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Abstract— Inductively coupled transceivers (ICT) are widely 

being employed in implantable biomedical devices for wireless 

communication with the external world. The performance of 

such implant-to-body-surface communication is dependent on 

the characteristics of the transmitter, the receiver and the 

channel between them, which consists of layers of biological 

tissue. In this paper a representative ICT has been studied to 

characterize the effect of different physical orientations on the 

bit error process. The effect of biological tissue on the 

communication channel has also been quantified. The channel 

was measured to have a bit-level memory of 3 bits and a packet 

level memory of 6 packets. The impact of forward error 

correction (FEC) was analyzed and the use of 3-bit FEC was 

found to reduce the number of retransmissions by 65%. The 

results of this study enable optimization of reliable implantable 

communication systems. 

I. INTRODUCTION  

Recent advances in microelectronics have enabled design 
of wireless implantable devices for biomedical use. Such 
devices need to communicate physiological data wirelessly 
to the outside world, giving rise to a new communication 
channel referred to as the implant-to-body-surface 
biotelemetry link. As with all wireless channels, knowledge 
of the power and data characteristics of the transceivers and 
the channel in-between is required to achieve reliable 
communication. However, despite recent interest in the field 
of body area networks, no standards for the design of 
transceivers or communication protocols have yet been 
adopted and the search for the most suitable transceiver is a 
topic of continuing research. Various current efforts have 
focused on employing inductive coupling for data 
communication [1-4]. For the rest of this paper we refer to 
such transceivers as inductively coupled transceivers (ICT). 
Implantable ICTs are of particular interest to the 
biotelemetry research community because they allow low 
power close-range communication at acceptable data rates 
and low hardware resources. It is thus expected that ICTs 
will be used extensively in modern biotelemetry applications.  

Since inductive coupling results in a directional (as 
opposed to an omnidirectional) field, the placement of 
transmitter and receiver coils greatly determines the quality 
of the communication link. Perfect alignment of coils cannot 
be guaranteed in an implant. Furthermore, introduction of 
biological tissue between the transceivers also changes the 
characteristics of the channel and alters the quality of the 
link. A detailed experimental study is thus required to 

quantify the performance and limitations of such transceivers 
before they can be used reliably in biomedical applications. 
Communication of digital data sees errors at two levels, the 
bit-level and the packet level. These errors observed over 
time can be modeled as random processes. An understanding 
of these processes is necessary for the optimal design of 
various components of the communication system including 
the inductive coils, protocol design, and the hardware 
resources required to allow retransmissions of erroneous 
packets. Trace collection has traditionally been used to 
model error processes of various wireless communication 
standards e.g. 802.11 [5-6], and 802.15.4 [7-8]. This research 
also relies on trace collection to analyze the ICT link across 
biological tissue.  

This paper assesses the performance limitations of ICTs 

by studying the effects of various orientations of transmitter 

and receiver coils under bandwidth and power constraints. 

Secondly, the error process for the channel across biological 

tissue for implant-to-body-surface data communication has 

been characterized to enable design of protocols and 

hardware for reliable data communication.  

II. EXPERIMENTAL SETUP 

A. Wireless Data and Power Transceiver 

ICT based implantable systems consist of two modules, 
the implanted module (IM) and the surface module (SM). 
The IM is implanted inside the body and is powered 
wirelessly from an external source. The SM is placed on the 
surface of the body and is supplied with continuous power 
through a battery. Each module contains a flat inductive coil. 
The data transmitter is part of the IM and the data receiver is 
part of the SM. Conversely, the power transmitter is part of 
the SM and the power receiver is part of the IM. The 
transceiver design reported in [4] is distinctive as it is 
capable to transmitting power and data using the same coil 
by employing passive back telemetry and load shift keying. 
The ICT presented in [4] is used for this study. The IM 
transmits data at a rate of 500kbps with a fixed transmission 
power of 1mW, which corresponds to 2nJ of energy per bit. 
For further design details the reader is referred to [4]. 

B. Trace Collection 

Trace collection refers to transmission of a large number 
of packets from the transmitter and reception of those 
packets at the receiver. Since the contents of the transmitted 
and received packets are known, any errors in transmission 
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can be identified at the bit and packet levels. A bit-wise XOR 
operation on the transmitted and received packets results in a 
„0‟ if the bits match, and results in a „1‟ if the bit has been 
flipped during communication. The statistics that can be 
extracted from these traces are the packet error rate (PER) 
and the bit error rate (BER). PER is the fraction of 
transmitted packets that are received with at least one bit in 
error and is given in (1). BER is the fraction of bits that are 
received in error and is given by (2). 

dTransmittePacketsofNumberTotal

PacketErroneousofNumber
PER

____

___
  

(1) 

dTransmitteBitsofNumberTotal

BitsErroneousofNumber
BER

____

___
  

(2) 

To the best of our knowledge, this is the first thorough 
trace collection effort for inductively coupled transceivers 
for biotelemetry links. For this study, error traces of 
approximately 3 million packets were collected, and each 
transmitted and received bit was logged for detailed analysis. 

C. Physical Setup 

The trace-collection setup is depicted in Fig. 1. It consists 
of an SM and an IM. The power source is only connected to 
the SM which wirelessly powers the IM. A data acquisition 
card (DAQ) card is connected to both the SM and IM which 
provides the data to be transmitted to the IM and records the 
data received at the SM. The DAQ card is connected to a 
host computer running a LabVIEW application that logs the 
data. The SM and IM are placed in a Faraday cage to 
minimize the effect of external electromagnetic noise on the 
data communication. The size of the packet is 820 bits, and 
its format is detailed in [9]. 

 

III. TRANSCEIVER PERFORMANCE ANALYSIS 

To estimate the performance limitations of the 
transceiver and study the effect of various orientations of the 
coil, traces were collected over a period of weeks at different 
times of the day in a typical lab environment. Each trace 
collection was characterized by the distance between the 
transmitter and the receiver, the tilt of coils, and the 
misalignment from the center. For each trace, a total of 
100,000 packets were transmitted in segments of 5000 each 
with two minutes of inactivity between each segment. As a 
result a total of 82 million bits were transmitted for each 
trace. The data was transmitted at a rate of 500kbps. Packets 
were transmitted at a rate of 25 packets per second. The 
transmission power was fixed to 1mW. Fig. 2-4 show the 
scaled diagrams for different orientations used to measure 
the performance of the transceiver. The distance between SM 
and IM coils is represented with an „x‟, the misalignment is 

represented with a „z‟, and the tilt is represented with a „θ‟. 
For the scaled Fig. 2-4, x=10mm, z=10mm and θ=30

ο
. The 

BER and PER vs. the three parameters of distance, 
misalignment and angular tilt, are plotted against a 
logarithmic scale. The minimum value plotted in each plot 
corresponds to zero errors, however, since BER can only be 
detected up to 1E-8 (because of the number of transmitted 
bits), the value of 1E-8 is plotted for the least value. 
Likewise, the minimum value for PER is 1E-5. As expected, 
both the BER and PER deteriorate for increasing values of 
these parameters. The initial settings of 5mm distance, 11 
degrees tilt and 5mm misalignment, which would be the 
typical placement scenario for a carefully implanted device, 
do not result in any transmission errors. 

 

 

 

Fig. 2 shows that the BER and PER rise almost linearly 
on a logarithmic scale as the separation between the 
transceivers increases. An acceptable BER value of 1E-4 is 
achieved at 14.5mm with a PER of about 1E-1. Fig. 3 shows 
that misalignment also has a piecewise linear relation to BER 
with a discontinuity from 9mm to 11mm when the overlap 
between the coils starts reducing. A misalignment of 11mm 
provides a BER of 3E-5, beyond which the BER increases 
sharply. However during the discontinuity the PER continues 

        
Fig. 4. Experimental setting to measure effects of angular tilt on 

transceiver performance (b) BER and PER vs angular tilt in mm. 

       
Fig. 3. Experimental setting to measure effects of misalignment on 

transceiver performance (b) BER and PER vs misalignment  in mm. 

      
Fig. 2. Experimental setting to measure effects of distance on transceiver 

performance (b) BER and PER vs distance in mm. 

 
Fig. 1. Experimental setup used for transceiver characterization. 
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to increase suggesting that although the number of bits in 
error remains almost the same, the errors get spread over a 
larger number of packets. Fig. 4 shows that both the PER and 
BER show similar amount of change with increasing angular 
tilt. At 34 degrees of tilt a BER of 2E-4 is achieved with a 
corresponding PER of 2.3E-2. 

IV. CHANNEL CHARACTERISTICS ACROSS BIOLOGICAL 

TISSUE 

A. Physical Setup 

Several experiments were conducted using chicken skin 
to model the general effects of animal tissue on inductive 
power transfer and data communication. Experiments were 
conducted without a Faraday cage, in an open lab 
environment containing many sources of electromagnetic 
noise. Two separate sets of measurements were taken. For 
5mm distance measurements, a 4mm thick layer of skin was 
sandwiched between the transmitter and receiver coils. For 
10mm distance measurements, layers of skin adding up to 
8mm thickness were used. Fig. 5 shows the setup used for 
these measurements. A total of 0.5 million packets were 
transmitted for each trace in segments of 5000 packets.  

 

The following sections contain discussion and detailed 
analysis of results for the setting of 10mm distance. For this 
setting, there were 3716 erroneous packets out of 500,000 
and 15144 bits in error out of 410 million, giving the PER = 
7.43E-3 and BER = 3.69E-5. Fig. 6 shows the packets 
received in error over time. The 0.5 million packets have 
been divided into 5000 bins of 100 packets each. 

B. Channel Memory 

Most wireless channels show „burstiness‟ in the packet-
level and bit-level errors. Thus, if a packet (or bit) error 
occurs in transmission, the probability that the subsequent 
one or more packets (or bits) will be in error increases. This 
increase in probability is a characteristic of the channel and 
varies from one channel to the other. This phenomenon is 
called channel memory. In essence, channel memory 
provides an estimate of the average number of errors 

expected whenever an error is observed. Channel memory is 
measured at two different scales, the packet-level channel 
memory PM is measured across packets in a given trace while 
bit-level channel memory BM is measured across bits within 
a packet [8]. Correlograms are commonly used to estimate 
the memory of a channel [5-7]. A correlogram is a plot of the 
auto-correlation function, RXX(t) of the process given by (3). 
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where t is the lag, E{.} is the expected value and σ is the 
standard deviation of the error process. 

  

Knowledge of the BM of a channel helps in the choice of 
error detection and correction codes. A bit level trace 
consists of zeros (when the bit is correct) and ones (when the 
bit is inverted) as a function of time over the length of the 
packet. To measure BM, a correlogram was computed for 
each erroneous packet. The lag for which RXX(t) becomes 
insignificantly small, i.e. less than 0.15, was taken as a 
measure of BM [5]. A histogram of the memories was 
computed and a cumulative distribution function is presented 
in Fig. 7(a). A similar correlogram-based analysis was 
applied to the packet level, in which each erroneous packet is 
represented with a „1‟ and each correct packet is represented 
with a „0‟. Packet-level burstiness of the channel is evident 
in Fig. 6. In order to observe time-dependent effects on PM, 
this measurement was performed separately for all 100 
segments. A histogram of memories of these individual 
segments was computed and a cumulative distribution is 
provided in Fig. 7 (b) to show the trend. Note that a memory 
of zero means that either zero packets are in error or solitary 
packets are in error, a memory of one means that two packets 
are in error, and so on. 

C. Channel Characterization Results 

Fig. 7(a) gives the bit-level memory of the channel, 
showing the consecutive number of bits in error. It can be 

 
Fig. 6. Packet errors versus time for the case of 10mm distance with 

animal tissue.  

 
Fig. 5. Experimental setup used for channel characterization across skin.  

 
Fig. 7. (a) Histogram of packet level memory for distance of 10mm across animal skin. (b) Histogram of bit level memory, (c) Number of bit errors per 

erroneous packet. 
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seen that 68% of the times the bit-errors are solitary, and 
97% of times there are 3 or fewer consecutive bits in error. A 
cumulative distribution value of 0.9 gives the PM to be 6 
packets and BM to be 3 bits. This means that the transmitter 
hardware should be designed to handle at least 6 consecutive 
packet errors and should have enough buffers to store the 
incoming data for that duration. Fig. 8 shows the comparison 
of the skin-based and the air-based channels. It can be seen 
that the introduction of skin increases the BER and PER and 
thus degrades the error characteristics of the channel.  

 

V. FORWARD ERROR CORRECTION 

Several forward error correction (FEC) coding techniques 
exist in literature providing various degrees of error detection 
and correction capabilities. The results shown above have 
established that error detection capability is extremely 
important for the system as a large number of packets see 
one or more bit errors during transmission. For the channel 
with 10mm distance across animal skin Fig. 7(c) shows that 
most packets have only one bit in error, 65% packets have 
only three or fewer bits and 89% have 9 or fewer bits in 
error. Each of these errors results in retransmission of the 
whole packet. If error correction techniques were applied 
that can correct up to 3 errors, then retransmissions could be 
reduced by 66% resulting in improved throughput and saving 
hardware resources by reducing the length of retransmission 
buffer at the transmitter. Some FEC algorithms provide error 
correction capability at the expense of error detection 
capability; however, Fig. 7(c) shows that a few packets could 
have a large number of errors which means that great care is 
needed in the selection of the FEC algorithm in balancing the 
tradeoff between its error detection and correction capability.  

 

Fig. 9(a) shows the comparison of PER before and after 3-
bit FEC is applied. It can be seen that using as few as 3-bits 
of FEC reduces the PER greatly for all the settings. Fig. 9(b) 
shows the comparison of BER before and after 3-bit FEC is 
applied. It can be seen that the effect of FEC is not very 

profound on BER. However, it must be noted that although 
BER may remain high, the system needs to retransmit only a 
few packets to maintain a high data throughput. Use of FEC 
to improve PER also reduces the effect of channel memory 
by reducing the number of consecutive errors expected in the 
system reducing the hardware resources required for error-
free communication.  

VI. CONCLUSIONS 

The data transmission characteristics of an inductively 
coupled transceiver (ICT) were studied experimentally by 
transmitting 3 million packets and measuring the effect of 
distance, misalignment and tilt on the transceiver 
performance. Although, the typical settings expected for an 
implantation scenario resulted in negligible errors, 14.5mm 
distance, 11mm misalignment and 34 degrees of tilt were 
identified as the approximate limits of acceptable 
performance for the studied ICT. The BER and PER trends 
visible in the results can be extended to other ICT designs in 
general. Inclusion of animal skin in the channel showed a 
~100x increase in the BER and PER and the channel 
memory. The bit-level memory was measured to be 3 bits 
and packet-level memory was measured to be 6 packets. 
Finally, a 3-bit FEC was shown to reduce the number of 
retransmission by 65%, improving the data throughput and 
mitigating the requirement of maintaining a large 
transmission buffer.  
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Fig. 8. Comparison of BER and PER vs distance. 

    
 

Fig. 9. Comparison of (a) PER and (b) BER before and after 3-bit FEC.  
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