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Telemetry for Implantable 
Medical Devices

ver the last 50 years, implantable 
medical devices (IMDs)—such as those 

listed in Figure 1—have become an 
important tool for medical doctors, 

researchers in life sciences, and finally 
mankind to restore lost function, treat disorders, or monitor 
biological parameters with significant impact on either life 
quality, health, or the understanding of the body function.

Starting with the cardiac pacemaker with its first implanta-
tion in 1953, therapeutic applications of IMDs aim for active 
treatment such as surgical robotics, drug delivery systems, 
and neural recorders and stimulators, with the latter having 
its prominent examples in the cochlea implant for the hear-
ing impaired, vision prosthesis for the blind, or deep brain 
stimulation for the treatment of epilepsy or Parkinson’s dis-
ease. But also diagnostic applications, which mostly monitor 
physiological signals, such as the electrocardiograph, blood 
pressure or oxygen-level sensors, temperature, glucose, or 

inner ocular pressure sensors, have signifi-
cantly appeared over the last decade(s).

A common challenge for IMDs is their 
location within the body and thus the quest 
on how to operate and access the system. 
Commands must be sent, sensor signals 
received, operation and thus supply must 
be provided.

For the powering of IMDs, the choice is 
not only how much power the system needs 
but, even more, which implantation loca-
tion is required and thus how much space 
is available, what distance is required, and 
what reliability and lifetime the device 
must have. Obviously, a cardiac pacemaker 
should not rely on a nonreliable energy 
source, while an inner-ocular IMD might 
not provide room for a battery and thus 
needs remote, wireless power delivery.

On the data side, the requirements are 
even more manifold: from very low to very 
high data rates, small and large distance, 

uni- or bidirectional with half or full duplex, let alone 
data integrity and bit-error rate, which otherwise could 
result in harmful operation.

What all IMDs have in common is the request for wire-
less operation of the device and the remote control of it. The 
main reasons for this are patient convenience and health, 
risk of inflammation, and the reliability of penetrating wires. 

The term telemetry, originating from its Greek roots “tele = 
remote” and “metron = measure,” originally describes the com-
munication process by which measurement data is collected 
from remote or inaccessible locations and then made available 
at a receiving monitor. Thus, telemetry is originally used for 
wired or wireless data communication from a sensing device 
to a spatially separated receiving device, and the opposite 
direction is correctly referred to as telecommand. Nonethe-
less, in the context of IMDs, telemetry is commonly used for 
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This article is the first part of a three-part series on telemetry for 
 implantable medical devices. Parts 2 and 3 will be in upcoming issues.
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remote, wireless bidi-
rectional data commu-
nication as well as the 
wireless powering of 
the device.

This three-part arti-
cle focuses on power 
and data telemetry 
for IMDs (parts 2 and 
3 will be published 
in upcoming issues 
of this magazine); it 
is not restricted to 
circuit and system 
descriptions but outlines the back-
ground of the application, along with 
typical requirements to motivate why 
the circuits are being built as found 
in state-of-the-art publications. 
To cover this wide range of topics, the 
article is split threefold. 

In this first part, we start with 
reviewing quantities and tissue 
properties and also cover regula-
tions, standards, and safety lim-
its. The second part will focus on 
power telemetry with an emphasis on 
the inductive link, the correspond-
ing power management circuits, and 
a short overview on more recent 
advances such as energy harvesting 
for IMDs. Finally, the third part will 
be dedicated to data telemetry con-
cepts for IMDs, which are reviewed 
in principle and then split mostly 
into electromagnetic (EM) and opti-
cal approaches, and concluded with 
a system example realizing some of 
the aforementioned ideas.

Media and Properties
For IMDs, we need to take three types 
of media into consideration: the pack-
age, which will not be further dis-
cussed, then air, which is the easiest 
for our physical quantities, and, most 
importantly, the biological tissue.

For the latter, we need to specify 
various types, most importantly skin, 
muscle, and brain, which have a high 
water content, as well as fat and bone, 
which have a low water content.

The quantities, which we transmit 
through those media, are EM fields 
and waves, light, and ultrasound. 
Since the work on ultrasound is 
quite limited and only very low data 
rates were achieved, the topic is not 
discussed further.

EM Properties
The dielectric properties of tissue can 
be characterized by several dispersion 
mechanisms. The resulting effects, 
which are the main interest for the 

IMD engineer, are how 
deep the EM signal 
penetrates the tissue, 
what losses occur, and 
thus how much heat-
ing do we cause to 
the tissue. There are 
two main influences 
for high absorption 
and low-penetration 
depth: a high water 
content of the tissue 
and high frequency, 
as seen in Figure 2. 

There are exhaustive material data-
bases for electrical tissue properties, 
e.g., such as those found in [2]. The 
challenge is to use such properties in 
a complex environment, e.g., consid-
ering an IMD incorporated into the 
eyeball, where we will find several dif-
ferent tissue types.

This point raises the question for 
appropriate modeling. In implants, 
due to the commonly used low fre-
quencies and short distances, we typi-
cally operate in the near-field region. 
This, together with the complex tis-
sue structure, renders analytical 
modeling inappropriate, and numeri-
cal approaches are used. Three-
dimensional human models for this 
numerical modeling can be found in 
databases such as the “Virtual Family” 
[3], where magnetic resonance imag-
ing is used to segment 80 tissue types 
in human bodies of different size, or 
alternatively the “visible human proj-
ect,” based on cryosectioning [4]. 

Figure 1: IMD applications and power requirements, c.f. [1].
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Figure 2: EM penetration depth for human tissue, c.f. [2].

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

50
0

75
0

1,
00

0
1,

25
0

Wavelength (nm)

1,
50

0
1,

75
0

2,
00

0

O
pt

ic
al

 P
en

et
ra

tio
n 

D
ep

th
 (

m
m

)

Figure 3: Optical penetration depth for human skin, c.f. [5].
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These body models specify the 
location of the tissues and refer to 
the aforementioned database for tis-
sue properties. Then the models can 
be exposed to a simulated emission, 
yielding an estimated field strength 
distribution, which allows the specifi-
cation of the telemetry system. Even 
more importantly, such simulations 
allow the estimation of absorption and 
thus tissue heating. The most common 
measure is the specific absorption ratio 
(SAR), which is defined as the squared 
induced current density divided by the 
conductivity and the mass density. 

The SAR is typically measured by 
determining the temperature increase 
upon a short EM exposure (to avoid 
convection) and by multiplying the 
result with the specific heat capacity. 

The maximum recommended 
SAR is specified in safety standards, 
which we will discuss later. 

Optical Properties
Photons traveling through tissue expe-
rience various interactions, which can 
be described with four parameters: 
absorption, scattering, the anisotropy 
factor, and the refractive index. If we 
simply assume a vertical exposure onto 
the tissue, refraction can be neglected. 
The anisotropy factor g  describes the 
preferred direction in which scattering 
happens. In tissue, g typically ranges 
from 0.8 to 0.95 and scattering hap-
pens mostly into the direction of pho-
ton travel; consequently, we talk about 
highly forward-directed scattering.

Photon absorption happens mostly 
due to water content or due to hemo-
globin and melanin; the “optical tissue 
window” is found between these domi-
nant absorption mechanisms, i.e., with 
m between 600 nm and 1,300 nm.

In comparison, the absorption 
coefficient of tissue is usually much 
smaller than the scattering coeffi-
cient. Thus, scattering is the more 
dominant process, but since it is 
very much forward directed, the 
beam spreads but it does not disap-
pear; illustratively spoken scatter-
ing increases the distance traveled 
by photons, and this increased 
travel distance again increases the 
probability of absorption.

Based on these parameters, sev-
eral methods have been proposed to 
model the light-to-tissue interaction, 
including the Kubelka-Munk and the 
multiflux approach, diffusion theory, 
as well as the Monte Carlo  method. 
The latter is widely used if the tissue 
geometry and structure is complex 
and is based on tracing many photons 
through a tissue layer stack. A simple 
alternative to Monte Carlo simulation 
is to reduce the effects of absorption, 
scattering, and beam widening into 
two numbers. First, we can use the 
penetration depth as illustrated in 
Figure 3. Obviously, several millime-
ters are achievable. A second promi-
nent measure is the “full width half 
minimum” (FWHM), which describes 
the beam widening: obviously, 
thicker tissue leads to a decrease of 

the transmitted peak power density 
in the main beam direction; but at 
the same time, the FWHM, meaning 
the opening of the beam, increases. 
Consequently, going far away from 
the light source results in a reduced 
peak but increased width [13]; there-
fore, by taking a larger receiver area, 
still most of the signal power can be 
gathered but is limited in speed and 
noise due to increasing the photo 
detector area. This is obviously no 
problem for optical power harvesting 
but surely for optical data telemetry.

Regulations and Standards
Knowing what we can use to pen-
etrate tissue for power and data 
telemetry leaves us with the ques-
tion: What we are allowed to use? 
In the late 1980s and 1990s, there 
were more than 100,000 incidents 
reported involving cardiac-type med-
ical devices; several thousands of 
them were most likely caused by EM 
interference. Therefore, regulations 
have been formed, first the Medi-
cal Implant Communication Service 
(MICS) band in the 1990s and later 
the Wireless Medical Telemetry Ser-
vice (WMTS) and the MedRadio band 
for medical device communication.

Such regulations are needed for 
two reasons: first, to limit the inter-
ference of what our transmitter could 
emit to other devices in the vicinity, 
and second, to keep safe limits of 
what we expose to the human body 
to avoid any adverse effects such as, 

Figure 4: The equivalent isotropically radiated power for various 
IMD-related standards.
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Figure 5: The indoor radiation limit [8] (courtesy of H. 
Schumacher).
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e.g., tissue heating by absorp-
tion or electrostimulation.

These regulations or par-
tially only recommendations 
are enacted by national or 
international standardiza-
tion agencies such as the 
IEEE, International Telecom-
munication Union, American 
National Standards Institute 
(ANSI), International Electro-
technical Commission (IEC), 
or the U.S. Federal Communi-
cations Commission (FCC).

Figure 4 illustrates a sim-
plified radio spectrum fre-
quency allocations chart, 
which is of interest for IMDs. 
Thereby, equivalent isotropically 
radiated power (EIRP) is the peak 
power density in the direction of 
the maximum radiation referred to 
an isotropic radiator, meaning that, 
in case we employ antennas, we also 
need to take the antenna main lobe 
and its gain into consideration.

There are industrial, scientific, 
and medical (ISM) bands with their 
large emission power; then we have 
the MICS band at about 400 MHz, 
the WMTS band for externally worn 
medical devices, and ultrawide band 
(UWB) standard in the gigahertz 
range. On top of all, the regulations 
for “arbitrary frequency transmission 
limits”: in the United States, the FCC 
rules and regulations are codified in 
Title 47 of the Code of Federal Regu-
lations. Part 15 of this code applies 
to radio frequency devices operat-
ing at unlicensed frequencies and is 
often colloquially referred to as FCC 
Part 15. Outside the restricted bands, 
e.g., for MICS and ISM, one can trans-
mit at any frequency as long as the 
radiated output power is below cer-
tain limits for the spurious emission. 
In the frequency range of interest, an 

, , B50 45EIRP d mf= - -  is always 
possible [6], [7], which is quite fea-
sible if the distance between the 
transmitter and the receiver is short 
and the required transmit power is 
thus small. 

The ISM bands are a special case 
because they are regulated both in 

FCC 15, if they are used unlicensed, 
as well as in FCC Part 18 if licensed. 
In a licensed application, one is 
allowed unlimited radiated energy in 
the specified bands. If not licensed, 
the transmit power is restricted 
but still at a very high level, e.g., 
in the commonly used 13.56-MHz 
ISM band, the ,B5EIRP d mmax c  
which is almost 50 dBm larger than 
for arbitrary transmitting frequen-
cies. Thus, attention must be paid 
to possibly very strong interferers, 
which originate from other radia-
tors. This might not be the case in 
a nicely controlled laboratory envi-
ronment but of course may be in the 
real world! Another important fact in 
ISM bands is the regulated limitation 
in channel bandwidth. For example, 
in the 13.56-MHz band, the maxi-
mum bandwidth fT  is 14 kHz. This 
becomes important when the ISM 
carrier is used for data telemetry 
because any spurious emission out-
side the ISM band must comply with 
the FCC 15 arbitrary transmitting 
restrictions and its much lower EIRP.

The MICS band, installed in 1999, 
mostly spans around 402–405 MHz. 
It is important to note that we are 
only allowed quite limited trans-
mit power B ,16EIRP d m= -^ h  but, 
when compared to ISM, interference 
becomes much less of an issue. 
Another drawback of the MICS 
band is that the 3-MHz frequency 
band cannot be used in full extent 

for a single transmit chan-
nel, but we are only allowed 
to use 300 kHz.  Thus, even 
with sophisticated modu-
lation schemes, data rates 
exceeding 1 MB/s are hardly 
achieved [9]–[11]. 

In 2009, the MICS band 
was expanded to 401–406 
MHz and called MedRadio as a 
response to the emerging field 
of  neurorecording, neurostimu-
lation, and neuromodulation 
devices with their significantly 
increased data rates. In 2011, 
the Alfred Mann Foundation 
filed a petition to expand the 
frequency range further, and 

this is currently installed roughly 
between 410 and 450 MHz, where the 
usable bandwidth will been extended 
to 6 MHz, allowing a data rate of more 
than 10 MB/s. Note that this band is 
currently not international.

As a final standard, UWB has 
become prominent also for IMDs and 
short-range, high-speed communica-
tion. The standard requires at least 
500-MHz signal bandwidth, which 
is usually achieved by using short 
pulses in the time domain for the 
transmission, translating to large 
spectral bandwidth in the frequency 
domain. The standard then defines 
emission masks, meaning that the 
bandwidth indeed must be wide, but 
the signal is spectrally limited in 
output power density. 

It is important to note two things: 
First, that the spectral emission 
masks are different in different 
regions as shown, e.g., in Figure 5.  
Second, as we have discussed in the 
tissue properties, we face very large 
attenuation for UWB frequencies in 
the gigahertz range. Thus, it is dif-
ficult to achieve deep implantation 
together with high data rate.

After having discussed standards 
and regulations concerning interfer-
ence, the second issue for IMDs are 
recommendations for safe exposure 
by questioning how much optical or 
EM power can we emit onto the per-
son wearing our IMD to avoid possi-
bly harmful adverse effects, such as 

Figure 6: The maximum permissible exposure for the eye 
based on IEC 60825.
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thermal damage due to tissue heating 
or electrostimulation.

For optical radiation, the maximum 
permissible exposure is given in ANSI 
Z136 and IEC/EN 60825 for U.S. and 
European regulations. Thereby, the 
maximum permissible exposure (MPE) 
is given as a function of exposure dura-
tion, wavelength, and also exposed 
body parts. As illustrated in Figure 6, 
for a longer exposure time, the allowed 
power density reduces by orders of 
magnitude. For long-term eye expo-
sure, around 1–10 mW/cm2 are possi-
ble in the “tissue window” wavelengths. 
The power density for skin exposure 
increases to as much as 0.5 W/cm2 for 
long-term exposure, which is 200 times 
greater as for eye exposure [12]. Such 
high values make even optical power 
telemetry a possible option. 

For EM exposure between 3 kHz 
and 300 GHz, IEEE C95.1 recommen-
dations must be taken into account, 
which define the basic restrictions 
(BRs), the determining limits to assure 
safe exposure.

For the frequency range of 3 kHz 
to 5 MHz, the BRs are given for the 
E-field to prevent electrostimulation, 
for the range of 100 kHz to 300 GHz, 
the BR limit maximum SAR exposure 
or power density to avoid adverse 
tissue heating. For the transition 
band between 100 kHz and 5 MHz, 
both BRs must be complied with. 

Generally, all maximum permissi-
ble exposures for E-field, H-field, and 
power density can be derived from 
these BRs. These MPEs are only valid 
for homogeneous E- and H-fields  
because then they also comply with 
the basic restrictions, i.e., the SAR 
limits are kept, which is not necessar-
ily valid for the near field, in which 
almost all IMDs are operating due to 
small distances and feasible frequen-
cies. Consequently, SAR simulations 
based on tissue models are needed to 
fulfill the mandatory BR themselves.
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