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Abstract We are working towards the specication and
design of a new system-level architecture serving as the digital control/processing core of ultra-low-power (<

100 µW )

and reliable systems along with a suitable, new compiler.
Our primary area of focus is implantable microelectronic
devices. While respecting the traditional design constraints
of biomedical-implant design for low power consumption
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croelectronic implants which impose ultra-low-power and
high-reliability requirements.

Moreover, their extremely

high design cost calls for a generic design approach. In this
way, different implantable systems can be developed based
on an initial, modular design, effectively diminishing recurring development costs and reducing time-to-market.

and miniature device size, the architecture shall be generic in

We work on developing a digital architecture for such

nature, i.e. allowing for different peripheral blocks (sensors,

systems which will take into consideration all above re-

actuators etc.) to be ported for building various application-

quirements. The architecture will be generic in nature so

specic implantable systems. Also importantly, the proposed

that it can be (re)used for a wide range of different biomed-

architecture shall employ various fault-tolerance techniques
for building highly reliable devices. Our approach is bottomup one, starting from the architectural level and being complemented by a suitable, new compiler. The compiler shall

ical applications (e.g. glucose-sensing, temperature/intracranial pressure monitoring etc.)

and potentially for

wireless-sensor-network applications. It will do so by al-

provide the means to exploiting this architecture for differ-

lowing a large gamut of different sensors and/or actuators

ent application setups and, by design, shall further underpin

to be interfaced and controlled by it.
Moreover, the architecture will be actively designed for

the reliability and low-power issues.
KeywordsImplantable biomedical devices, computer ar-

reliability by inherently supporting dynamic error detection, fault isolation and correction. Lastly, the architecture

chitecture, computer reliability

will be minimalistic in nature (low bit count, small instruction set) so as to implement all above features while at the

I. I NTRODUCTION

same time adhering to a strict ultra-low-power consump-

During the last two decades or so, an unprecedented

tion requirement (<

100 µW ).

market turn towards portable, embedded systems has been
II. R ELATED

witnessed. Mobile telephony, ubiquitous computing (e.g.

WORK

multimedia applications) and other elds have created a

The area of biomedical implants implicitly demands de-

need for building portable devices of low power consump-

sign for low power and, thus, substantial work has been

tion. Moreover, the elds of wireless sensor networks [19]

done so far in this area. Devices with an average power

and biomedical implants - such as pacemakers [7] - have

consumption in the range of a few hundred milliwatts have

tightened the power budget further and have added extra

been proposed by many a researcher.

requirements for dependable design.

Anticipated is also

Yeung et al. [1] have come up with an implantable car-

the need for systems which can be built in part or in whole

diac telemetry system for studying atrial brillation which

115.3 mW

For instance, Au-

from reusable components, say I.P. (Intellectual-Property)

consumes about

cores. The realization of portable, high-performance and

al. [13], [14], [5], [3], [4], [15] have designed and imple-

at the same time low-power consuming systems has been

mented an implantable system for repairing blindness due

greatly facilitated by the recent, phenomenal advances in

to blurred cornea utilizing about

when active.

395 mW

Prämaßing et

in active state.

CMOS technology [8], featuring ultra-low-power transis-

There have been presented other instances of im-

tors of miniature size, which has redened what is feasi-

plantable devices with even lower power needs. Such sys-

ble and what is not. Thus, new design approaches can

tems are typically minimalistic implementations designed

now be investigated for developing new generations of

to perform highly specialized tasks.

low-power, embedded devices.

H.J. et al., [10], [11], [9] have developed a swallowable,

Our research is primarily focused on biomedical, mi-

To exemplify, Park

telemetry capsule for wireless endoscopy, consuming a
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Fig. 1. Overview of SiMS.

mere

29.7 mW .

Also, Salmons et al.

ing functionality to paralyzed muscles which consumes a
mere

90 µW

III. C ONTENTS

[16] have come

up with an ASIC-based microstimulator device for restorwhen on.

OF OUR RESEARCH

The incentive for this work is the fact that, to the best of
our knowledge, there does not exist a single implementation of a low-power digital architecture which also inherently addresses issues of modularity and reliability, all in

As far as generic use is concerned, a few researchers

one. In this context, we are proposing Smart implantable

have attempted to build systems with some degree of mod-

Medical Systems (SiMS, hereforth); that is, small im-

ularity for making them capable of adapting to different

plantable devices able to measure and/or regulate multiple

application scenarios.

[6] have come up

biomedical parameters simultaneously and communicate

with a modular microprocessor architecture which accepts

Fernald et al.

with external (out-of-body) computing equipment wire-

various peripheral modules such as sensors and actuators.

lessly. Given that such devices are directly related to hu-

Smith et al. [18] have attacked the problem from a slightly

man life, they will be characterized by very high reliability,

different angle. They have designed an implantable stim-

some degree of autonomy and self-awareness (within ex-

ulator device with provisions for a large set of peripher-

tremely demanding low power and size constraints). Our

als. Given a specic application, unutilized components

goal is to target silicon, multi-sensor (actuator), single

of the initial, baseline design are removed, resulting in

chip, wireless medical systems. Such systems will be pro-

a reduced system, sewn to the application needs and with

duced using fully integrated CMOS processes. In addition,

lower power/area requirements than those of the base de-

they will be capable of context sensitive behaviour (smart),

sign.

due to their multi-parameter awareness and communication abilities.

Finally, reliability has been addressed to some extent by

Our research is divided in two integral parts, namely i)

a limited number of researchers. Various approaches have

a digital architecture & compiler, and ii) peripherals.

been encountered ranging from duplication of circuits and

The digital architecture and compiler are the underlying

structures (e.g. Pauley et al. [12]), to self-test/diagnostic

processing/controlling unit and system software - respec-

circuitry (Berkman and Prak [2], [17]), to structural testa-

tively - of a SiMS device. The peripherals of SiMS are

bility (Salmons et al. [16]) and other.

all remaining (peripheral to the central unit) components
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what the application
requires

what the technology provides
(intermediate form)

c = a+b

what is executed in SiMS
(compiler-generated code)

CLEAR R3<31:0>
ADD R3<31:0>,R1<31:0>,R2<31:0>

CLEAR
CLEAR
ADD

carry_flag
R3<31:0>

R3<1:0>, R1<1:0>,R2<1:0>

SHIFT
ADD WITH CARRY
SHIFT
ADD WITH CARRY
SHIFT
...
ADD WITH CARRY
SHIFT
ADD WITH CARRY

(32-bit wide packets are assumed
to be required by the application)

R3 LEFT 2 TIMES
R3<3:2>,R1<3:2>,R2<3:2>
R3 LEFT 2 TIMES
R3<5:4>,R1<5:4>,R2<5:4>
R3 LEFT 2 TIMES
R3<29:28>,R1<29:28>, R2<29:28>
R3 LEFT 2 TIMES
R3<31:30>,R1<31:30>, R2<31:30>

Fig. 2. Compiler role to application translation from high to low level code.

that make an implantable device interface with its envi-

hindered operation, further studies will be performed so as

ronment, namely: i) microsensors and microactuators, ii)

to effectively handle (on the architectural level) additional

wireless communication module for contacting the out-of-

environmental aspects such as EMC and device heat dissi-

body computing equipment, and iii) power module. A typ-

pation.

ical SiMS system as outlined above is shown in Fig.1.
IV. S I MS- PLATFORM

The architecture of the platform will be extremely
minute (1-bit / 2-bit architecture) featuring only a few hun-

SPECIFICS

dred transistor devices at a maximum. The obvious rea-

A. The digital architecture

sons for this choice are the small-size and the low-power

The digital architecture will be designed to be the processing/controlling core of the implantable device.

It is

termed as processing since it will perform all required
data calculations of the device and as controlling because all peripheral modules of the device will be under its
direct or indirect control. This architecture will be complemented by a new, specialized compiler which will handle software generation and optimization. For every new
application scenario the implantable device model needs
to behave in a specic fashion. This behavior will be inputted into the system in the form of a program source code
which will be externally compiled and properly transmitted to the implantable device. It falls well within the goals
of this work that the implantable device shall be able to be
reprogrammed more than once and - more importantly - at
run time, hence the demand on high reliability.
As previously mentioned, implantable devices are liable

constraints (100

− µW

order of magnitude or lower) that

implantable devices have to obey. A slightly larger size
may deem a device unusable in the case of e.g.

intra-

cortical implantation whereas high power consumption: a)
drains the battery of an implantable device rapidly, and b)
causes potential damage (e.g. burns) to its surrounding tissue due to heat dissipation. A less obvious reason for a tiny
architecture is that it allows for achieving and maintaining
the reliability of the system more easily. Finally, the architecture will dene specic interfaces to all peripheral
modules and will, thus, standardize and simplify the way
different modules are selected for different applications.
B. The compiler
The compiler will be responsible for generating the machine code to be executed by the SiMS architecture. Application design will be straightforward: a desired appli-

to a set of strict (often extreme) specications due to the

cation behavior, dened by e.g.

sensitive and demanding nature of their living environ-

erly encoded in a high-level language which will, then,

ment and SiMS have to conform to them. In more de-

be compiled to machine code and directly mapped to the

tail, the architecture will be crucial in delivering highly

Instruction-Set Architecture (ISA) dened during the rst

reliable implantable devices. In principle, it will achieve

work package of this project. Like all standard compilers,

this by displaying attributes of error detection and error

the compiler tied to the SiMS platform will be able to per-

correction as well as self-testing and self-repairing proper-

form code optimizations. In so doing, the instruction count

ties. Such features will be achieved by redundant hardware

(and, thus, execution time) of specic applications may be

structures that will continuously check, correct and/or iso-

reduced allowing for lower power consumption and, there-

late faulty modules. To this end, recongurable standard

fore, for prolonged implantable device lifetime (i.e. auton-

cells may be used as well. Towards device safety and un-

omy). Nonetheless, other advanced compiler issues like
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a doctor, will be prop-
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Application-specific
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power, area, delay
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implementation

Machine code:
01010...1100...
(consisting of:
- application instructions,
- reconfigurable-architecture commands,
- power management commands)

compiler
optimizations
Application
source code

compiled code

infeasible
implementation

Status report:
1. power: ok
2. area: error
3. ...

Library
including predesigned
hardware functions
Fig. 3. Compiler model and data ow.

resource and data scheduling will not be addressed at all in

results in relation to the context (where - inside the human

this project due to the simplistic architectural approach se-

body - the targeted system will be implanted), e.g. same

lected (as described previously), which effectively renders

power dissipation found prohibitively large for usage in-

all such enhancements useless.

side the brain may be normal in some other cases. Given

On the other hand, the consideration of a tiny architecture necessitates a kind of abstraction functionality on the
side of the compiler.

To make this clear, imagine - for

instance - that a specic medical application needs to receive (and properly handle) 32-bit data packets from an
implantable device (say, an intra-cortical electrode array
performing EEG measurements).

the source code and the set of constraints, the compiler will
then determine if a realistic solution on the SiMS platform
exists. It is an extra safety precaution that if there is no
such solution, the compiler will generate an error report
and will not output any machine code for the device. The
compiler data ow is illustrated in Fig.3.

Since the SiMS plat-

form resides on a tiny-bit-count architecture (say, 2 bits),
it is obvious that the high-level programmer has to program the device to transmit 2-bit sensor read-outs times
16, to acquire a simple data packet. Obviously, this is least
convenient and - while the application developer may be
allowed to manipulate larger data bundles (following the
high-level needs of modern applications) - it will be the
responsibility of the compiler to decompose them to the
actual, elementary quantities (see Fig.2).

C. The peripheral modules
The architecture will also encompass well-dened interfaces to the outside world, the peripheral part of the
platform. That part is outlined in Fig.1 as a larger box enveloping the architecture box and, as its name suggests,
encompasses all other (peripheral to the central unit) components that make an implantable device functional. Such
peripherals may be: i) microsensors and microactuators
(i.e. the interaction of the implantable device to the living

The ever crucial issue of reliability is treated at the com-

tissue), ii) a wireless communication module for contact-

piler level, too. The compiler actively handles this aspect

ing the out-of-body environment, and iii) a power module

by also accepting application-specic constraint les along

(e.g. a rechargeable battery).

with the main application source code.

Such a le will

In order to make the SiMS platform a real scaffold

include application-specic information regarding, for in-

for diverse new implantable devices and not just a hard-

stance, the nominal and maximal power consumption al-

wired solution to a specic problem, the platform design

lowed, the area utilization and the processing speed of the

needs to be modular. This means the peripherals need to be

targeted application. This set of constraints will - per case

exactly that; i.e. peripheral modules that can be exchange-

- reect general specications of the application. For ex-

able with other modules - depending on the application re-

ample, similar code transformation may lead to different

quirements at hand. For instance, the sensory module(s)
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might be a glucose-level detector, a miniature CCD cam-

will be developed.

era, a ow sensor, a pressure sensor, a humidity sensor, a
temperature sensor etc.. Likewise, the actuating element(s)

D. Further points of concern

might be a blood pump, a drug-delivery system (drug infusion pump), a neurostimulator etc.. Seamless integration
of the peripherals with the underlying architecture shall be
ensured through well-dened interfaces, mentioned above.
Of course, it may be the case that, in specic applications,
some of the modules except - of course - for the power
module, are not required and, thus, will not be included in
the end-user device.
In this case, research effort will be focused on investigating only new (bio)sensors and (bio)actuators or on improving mature ones (the following subsection Further
points of concern will clarify the reasons for this limitation). A typical improvement paradigm to be undertaken
is, as introduced earlier, an implantable glucose detector.
Such modules have commonly been based on biosensing
elements that unfortunately age (i.e. their performance deteriorates with time). The suggested approach investigates
a glucose detector based on optical technology, so as to
avoid chemical interaction with the living medium and,
thus, performance degradation. For the purposes of this

Having discussed the architecture, compiler and sensing/actuation peripherals, we are well aware that there is
a signicant list of items not addressed in the framework.
These items concisely are:

• Power module
• Wireless communication module
• Dedicated ADCs/DACs for the sensors & actuators
• SiMS packaging (biocompatibility)
• Security & privacy of biological data
• System electromagnetic compliance (EMC)
• System heat dissipation
The above items are rather essential in the SiMS framework as we have dened it. Nonetheless, they are currently
not addressed in our work due to nancial and time constraints. What is more, engineering aside, some of these
items require a full medical certication cycle (e.g. testing on animals, humans, standardization etc.) which adds
a prohibitive cost/time penalty to the current work. They
are, thus, left as future work.

work, a small set of microsensor and microactuator devices

V. C ONCLUSIONS

will be developed for various test applications. The end-

By proposing the SiMS concept, we attempt to build a

most goal is proving, by example, the modularity benets

framework which will be a reference for future applica-

of the SiMS-platform approach.
Much effort will be put on the transducing system of

tions in the medical as well as other elds where ultra-low

those sensory and actuating elements in an attempt to

power consumption, exibility of design and reliable oper-

boost sensitivity and performance. By improving periph-

ation are key requirements to one degree or another. Ben-

eral modules, reliability as well as size and power con-

ets of this approach are envisioned to be a family of sys-

sumption will directly benet. To a further extent, built-in

tems with smaller time-to-market costs and robust, guaran-

self-test will be supported by these modules offering in-

teed functionality. At the very least, we expect this work

creased reliability and safety, in conjunction with the pro-

to give an original, fresh viewpoint to be adopted by future

visions made on the architecture part, mentioned above.
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