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ABSTRACT

Today’s aging population is driving wide-scale demand for
more-advanced healthcare treatments, including wirelessim-
planted devices that can deliver ongoing and cost-effective
monitoring of a patient’s condition. Wireless sensor networks
(WSNs) have been considered for body area networks (BANs)
and implanted WSNs. For most BANs, the generic topol-
ogy involves “on-body” sensors or Implanted Medical Devices
(IMDs), and a hub device (such as a phone, PDA, or wireless
LAN access point) that is on or away from the body, which
can function as a central fusion node and connect to the Inter-
net. This paper applies to IMDs a new physical layer coop-
erative transmission (CT) technique. CT can reduce the total
power required for sensor transmission by exploiting the spa-
tial diversity of multiple single-antenna terminals. Thismeans
that the implanted sensor batteries can last longer. The oppor-
tunistic large array (OLA) is a simple CT approach that saves
energy relative to conventional multi-hop routing by allowing
all nodes that can decode to relay the message. OLA avoids
the overhead of assigning clusters and cluster leaders. To date,
OLA has not been considered for human body implants. In
this paper, we provide a first treatment of communication using
OLA for implanted sensors for the Medical Implant Commu-
nication Services (MICS) standard and investigate the poten-
tial power reductions that can be achieved. In this paper, we
consider the ICD application where the implanted sensors are
connected by wire, but the OLA technique is still useful for re-
lay to an off-body destination. We compare the total transmit
power expended by the cooperative transmission network com-
pared to the power that would be required for a single hop (i.e.
directly from the source to the sink) to have the same reliability.

I. I NTRODUCTION

The delivery of health-related services and medical information
via Telecommunications technologies such as wireless sensor
networks is a growing new interdisciplinary field. A concept
known as “ubiquitous medical environment” is one where ad-
vanced wireless technologies are applied to ensure the timely
and accurate delivery of medical data [9]. In this paper, we
investigate the prospects of a Cooperative Transmission (CT)
technique called “Opportunistic Large Array” (OLA)[16] for
such a medical environment. We consider OLA for reliable
wireless communication between the implanted sensors in the
human body and a hub (sink node) located away from the body.
A typical hub could be a mobile phone to Personal Digital As-
sistant (PDA).

For chronically ill patients requiring frequent updates of

health parameters, implanted wireless biosensors would pro-
vide freedom and mobility, and from a medical viewpoint, pro-
vide more precise measurements and continuous patient com-
pliance [17]. Potential applications for multiple, long-term im-
planted physical (e.g. temperature, pressure) sensors [10], in-
clude pacemakers [8] and implanted cardioverter defibrillators
(ICDs), control of chronic pain, epilepsy [15], and Parkinson’s
Disease. Implanted biosensors could form a Wireless Sensor
Network (WSN) similar to worn sensor networks commonly
referred to as Body Area Networks (BANs) [13]. The conven-
tional protocols of direct transmission, minimum transmission
energy Medium Access Control (MAC)-based static clustering
[11], [24], and multi-hop routing [23] may not be optimal for
BANs. Using OLA, all or some of the implanted sensors help
by relaying the signal transmitted by one sensor. The sensors
operate without any mutual coordination, but naturally fireto-
gether in response to energy received from the source (the orig-
inating sensor). In this way, the transmit power in each sensor
is kept very low, but the collective signal is strong enough and
has enough diversity to enable its reception at a relativelylong
distance away by the sink node.

In this paper, we focus on the ICD application because it is
one of the few current implanted sensor applications that in-
volves multiple sensors. Because surgeons want to limit risk
of infection and other complications, they want to make only
a single incision when inserting an ICD [4]. The current prac-
tice is to insert the main part of the ICD under the clavical.
This part has multiple wires attached that are allowed to liein
the vein leading to the heart, as shown in Fig. 1. The wires
have sensors on them and are directed to different areas of the
heart. Since the sensors are connected by wire, there is no need
for inter-sensor wireless communication. The sensors are sep-
arated by several centimeters, and therefore the sensors have
different shadowing and multipath fading in their wirelesscon-
nection to the hub device. Furthermore, the shadowing and fad-
ing will change with time as the hub position changes relative
to the body. This separation provides an opportunity for diver-
sity transmission. The OLA is proposed as a low-overhead way
to acheive diversity (for both shadowing and fading), which
thereby extends the range to the hub by allowing each sensor
to reduce its fade margin.

We use the deterministic model in [18], where the power re-
ceived at the sink is the sum of the powers from each sensor.
This is consistent, for example, with direct sequence spread
spectrum, wherein each sensor transmits with one or more (in-
tentional) chip delays relative to each other, and the hub device
employs a RAKE receiver [19].
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II. M ODELING ASSUMPTIONS

For this analysis, we have tried to use practical values for vari-
ables such as transmitter power, body and typical implant an-
tenna gains, and receiver noise, to show the relative gains of
OLA transmission relative to direct transmission. In Sections
A., B., and C. the wireless technology, the basic network archi-
tecture, and a channel model for communication from the im-
planted sensors are briefed. The subsequent sub-sections round
off the other modeling assumptions that have been made to in-
vestigate this promising new application of wireless sensors.

A. Air Interface

Implant transmission is characterized by extremely low peak
power and low duty cycle, so the body can safely dissipate the
heat generated by the transmission. The transmissions must
also be reliable and not cause excessive interference to other
applications in the same band. The several standards already in
use or being considered for use in implants are listed in Table
1.

In this paper, we use the Medical Implant Communications
Service (MICS) standard and assume the sensors to operate in
the 402–405 MHz band. According to the Federal Communi-
cations Commission (FCC), MICS is an ultra-low power, unli-
censed, mobile radio service for transmitting data in support of
diagnostic or therapeutic functions associated with implanted
medical devices [1]. The MICS permits individuals and medi-
cal practitioners to utilize ultra-low power medical implant de-
vices, such as cardiac pacemakers and defibrillators, without
causing interference to other users of the electromagneticradio
spectrum. The FCC requires no licensing for the band of opera-
tion, but mandates that MICS equipment must only be operated
by a duly authorized health care professional.

B. Network Model

We propose a network of wireless transceivers implanted in a
human and connected to the internet via phone or wireless LAN
access point, for medical biosensing. Fig.1 illustrates the ICD
application. The implanted sensors are connected by a wire
inside the body and are represented by the “white” points in
Fig.1 and are assumed to be half-duplex nodes. The objective
is for the message from the implanted sensors to reach the sink
that is some distance away from the body. We assume all the
implanted sensors and the access point are on the same plane.
We acknowledge this setup is not a realistic model of the human
body, however, for an initial study, we want to use a very simple
model. The network architecture detailing the placement ofthe
sensors (on the wire strip) and the access point is shown in Fig.
2.

The cooperative routing protocol for the proposed network
architecture involves two hops to reach the destination (access
point) from an “in-body source” sensor. The first hop is the
transmission from the source to the other in-body sensors in
the vicinity, which form an “in-body OLA”. The second hop
then, is from the OLA to the access point that is away from
the body. To the best knowledge of the authors, there are two
recent works that address a similar network topology. The in-

Figure 1: Implanted cardioverter-defibrillator Application. The
implanted sensors “fire” together (depicted by the green ar-
rows) to the “off-body” sink (depicted by a cell phone).

fluence of a patient’s body shape and position on the radiation
pattern at a “far away” point from an implanted radio transmit-
ter was simulated and studied in [12], while in [14], a similar
study was done with body-worn sensors and a “close-by” ac-
cess point (worn on the wrist with a distance of separation on
the order of centimeters). While the implanted sensor operated
in the the Industrial Scientific Medical (ISM) band in [12], the
body-worn sensors operated in the 2.4 GHz range in [14].

Figure 2: The proposed network architecture. The “grey” cir-
cles represent the implanted sensors connected by a wire, and
the grey “+” symbol denotes the sink node that is 2 m away
from the human body.

However, in this paper, since the in-body sensors are
“wired”, the first-hop is wired and error-free. So, we only con-
sider the second- hop for our analysis. We assume that the
in-body OLA has been formed and evaluate the power gains
possible with CT in the second hop.

C. Channel Model

We present the wireless channel model for the hop from the in-
body OLA to the external access point. Our model is based on
the current available literature in this area. We will referto this
model as the “in-out” channel model.

We assume that the transmissions from each sensor are or-
thogonal to each other and can be recovered separately by the
sink node. We expect that in a realistic scenario, a desired
number of orthogonal dimensions can be created by relays ap-
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Table 1: Current Standards for Sensor Implants in the Human Body

Standard PHY Layer Band of Operation Cited in
MICS[1] 4-FSK/2-FSK 402–405 MHz [12]

IEEE 802.15.4 [3] DSSS, BPSK/DSSS, O-QPSK/CSS 868(Europe)/915(US)/2.4 GHz [20]
IEEE 802.15.4a UWB [5] BPM-BPSK with spreading 250–750 KHz/3.1–5 GHz/6–10.6 GHz[6]

UWB [2] PPM 3.1–10.6 GHz [7]

propriately offsetting their transmissions, for example,in delay
[21]. Every wireless channel between a single transmitter and
a single receiver is assumed to suffer free-space path loss and
shadow fading. Multi-path fading is ignored. This is because
there are currently no validated models for multi-path. We note
that inclusion of multi-path would only enhance the diversity
gain of OLA. Therefore our analysis represents a lower bound
on its performance.

For the hop from the OLA to the access point, we use the
basic pathloss and shadowing model given by

Ld = Ld0
+ γ10 log

10

(

d

d0

)

+ Xσ, (1)

whereLd is the pathloss in Decibels (dB) at an arbitrary dis-
tanced, Ld0

is the pathloss at the reference distance,d0, in dB
(hered0 = 0.1m), Xσ is the deviation because of shadowing,
andγ is the path-loss exponent. The channel parameterγ = 2

and is consistent with the assumptions made in [12]. Two pa-
pers [12] and [14] discuss shadow fading for this channel. The
authors in [14] recommend a slow fading margin of 15 dB to
account for signal losses due to change in antenna positions,
while the author in [12] gives a fade margin between 7 and 14
dB to account for body size, orientation, and arm movements.
This justifies the inclusion of the fading term in our wireless
channel model.

Due to the non-availability of a correlated fading wireless
channel model in the existing literature, we use the following
approach to model the “in-out” wireless channel for our analy-
sis. The channel model is based on the measurements in [12].
In Fig. 3, the measurements in [12] have been digitized and
re-plotted. This figure shows the distribution of the gains for a
male phantom1 as a function of plane and angle. The gain se-
quences resulting from different planes (XY, YZ and XZ) were
sampled every 4.43◦ and then concatenated to estimate the au-
tocorrelation sequence labeled “concatenated gain sequence”
shown in Fig. 4. While concatenating the gain sequences, the
only important consideration was to minimize the amplitudeof
the discontinuities. Fig. 5 represents the autocorrelation of the
fading coefficients in terms of “lag” samples, for all the four
sequences. Correlated fades were created by using an offset
window of values (such as 4) from the gain curves, where the
offset is the lag that produces the desired correlation. A list of

1The MICS standard defines a phantom to be used in order to measure com-
pliance with the limit of -16 dBm. The MICS phantom consists of a cylinder
with a diameter of 30 cm that is filled to a height of 76 cm with a tissue simu-
lating liquid. The liquid has the same electromagnetic properties as muscle, at
the frequency band of interest.

Table 2: Parameters for the hop from “in-body OLA” to the
access point

Parameter Value
Reference distance,d0 1m

Pathloss at the reference distance,Ld0
25 dB

Pathloss exponent (γ) 2
Receiver Sensitivity -89 dBm
RF frequency band 402–405 MHz

Transmit Power (from implanted sensor) -2 dBm
Body Gain -33 dBi

Gain of antenna on the access point 2 dBi

all the other different parameters assumed for our simulations
have been provided in Table 2.
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Figure 3: Gains for a male phantom as a function of radiation
plane and angle.

III. R ESULTS AND DISCUSSION

For our simulation results, we assumed a sensor field described
in Section B.. There are two basic types of gains achieved with
antenna arrays (multiple antennas at the transmitter or receiver)
– array gain and diversity gain. The array gain is the increased
average output SNR with these multiple antennas that would be
obtained in a non-faded environment or a perfectly correlated
fading environment. Hence, if there areMt transmitting anten-
nas, the combined signals are added in phase, while the noise
is added incoherently, producing a gain ofMt with Mt anten-
nas. Diversity gain is the decreased required receive SNR for a
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Figure 4: Concatenated gain sequence.
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Figure 5: Correlated shadow-fading sequence for implanted
sensors in the MICS band.

specified bit error rate (BER) averaged over the fading. In other
words, this is the reduction in fade margin that’s obtained by re-
ducing the fading with the antenna array. This gain depends on
the BER and has a maximum limit of the fading margin, re-
gardless of how many antennas are used. Using the example
from [22], for a binary phase-shift-keyed (BPSK) system at a
1% BER, the fade margin needed is 9.5 dB with one antenna.
This margin is reduced to 4.3 dB (a diversity gain of 5.2 dB)
with two antennas, and to 1.9 dB (7.6 dB diversity gain) with
four antennas. Thus, the diversity gain can be larger than the
array gain for a small number of antennas, but the array gain
dominates for a larger number of antennas as the array gain
grows linearly with the number of antennas. But the diversity
gain saturates at the fading margin.

The OLA cooperative transmission approaches produce ar-
ray gain and “macro”-diversity gain. The array gain comes
from the simple addition of powers from each of the relays,
and therefore depends on how many sensors relay. The macro-
diversity gain comes from the multiplicity of independently
shadowed links in the second hop. Therefore, it is natural toex-
pect that the number of cooperating transmitters and the SNR
received at the access point are correlated.

Fig. 6 shows the cumulative distribution functions (CDFs)

of the implant transmit power using CT approach for different
autocorrelation indices. We observe that as the correlation in-
dex increases for a given reliability level, the implant transmit
power required is lower.

Figs. 7 show the cumulative distribution functions (CDFs)
of the total power diversity gain for different values of correla-
tion indices. The total power gain is just the sum of the array
gain (proportional to the number of sensors participating in the
relay, 4 in this case). As one would expect, the total power gain
using CT is higher for lower values of correlation indices. As
the correlation index becomes higher, the number of indepen-
dently fading paths decreases and the power gain decreases.
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Figure 6: CDF of the implant transmit power required (2m).
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Figure 7: CDF of the total (array + diversity) gain for CT rela-
tive to the 3rd antenna (2m).

IV. CONCLUSIONS

Using sensors to monitor health information around the bodyis
a promising new wireless application. This paper outlines the
basic gains possible by using cooperative transmission tech-
niques for implanted sensors. The results from this paper in-
dicate that a OLA cooperative transmission shows promise for
enabling long-range transmission directly from implantedsen-
sors without requiring high sensor transmission powers or re-
quiring that the hub is worn on the body. While it is true that
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each sensor transmits more often with with the OLA approach
than with single hop, the net power is lower and the OLA ap-
proach should be safe for the human body as long as the rate
of transmissions is low enough for any heat generated to be
dissipated. Suggestions for future work include measuringthe
spatial correlations of channel gains for both the “in-in” and
“in-out” channels.
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