverse effect of the random phase in the received signal. The most common digital
schemes appropriate for biomedical data transmission are binary PSK (BPSK), differential
PSK (DPSK), and n-PSK.

For BPSK, binary data is represented by two signals with different phases in BPSK. Typ-
ically, with the two phases 0 and π , the signals have the following form:

SBPSK(t) =

{
Acos(2π fct), vT ≤ t ≤ (v+1)T, binary 1,
−Acos(2π fct), vT ≤ t ≤ (v+1)T, binary 0,

(2.4)

where SBPSK(t) is the BPSK signal in time domain. These signals are called antipodal. They
are chosen in this way, to have a correlation coefficient of −1, which leads to the minimum
error probability for the same normalized signal to noise ratio Eb/N0. These two signals have
the same frequency and energy.
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In DPSK, a variant of BPSK, differential encoding through a differential encoder is used
in addition [97]. In n-PSK, more bits are encoded per symbol by using n-levels to increase the
data rate in contrast with BPSK which has an n = 2. In this work, a particular type of BPSK
receiver implementation is proposed and used. It is predominately digital and non-coherent
with bandpass sampling and communication over an inductive link. Details will be given in
Chapter 3.

Theoretical bit error rate performance comparison

Figure 2.2 compares the bit error rate performance of various modulation schemes from [78].
It can be observed that PSK requires a lower normalized signal to noise ratio Eb/N0 for
the same BER target of 10−3, followed by DPSK and coherent OOK or FSK. Non-coherent
FSK or OOK requires the highest Eb/N0 compared to the PSK, with a difference of 4 dB at
10−3. While PSK has the best theoretical BER performance and will be used for our downlink
system, non-coherent OOK will be used in the uplink after ensuring there exists excess margin
in the link-budget. This will become clear from Chapter 4.
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Figure 2.2: Comparing the theoretical bit error rate performance of various modulation
schemes.
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2.1.3 Low-power high data rate solutions
Downlink

In delivering low power consumption and high data rate for the downlink, we place emphasis
on the receiver since this is the part of the system that will be implanted. Techniques for
achieving low power consumption and high data rates involve the use of low-frequency car-
riers [67] and avoiding power-hungry coherent detection methods which may involve phase
locked loops [79]. An addition could involve integrating the core parts of the system on a
chip to realize the low power consumption [83].

Table 2.1 gives a summary of state-of-the-art implanted communication systems that were
low-power and high data rate for the downlink (stimulation). For the downlink receiver, an
analog differential phase-shift keying (DPSK) receiver was used in [79]. A non-coherent PSK
receiver without a PLL, based on bandpass sampling theory, was presented. Sampling the ana-
log PSK signal was done with a switch-capacitor array. The samples were then processed in
the analog domain, which required no ADC for data demodulation. Pulse delay modulation
(PDM) was used in [67]. The PDM receiver operated as a pulse delay detector and realized
lower power consumption due to its low complexity. An FSK-ASK conversion receiver was
presented in [83] for low power consumption. Dual injection locking was proposed to con-
vert the FSK incident signal to an OOK modulated signal, allowing the implementation of a
simple RF receiver architecture based on envelope detection. The conversion circuit, which
represented a key component of envelope detection receivers, allowed high data rate transmis-
sion at low energy consumption in the reported receiver. However, for our implanted receiver
we took an approach of a non-coherent digital receiver. This will be detailed in Section 2.3
and Chapter 3.

Table 2.1: State-of-the art medical implant receivers selected by high-data rate and low-
power criterion.

[67] [79] [83]
Data rate 13.56 Mbps 2 Mbps 8 Mbps

Power consumption 2.2 mW 6.2 mW 0.6 mW
Frequency 13.56 MHz 20 MHz 902–928 MHz
Modulation PDM DPSK FSK–ASK
Technology 350 nm 350 nm 130 nm

Supply Voltage 1 V - 3 V

Uplink

In building low-power, high data rate solutions for the uplink system, we place emphasis
on the part of the system that will be implanted: the transmitter. Tackling low power con-
sumption and high data rates often leads to using carrier-less techniques such as impulse
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systems [35]. In this way, power-hungry high-frequency modulators and power amplifiers
can be avoided [135]. An additional approach is to design the transmitter in IC technology
rather than with discrete microwave components [26].

Table 2.2 gives a summary of state-of-the-art implanted communication systems that are
low-power and high data rate for the uplink (recording). In [33] optical communication was
attempted for the uplink. However, this faces a challenge of misalignment sensitivity. Impulse
radio ultra-wideband (IR-UWB) was used in [73] around 3–5 GHz band showing a promising
result, in [134] using the sub-GHz band and in [135] the 6.8–9 GHz band. A high data rate of
500 Mbps was achieved in [35] using an IR-UWB transmitter. In this work, IR-UWB is also
proposed for the uplink. The approach will be detailed in Section 2.4 and Chapter 4.

Table 2.2: State-of-the medical implant transmitters, selected by high-data rate and low-
power criterion.

[134] [73] [35] [135] [33]
Mbps 30 Mbps 90 Mbps 500 Mbps 100 Mbps 100 Mbps

Power cons 30 mW 1.6 mW 5.4 mW 0.26 mW 2.1 mW
Freq Sub-GHz 3–5 GHz 3–7 GHz 6.8–9 GHz Light
Mod UWB UWB UWB UWB -
Tech 350 nm 350 nm 130 nm 180 nm -

Supply Volt. 3.3 V 1.65 V 1.8 V 1.5 V -

2.1.4 Effect of the communication frequency

Low frequencies of below 100 MHz can be used for medical communication systems [67,79]
and generally, for instance, in FM radios. The wavelength in free space is more than 3 m at
these frequencies. Therefore, dipole-like or aperture-like antennas, whose dimensions scale
with the wavelength, are not practical due to size constraints. So for these types of low-
frequency communication, irrespective of the modulation technique, inductive coils provide
a suitable alternative for antennas, since they can be designed having a few centimeters of
diameter. Because inductive links operate with coils in close proximity [48, 63, 67], with
transmission distances typically less than the coil diameter, they fit well with a 3–7 mm tran-
scutaneous distance that is foreseen for the implantable system.

Very high data rates of tens of Mbps could be required in some applications. Achieving
this at low frequencies (below 100 MHz) is quite challenging due to insufficient bandwidth in
most cases. Therefore, it could lead to selecting higher carrier frequencies in the 1–10 GHz
range. The wavelengths in the 1–10 GHz range could permit RF antennas such as dipole-like
or aperture-like antennas at sizes that are suitable for implants and on-body antennas.
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Optical frequencies could be used as well. The main reason they are sometimes used is
due to the enormous bandwidth available at such frequencies. In such cases, neither coils
nor RF antennas can be used. Instead, communication is done through a light emitter at the
transmitter side and a light detector at the receiver side.

2.1.5 Robustness to interference to/from wireless power transfer

Wireless power transfer can be carried out at the 125 kHz ISM band [40], and the 6.78 MHz
ISM band is also possible. At 125 kHz robustness can be created by filtering since data trans-
fer can be done at a few MHz, giving sufficient spacing in frequency. In both the 6.78 MHz
and 125 kHz cases, robustness can be created by physically separating data communication
coils from wireless power transfer coils, e.g. by having a wire under the skin to a different
location on the head.

There could be potential surface waves from the antenna-skin interface of the uplink,
which need to be addressed for a fully assembled system. The possible interference to the
wireless power transfer is expected to be low, as around a maximum of -9 dBm of signal
power is generated by the uplink operating in the GHz range (see section 4.5.3), and about 20
dBm of wireless power transfer activity at under 10 MHz (see section 2.2).

Extensive tests and simulations need to be carried out on the complete, combined system.
This is beyond the scope of this thesis, however, we give some directions for these tests here.
These could encompass, for instance, the use of shielding to isolate parts of the data transfer
subsystem from the wireless power transfer subsystem. Also, proper assembly of the fully
integrated parts as in [40] using inner top/bottom shielding layers, could play a vital role
in robustness to interference. Other tests include coupling between power and data coils,
the effect of the generated higher harmonics, or the disturbance of the magnetic field of the
wireless power transfer on circuits on the IC.

2.2 High-level wireless system requirements

In this section, an overview of the system-level considerations is given, which will lead to
high-level requirements.

Power consumption: for any implanted device, power consumption is important due to
battery size and capacity constraints, and an intracortical visual prosthesis is no different. The
implanted intracortical visual prosthesis system of 1024 electrodes is estimated to consume
120 mW, a figure that is obtained as follows. A 128-electrode recording and stimulation array
with embedded electronics but without a wireless module was designed in [72]. The embed-
ded electronics included the neural amplifier, ADCs and memory elements. The total power
consumption was 9.33 mW. From the estimation in [74], a 128-electrode array embedded with
electronics will consume about 3 mW for its demultiplexing of the received stimulation sig-
nals. Less than 3 mW will also be required for multiplexing the recorded signals. Therefore,
it is estimated that each electrode tile of 128 electrodes will consume no more than 15 mW (9
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mW for stimulating and recording and 6 mW for multiplexing/demultiplexing). Combining 8
of these subsystems to reach the 1024 electrode goal will result in 120 mW total. The wireless
part will increase the total power consumed. It is deemed acceptable that the power budget for
the wireless system contributes up to an additional 10%, so around 10 – 12 mW. While power
consumption is essential, it is about energy, i.e. power consumed over time eventually. In the
use case of the visual prosthesis, the device is expected to be used during a typical 16-hour
awake time of patients.

Data rate: an intracortical visual prosthesis with an electrode count of 1024 will already
pose a much higher data rate than other implanted systems using 10 to 20 times fewer elec-
trodes. From signal rate perspective, it could require for instance 5 bits for current levels ×
200 Hz refresh rate × 1024 electrodes × 4 stimulation commands, which yields up to 4 Mbps.
If the stimulation pulses are to be transmitted in raw form, the total number of commands for
a stimulation is 4 for a biphasic signal: (1) turn on the cathodal current; (2) turn it off; (3) turn
on the anodal current; (4) turn it off. Each electrode needs to be refreshed at a rate of about
200 Hz for physiological reasons [74]. An implanted neurostimulation driver could take care
of the waveform for stimulation. Only wireless communication to the driver is considered
here. Therefore, from a video rate perspective, coupled with a demultiplexing scheme on the
implant side, such as reported in [74], stimulation will require 200 kbps. It is estimated based
on [63] and [38] that the communication to each electrode will require about 10 bits (5 bits
for amplitude level, 5 bits for other commands such as polarity and parity check). There will
be 1024 electrodes. Humans will respond to as few as 4 frames/s through neural stimula-
tion [36], but a frame rate of 20 frames/s is assumed for research purposes. This will, in total,
lead to 10 bits/electrode × 1024 electrodes / frame × 20 frames/s = 200 kbps.

In addition, the uplink in the visual prosthesis denotes neural recording. This requires
much higher data rates than mere stimulation. As a result of the need to digitize the recorded
neural data, without compression this higher data rate could be up to 170 Mbps, and around
23 Mbps with compression. This will be explained next. Neural activity takes place typically
between 0.1 Hz – 5 kHz [72]. If sampling is done above the Nyquist frequency to avoid
aliasing, 10 ksample/s will be required. There will be 1024 electrodes, requiring 10 bits for
channel separation/selection. In addition, a 7 bits ADC is foreseen for each sample. This
will lead to a data rate of 10 ksample/s × 1024 electrodes × 17 bits = 170 Mbps. Uplink data
rate reduction possibilities include: 1) Reducing the number of bits for the analog to digital
signal: for example, reducing it to 5 bits. This reduces the resolution of the recorded signal
and decreases the data rate to 150 Mbps; 2) Limiting the neural activity recording reduces
the quality of the information that can be extracted from the signal. 3) Receiving from a
subset of electrodes every second. Applying all three measures would lead to a compression
of as low as 23 Mbps which is still considered acceptable information quality according to
the NESTOR project proposal (see Appendix A).

Modulation Techniques: in theory, any modulation technique would be sufficient for
data transmission. However, the complete system layout will determine whether the required
data rate can be achieved. Some modulation techniques could be more advantageous if their
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hardware implementation can be made low-power. For instance, an implementation using
predominately digital blocks. This will be investigated in detail in the upcoming chapters, for
both downlink and uplink of the visual prosthesis.

Bit error rate: neural scientists desire that only one percent of the phosphene pixels is
an error in the worst case. If each electrode is encoded by 10 bits, then the worst-case bit
error rate target is 10−3. Going above 10−3 could cause severe distortion of the stimulation or
recorded data, which implies that more than one percent of the phosphene pixels are in error.

Security: with the rise of worldwide security breaches, measures must be taken to avoid
hacking and re-writing of the brain. One of such measures could be taken at the physical layer
by employing close-range communication, which is inherently safer.

Co-existence with other subsystems: both the uplink and downlink and the wireless
power transfer will operate at frequencies or frequency bands that have to be chosen. Careful
selection of the optimal frequency has to take place, while taking into account the bandwidth
requirement. This also involves considering the path loss at that frequency. For example,
it will be beneficial that the uplink system is at a much higher frequency than the rest of
the system. At higher frequencies, more bandwidth is available to meet the high data rate
demands of the uplink.

Size: a final essential system parameter is the overall size of the implant side of the intra-
cortical visual prosthesis. There is limited space to attach or implant this device beneath the
skin. Solutions that could easily be miniaturized would therefore have priority. For example,
using an inductive link at a frequency under 100 MHz could be beneficial as opposed to us-
ing antennas, which would be very bulky. The available volume for a practical implantation
beneath the skin around the head is about 30 mm by 30 mm and some millimeters thick. This
size is feasible because coils can be made as small as 10 mm by 10 mm and the PCB hous-
ing the IC as small as 15 mm by 15 mm, coupled with the idea of stacking in layers (i.e the
coils above the electronics as in [40], which reported in 38 mm × 38 mm × 51 mm aluminum
enclosure for head-mounted use.)

The above considerations and requirements are summarized in Table 2.3.

Table 2.3: Summary of system requirements.
Uplink transmitter Downlink receiver

Power consumption <10 mW <10 mW
Data rate >23 Mbps > 200 kbps

Bit error rate < 10−3 < 10−3

Security 3–7 mm short link 3–7 mm short link
Frequency band 3–5 GHz 1–12 MHz

Size <30 mm × 30 mm × 20 mm <30 mm × 30 mm × 20 mm
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2.3 Downlink system: options and proposal

Based on the requirements listed in the previous section, two candidate options are considered
for the downlink part of the system. These options will be discussed in the next subsection,
after which a motivated choice can be made.

2.3.1 Key options for downlink
BPSK communication system

Figure 2.3 shows a schematic overview for the proposed communication system for the down-
link. In the low-frequency range (below 100 MHz), 1–12 MHz is preferred because it is high
enough to support the required data rate for the prosthesis with a practical inductive link, and
low enough for a low-power sampled receiver. An inductive link enables data transmission at
a low carrier frequency of 1–12 MHz to avoid extremely bulky antennas. Employing such a
low carrier frequency will allow low-power sampling (digitizing) of the received signal at the
receiver, which is at the implant side. Sampling (digitizing) the receiving signal will allow
a digital demodulator that employs edge detection to recover the transmitted bits. Using this
technique will make use of predominately digital blocks, which allow for low power con-
sumption. The non-coherent digital demodulator can tolerate the phase noise of a low power
ring oscillator by increasing its count up value. As a result, power-hungry components such
as phase lock loops (PLL) are avoided [66]. At the same time, inductive links can be band-
width limited to a few Mbps due to the frequency limitations of practical coils. Such order of
data rates is still sufficient for the downlink system. With inductive links being near-field and
short-range, the communication system is intrinsically secure at its physical layer.

Figure 2.3: A schematic overview of the transmitter and receiver in a BPSK or DPSK system
for the downlink.

DPSK communication system

Another key option for the downlink is differential phase shift keying (DPSK). This is a
modified version of the previous option by adding differential encoding at the transmitter and
differential decoding at the receiver (see the first and last sub-blocks in Figure 2.3). This may
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come with a slightly higher power consumption. Also from a theoretical point of view, DPSK
tends to have a worse bit error rate performance than BPSK by about 3 dB [78]. However,
when used in an inductive link scenario with high power transfer interference, it could develop
a robustness to interference as seen in [79]. To achieve this, however, the power carrier
frequency will have to be a multiple of the data carrier frequency [79].

2.3.2 Motivation and selection

Table 2.4 compares the pros and cons of DPSK and BPSK communication. BPSK commu-
nication promises a low-power solution, sufficient data rate, and good theoretical bit-error-
performance. Especially when used with inductive links at low communication frequency
and with bandpass sampling at the receiver. At the same time, interference can be taken care
of by proper frequency allocation, by filtering or by separate coil design. Interestingly, the
BPSK system is flexible because if a differential encoding is added at the transmitter side and
a differential decoder is added at the receiver side, it effectively becomes a DPSK system.
Furthermore, the differential encoder and decoder are relatively easy to implement by using
a D-latch and an exclusive NOR gate connected with feedback in a specific manner [97]. So
adding a differential encoder at the transmitter and a differential decoder at output could be
done if necessary in more research and design iterations in the future. To summarize, BPSK
communication seems the more promising option because of its excellent BER performance,
lower-power potential and easy extension to differential encoding. BPSK communication is
selected for further research and development as the communication system option for the
downlink.

Table 2.4: Comparing BPSK and DPSK communication.
BPSK DPSK

Pros Low-power receiver Interference cancellation possibility
Best BER performance Straightforward non-coherent detection

Cons No power-carrier cancellation Poorer BER
Non-coherent receiver is unconventional Increase in power consumption

2.4 Uplink system: options and proposal

In Section 2.1.3, two major low-power high data rate solutions for the uplink stood out,
namely IR-UWB and optical communication. Now considering the system requirements of
the visual prosthesis, these options are also considered for the uplink system. These options
will be discussed in the next subsection, after which a motivated choice can be made.
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2.4.1 Key options for uplink
IR-UWB Communication

Figure 2.4 shows the block diagram of an IR-UWB system suitable for biomedical environ-
ments. IR-UWB systems, notably unlicensed UWB systems operating across or within the

Figure 2.4: A schematic overview of the transmitter and receiver in an IR-UWB system.

frequency band from 3.1—10.6 GHz, are unique systems. Their uniqueness lies in the trans-
mission and reception of only a single signal having pulse waveform at all times, rather than
multiple consecutive continuous wave (CW) signals having sinusoidal waveform at different
times as in CW-based systems [26]. IR-UWB communication involves transmitting modu-
lated short-duration pulses. The spreading of these short pulses in the frequency domain is
over a wide band. This is reflected in the regulations for UWB transmission. For instance, the
FCC and Europe permit communication in the 3.1–10.6 GHz band at -41.3 dBm/MHz max-
imum transmit power [94]. This wide band permits high data rate and the transmitter, which
is at the implant side, can be designed to be low-power [73]. The rationale for its low-power
potential is explained next.

One of the major advantages of IR-UWB transmitters, as compared to CW transmitters,
is the simplicity of their circuits, which do not need complex components as typically em-
ployed in CW transmitters, such as frequency synthesizers that contain various circuits like
phase-locked-loops (PLLs), voltage-controlled oscillators (VCOs) and mixers [27]. IR-UWB
transmitters are thus relatively straightforward to design and implement.

While IR-UWB transmitters come with many pros, IR-UWB receivers can range from
straightforward to very complex circuitry depending on the link budget and the data rate
target. IR-UWB can be designed to directly convert received radio frequency (RF) signals
into a baseband output signal without an intermediate stage using, for instance, envelope
detection [28, 29]. The IR-UWB receiver will be on the external side, so it does not have
stringent requirements on its power consumption compared to the transmitter at the implant
side. Furthermore, with proper link-budget consideration, a low-power and straightforward
receiver design still are possible [110, 143].
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Optical Communication

Figure 2.5 illustrates the principle of optical biomedical telemetry. A light-emitting element
is placed inside the body, and a light-detecting component outside the body tissue receives the
light propagated through the body tissue. The feasibility of this approach is also confirmed
in [33, 53], which report generic transcutaneous applications.

Figure 2.5: Principle of transcutaneous optical telemetry.

Optical wireless communication involves optical communication without optical fibres.
Instead, the technique uses a photodiode at the transmitter side and a photodetector at the re-
ceiver side. Its infra-red frequencies enable high data rate communications, co-existence with
other subsystems and security. Some key advantages driving optical wireless communication
as an option are the following [53].

Firstly, wideband signal transmission can be achieved relatively easily. This indicates the
possibility of high-speed, large-capacity transmission of information.

Secondly, electromagnetic interference can be controlled more comfortably than with ra-
dio telemetry. The light signal of the optical telemetry does not interfere with other instru-
ments and does not receive interference from them. This results intrinsically in shielded and
secure communication.

Finally, the legal restriction to use light for communication is not as strict as for radio
waves or microwaves. The power limitation for optical communication would be not to heat
up the body tissue excessively as the maximum temperature increase in the cortex has to be
smaller than 1 ◦C [88, 89] which corresponds to a maximum power density of 0.8 mW/mm2

on exposed tissue area [72, 88, 89].
Naturally, there are also disadvantages to optical biotelemetry [53]. One of them is mis-

alignment sensitivity. A transcutaneous optical link can only tolerate less than a few mm
misalignments. Another disadvantage is its moderate power consumption. A predominately
digital RF IC can be low power <mW, but optical telemetry struggles to reach such levels.
Finally, optical frequencies are much higher than RF frequency hence facing over 50 times
smaller penetration depth through the skin [34].
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2.4.2 Motivation and selection

Table 2.5 compares the pros and cons of IR-UWB and optical wireless communication. The
IR-UWB transmitter can be made low-power because UWB signals can be easy to generate at
very low power [31]. Compared to the transmitter, the receiver (detection and demodulation)
is more challenging (but it is outside the body). It also has the potential for very high data
rates without a significant demand on the power consumption of the transmitter, due to its
spreading in the frequency domain. In this way, it adequately fits the federal communications
commission (FCC) spectral mask restriction. It can have low interference with other systems,
by selecting a suitable sub-band of the available 3.1 – 10.6 GHz band.

Table 2.5: Comparing IR-UWB and optical communication.
IR-UWB Optical Communication

Pros Low-power transmitter Compact
High data rates Very secure (infra-red)
Low external interference No antennas

Cons Antenna size Mis-alignment sensitivity
Synchronization Moderate power consumption
Complex receiver design High attenuation by the skin

The optical wireless communication can be made compact, and it does not use antennas
like the IR-UWB. It is also very secure as infrared frequencies are highly directional and diffi-
cult to tap. Its external receiver may not be as complicated as that of IR-UWB. However, due
to the directional nature, optical communication is not robust to misalignment (∼ 2 mm) [32],
and has high attenuation through the skin (1–4 mm penetration depth) [34]. To summarize,
IR-UWB seems the more promising option, because of its low misalignment sensitivity and
easy future integration with the downlink system. IR-UWB is selected for further research
and development as the communication system option for the uplink.

The next chapter will explore the proposed option’s system design for the downlink (Chap-
ter 3): BPSK communication system. Chapter 4 details the system design for the uplink: IR-
UWB communication. IC design, validation and demonstration are presented in Chapter 5.
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CHAPTER THREE

Downlink: BPSK communication and
inductive link design1

3.1 Introduction

In this chapter, we look into the detailed design of the downlink part of the visual prosthe-
sis. Several implanted medical links have been proposed for communication through the
body [63–68]. Frequency shift keying (FSK) was investigated in [63]. Differential phase
shift keying (DPSK) was used in [64]. In [65, 66], binary phase shift keying (BPSK) was
developed. Pulse delay modulation was implemented in [67]. A non-coherent analog BPSK
demodulator was presented in [68].

However, for the application to a visual implant, the overall system has to do simultane-
ous communication and power transfer, and in which power consumption is an issue. The
earlier works mentioned above are not directly focused on the visual implant context. In-
stead, here we take an approach to arrive at a low-power system. The requirements for the
downlink part of the implanted visual prosthesis have already been detailed in Section 2.2.
Therefore, the requirements of developing the downlink for stimulation include low-power
consumption <10 mW, a data rate of 200 kbps, robustness to interference from the power
carrier, and link security. As will be detailed in this chapter, these requirements lead to take a
low-power system approach which involves using low frequency (<100 MHz), an inductive
link for communication, phase shift keying (PSK), a nearly digital receiver, and non-coherent
demodulation, as introduced in [70].

The remainder of this chapter is structured as follows. Section 3.2 describes system ap-
proach. Section 3.3 describes the proposed transmitter and the implanted receiver. Further-
more, we explain an approach for reducing the clock frequency by skipping periods in the
non-coherent demodulation at the receiver. In Section 3.4, we describe the development of

1This chapter is based on journal publication: “Low-Power Wireless Data Transfer System for Stimulation
in an Intracortical Visual Prosthesis” in Sensors 2021 [P1].
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the demonstrator at a scaled-down frequency, using off-the-shelf components. In Section 3.5,
we present the results of the demonstrator, and in Section 3.6, we discuss the results in the
context of future work: scaling for IC integration with the overall wireless-enabled visual
prosthesis. Section 3.7 concludes the chapter.

3.2 System Approach

The goal for the downlink part of the prosthesis is to have a low-power, robust communication
system meeting the requirements stated in Section 2.2. Here we focus on the receiver side
because this will be in the implant and therefore, poses the most challenging design from
a power consumption perspective. To minimize power consumption, power-hungry system
components such as phase locked loops (PLLs) and high-Q oscillators should be avoided
where possible. In addition, high frequencies (above 100 MHz) should be avoided because
they usually make devices consume more power and face more signal attenuation through
the skin. This has motivated the use of alternatives to classical demodulation techniques
which were discussed in Section 2.1.2. As a result, Figure 3.1 shows the proposed downlink
system blocks for the external transmitter and the implanted receiver. It contains the following
characteristics and features:

Figure 3.1: System architecture of the communication system for downlink.

• Low frequency: we choose a frequency below 100 MHz. The required downlink data
rate is below 10 Mbps. Thus, modulating on carrier frequencies in the 1–12 MHz range
can provide sufficient bandwidth. In addition, the electric and magnetic field will face
minimal attenuation through the skin [76]. Lower frequencies also imply lower power
consumption for the digital components.

• Inductive link: to eliminate the bulky antennas that are needed if low frequencies are
used, an inductive link is proposed. The inductive link allows for short transmission
ranges in the order of centimeters. This fits well with the application of the visual
prosthesis, where transmission through a small layer of tissue (skin), at an implantation
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depth of 3 to 7 mm [77] is foreseen (see also Figure 1.4) and where security may be
a concern.

• Phase shift keying (PSK): has a better theoretical bit error rate performance than other
modulation schemes, such as amplitude shift keying (ASK) and frequency shift keying
(FSK), see also Section 2.1.2. Since the PSK modulation scheme is not sensitive to
amplitude variations, it can easily cope with misalignment between transmitter and
receiver coils, which mainly affects the signal amplitudes. Misalignment will reduce
the coupling between the coils, causing a lower amplitude [90]. Its transmitter is of
similar complexity as in ASK. It is also spectrally more efficient than FSK which may
require wideband inductive links [63].

• Bandpass sampling: at low frequencies (<100 MHz), the entire modulated signal (car-
rier and information) can be sampled or simply digitized and processed in the analog
or digital domain.

• Non-coherent demodulation: using bandpass sampling (i.e. sampling at the RF fre-
quency without prior demodulation) at the receiver side, the entire received signal is
sampled (digitized). It is possible to recover the information from the digitized received
signal using a non-coherent digital technique. This avoids PLLs and allows for the use
of low-power ring oscillators which have relatively large phase noise. The poor phase
noise of the ring oscillator is not usually tolerated in classical demodulation techniques.
Non-coherent analog demodulation for FSK and PSK generally uses envelope detection
as part of the core demodulation process, which has a poorer BER performance than
coherent demodulation [78]. However, this degradation in performance does not ap-
ply to the non-coherent digital demodulation proposed here as it does not use envelope
detection. A possible weakness of the bandpass sampling approach is that it requires
proper channel design. To overcome this, a coupled inductive link is used, which pro-
vides sufficient channel bandwidth. (Section 3.3.3 further explains the inductive link
(channel) design.)

3.3 System Architecture

The communication link for transmitting the stimulation signals to the implanted electrodes
(downlink), comprises of the external transmitter, the inductive link, channel and the im-
planted transceiver. Figure 3.1 shows the entire downlink system with its schematic sub-
blocks. Frequencies for inductive powering for minimal skin losses, like the popular 125 kHz
ISM band or 6.78 MHz ISM band give some room for interference filtering. The interference
filtering, if necessary, can be off-chip within the hollow space of the coil. Typical coil diam-
eters range from 10 mm to 50 mm [35, 40, 67] and in addition, coil self-resonance frequency
should be much higher than the operating frequency. These coils sizes facilitate a tolerable
misalignment of several mm [90, 130].
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3.3.1 External Transmitter

The external transmitter is essentially a binary phase shift keying (BPSK) transmitter. BPSK
generally gives a good balance between power consumption and bit error rate perfor-
mance [80](see also Section 2.3). It comprises of an oscillator for generating the carrier
frequency and a mixer for modulating the carrier signal. Since the intended carrier frequency
ranges between 1–12 MHz to achieve sufficient data rate, the mixer can be low power, con-
suming about 1 mW in 180 µm CMOS technology [81]. The BPSK mixer designed is shown
in Figure 3.2. The proposed mixer is comparable to the reported mixer in [81], with the
exception that the transconductance current is not converted to a voltage level, by omitting
the common-mode feedback structure. Two inverters act as switch pairs, switching between
signal paths to generate the BPSK signal currents. Next, these BPSK currents of the external
transmitter need to be passed to the implanted receiver through a suitable wireless link.

Figure 3.2: Circuit schematic of the binary phase shift keying (BPSK) mixer.

3.3.2 Implanted Receiver

At the receiver side, the entire signal is bandpass sampled (i.e. sampling at the RF frequency
without prior demodulation) to allow for digital demodulation. The bandpass sampling is es-
sentially a 1-bit analog to digital converter (1-bit ADC) [68]. This can be implemented using
a comparator. After this step, the resulting signal is then non-coherently digitally demodu-
lated. The non-coherent digital demodulator is the central part of the receiver. The 1-bit ADC
and the digital demodulator will be described next.
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The 1-Bit ADC

From exploratory circuit-model simulations of the inductive link, the received signal voltage
level is expected to be in the range of 0.5 to 3 V, a similar range is reported in [47]. This may
sometimes be lower than the digital logic level of the digital receiver, for example, if 1.8 V is
used. Traditionally, low noise amplifiers are usually used as the first stage of an RF receiver.
These may consume up to several milliwatts of power. However, in the context of the 3–7 mm
inductive link, we propose a dynamic latch comparator, sometimes also called a 1-bit ADC,
as a low-power solution that delivers sufficient signal level during digitization.

The Digital Demodulator

The non-coherent digital demodulator tries to detect if a ‘0’ or a ‘1’ was transmitted by de-
tecting the type of edge it encounters in the digitized received modulated signal. The digitized
modulated signal has a falling edge for the ‘0’ and a rising edge for the ‘1’. While detect-
ing which type of edge is present, the subsystem must take care to avoid the natural transition
points between carrier periods so that it is not detected as an edge type. The digital demodula-
tor consists of an edge detector and a reset generator to reset the edge detector before the next
carrier period. The edge detector contains a rising edge and falling edge flip-flop. With AND
and OR logic gates, the type and timing of the occurring edges are determined. Through a D-
flip-flop, the received bits are recovered from the edge type and edge detected. The detected
edge is delayed to ensure alignment before entering the recovery D-flip-flop. Section 3.4.3
will give details on the circuit board implementation of the proposed implanted receiver. An
IC implementation schematic will be shown in Section 5.3.

3.3.3 Inductive Link Design

The required data rate for the downlink ranges from 0.2 Mbps to 4 Mbps for the wireless
enabled visual prosthesis as discussed in Section 2.2. With the proposed system layout of
placing the implant side of the wireless module just beneath the skin, the distance from be-
neath the skin to above the skin is in the range from 3–7 mm [77]. An inductive link is the
most suited type of link because of the low attenuation of magnetic fields by the skin tissue
and the compactness of the coils [70]. To keep power consumption low, the carrier frequency
is chosen to be between 1–12 MHz. Achieving sufficient bandwidth for the desired data rate
can be challenging, especially in inductive links. This is generally attempted by reducing the
quality factor of the coils which leads to more power dissipation [65]. The transition region
of the PSK modulated signal can be distorted if the transmission of the inductive system is
not flat enough in the passband. Figure 3.3 illustrates a distortion. The top graph in the figure
shows when the received sampled BPSK signal has an ideal transition. The bottom graph
in the figure shows when the received sampled BPSK signal has a distorted transition with
insufficient bandwidth in the inductive link. For BPSK, the bandwidth required is 2 times the
data rate [78]. This determines what is sufficient and insufficient. The region of bandwidth is
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defined as the area between the 2 peaks. For instance, 1 Mbps will require 2 MHz bandwidth,
which means that for a response like in Figure 3.4 a coupling factor of k=0.1 may be insuffi-
cient (< 2 MHz bandwidth), while k=0.3 will be sufficient (3 MHz bandwidth). However, it
may not affect the demodulator if the clock is adjusted to operate in the region with the largest
available bandwidth in the inductive link.

Creating such a (relatively) flat band can still be done without lowering the quality factor
of the coils, by making the transmit and receive coils resonate at the same frequency. If, at the
same time, the mutual coupling between the coils is high enough, the resulting coupled re-
sponse gives two resonance peaks away from the resonance frequency of the individual coils,
thereby creating a ‘well’ between peaks [82]. Extensive treatment of this phenomena is found
in [82], and is observed to occur if the coupling factor is high enough. From exploratory
simulation/analysis of ideal resonance circuits, If the inductance is high enough (microhen-
ries) and the coupling factor is in range of 0.1-0.4, with the carrier frequency range of 0.1-30
MHz,and when the ohmic resistances of the coils are in the order of a few ohms, the frequency
gap between both peaks is empirically given by:

∆ fpeak2−peak1 ∼ k fres, (3.1)

where k is the coupling factor between coils and fres is the resonance of one side uncou-
pled. For example, for a k-factor of 0.3, which is feasible at 5 mm separation distance [47], it
follows that at 10 MHz, a flat band of approximately 3 MHz is available. When the coupling
factor is larger than 0.4, the symmetry of the response around the tuned frequency will be lost
but the system is still operational.

Figure 3.4 shows the ideal channel response for four values of the coupling factor–ideal
channel response: 1 V of the signal is coupled between the two resonant sides (ideal inductor
27 µH as coil and capacitor to resonate at 10 MHz at both transmit side and receive side) and
the received voltage is plotted against frequency. The well that can be seen has a relatively
flat passband to accommodate the data rate bandwidth. For instance at k=0.5 and bandwidth
(region between peaks) is about 6 MHz which would support 3 Mbps.

3.3.4 Reducing Receiver Clock Frequency

The role of the reset generator module in the implanted receiver (see Figure 3.1) is to provide
a reset signal to reset the edge detector at a time after the detection of the current edge t = 0.
This needs to be done at a time 0.5TPSK < t < TPSK to avoid the transition point between
carrier periods, where TPSK is the period of the carrier signal. To achieve this, it uses an
asynchronous counter to count from a time of current edge detection t = 0 to a desired time as
specified above. We determine the frequency of the clock, which is essentially the frequency
of the oscillator, as follows. With a count-up number N, the following inequalities must be
satisfied. To reset after the transition point between carrier periods, we have:

(N−1)TOSC > 0.5TPSK, (3.2)
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Figure 3.3: Illustrating an imperfect transition on the digitized received BPSK signal due to
the inductive link. (a) ideal transition. (b) imperfect transition.

and to ensure that there is no reset after the next edge, we get:

NTOSC < TPSK, (3.3)

Therefore, the range for the clock frequency is given by:

N fPSK < fOSC < 2(N−1) fPSK, (3.4)

where fPSK = 1
TPSK

is the carrier frequency and fOSC is the oscillator frequency. A practical
reset timing constraint relates to the presence of realistic inductive links, in which the phase
transition is sometimes not instantaneous. For flexibility in the reset timing, we write in a
more general form:

N
cupper

fPSK < fOSC <
N−1
clower

fPSK, (3.5)

where cupper and clower are the set limits (dimensionless, ranging from 0+ to 1) on the reset
timing. It is observed that a higher count-up number N is needed if the range is to be made
finer. This implies a higher clock frequency.

The power consumption of the digital demodulator is proportional to the clock frequency.
Since the carrier-to data ratio is below one due to bandwidth limitations, in the digitized
received signal, there will be repeated bits, since more than one cycle of the carrier-waveform
will represent a data symbol. The clock frequency can be reduced by skipping a few periods p
during the non-coherent demodulation. The reduction in clock frequency, in turn, will reduce
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Figure 3.4: Ideal channel response.

power consumption. The carrier-to-frequency ratio is inversely proportional to the number
of bits that will be repeated in the digitized received signal. For reducing the receiver clock
frequency by skipping p periods, we get modified versions of Equations (3.2) and (3.3):

(N−1)TOSC > (clower + p)TPSK, (3.6)

NTOSC < (cupper + p)TPSK. (3.7)

The resulting clock frequency is given by:

N
cupper + p

fPSK < fOSC <
N−1

clower + p
fPSK. (3.8)

For instance, circuit simulation shows that at a data rate of 1.25 Mbps, a carrier frequency
of 10 MHz and count-up number of N = 16, the clock frequency of the digital demodula-
tor can be reduced from 23 MHz to 5.8 MHz when p=2 periods are skipped. This reduces
the power consumption by a factor of 2 for the non-coherent digital demodulator sub-block
which is validated by the decrease in clock frequency from 23 MHz to 5.8 MHz as power
consumption scales with clock frequency. Although the overall power consumption is tech-
nology dependent in general, there is always a reduction in power consumption brought about
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by reducing the clock frequency by skipping redundant bits. Figure 3.5 illustrates timing dia-
gram at p=1 of the demodulator. More basic details and illustrations without reducing carrier
frequency by skipping bits can be found in [66].

Figure 3.5: Illustrating timing diagram of the receiver at p=1.

3.4 Experimental Demonstrator

For proof of principle of the downlink architecture, the system is built using off-the-shelf
components and electronics. A scaled-down carrier frequency of 0.5–2 MHz and data rate
of about 200 kbps is used for easy implementation on a breadboard, while still allowing for
experimental investigation of key elements of the system, as described in the previous section.
The demonstrator is not yet biocompatible. However, once the system has been implemented
on an IC (covered Chapter 5), an approach as described in [40] can be used to achieve bio-
compatibility. In this approach, a transparent window is made at the top of the package for
coils which are placed above the PCB housing the electronics, and then the entire package is
hermetically sealed [40]. The following subsections present the experimental demonstrator
in detail.
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3.4.1 External Transmitter

For the experimental demonstrator setup, the external BPSK transmitter is emulated using
two single pole single throw (SPST) switches. Figure 3.6 shows the circuit schematic of the
external transmitter demonstrator. To achieve BPSK functionality, the inputs into the second
switch, which are the carrier signal and data bits, are inverted. The outputs of both switches
are connected. Together, the switches act as a switch pair to form the BPSK modulated
signals. The DC component is filtered using a high-pass filter. The two SPST switches are in
a single component: the DG411LE from Vishay Siliconix Pennsylvania, USA. The inverters
are SN74F04 from Texas Instruments Texas, USA. By-pass capacitors of 0.1 µF were used
to isolate the power supply of each sub-IC.

Figure 3.6: Circuit schematic of the emulated BPSK transmitter.

3.4.2 Experimental Inductive Link

We focus on demonstrating the inductive link channel, for which we use off-the-shelf coils
of moderate size with ferrite backing. These coils have a self-resonance frequency above 15
MHz, making them suitable for the low-frequency demonstrator. We used a pair of 12 µH
coils on a 48 mm by 32 mm ferrite plate for the transmit and receive coils. Alternatively,
another pair of 10 µH coils on a 37 mm by 37 mm ferrite plate can be used. Both sets of coils
are from Wurth Electronics. Commercial off the shelf coils often comes with ferrite backing
to increase the inductance and enhance coupling. Nonetheless, [47] achieved high coupling
> k=0.3 at 5 mm without ferrite backing. Ceramic capacitors of 2.2 nH are used to tune both
the transmit coil and the receive coil to resonate at 1 MHz. Zener diodes are used to limit
the maximum voltage to protect the comparator. Figure 3.7 shows the circuit schematic of
this implementation.
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Figure 3.7: Inductive link schematic.

3.4.3 Implanted Receiver

Figure 3.8 shows the schematic of the circuit board implementation of the proposed implanted
receiver. The ADCMP600BRJZR2 comparator from Analog Devices acted as the 1-bit ADC.
The 74F74N dual D flip-flops along with the 74F08 AND gate and the 74F32 OR gate are
used to construct the edge detector are from Analog Devices. The 74F04 NOT gate is inserted
before the clock input to make it a negative edge. For the reset generator, the 74F161 4-bit
counter is used from Analog Devices. In recovering the actual bits from the edge detector,
two 74F74N flip-flops are used, one for alignment and the other for the recovery of the bits.
By-pass capacitors of 0.1 µF are used (not depicted in Figure 3.8) to isolate the power supply
of each IC. Figure 3.9 shows a picture of the implementation on a breadboard.

3.5 Results

With the demonstrator described in Section 3.4, the coupled coils are tested on open-loop
voltage to determine their coupling factor k, which has an impact on the channel response.
Next, the channel response is characterized by transmitting a sine wave and sweeping its
frequency. Finally, data transfer is validated by sending the bits to the receiver, where they
are recovered. The following sub-sections present these results, respectively.

3.5.1 Open-Loop Voltage on the Inductive Link

To determine the coupling factor between the transmit and receive coils when they are sep-
arated a certain distance, an open-loop voltage test was carried out. The coupling factor is
found by determining the output voltage of the receiver coil divided by the input voltage of
the receiver coil without any tuning capacitor. The input voltage has a source resistance of
around 50 Ω. While estimating the coupling factor, the source resistance was corrected for
because open-loop voltage calculation assumes no source resistance. Layers of foam of about



38 DOWNLINK: BPSK COMMUNICATION AND INDUCTIVE LINK DESIGN

Figure 3.8: Downlink receiver demonstrator: schematic.

2.5 mm/layer were used to create various separation distances between the transmit and re-
ceive coils to mimic different skin thicknesses as in Figure 1.4. Below 100 MHz, the effect
of skin on magnetic fields is negligible [76], so results with foam are expected to be repre-
sentative for those with skin tissue. On the other hand, transmission through skin tissue may
heat the tissue due to the specific absorption rate (SAR) and the implanted electronics may
generate heat as well. Considerations for this will be given in Section 5.6.2.

Table 3.1 shows the received voltage for 2 sets of coils at an input amplitude of 5 V.
At 7.5 mm separation distance, the coupling-factor was slightly above 0.3 which would still
result in 3 MHz bandwidth at k=0.3 according to Fig. 3.4 which is sufficient for 1.5 Mbps
communication through the skin (bandwidth required is twice the data rate for BPSK [78]).

Table 3.1: Open-loop voltage test to estimate the coupling factor.
12 µH coil [48 mm by 32 mm Ferrite plate]

Open-loop voltage k-factor
1 layer of foam [2.5 mm] 5 V input @ 1 MHz 3.30 V 0.80
3 layers of foam [7.5 mm] 5 V input @ 1 MHz 1.90 V 0.46

10 µH coil [37 mm by 37 mm Ferrite plate]
Open-loop voltage k-factor

1 layer of foam [2.5 mm] 5 V input @ 1 MHz 3.30 V 0.80
3 layers of foam [7.5 mm] 5 V input @ 1 MHz 1.27 V 0.31
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Figure 3.9: Downlink receiver demonstrator: realization.

3.5.2 Inductive Link Response

In estimating the channel response, an input single sine wave is swept in frequency, and the
amplitude voltage at the receiver coil is recorded. However, one significant deviation is that
the source is not resistance-free (unlike as in Figure 3.4), but has a 50 Ω impedance which
decreases the quality factor and the amplitude at the resonance peaks. As a result, the two
peaks of the coupled response as described in Section 3.3.3 blend together. Figure 3.10 shows
the simulated response with a 50 Ω source impedance and measured results of the 12 µH coils
for two separation distances (1 and 3 layers of foam). The deviation (< 125 kHz) between the
simulated and measured plots is due to measurement errors, deviation in component values
and impedance differences. Figure 3.11 shows the channel response on the 10 µH coils
at 3 different layers (2.5 mm thick foam). Also here, the 50 Ω impedance decreases the
quality factor, causing the two resonance peaks to blend. In addition, a smaller separation
distance (less layers of foam) results in more bandwidth because of the higher coupling factor,
which is similar to the ideal response in Figure 3.4. The similarity in bandwidth behavior
between Figures 3.4, 3.10, and 3.11 indicates the feasibility of inductively coupled coils for
the wireless link. In addition, the approach allows for scaling up to 12 MHz for the IC-
implementation (4 MHz will be demonstrated in Chapter 5, 13.56 MHz was attempted in [67]
for data transfer). This will be covered in Chapter 5. The relevant part of the behavior is
the frequency band in between the peaks, as it indicates the bandwidth for the data transfer
available as explained in Section 3.3.3.
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Figure 3.10: Channel response of the 12 µH transmit and receive coils, tuned individually to
1 MHz using 2.2 nF capacitors.

3.5.3 System with Inductive Link

The complete downlink system demonstrator is tested on the breadboard setup. A carrier
frequency of 1 MHz is used and a bitrate of 125 kHz. The clock of the digital receiver was
set to 10∗ fpsk which is 10 MHz. In this case, a count-up number N = 8 was used, which also
satisfies the range constraint in Equation (3.8). Figure 3.12 shows the measured signal results.
The transmitted bits had some carrier patterns due to imperfect isolation between sub-blocks.
On the digitized received signal, phase changes due to bit type changes in PSK modulation
can be seen in areas with a longer period. These are indicated in the figure. The digitized
signal waveform also indicates that the desired bandwidth was achieved. The reset signal is
also shown in Figure 3.12, every rise in the reset signal indicates a reset triggering by the reset
generator for digital demodulation. The recovered bits are in agreement with the transmitted
bits indicating successful demodulation with a typical harmless time lag arising from the
demodulation process.

3.6 Discussion

A scaled-down carrier frequency of 1 MHz and data rate of about 125 kbps are used for
implementation on circuit board for proof of principle. The data rate is sufficient for testing
since the 125 kbps data rate is close to the lower bound of the requirements of the data rate
for the final system. The system will be scaled up to operate at 4 MHz and at a higher data
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Figure 3.11: Channel response of the 10 µH transmit and receive coils, tuned individually to
1 MHz using 2.2 nF capacitors.

rate up to 1 Mbps as will be shown with the IC implementation, described in Chapter 5. It is
important to stress that the power consumption of the receiver scales linearly with frequency
due to its predominantly digital circuits. Consuming below 1 mW at 4 MHz on IC simulation
clearly indicates that tuning to a 6.78 or 13.56 MHz ISM band is well possible.

3.7 Conclusions

The BPSK modulated downlink system for delivering stimulation data to a visual prosthesis
was experimentally demonstrated on a proof-of-principle breadboard implementation. Com-
mercial off-the-shelf coils were used, showing a bandwidth of 0.5 MHz, which is sufficient
to achieve a data rate of 125 kbps. Power consumption at the implanted receiver could be
reduced by lowering the clock frequency by skipping redundant bits in the digitized received
signal. The system meets the specified requirements.

Although the system was clearly demonstrated on a scaled-down version on a circuit
board, the experimental results show everything is in order from a system point of view for a
more compact, integrated design, together with the uplink system which will be explored in
Chapter 5. The results of the sub-milliwatt and compact IC version will be presented there.
This will wirelessly enable the visual prosthesis in a low-power and robust way.
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Figure 3.12: Measured signal results.



CHAPTER FOUR

Uplink: IR-UWB communication design1

4.1 Introduction

The wireless system required for an intracortical visual prosthesis also involves communica-
tion from the implanted electrode (uplink) for neural recording, apart from the downlink and
wireless power transfer. The neural recording (uplink) is needed for calibration and moni-
toring. The uplink is the focus of this chapter. Figure 4.1 shows the wireless system layout,
highlighting the uplink.

Developing a low-power implanted transmitter to get the recorded neural signal out of the
brain (uplink) is quite challenging due to the high data rate required. The requirements for
the uplink part of the implanted visual prosthesis have already been detailed in Section 2.2
of Chapter 2. It is even more complicated in the presence of nearly simultaneous reception
of stimulation signal and wireless power transfer. In [35, 73, 91, 92] several generic medical
telemetry systems were reported. In [92] optical communication was attempted for the uplink.
However, this faces a challenge of misalignment sensitivity. Impulse radio ultrawideband (IR-
UWB) was used in [73] showing a promising result. A high data rate was achieved in [35]
using an IR-UWB transmitter. However, none of these telemetry systems is in the context of
the 1024-count implanted electrode visual prosthesis, where sending stimulation information
to the implanted electrode is taking place concurrently.

This chapter describes the communication link system requirements for sending recorded
neural information out of the brain. Some background on IR-UWB will be presented, and
then the uplink system approach is described. Following this, the system architecture will be
explored. A proposed transmitter, a tunable on-off keying (OOK) IR-UWB transmitter for
low-power, will be designed and simulated at a circuit level (For IC layout and fabrication
see Chapter 5). The proposed transmitter will address the potential miniaturisation and power
consumption constraints. The feasibility of a moderate power consumption non-coherent ex-

1This chapter is partly based on publication [P5].

43



44 UPLINK: IR-UWB COMMUNICATION SYSTEM DESIGN

ternal receiver will also be explored in the system architecture. Next, transmission loss and
link budget analysis will be investigated. A transmit antenna and a receive antenna, one be-
low and the other above the skin, respectively, will be designed in electromagnetic simulation
software to validate the feasibility and to quantify the path loss for the link budget. Further-
more, the link budget of the proposed system will be analysed to demonstrate its feasibility.
After describing the results obtained with the designed system, the chapter will be brought to
a conclusion.

Figure 4.1: Layout of the wireless system of the intracortical visual prosthesis.
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4.2 Background on IR-UWB

4.2.1 IR-UWB basics

Over the unlicensed frequency range of 3.1–10.6 GHz, the FCC [94] has defined UWB sig-
nals as those that occupy greater than 500-MHz bandwidth or larger than 20% fractional
bandwidth as defined by:

Fractional Bandwidth =
2( fU − fL)

fU + fL
≥ 20%, (4.1)

where fU and fL are the upper and lower frequency limits, respectively, of the 10-dB
bandwidth of the signal spectrum. The FCC and Europe also requires that the power emission
levels of the UWB signals within the UWB spectrum of 3.1–10.6 GHz must be low enough.
The low power emission levels avoid interference with other existing communication systems,
technologies and services operating in the same frequency band, such as Wireless Fidelity
(WiFi). In this way, UWB can co-exist with the other systems. From a regulatory point of
view, the FCC and Europe requires that the maximum allowed power spectral density (PSD)
not exceed -41.3 dBm/MHz for the 3.1–10.6 GHz frequency range [94]. Other services could
be operating under different rules that share the same bandwidth with the UWB frequency
range. This low RF transmit power requirement causes these unlicensed UWB systems to
work mainly within short ranges, making them suitable to employ miniature CMOS RFICs.
Their RF power capability and dc power consumption are relatively small [26]. In UWB pulse
systems, the transmitting pulse contains energy, or information, over a much wider frequency
band as compared to narrow-band signals.

4.2.2 Basic Modulation Topologies

Several modulation techniques can be used to generate UWB signals, which modulate the
information bits directly into very short UWB pulses [98]. Since there is no intermediate
frequency (IF) processing in systems employing such signals, these systems are often called
“base-band” or “impulse radio systems”. Typical modulations in UWB pulse systems can
be divided into the mono-phase and bi-phase techniques. The three most popular mono-
phase UWB modulation approaches are pulse position modulation (PPM), pulse amplitude
modulation (PAM), and on-off keying (OOK). In these techniques, the data signal “1” is
distinguished from the data signal “0” either by the size of the pulse signal or by its time
of arrival. Apart from that, all the pulses essentially have a similar same shape. Figure 4.2
illustrates the waveform for these different modulation options. In addition, bi-phase shift
keying (BPSK) is a bi-phase case, see also Fig. 4.2. This modulation transmits a single bit of
data with each pulse, with the positive pulse representing “1” and the negative pulse signifying
“0”.
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For the uplink communication from the wireless implant, OOK modulation is considered
the best candidate, because of its straightforward implementation which can lead to very
low power consumption and less complex design. For instance, OOK modulation can be
implemented with a D-latch which is a digital circuit leading to a potential predominantly
digital architecture. In OOK modulation, information bits “1” and “0” are represented with
the full-amplitude and zero-amplitude of the UWB pulse, which are obtained by turning the
UWB pulse on and off, respectively.

4.3 System Approach

The requirements for the intracortical visual prosthesis and specific requirements for the wire-
less link for getting the recorded neural signal out of the brain were described in Section 2.2
of Chapter 2. From the system requirements summarized in Table 4.1, it has become clear
that the transmitter should be a low-power implementation, that achieves a high data rate at
the implant side. For this reason, the IR-UWB transmitter can be designed as a radio fre-

Table 4.1: Summary of system requirements for the uplink transmitter.
Requirement Target

Power conusumption <10 mW
Data rate >23 Mbps

Bit error rate < 10−3

Security 3–7 mm short link
Frequency band 3–5 GHz

Size <30 mm × 30 mm

quency integrated circuit (RFIC) rather than with discrete microwave components [31]. The
transmitter can be implemented in RFIC using CMOS technology. Since the transmit power
of IR-UWB is low due to the FCC restriction, a simple CMOS IC is sufficient. Furthermore,
an IC implementation allows for integration with the downlink implanted receiver. The RFIC
fabrication and validation will be discussed further in Chapter 5.

Another important approach in the system design for the implanted transmitter is to use
predominately digital components to enforce low power consumption and high-speed cir-
cuitry. For instance, the modulator can be implemented by using a D-Latch and the pulse
forming by using inverters and a NOR- gate, which are digital circuits.

Finally, with the transmission loss modelling and link budget analysis, an external receiver
can be explored in future work. Power consumption in the external part of the system is less
critical.
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Figure 4.2: Illustration of the various modulation options in waveform: PPM - pulse position
modulation, PAM - pulse amplitude modulation, BPSK - bi-phase shift keying and OOK -
on-off keying.

4.4 System architecture

4.4.1 Implanted transmitter

Figure 4.3 shows the overall circuit diagram of the proposed CMOS IC IR-UWB transmitter.
The IR-UWB transmitter comprises mainly of the modulator and the pulse generator. The
design of the transmit antenna, which will be connected to the chip is also an important
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aspect and will be discussed in Section 4.5. The modulator can be implemented in CMOS
technology by a D-Latch [99]. The data bits and the off-chip clock source are fed as the
control signal and D-input of the latch, respectively. The resulting signal is fed to the pulse
generator.

Figure 4.3: Circuit schematic of the proposed IR-UWB Transmitter.

Implementing the pulse generator in CMOS technology can be done by a tunable delay
element, followed by pulse squaring, a NOR-logic gate for pulse forming, and, finally, pulse
shaping filters, which can be implemented off-chip. For tunable delay elements, a voltage
controlled shunt-capacitor as in [26] is proposed. The tunable delay elements allows for ad-
justing the pulse width. For proper pulse forming using NOR-logic gates, the squareness
of the signals coming from the tunable delay lines is crucial, and this is done by using three
inverters on both the reference line and the delay line for symmetry. Further details on the im-
plementation will be given when the combined IC implementation is described in Section 5.3.

4.4.2 Proof of principle external receiver

Although the research focus is more on the implanted side of the visual prosthesis, a proof
of principle external IR-UWB receiver will benefit the complete system design in the future.
Such an IR-UWB receiver could be coherent, which means that it requires synchronization
and other power-hungry parts, such as phase locked loops in most architectures [108, 109].
It could also be non-coherent, thereby avoiding clock synchronization issues and a matching
local oscillator [29, 110–112]. From a power consumption point of view, and also for design
simplicity, we propose to use a non-coherent design. Figure 4.4 shows two typical architec-
tures of implementing a non-coherent receiver for OOK IR-UWB. The key difference is using
an RF detector diode [29], or an RF log detector [110]. A log-detector requires fewer sub-
locks and is more straightforward to implement with off-the-shelf components. Therefore, it
was selected for the proof of principle.
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Figure 4.5 shows a non-coherent IR-UWB receiver demonstrator using a log detector built
from off the shelf components. The VBFZ3590S+ from Mini Circuits was used as a bandpass
filter [113]. The AD5541 from Analog Devices was used as an LNA [114]. The AD8318
from Analog Devices was used as a log detector [115], while the ADCMP600 from Analog
Devices was used as the comparator [116].

4.5 Transmission loss and link budget analysis

4.5.1 Antenna design

In the IR-UWB system, the frequency band of 3–5 GHz is targeted, the lower band of the
3.1–10.6 GHz available spectrum, because of lower attenuation through the skin than in the
upper band. Considering the biological environment around the antennas and the tissues
between the implanted (transmit) and external (receive) antenna is important in the antenna
design. Figure 4.6 shows the layer stack used to represent the tissues around and between
the antennas for transcutaneous communication. The transmit antenna is located just beneath
the skin and is backed by the skull bone, dura, cerebrospinal fluid (CSF) and brain matter.
In reality, the layers will have a curved shape, due to the human skull. This will have an
influence on the antenna performance. It is beyond the scope of the thesis to determine the
exact effect, because this would have to be tailored for every patient. Instead, we aim to derive
a decent estimate based on the layer stack in Fig. 4.6 and account for non-modeled effects
(like the exact shaping) by creating margin in the link budget. The relative permittivity and
conductivity of these tissues used were obtained from the Gabriel database [100–102], for
the 3–5 GHz band of interest. Table 4.2 shows the thicknesses and material properties at two
frequencies for the tissues in the layer stack.

Electromagnetic simulations are carried out in SIMULIA Studio Suite [117]. The human
tissue layer stack environment is 60 mm by 60 mm in the xy-plane, which is terminated by
free space in all directions. The time-domain solver in SIMULIA was used with a hexahedral
mesh. The time-domain solver is optimal for wideband signals. The mesh is convenient for

Figure 4.4: Two possible system architectures for a non-coherent IR-UWB receiver.
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Figure 4.5: A proof of principle non-coherent IR-UWB receiver.

the layered structure. A total amount of 145,222 mesh cells is used, with at least 7 cells per
wavelength, and the boundary conditions are chosen such that the reflections at the edges
only minimally affect the antennas. The simulation setup was checked for convergence. An
80 mm by 80 mm sized stack environment show less than 0.05 dB difference in S-parameter
values.

Several UWB antennas for body area communication could be designed [103–105]. How-
ever, we take a more straightforward approach to the antenna design by using a co-planar fed
antenna with a monopole patch at its end-radiator [106, 107]. Co-planar feeding generally
results in larger impedance bandwidth while allowing for some design tuning freedom using
the feed gap.

Table 4.2: Layer stack up, thickness and dieletric properties of body tissues.
Layer Thickness Permittivity εr

at 3 GHz, 5 GHz
Conductivity (S/m)

at 3 GHz, 5 GHz
Skin 3–7 mm 42.1 , 39.6 1.95 , 3.57
Fat 2 mm 5.2 , 5.0 0.13 , 0.24

Bone 5 mm 11.1 , 10.0 0.51 , 0.96
Dura 1 mm 41.3 , 38.9 2.01 , 3.58
CSF 1 mm 65.4 , 62.0 4.00 , 6.60

Brain matter 2 mm 48.1 , 45.1 2.22 , 4.10
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Figure 4.6: Layer stack of tissue for electromagnetic modeling and simulation.

Figure 4.7 shows the final dimensions of transmitting and receiver antennas designed
with the biological tissues modelled. The U-shaped transmission line connecting the two
ground patches of the co-planar feed is used to model the excitation by an edge-mount SMA
connector. The size of the radiator of a typical monopole antenna is a quarter of its wavelength
(λ/4), which is 18.75 mm at 4 GHz. However, we need to take the direct environment
of the antennas into account, which is the tissue as shown in the layer stack in Figure 4.6.
The proximity of the tissue changes the effective wavelength for the antenna, especially for
the receive antenna as it will operate close to the skin, as seen in Figure 4.2. The effective
wavelength λ/

√
εr for the receive antenna is shorter than of the transmit antenna because the

relative permittivity εr of skin is much higher than fat. Therefore, the resulting dimensions of
the receive antenna are smaller than that of the transmit antenna. The co-planar fed monopole
antenna was on 14 mm by 18 mm substrate for both transmitting and receiving antennas.

The antenna substrate thickness of the receive antenna is 0.1 mm and 1 mm for the receive
antenna. The 1 mm thickness of the transmit antenna gives less transmission loss than using
0.1 mm since there is an increase in the effective distance (direct contact) between its top
metal layer and the bone tissue. The relative permittivity of the antenna substrate is 2.2. An
insulator coating (Kapton polymide which is bio-compatible with a relative permittivity of
3.4) of 0.1 mm was placed over the transmit antenna to avoid direct contact between conduc-
tors and tissue. The back side of the substrate of both antennas has an insulator coating of 0.1
mm.

Figure 4.8 shows the reflection coefficients (S11) for both transmit and receive antennas
for two different skin thicknesses. At 3 mm skin within 3–5 GHz band, the reflection coeffi-
cients range between -10.6 dB and -24.2 dB for the transmit antenna and -7.3 dB and -12.4
dB for the receive antenna. At 7 mm skin within 3–5 GHz band, the reflection coefficients
range between -12.2 dB and -41.5 dB for the transmit antenna and -7.3 dB and -12.4 dB for
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Figure 4.7: Transmit and receive antenna for IR-UWB.

the receive antenna. Therefore, the S11 is under -10 dB in the 3–5 GHz band for the transmit
antenna and under -7 dB for the receive antenna. The antenna simulation result is from a first
design effort. Further design optimization was not done, since the focus in this chapter is on
the IR-UWB system design. It is recommended to improve the S11 for the receive antenna
further.

4.5.2 Path loss simulation

An important research aspect of the IR-UWB system design for the uplink is understanding
what happens in the path from the transmit antenna beneath the skin to the receiver antenna
outside the skin. The transmission (path) loss through 3–7 mm transcutaneous distance is the
S21-parameter for the transmit-receive antenna pair in the presence of the biological tissues
as detailed in the layer stack in Figure 4.6. Figure 4.9 shows the S21 results of the transmit
antenna and the receive antenna in the presence of the biological tissues at 3 mm and 7 mm
skin thickness. At 3 mm skin within the 3–5 GHz band, the S21 ranges between -12.8 dB
and -19.3 dB. At 7 mm skin within the 3–5 GHz band, the S21 ranges between -16.7 dB and
-25.4 dB. As a result, increasing the skin thickness from 3 mm to 7 mm, gives around 5 dB
increase in transmission loss in the 3–5 GHz band.

Furthermore, various misalignment scenarios have been investigated, in which there is a
horizontal misalignment of 5 or 10 mm between the antennas, either in x- or y-direction with
coordinate system indicated in Figures 4.2 and 4.7. Figure 4.10 shows the S21 for the various
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Figure 4.8: S11 of the transmit and receive antennas at 3 mm and 7 mm skin thickness.

misalignment cases. It can be observed that a 5 mm offset leads to about 2 dB more loss, and
a 10 mm offset leads up to 11 dB more loss. Therefore, we can approximate the link losses
within a 5 mm offset to about 20 dB. To be on the safe side and to account for effects that have
not been included in the model (such as tissue property variability), a value of 30 dB is used
as a worst-case transmission loss (S21). This value is then used in the link-budget calculation
in the next subsection.

4.5.3 Link budget analysis

For the uplink solution based on IR-UWB, it is important to demonstrate its feasibility at
system level by analysing the worst-case link budget in the context of the visual prosthesis.

Table 4.3 shows the link budget of the system at worst case, which is estimated based on
the path loss simulations described in the previous section as well as on literature. Selecting
the lower part of the IR-UWB band (3–5 GHz) is optimal because the wideband design com-
plexity is reduced and 7–10 dB less attenuation than at 8–10 GHz [123], through the skin is
present. The thermal noise of a receiver matched to an antenna is -174 dBm/Hz [97]. With a
bandwidth of 2 GHz for the IR-UWB signals, the noise floor (Nfloor) is -81 dBm. Low noise
amplifiers (LNA) of IR-UWB have a noise figure typically in the range of 4–10 dB at these
frequencies [96]. Taking the noise figure (NF) of the LNA to be 10 dB, and using the formula
for noise figure of cascaded stages [97], it is highly unlikely that the noise figure of the entire
receiver will exceed 15 dB.

The typical normalized signal to noise ratio (Eb/N0) required by on-off keying modulation
to reach a bit error rate of 10−7 with non-coherent demodulation is 15 dB [78]. Assuming the
data rate equals the bandwidth, which is easy to reach with IR-UWB, the signal to noise ratio
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Figure 4.9: Transmission loss at 3 mm and 7 mm skin thicknesses.

(SNR) required is not more than 20 dB, taking into account a reasonable 5 dB buffer. With
this in view, the estimated receiver sensitivity S in dBm is given by:

S = SNR(dB)+NF(dB)+Nfloor(dBm) = 20+15+(−81) =−46 dBm. (4.2)

With the maximum allowable transmit power of -41.3 dBm/MHz set by the FCC, the
maximum total transmission power equals PTX = -8.3 ( or -9 dBm if rounded down) for
the 3–5 GHz band. Therefore, the maximum allowable link losses PLMAX, tolerable by the
system, are PLMAX = PTX−S =−9− (−46) = 37 dB. While this maximum allowable path
loss of 37 dB can be quite small for free space path of over a few meters, in the context of the
visual prosthesis, it is primarily sought to communicate from beneath the skin to just above
the surface of the head which is about 5 mm [77].

Losses through 3–7 mm of skin are found to be well below the estimated 37 dB for PLMAX.
From our path loss simulations in the previous section and from results reported in [95],
the worst-case transmission is 30 dB at 5 GHz. Therefore, from this estimation, it can be
concluded that the link will be closed with an excess of 6 dB. Therefore, the application of
IR-UWB seems practical and realizable for the intended application.
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Figure 4.10: Transmission loss and antenna misalignment at 3 mm skin thickness.

Table 4.3: IR-UWB link budget analysis.
Thermal Noise at 2 GHz bandwidth -81 dBm
Esitmated Noise figure of receiver 15 dB

Typical SNR required 20 dB
Estimated receiver sensitivity -46 dBm

Maximum transmit power @ 2GHz bandwidth -9 dBm
Loss tolerable 37 dB

Estimated S21 @ 3–5 GHz through skin 30 dB
Margin (excess) 6 dB

4.6 Results

4.6.1 Simulation results for transmitter

The IR-UWB transmitter as described in Section 4.4.1 is designed and simulated in Cadence
software [118], using 180 nm technology at the circuit level. The supply voltage is 1.8 V. An
external off-chip oscillator is assumed with an ideal clock source. An ideal parallel inductor
with a capacitor in series models the pulse shaping filter. Their parasitic resistances, however,
will cause some minor losses in the system. With a pulse repetition frequency of 1 GHz, which
makes a 250 Mbps data rate easily possible, the transmitter (modulator and pulse generator)
consumed 2.8 mW. This gross data frequency of 250 MHz demonstrates a 250 Mbps data
rate potential to be recovered at the receiver. However, the realized data rate may be lower
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depending on the type/performance of the external receiver. Although power consumption is
not a priority for the part of the system outside the human head, a non-coherent receiver is a
straightforward, fail-safe solution.

4.6.2 Results for external receiver

Figure 4.11 shows a snapshot of the output waveform of the proof-of-principle external re-
ceiver. The output waveform is not sampled optimally due to the frequency limitation of the
Analog Discovery 2 [140] acting as the oscilloscope and the ADCMP600 comparator final
sub-block. The proof of principle IR-UWB receiver was able to receive signals only up to
33 Mbps due to the frequency limitation performance of the off-the-shelf comparator and the
log-detector. In a future final system, the frequency limitation will even be further reduced
when implemented on an IC. Nevertheless, the 33 Mbps is already above the required 23
Mbps data rate for the uplink. This high data rate realized in the demonstrator based on off-
the-shelf components holds the promise that even higher data rates could be achieved in the
external receiver once miniaturized into high-frequency performance technology.

Figure 4.11: Recorded output of proof-of-principle receiver at 33 Mbps.

4.7 Conclusion

In this chapter, the system approach for IR-UWB communication for the wireless link for
neural recording (uplink) was presented. The implanted transmitter is the most important
component in the system. It was designed and simulated on CMOS IC showing potential
low power consumption (under 3 mW). A proof-of-principle receiver was developed using
commercial off-the-shelf components. Coplanar-fed monopole antennas were designed, and
electromagnetic simulations with body tissues were carried out, showing typical path losses
of 20 to 30 dB. The worst-case link budget of the IR-UWB demonstrates its system-level
feasibility with excess margin.



4.7: CONCLUSION 57

The implanted transmitter can be designed together on the same IC with the implanted
receiver for the downlink system. This will be covered in the next chapter. The design of a
non-coherent receiver on IC, as well as an optimized design of the antennas is also an exciting
area of research. The uplink system promises to deliver a high data rate for neural recording
in the intracortical visual prosthesis.
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CHAPTER FIVE

IC design, validation and demonstration1

5.1 Introduction

Wireless connection between the implanted electrode and the external processor is desired to
facilitate mobility and to avoid infections during long-term use [40]. On the implant side, this
wireless connection involves uplink (for recording), downlink (for stimulation) and wireless
power transfer. This work focuses on the implanted transceiver IC, which is the transmitter
for sending out of the head (uplink) and the receiver for receiving stimulation data (downlink).
Figure 5.1 illustrates our solution. In this chapter, we focus on the implanted transceiver IC
design and analyze its link budget in the context of a complete system.

Generic biomedical telemetries have been proposed for the implanted transmitter for
recording and also for an implanted receiver for stimulation. However, in this work, we
combine them into a single implanted transceiver for bi-directional communication in an in-
tracortical visual prosthesis. In [33] optical communication was attempted for the uplink.
However, this faces a challenge of alignment sensitivity. Impulse radio ultrawideband (IR-
UWB) was used in [73] showing a promising result. A high data rate was achieved in [35]
using an IR-UWB transmitter.

In our work, for the recording, we use IR-UWB for the uplink because of its low-power
and high data rate potential at its transmitter, which will be at the implant side. For our im-
planted transmitter, we applied current control to make the impulse generator tunable for pulse
width. A straightforward on-off keying modulation (OOK) scheme is implemented, based on
a simple D-latch to achieve low-power consumption. Furthermore, a current-controlled vari-
able oscillator is proposed to tune the number of pulses per bit. The transmitter is built using
predominantly digital components to strive towards low power consumption while deliver-
ing a high data rate (a minimum of 23 Mbps is required see Section 2.2). The potential of

1This chapter is based on journal publication: “Sub-milliwatt Transceiver IC for transcutaneous communi-
cation of an Intracortical Visual Prosthesis” in Electronics, Published December 2021 [P2].
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Figure 5.1: System layout of the wireless enabled visual prosthesis.

digital-based designs is discussed in [128,129], which is beneficial to low-power transceivers.
For the downlink receiver, an analog differential phase-shift keying (DPSK) receiver was

used in [79]. Pulse delay modulation (PDM) was used in [67] and an Amplitude Shift Keying
(ASK) to Frequency Shift Keying (FSK) conversion receiver in [83], both for low power con-
sumption. However, for our implanted receiver we took an approach of a non-coherent digital
receiver, with low-carrier frequency (4 MHz) using an inductive link. Implanted receiver’s
low-power and sufficient data rate due to its predominantly digital components and low fre-
quency motivate its selection. The receiver is above the minimum data rate requirement of
200 kbps for the downlink.

In this work we describe the design of our fabricated implanted transceiver (excluding
coils and antenna) on IC, based on CMOS 180 nm technology. Our idea is to: 1) reduce power
consumption to less than a milliwatt using predominantly digital components. 2) provide
tunability in the spectrum of the pulsed signals in the IR-UWB transmitter using current
control for its oscillator and impulse generator; 3) make the implanted receiver’s operating
frequency point adjustable with current control to accommodate different frequency bands for
an inductive link.

The remainder of the chapter is structured as follows. Section 5.2 highlights key overall
system requirements and considerations. Section 5.3 describes the implanted transceiver (IR-
UWB transmitter and non-coherent BPSK receiver) design and integration into IC. Section



5.2: SYSTEM REQUIREMENTS AND CONSIDERATIONS 61

5.4 provides more information about the measurement setup. Section 5.5 shows the measure
results of the fabricated chip and a link budget discussion on how it will fit in the entire
system. Section 5.6 discuss medical safety concerns and shows a comparison with recent
works from literature. Section 5.7 concludes the chapter.

5.2 System Requirements and Considerations

For the implanted transceiver, which comprises of the transmitter for uplink (sending out
data from the implanted side) and its receiver for downlink (receiving stimulation data), the
following essential system requirements are considered:

1. Power consumption: Based on power consumption reported in [72, 73], the projected
power consumption of the implant side of the 1024 electrode visual prosthesis without
a wireless interface is in the order of 100 mW. Considering the wireless power transfer,
and possible battery constraints at the implant side, it is desired that the wireless system
adds minimal extra power consumption to the power budget at the implant side. This
implies that only a low-power solution for the implanted transceiver will create a viable
system. The external transceiver above the skin will be allowed to consume more power.
Our proposed non-coherent BPSK receiver will fulfill this due to its simple architecture
and predominantly digital components. For the uplink, on-off keying (OOK) is used
for the IR-UWB transmitter because of its simple architecture making for a low-power
transmitter.

2. Transmission data rate: It is required to transmit a minimum of 23 Mbps for compressed
data with electrode recordings (see Appendix A). The receiver is required to handle a
minimum of 200 kbps of stimulation data (See Section 2.2). IR-UWB for the uplink has
the potential to deliver high data rate for short distances. Using an inductively-coupled
link with BPSK at low frequency will provide sufficient data rate, while yielding a
low-power solution.

3. Bit-error-rate (BER): the uplink and downlink system should give a BER of at least
10−3 over the full communication chain with an external side. BPSK is used for the
downlink because it has a better theoretical bit error rate performance than other mod-
ulation schemes, such as amplitude shift keying and frequency shift keying [78]. The
BER target is checked by using the IC results in the overall link budget. The focus
of this work is on a low-power implanted side transceiver IC. Any need for improved
BER could be taken care of by adjusting the link budget through the coil design with
the external side. The case of the uplink, for example, where the IR-UWB receiver
is external, reported receivers [110, 143] at similar sensitivities already meet the BER
target of 10−3, Similarly for the downlink case, where the transmitter is external, the
transmit voltage can be scaled easily to meet the implanted receiver sensitivity of 50
mV (related to the offset voltage of the 1- bit ADC i.e. comparator [119]). In addition,
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straightforward coil design can already realize the required channel bandwidth which a
minimum of 400 kHz (bandwidth required is twice the data rate for BPSK [78], which
is a minimum of 200 kbps for the downlink).

4. Security: with the increasing risk of communication security breaches, the wireless
link needs to be secure (safe from other external sources/receivers), especially at the
physical level. Therefore, short range transcutaneous communication is proposed from
beneath the skin to the receiver just outside the head. The expected transmission path
through skin is expected to be in the range of 3–7 mm [77]. In daily use situations, this
comes down to a system that cannot be influenced or read from sources as close as 0.2
m to the implant.

5. Co-existence with other sub-systems: in the overall wireless system of the visual pros-
thesis, the downlink and wireless powering are also present. The wireless link should be
able to cope with other sub-systems in terms of frequency spectrum use, interference,
and cross talk. Using the 3–5 GHz band for the uplink and the 1–12 MHz band for
downlink provides sufficient frequency spacing to avoid interference. In addition, we
propose to use coupled inductive link. Furthermore, the lower 3-5 GHz band of the 3-10
GHz for UWB is preferred due to lower attenuation through the skin [123]. In princi-
ple, pulse based system like IR-UWB are carrierless and our target frequency band is
3-5 GHz as opposed to a carrier frequency which is about 1–12 MHz for the BPSK
communication in the downlink. Interference will be minimal due to its localization
and near-field nature.

5.3 Implanted Transceiver

5.3.1 IR-UWB Transmitter

To achieve the low power consumption, the IR-UWB transmitter can be designed as a radio
frequency integrated circuit (RFIC) rather than with discrete microwave components [31].
The IR-UWB transmitter can be implemented as an RFIC using CMOS technology. Since
the transmit power of IR-UWB is low due to the FCC restriction [94], a simple CMOS IC is
sufficient. This renders the CMOS RFIC transmitter to consume little power and it allows for
integration with the downlink implanted receiver in the same IC.

Figure 5.2 shows the overall circuit diagram of the proposed CMOS IC IR-UWB transmit-
ter. The IR-UWB transmitter comprises mainly of the modulator, the impulse generator and
a current-controlled oscillator. The design of the transmit antenna, which will be connected
to the chip, should be compact and wideband. Although this is also an important aspect for
the overall system, it is outside the scope of this chapter. To attain low power consumption
and reduce complexity, an on-off keying modulation (OOK) scheme is used. It modulates
the short pulses (impulse signals) that come from the impulse generator. The modulator can



5.3: IMPLANTED TRANSCEIVER 63

be implemented in CMOS technology by a simple D-Latch [99], making it a digital compo-
nent. The data bits and the current-controlled oscillator clock are fed as the control signal and
D-input of the latch, respectively. The resulting signal is fed to the impulse generator, see
Fig. 5.2.

Figure 5.2: Schematic of the IR-UWB transmitter.

Implementing the impulse generator in CMOS technology can be done with a tunable
delay element, followed by squaring of both the signal and its delayed version, and then a
NOR-logic gate to form the pulses.

The oscillator used for pulse generation in the pulse generator is a 5-stage current-starved
single-ended ring oscillator as reported in [124]. Figure 5.3 shows the circuit schematic of
the 5-stage current-starved single-ended ring oscillator. The difference compared to [124],
however, is that 5 stages was used in our work, and an extra transistor for current control
makes it differ from [124].

For tunable delay elements, a current-controlled shunt-capacitor (M2 and M3 form the
current-controlled shunt capacitor) as is proposed in [26]. Tuning is realised via transistors
M1, M2, and M3, while transistors M4, M5 and M6 are used for balance, see Fig. 5.2. Tran-
sistor M1 transforms the control current into voltage and biases M2. By changing the input
current, the resistance of M2 is tuned. This changes the capacitive loading of M3 on the first
stage of the inverter chain and hence change in the delay of the signal [26]. The tunable delay
elements add flexibility and help shaping the spectrum of the impulse signals as first explored
in [125], our differs with an extra transistor to make it current-controlled rather than voltage-



64 IC DESIGN, VALIDATION AND DEMONSTRATION

Figure 5.3: Schematic diagram of the 5-stage current-starved single-ended ring oscillator
for receiver and transmitter.

controlled. For proper impulse forming using a NOR-logic gate, the squareness of the signals
coming from the tunable delay lines is crucial, and this is done by using three inverters on
both the reference line and the delay line for symmetry. This combination of logic circuits
ensures a low-power implementation for forming the pulses as, for instance, detailed in [26].
Figure 5.4 shows the IC layout design of the IR-UWB transmitter. From the figure it can be
seen that the NOR gate which is the impulse construction block is made large enough to drive
an antenna that could be connected to it in future work.The NOR gate at the final block in the
transmitter has NMOS and PMOS transistors with widths of 90 um and 180 um, respectively
(using 18 fingers), i.e. more than 400 times the minimum width of 0.22 um. Large transistor
sizes improve the drive capability of the last stage especially when logic gates are used [126].

Finally, pulse shaping filters are needed, which can be implemented off-chip by a band-
pass filter. In addition, the transmission characteristics of biological tissue (skin) will have
to be experimentally quantified over the frequency range of 3-5 GHz for a final design of
the antenna (which is out of the scope of this thesis). In open air, far-field transmission, pulse
shaping filters are relevant to make the system satisfy the FCC mask. However, in our context,
with transmission through 3-7 mm of skin, already 20-25 dB loss is seen, which causes the
radiated power at the surface of the head to be already far below the FCC mask (3–10 GHz
spectral mask of -41.3 dBm/MHz). This is based on our transmitter delivering -27 dBm and
the aforementioned attenuation through skin. In spite of these losses, the link budget can still
be met.
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Figure 5.4: Layout of the IR-UWB transmitter.

5.3.2 Non-coherent BPSK Receiver

Similarly to the transmitter design for uplink, the requirements for downlink can be met by
taking a system approach aimed at designing a low-power implementation. This involves
using low frequency (<100 MHz), an inductive link, phase shift keying (PSK), and a nearly
digital receiver with non-coherent demodulation after sampling and by means of edge de-
tection , as introduced in [70]. The sampling of the received signal makes it possible for a
non-coherent demodulation in the BPSK signal by using only edge detection as described
in [66]. We say the receiver is nearly digital because of the use of predominately digital
components.

Figure 5.5 shows the block diagram of the receiver. At the receiver side, the entire signal
is sampled. The sampling is essentially done using a comparator, sometimes also called a 1-
bit analog to digital converter (ADC). This comparator is a dynamic comparator as in [127].
Its threshold, which is the input common-mode voltage, can be set by Vcntrl comparator as
shown in Figure 5.5 (Set CM sub-block) and the sensitivity is found to be below 50 mV (in
simulations). The comparator shares the same clock with the non-coherent digital demod-
ulator. Figure 5.6 shows the circuit schematic of the 1-bit ADC which is based on [127].
After this 1-bit ADC stage, the resulting signal is non-coherently digitally demodulated. The
non-coherent digital demodulator is the central part of the receiver, and it will be detailed
next.

Figure 5.7 shows the schematic of the non-coherent-digital demodulator. The non-
coherent digital demodulator detects if a ‘0’ or a ‘1’ was transmitted by detecting the type
of edge it encounters in the digitized received modulated signal. Note that the digitized mod-
ulated signal has a falling edge for the ’0’ and a rising edge for the ‘1’. While detecting which
type of edge is present, the sub-system must take care to avoid the transition points between
carrier periods so that these are not detected as edge types. This will be explained next. The
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Figure 5.5: Schematic diagram of the BPSK receiver (set CM – set common-mode). Note:
IC excludes the coil.

Figure 5.6: Schematic diagram of the 1-bit ADC.

sub-system comprises mainly of an edge detector, a reset generator, and an oscillator. A simi-
lar concept was presented in [66], but in our case, the data rate to carrier frequency ratio is not
100% due to practical bandwidth limitations and losses in inductive links. Inductive coils that
are designed for transmission and reception create a bandwidth over which the BPSK signal
is communicated. This is band-limited by design. Literature reports values for the data rate
to carrier frequency ratio ranging from as low as 5% [38] up to 40% [47]. We aim to also be
within this range as delivering sufficient data rate is the main priority and because the carrier
frequency can be scaled appropriately.

The edge detector uses a rising edge D-type flip-flop and a falling edge D-type flip-flop
to detect if an edge occurs and which type of edge it is, using an OR logic gate and an AND
logic gate, respectively. These logic gates will take the outputs of the flip-flops as their input.
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Figure 5.7: Schematic of non-coherent digital demodulator (a sub-block of Fig. 5.5).

The inputs of both flip-flops are a logical ‘1’ while the received digitized modulated signal
is fed as its clock input. This configuration yields the desired effect of edge detection in a
power-efficient way. The asynchronous clear input of the flip-flops is connected to the reset
generator. Asynchronous clearing implies that the flip-flops are cleared decoupled from clock
ticks. This is done to reset the flip-flops to avoid detecting the transition point between carrier
periods.

The role of the reset generator module is to provide a reset signal to reset the edge detector
at a time after an edge detection at t = 0, between t = 0.5TPSK and t = TPSK . Here, TPSK is
the period of the carrier frequency.To achieve this, it counts, using an asynchronous counter.
We determine the frequency of the clock, which is essentially the frequency of the oscillator,
as follows.

Let N be the count-up number (0,1, . . . ,N). The following inequalities must be satisfied.
To reset after the transition point between carrier periods, we have

(N−1)TOSC > 0.5TPSK. (5.1)

To ensure that there is no reset after the next edge, we set

NTOSC < TPSK. (5.2)
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Combining (5.1) and (5.2), we arrive at

1
2(N−1)

TPSK < TOSC <
1
N

TPSK. (5.3)

Taking reciprocals, the range of the frequency of the oscillator to avoid transition between
carrier symbols then results:

N fPSK < fOSC < 2(N−1) fPSK. (5.4)

A low count-up number of N, for example N = 3, yields an oscillator frequency range of
3 fPSK < fOSC < 4 fPSK . This already strongly relaxes the jitter or quality factor requirement
of the oscillator. Thus, a low-power current-controlled oscillator can be used. Figure 5.8
shows the layout of the receiver on IC. A count-up number of N = 16 was used to improve
flexibility of adjusting timing range, which corresponds to the most-significant bit of the 5-
bit counter in the reset generator.Similar to the IR-UWB transmitter, the oscillator used for
clock is in the receiver is another 5-stage current-starved single-ended ring oscillator as in
Figure 5.3.

5.4 Measurement Setup

5.4.1 Test IC

The IR-UWB transmitter and the BPSK receiver were fabricated on the same die; 1.66 mm
by 1.66 mm of the CMOS 180 nm semiconductor technology process. It is a mature and
robust technology which is important for medical applications. Figure 5.9 shows the silicon
die. The active areas of the IR-UWB transmitter and BPSK receiver are 220 µm by 80 µm
and 170 µm by 160 µm, respectively. Decoupling capacitors were placed to fill the empty
area in the die and to improve the signal performance. The die was package in a Quad flat
no leads package with 32 pins (QFN32), 5 mm by 5 mm. Care was taken to minimize the
bond-wire distance for the IR-UWB transmitter by moving it closer to the package pins. This
minimize high-frequency distortion. Bond wires have a typical inductance of about 1nH/mm.
The typical values were taken into account in simulations. The measured result of the output
of the IR-UWB, as seen in Figure 5.12, is not distorted. The package is already 5 mm by 5
mm, which indicates the maximum limit on the distance of the bond wires, which connects a
1.66 mm by 1.66 mm die within the package.

5.4.2 Demonstrator board

To test the chip, a printed circuit board (PCB) was fabricated and the packaged chip was
mounted on the PCB. The picture inset in Figure 5.10 shows the manufactured PCB. The
board is 84 mm by 95 mm. For alternative test paths and for circuit debugging purposes,
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Figure 5.8: Layout of the BPSK receiver.

more SMA connectors were included on the PCB. Two possible pathways are made for cur-
rent control: direct current supply and a potentiometer connected to the voltage supply. These
controls are used for the oscillator of the BPSK receiver, the oscillator of the IR-UWB trans-
mitter, and the pulse delay. The IR-UWB transmitter output SMA connector was placed very
close to the chip as it is the highest frequency on the PCB.

5.4.3 Experimental test setup

Figure 5.10 shows the block diagram of experimental test setup for the IR-UWB transmitter.
The IR-UWB transmitter was tested using the Analog Discovery 2 [140] to generate a bit-
stream to be transmitted. Analog Discovery 2 is a 100MS/s USB oscilloscope, logic analyzer,
variable power supply and multi-function instrument that allows users to measure, visualize,
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Figure 5.9: Micro-graph of the fabricated transceiver IC.

generate, record, and control mixed-signal circuits [140]. Current sources were used to con-
trol the oscillator and impulse generator. The LeCroy WaveMaster 830 Zi oscilloscope [141],
was used to measure the output of the transmitter signal in time-domain waveform as well as
its spectrum.

Figure 5.11 shows the block diagram of experimental test setup for the IR-UWB trans-
mitter. The BPSK receiver was measured using the Analog Discovery 2 as pattern generator
and as an oscilloscope for the low-frequency <100 MHz measurement. A voltage supply
was used for powering the circuit and power-on-reset (POR). A current supply was used for
oscillator control. Another voltage supply for control voltage for the comparator. A BPSK
transmitter was used to generate the modulated signal on a 4 MHz carrier with a 1 Mbps data
rate.
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Figure 5.10: Block diagram of experimental test setup for the IR-UWB transmitter with the
demonstrator board as picture, the rest of the setup as a diagram.

5.5 Results

In this section, we will show the relevant measurement results for the IC, for both the uplink
and downlink subsystems. Furthermore, to show the performance of the subsystem in the
context of the overall system requirements, link budgets for the two subsystems are also
given.

5.5.1 IR-UWB Transmitter
IC measurement results

Figure 5.12 shows the transmitter output (bottom panel) on a bit-stream and shows the input
50 Mbps data stream from the Analog Discovery 2 acting as a pattern generator (top panel).
The measured transmitted bits appear to be distorted due to the bandwidth limitation of the
pattern generator. The distortion is also due to the interface where the input bit signal is
tapped into the oscilloscope. Both distortion mechanisms do not influence actual performance
because they are related to measurement imperfections only. A ‘1’ logic level corresponds
to no pulse on the output, while a ‘0’ logic level corresponds to a pulse at the output. This
demonstrates the on-off keying modulation. Although not depicted, the output voltage levels
of the measured and simulated signals agree to within ±5%.
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Figure 5.11: Block diagram of experimental test setup for the BPSK receiver.

Figure 5.13 shows the spectrum (FFT of the time signal) of the transmitter output and
also with an external bandpass filter for the 3–5 GHz band.To show the additional effect of a
bandpass filter, the VBFZ-3590-S+ from Mini-circuits USA, which is a bulky off-chip BPF
is included in a measurement. The measured output spectrum falls below the FCC spectral
mask limits. The transmitter waveform will further meet the IR-UWB standard in a full
system scenario due to the skin attenuation.

Figure 5.14 shows the measured power consumption of the transmitter versus supply volt-
age. This is not the optimized result yet, to be able to compare with post-layout simulation. A
1 kΩ resistance from a potentiometer in series with the supply voltage was used to generate
current for the oscillator’s current control. Another 1 kΩ resistance from a potentiometer in
series with the supply voltage was used to generate current for the impulse generator’s current
control. The measured and simulated power consumption agree to within ±5% and show the
same trend. Figure 5.15 shows the corresponding simulated RF output power versus voltage
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Figure 5.12: Measured time domain waveform of the IR-UWB transmitter at 50 Mbps bit
stream, 1.3 V supply voltage. The top panel shows the input bit-stream. The bottom panel
shows the output of the transmitter IC, which is the modulated data. The measurement has
been done without antennas, for convenience.

supply for the unoptimized IR-UWB Transmitter at 50 Mbps data rate vs supply voltage, with
fixed 1 kΩ resistance for current control. Finally, it can be observed from Figure 5.14 how
the power consumption scales with the supply voltage to emphasize the predominantly digital
architecture. This gives a promise for even better performance with more advanced CMOS
technologies(such as 16 nm, 28 nm and 40 nm semiconductor processes), which operates at
lower power supply voltages. The results in Figure 5.14 are for comparison only (simulation
with measurement) and are not optimized yet. The optimization was done as follows.

The current from both current supplies (to control the oscillator and pulse generator) were
adjusted to find optimal pulses per bit and power-output level. At 1.3 V supply voltage, using
100 µA and 10 µA for impulse generator and oscillator control respectively, the transmitter
consumed 0.15–0.3 mW. The output waveform for this setting, already shown in Figure 5.12,
has an RMS output power at the transmitter of -27 dBm. To obtain insight into what parts
of the system consume most power, the simulated power breakdown of the transmitter is
as follows: 75% is consumed in the pulse generator, 20% in the oscillator, and 5% in the
modulator.
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Figure 5.13: Spectrum of IR-UWB transmitter before and after bandpass filter at 1.3 V
supply voltage. The FCC spectral mask is also shown.The spectrum is computed in the
oscilloscope as the FFT of the measured time signal.

Link budget for uplink

It is important to analyze how the transmitter would fit in the complete chain, with a trans-
mit/receive antenna pair, communication through 3–7 mm of skin, and an external receiver.
For this purpose, we look at the link budget. Our IR-UWB transmitter delivers -27 dBm. The
FCC regulations impose approximately a -9 dBm limit for a 2 GHz bandwidth in the UWB
3–10 GHz spectral mask of -41.3 dBm/MHz. For the -27 dBm output, the consumed power is
0.15–0.3 mW on 1.3 V supply. From simulation results reported in Section 4.5, the S21/link
loss through 3 mm skin is found to be approximately 20 dB from electromagnetic simulations
(the worst-case scenario at 7 mm skin thickness gives an extra 5 dB loss around the target
3-5 GHz band), which means that -47 dBm will reach the LNA of the external receiver or -52
dBm at 7 mm skin thickness. A received power level of -47 dBm reaching the LNA of the
external side is feasible from the calculation above. A similar antenna skin interface design
was shown in [123], which agrees with our simulated loss. The simulation was carried out
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Figure 5.14: Power-consumption versus voltage supply for the unoptimized IR-UWB Trans-
mitter at 50 Mbps data rate with fixed 1 kΩ resistance for current control.

in SIMULIA Studio Suite with antenna dimensions of 12 mm by 12 mm, thickness of 1 mm
and insulator coating of 1 mm. Reported UWB receiver IC sensitivities are about -70 dBm
to -65 dBm [110, 142, 143], which implies that we have an excess margin of 18–23 dB in
closing the link for our application at 3–7 mm assuming a -70 dBm sensitivity of the external
receiver. The excess margin is also considered sufficient to account for any mismatch at the
antenna, under varying operating conditions. BER performance assumes that, at this sensitiv-
ity, the < 10−3 target is reached [110, 143], otherwise the sensitivity is lowered, taking into
account the 18–23 dB excess margin. In Chapter 4, Table 4.3 shows a link budget analysis
from a theoretical perspective. The new link budget discussed here, based on state-of-the-art
receivers, is also working despite the lower transmitter power because it should be possible
to compensate with a better receiver sensitivity of state-of-the-art receivers. Finally, error de-
tection and protection methods such as linear and convolutional codes could further increase
the link margin which is already in excess.
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Figure 5.15: RF power versus voltage supply for the unoptimized IR-UWB Transmitter at
50 Mbps data rate vs supply voltage, with fixed 1 kΩ resistance for current control.

5.5.2 Non-coherent BPSK Receiver
IC measurement results

We connect directly without coils delivering 200 mV (this is realistic see Figure 3.10 and 3.11)
modulated signal level into the receiver to examine its power consumption. Figure 5.16 shows
the transmitted input bits and the recovered output for the receiver. These are recorded us-
ing the following settings: 1.3 V supply, a Vcntrl comparator setting of 0.6 V (the input
common-mode voltage level), and a current source for oscillator controlled at 9.3 µA. To
better illustrate internal signal of the receiver, Figure 5.17 shows the internal timing diagram
from simulation, in which the demodulation of the received signal can be observed. The
BPSK receiver consumed 0.2 mW while demodulating 1 Mbps data rate which was on a 4
MHz carrier. Figure 5.18 shows the measured power consumption of the receiver versus sup-
ply voltage at a 1 MHz repeated square wave cycle. The purpose of Figure 5.18 is to show
the dependence of the power consumption on the carrier frequency and the supply voltage. A
fixed repeated data square wave cycle of 1 MHz has two times the rate of a 1 Mbps bit-stream
and should have a higher power consumption than the reported 0.2 mW at 1 Mbps. The de-
crease in power consumption as the supply voltage is lowered can be observed. The higher
power consumption at a 5 MHz carrier demonstrates the predominately digital architecture.
To indicate how much power parts of the system consume, the simulated power breakdown of
the receiver is as follows: 35% is consumed in the 1-bit ADC, 35% in the digital demodulator,
and 30% in the oscillator (clock).



5.5: RESULTS 77

Figure 5.16: BPSK receiver recovered bits on 1 Mbps on 4 MHz carrier.

Link budget for downlink

Similarly to the uplink case, it is important to analyze in a link budget how the receiver
would fit with the transmit/receive coils, while taking into account 3–7 mm transcutaneous
communication with the transmitter on the outside. The BPSK receiver sensitivity is about
10–50 mV, determined by its comparator, the first stage. Furthermore, from our coil and
transmitter simulation, a voltage level of 200–2500 mV could reach the receiver, depending
on the coil design and distance. Typical coil sizes range from 10 mm to 50 mm in diameter
depending on the size desired(e.g. depending on the position on the skull). The coupled
inductive link from the coils acts as a low-power voltage transformer, boosting the voltage
around the resonance frequency it is designed for. Typical coil diameters range from 10 mm
to 50 mm [35,40,67], sometimes dictated by constraints on the size of the device. In addition,
coil self-resonance frequency should be much higher than the operating frequency. These
coils sizes facilitate a tolerable misalignment of several mm [90]. However, here we connect
directly without coils to deliver 200 mV level into the receiver. From a sensitivity of 50 mV
and a possible coil output of 200–2500 mV (this is realistic see Figure 3.10 and 3.11), the link
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Figure 5.17: Simulated waveforms and timing diagram of the BPSK receiver.

will be closed with a 12–26 dB excess margin for downlink when the coupled coil response
has the desired bandwidth of about 2 MHz as investigated in 3.3.3. BER performance assumes
that the <10−3 target is reached; otherwise, the receiver power level can be adjusted from the
external transmitter and coil design, considering the 12–26 dB excess margin. Finally, also
here, error detection and protection methods such as linear and convolutional codes could
further increase the link margin.

5.6 Discussion

5.6.1 Comparison with the state of the art

Next, we benchmark our work with the state of the art in literature. Table 5.1 compares
our implanted transmitter with recently published general transmitter ICs. In terms of data
rate, our transmitter performs similar, or better. Power consumption is better than reported
in [144–146] with the standard 180 nm CMOS technology available for IC design in our lab,
but worse than reported in [130] and [131]. The latter two [130, 131], however, use 0-200
MHz and body coupled communication, respectively. In terms of frequency separation, the
systems in [130] and [131] are not suitable to meet the co-existence requirements for our
overall system application. This is mainly due to differences in applications and intended
ranges. However this stresses the need for the low-power approach that we followed for the
intracortical visual prosthesis.

Table 5.2 compares with other high data rate state-of-the-art medical implants. We
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Figure 5.18: Measured power consumption of the receiver vs supply voltage at 1 MHz
repeated data square wave cycle.

achieved a lower power consumption than most transmitters, and only slightly higher than
reported in [135]. We have a lower data rate, however, which is still sufficient for our current
application. This shows that our IR-UWB transmitter approach to use predominantly digital
components and simple architecture is effective.In [132–134], a much lower data rate of <
30 Mbps was reported, which is not well-suited for our data rate requirements for the uplink.
In [135], a higher data rate is shown at slightly lower power consumption, but the higher fre-
quency band of 6.8-9 GHz reportedly used will face about 10 dB more attenuation through
the skin tissue [123].

Table 5.3 compares the implanted receiver with recently published general receiver ICs.
While we have a comparable data rate, we achieve much lower power consumption, except
for the results reported in [130] which is not designed for skin tissue interaction, its frequency
spectrum of 0-200 MHz may not co-exist in frequency band with other parts (possibly uplink
and power transfer) of the system. This is due to our short-range and coupled-coil link, which
relaxes the need for very sensitive receiver, which would have raised the power consumption.

Table 5.4 compares our receiver with other medical implants. Our receiver is of compa-
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rable data rate with much lower power consumption. Our power consumption is better than
in the first five columns and only worse than in [138]. However, the data rate of 0.01 Mbps
reported in [138] is low and 20 times below the minimum data rate requirement of 0.2 Mbps
for the intracortical visual prosthesis. This shows that our non-coherent digital demodulator
is effective in low-power consumption compared to traditional receivers.

Table 5.1: Comparison with recently published IC-transmitters1.
[144] [145] [146] [130] [131] This work

Data rate 1 Mbps 1 Mbps 11 Mbps 50 Mbps 30 Mbps 50 Mbps
Power cons. 3.7 mW 0.42 mW 4 mW 0.0237 mW 0.093 mW 0.3 mW
Frequency 2.4 GHz 3–5 GHz 401–428 MHz 0-200 MHz Broadband 3–5 GHz

Modulation1 BLE UWB QPSK TTC HBC UWB
Technology 28 nm 180 nm 130 nm 180 nm 180 nm 180 nm
Supply Volt 1 V 1.8 V 1 V 1 V 1 V 1.3 V
1 Transmit power is not shown as data is mostly not available. Not relevant for the context as

link-budget and external front-end compensate for power margin needs.
2 HBC - Human body communication, TTC - Transmission time control.

Table 5.2: Comparison with other medical implant transmitters1.
[33] [73] [35] [135] [134] [133] This work

Data rate 100 Mbps 90 Mbps 500 Mbps 100 Mbps 30 Mbps 0.14 Mbps 50 Mbps
Power cons. 2.1 mW 1.6 mW 5.4 mW 0.26 mW 30 mW 0.085 mW 0.3 mW

Freq Light 3–5 GHz 3–7 GHz 6.8-9 GHz Sub-GHz 3-5 GHz 3–5 GHz
Mod - UWB UWB UWB UWB UWB UWB
Tech - 350 nm 130 nm 180 nm 350 nm 90 nm 180 nm

Supply Volt - 1.65 V 1.8 V 1.5 V 3.3 V - 1.3 V
1 Transmit power is not shown as data is mostly not available. Not relevant for the context as link-budget

and external front-end compensate for power margin needs.

Table 5.3: Comparison with recently published IC-receivers1.
[92] [147] [149] [136] [137] [130] This work

Data rate 1.3 Mbps 10 Mbps 11 Mbps 1 Mbps 1 Mbps 50 Mbps 1 Mbps
Power cons. 5.2 mW 3.2 mW 2.4 mW 0.9 mW 1.5 mW 0.041 mW 0.2 mW

Freq 18–23 MHz 40–120 MHz 2.4 GHz 2.4 GHz 2.4 GHz 0-200 MHz 4 MHz
Mod2 BPSK Double FSK BLE BLE BLE DDM BPSK
Tech 130 nm 180 nm 40 nm 28 nm 28 nm 180 nm 180 nm

Supply Volt 1.2 V 1 V 1 V 0.7 V 0.7 V 1 V 1.3 V
1 Receiver sensitivity is not shown as data is mostly not available. Not relevant for the context as link-budget

and external front-end compensate for power margin needs.
2 DDM - Differential detection method, BLE- Bluetooth Low Energy.
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Table 5.4: Comparison with other medical implant receivers1.
[79] [38] [67] [83] [139] [138] This work

Data rate 2 Mbps 100 kbps 13.56 Mbps 8 Mbps 2 Mbps 0.01 Mbps 1 Mbps
Power cons. 6.2 mW - 2.2 mW 0.6 mW 1.1 mW 0.092 mW 0.2 mW
Frequency 20 MHz 5 MHz 13.56 MHz 902–928 MHz 20-120 MHz 413-419 MHz 4 MHz

Mod2 DPSK - PDM FSK-ASK P-OFDM OOK BPSK
Tech 350 nm - 350 nm 130 nm 65 nm 180 nm 180 nm

Supply Volt - 1 V 1 V 3 V 1.1 V 1.5 V 1.3 V
1 Receiver sensitivity is not shown as data is mostly not available. Not relevant for the context as link-budget and

external front-end compensate for power margin needs.
2 P-OFDM - Pseudo orthogonal frequency-division multiplexing.

5.6.2 Medical safety

It is essential to investigate the system’s safety concerning the SAR limits and tissue heating.
In related work [75], a power of 1000 mW was transmitted, and SAR simulations were per-
formed. This resulted in 10 g averaged SAR levels of a maximum of 1.92 W/kg. This value
is below the specified 2 W/kg safety level. The wireless power transfer system for the visual
cortex is foreseen to transfer up to 100 mW [152]. In addition, data communication through
the skin will take place at a total power consumption of the IC below 1 mW. This concerns
both downlink and uplink, with the inductive link and UWB antenna, respectively. With the
low power levels for data communication, the coils and antennas will only transmit a fraction
of that in [75], and the transmission is therefore considered to be far below the SAR limit.

The implanted transceiver can also dissipate power, causing the tissue directly surrounding
it to heat up. The maximum temperature increase in the cortex has to be smaller than 1
◦C [88, 89], which corresponds to a maximum power density of 0.8 mW/mm2 of exposed
tissue area [72, 88, 89]. Our measured implanted transceiver IC consumes 0.5 mW in a 25
mm2 QFN package, which brings the power density to 0.02 mW/mm2, which is well below
the safety limit. In [151], research into electromagnetic and thermal effects on IR-UWB on
the human head was reported in the 3.5-4.5 GHz frequency band. This work also confirmed
that the power levels for our IC are well within the control of thermal regulatory mechanisms
of the human body.

5.7 Conclusion

A sub-milliwatt transceiver IC for the implant side of an intracortical visual prosthesis is de-
signed, fabricated and measured. It delivers 1 Mbps for the downlink (for stimulation) and
50 Mbps for the uplink (for recording), using a non-coherent BPSK demodulator and an IR-
UWB transmitter, respectively. Its predominately digital components and adjustability lead to
the low power consumption of 0.2 mW for the BPSK receiver and 0.3 mW for the IR-UWB
transmitter at 1.3 V supply on 180 nm CMOS technology. Based on our transceiver IC in the
implant, the system link budget analysis for both uplink and downlink show achievable fig-
ures: there is 18–23 dB excess margin for uplink, and 12–26 dB for downlink. These figures
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show that the link can be closed with an excess margin for the antenna/coil pair to commu-
nicate through 3–7 mm skin, which is the transcutaneous interface between the implant side
and outer side, while achieving good BER performance as a result of closing the link with
excess margin.

In the future, should it be required that power consumption is even further reduced, scal-
ing to more advanced processes that use lower supply voltages will be a solution due to the
predominately digital architecture. With the current IC satisfying the requirements for the
system, the next step would be to consider the integrated system, including both wireless
power transfer and data communication and fabricated coils and antennas. This will allow
for complete characterization of the system and the performance of all components and the
interplay between them in terms of co-existence and robustness.



CHAPTER SIX

Conclusions and Recommendations

6.1 Conclusions

An intracortical visual prosthesis is vital in giving blind patients some form of rudimentary
vision. Amongst others, the required technology involves an external camera, pocket pro-
cessor, and a number of electrode arrays (Utah arrays) to be implanted on the visual cortex.
In addition, wireless communication and wireless power transfer is required between the im-
planted electrode arrays with their implanted electronics and the outside world. In our work,
we focused on investigating communication techniques that fit the uplink and the downlink
systems requirements, carrying out system-level feasibility studies on the proposed option,
miniaturizing the implanted side’s core parts, and keeping the overall solution low power.
The system will enable free movement and will avoid infections since transcutaneous wires
will be eliminated.

The wireless system layout we proposed was based on placing the central transceiver
beneath the skin, with the electrode arrays tethered to it. This results in a scalable solution
because it avoids multiple transceivers, and it avoids excessive attenuation or path loss to
deeper placed devices, which would require communication through the skull. However, the
main challenge during operation is the possible micro-motion of the implanted connecting
wires, which can be partly alleviated with better packaging and implantation using slack
wires to mitigate mechanical stress.

Various generic communications techniques related to medical systems were discussed in
Chapter 2. Based on the demand for low-power, as well as high data rates on the implanted
side, key options were selected for the receiver for the downlink part and for the transmit-
ter for the uplink part. For the downlink, BPSK communication with an inductive link was
selected. Its potential for a digital receiver with bandpass sampling and the well-known reli-
ability of BPSK modulation make it a viable option. With the required data rate of 200 kbps
for downlink, the BPSK system is a feasible option, showing clear potential of reaching the
data rate needed at a power consumption of less than ten mW.

83
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For uplink, IR-UWB with OOK modulation was selected for the required uplink data rate
of 23 Mbps. Suitability is based on its low-power transmitter architecture, its very high data
rate potential due to its broad spectrum bandwidth, and the low external interference. IR-
UWB’s known weakness of short range, due to the FCC restriction on transmit power, does
not hamper the short-range transcutaneous communication link. Antenna sizing and receiver
design is challenging but can be compromised due to potential excess link margin for the
context of our application. As a result of this, IR-UWB is a feasible option.

The proposed communication system for downlink was analyzed in detail and designed
in Chapter 3. A BPSK communication system with an inductive link was presented, featuring
a unique non-coherent receiver. The receiver is unique in that it uses predominately digital
components and has low-power potential. It was shown that its power consumption could be
further reduced by skipping redundant bits arising from bandpass sampling of the received
signal by adjusting the clock frequency. The inductive link that involves the transmit coil,
receive coil and separation distance was analyzed and designed. When both transmit and
receive coil are matched to resonate at the same frequency under moderate coupling, the cou-
pled link creates a ‘well’-shaped transmission response, providing sufficient bandwidth for
reliable BPSK communication. The experimental demonstrator developed is a scaled-down
version of the design, demonstrating a 1 MHz carrier frequency and a data rate of 125 kbps.
The demonstrator is a good representation of the scaled-up version because the frequency
characteristics in the 1–12 MHz band remain the same. The experimental demonstration pro-
vides proof of principle for a future system that consumes under one milliwatt at the receiver
side in an integrated circuit (IC) simulation. Due to its digital architecture, the system is eas-
ily adjustable to an ISM frequency band, with its power consumption scaling linearly with
the carrier frequency. The demonstrator uses off-the-shelf coils, which already gave sufficient
bandwidth.

In Chapter 4, the selected uplink communication system was investigated. For the intra-
cortical visual prosthesis, IR-UWB with OOK modulation was chosen for low power com-
sumption, and the 3–5 GHz band to avoid excessive signal attenuation through the skin. Pre-
liminary integrated circuit simulation for the transmitter at the implant side showed low-power
and high data rate potential. A proof-of-principle external receiver was investigated. The data
rate of 33 Mbps demonstrated by the proof-of-principle external receiver already assures that
a future receiver IC version will easily meet the required data rate of 23 Mbps for the uplink.
The electromagnetic simulation of the transmission (path) loss was carried out using co-planar
fed planar monopole designed as transmit and receive antennas with the body tissue environ-
ment, mimicking 3–7 mm transcutaneous communication. The transmission (path) loss or
signal attenuation is found to be in the range of 20–30 dB, which renders the link feasible
for use. The return loss of the antennas is not yet optimal, but this first design effort for the
3–5 GHz band is already promising. The return loss can be improved in further iterations,
for instance, by exploring more shapes and dimensions for the monopole radiator. From the
link budget analysis, while taking into account the thermal noise bandwidth, the maximum
allowable transmit power by the FCC, the BER, and the link path loss, the system is shown to
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have 6 dB excess margin, proving the feasibility of the proposed solution.
In Chapter 5, we have focused on the miniaturization of the core parts on the implant side

of the bi-directional communication system. This gives a closer look at the future reality on
the demonstration of low power consumption and sufficient data rate capability. Therefore,
a transceiver IC for the implant side of an intracortical visual prosthesis has been designed,
fabricated and measured. The design has been done in 180 nm CMOS technology, for low
production cost and as the fundamental step in evaluating performance. Measurements on
the IC show promising results. The OOK IR-UWB Transmitter in the IC delivered 50 Mbps
for the uplink, consuming 0.3 mW at 1.3 V supply. The BPSK receiver for the downlink
delivered 1 Mbps consuming 0.2 mW. The drastic reduction in power consumption as the
operating supply voltage was lowered infers its predominately digital components. With this
IC validation, it can be concluded that the implant side is miniaturized (core electronics in
5 mm by 5 mm chip package excluding antenna/coil), low-power (under one milliwatt), and
delivers the required data rate for uplink and downlink.

Based on our transceiver IC in the implant, the system link budget analysis for both uplink
and downlink shows promising figures: 18–23 dB excess margin for uplink, and 12–26 dB
for downlink. The large excess margin can be used for a more robust system by ensuring
even lower bit error rate and by providing the IC design of the future external side of the
system more design margin. The excess margin also gives sufficient design freedom to close
the link with an antenna/coil pair to communicate through 3–7 mm skin. The implant-side
transceiver IC demonstrates that there is a clear path to a compact, low-power, high data rate
wireless-enabled visual prosthesis at both circuit and system level.

6.2 Recommendations

Based on the work presented in this thesis, several recommendations can be made. In Chap-
ter 3, the downlink system using the BPSK communication system was designed with an
inductive link in mind. A low-power receiver for the implant side was demonstrated on a
scaled-down version with commercial off-the-shelf coils. Custom coil design, meeting de-
sired specifications on size, self-resonant frequency, and inductance is an area for further
research and optimization. For instance, coils without ferrite backing, or more compact coils
(< 30 mm) with high self-resonance frequency (� 12 MHz). In addition, to bring the tech-
nology further to implementation in humans, transmit/receive coil fabrication, packaging for
biocompatibility, and alignment is to be considered.

The uplink using IR-UWB was designed in chapter 4, with its link budget and electro-
magnetic simulation of the transcutaneous interface demonstrating its feasibility. Improved
antenna design with better return loss, realization of the antenna with standard and biocom-
patible materials is recommended. Furthermore, external receiver IC fabrication and pack-
aging for biocompatibility would need to be addressed in bringing the technology further to
implementation in humans.
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The system’s heart, which is the implanted transceiver, was miniaturized and fabricated
on 180 nm CMOS in Chapter 5. It is recommended to scale to more advanced processes
that use lower supply voltages to further reduce power consumption due to the predominately
digital architecture. Furthermore, in bringing the technology further to implementation in
humans, it is recommended, and required even with the medical device regulations, to perform
a complete system validation with actual (or phantom) body tissues to validate the integration
of the system into a functional intracortical prosthesis after complete system optimization. A
functional intracortical prosthesis will include wireless powering. The wireless power transfer
sub-system will need to be combined with our data transfer system by the frequency band,
multiplexing in the time domain, physical separation, or a combination, and thoroughly tested
for robustness and co-existence. In addition, integrating the electrode arrays with the wireless
system is also needed. This integration will involve tethered wires as the proposed wireless
system layout places the central transceiver beneath the skin. Tethered to the transceiver are
the electrode arrays. After successfully integrating the wireless powering and electrodes, a
recommendation is to re-validate the system to ensure proper integration.

6.3 Outlook

Looking beyond an intracortical visual prosthesis, the investigation leading up to BPSK com-
munication with inductive links for downlink and IR-UWB communication for the uplink
could find some relevance for other body communication applications as well, like for in-
stance hearing implants [153]. For instance, our transcutaneous approach through 3–7 mm
of skin could form a suitable starting point for the contexts of implants for hearing, epilepsy,
and paralysis, each with specific demands [154]. Our data rates of 1 Mbps for stimulation
and 50 Mbps for recording purposes could be tailored to meet such demands by extending
tethered wires and multiplexing the recording on stimulation information from the electrodes
pertaining to the individual applications.

While our work’s current context is at 1024 electrodes, futuristic projects such as the IN-
TENSE project could desire up to 60,000 electrodes [154]. Such a high electrode count could
require re-thinking the whole wireless system design. However, our early investigations in
Chapter 2 may give some pointers as to what routes may be feasible. One area that calls
for concern is the number of wires involved if our tethered wires to an implanted receiver
beneath the skin approach taken in this thesis will be feasible? The large amount of teth-
ered wires required may lead to a more distributed approach, as in Figure 1.2 with multiple
transceivers. However, our proposed BPSK communication with inductive link and the IR-
UWB communication for each independent transceiver could still be very relevant because of
their high data rate capability. The advancement of wireless enablement of ultra-high-density
electrode counts implants bi-directionally communicating presents new exciting research op-
portunites [37].



APPENDIX A

Data compression for neural recording

A.1 Derivation of Data compression for neural recording

In this appendix, the data rate for neural recording with data compression defined for the
NESTOR project is estimated.

Some considerations that relate to the data rate and data compression are the following:

1. As point of departure we assume that we want to transmit the essential information
for 1000 channels and, in addition, transmit full bandwidth information (25 kHz) for
a few channels (e.g. 10 channels) so that we can check data quality. The condensed
but essential information (CEI), (see Figure A.1) can be captured by a) LFP, local field
potential, sampled at 500 Hz at 12 bit resolution b) SUA, single unit activity, typically
detected as threshold crossings, sampled with 1kHz, 1 bit resolution. c) MUAE, the
envelope of the bandpass filtered signal, sampled at 1 kHz with 12 bit resolution The
resulting compression results in a data stream of 19 kbit/s per CEI channel. For 1000
channels it amounts to 19 Mbit/s.

For the few channels for which full bandwidth information is transmitted, the resolution
is 16bit, 25 kHz, which amounts to 0.4 Mbit/s. If we transmit information about 10
selected channels this amounts to 4 Mbit/s.

2. Channels for recording the CEI and full bandwidth can be flexibly selected out of 106
recording channels. The channels for stimulation can be flexibly selected out of 105
stimulation channels.

3. Detecting single units requires determination of a threshold. It would be useful if this
threshold could be set by the controller, i.e. from outside the patient.

4. A minimal amount of information transfer is required for selecting the channels for CEI
and full bandwidth and also for setting the thresholds for detecting spikes at the CEI
channels.
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Figure A.1: Condensed, but essential information (CEI). The signal from 1000 selected
electrodes is first amplified, then filtered between 0.2–150Hz (Filter 1) to measure LFP and
between 500–8000Hz (Filter 2) for detecting the band that contains information about neu-
ronal firing. The output of filter 2 is used for the detection of spikes with a threshold, and it
is also rectified (negative becomes positive) and then low-pass filtered (<400Hz) to produce
MUAE, the envelope of the signal. At the same time, we will transmit high bandwidth infor-
mation from 10 channels, which will allow us to compare this signal to the compressed data.
These channels will allow us to check signal and compression quality.

Based on the abovementioned considerations, the total bandwidth required for 1000 read
is estimated at 23 Mbit/s: 19 Mbit/s for 1000 CEI read channels, and 4 Mbit/s for 10 full
bandwidth read channels.
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