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Abstract. Molecular communication uses molecules or other nanoscale
particles to transmit data in scenarios where conventional communica-
tion techniques are not feasible. In previous work a testbed using super-
paramagnetic iron oxide nanoparticles (SPIONs) as information carriers
in a fluid transmission channel with constant background flow was pro-
posed. The SPIONSs are detected at a receiver as change of a coils induc-
tance. We now improve the testbed by using a piezoelectric micropump
as transmitter, making amplitude modulation (AM) with different in-
jection volumes possible. Machine learning is employed at the receiver
to differentiate between six different amplitude levels and grey code is
used to reduce bit errors. With AM and the designed coding scheme, the
achievable effective data rate was doubled to 4.45bits™ .

1 Introduction

The aim of molecular communication is to achieve data transmission using mol-
ecules or other particles in the nanoscale. So far, setups to experimentally in-
vestigate molecular communication with various transmission methods, such as
air-based transmission with alcohol [3,8, 18] or encoding information as change
of pH-value [4,6,9] have been proposed. In [16] a different setup that uses su-
perparamagnetic iron oxide nanoparticles (SPIONs) as information carriers in
a fluid transmission channel is presented. [1,2] provide some induction-based
receiver concepts for such SPION-based testbeds.

Investigated data transmission scenarios in [1,2] were confined to binary-
state symbol transmissions, encoding a ‘1’ as an injection of SPIONs into the
transmission channel and a ‘0’ as no injection. The achievable information rate
was restricted due to an increase of inter-symbol interference for reduced symbol
intervals.
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Schemes for amplitude modulation (AM), or concentration shift keying, in
molecular communication have been proposed previously (e.g. [10, 14]). How-
ever, these focus on a diffusion-based scenario in contrast to the active transport
present in the provided testbed and are restricted to theoretical channel obser-
vations. In [2,16] a peristaltic pump was used as a transmitter to enable on-off
keying (OOK). However, the pump was limited to a fixed transmission volume.
We now replace the peristaltic pump with a micropump allowing for use of AM
to achieve a higher-level encoding per symbol. Machine learning is used at the
receiver to detect the transmitted amplitude levels.

Today, micropumps are used in many applications including drug delivery [5],
lab-on-a-chip devices [13] and sensor enhancement [12]. As described in [15,19]
many different actuators have been used for micropumps. Of these technologies,
piezoelectric actuated micropumps show the most promising features since they
are able to create very high forces and actuation speeds, enabling high pumping
frequencies and pressures. For this paper a refined version of the steel-foil based
micropump introduced in [17] with a diameter of 20 mm, designed by Fraunhofer
Research Institution for Microsystems and Solid State Technologies (EMFT) in
Munich, was used. The pumps parameters allow a fast injection of a well-defined,
discrete volume of SPTIONs of up to 11.5pl per pump stroke. The stroke volume
can be controlled by changing the piezo actuator voltage enabling a variety of
amplitude levels.

We used the described micropump to achieve AM in a molecular commu-
nication testbed with SPIONs for the first time. Together with a comprehen-
sive coding scheme, employing two-dimensional grey code and symbol detection
based on machine learning, the achievable data rate was doubled in comparison
to previous setups using OOK.

In the following, we will first describe the testbed setup and its individual
components. Then we will present the methods used to encode and decode data,
as well as the achieved data transmission in the experimental testbed. A discus-
sion of the results and an outline of future improvements concludes the article.

2 Testbed

The testbed can be separated into the four hardware components information
carriers, transmitter, channel and receiver. The principle setup was first de-
scribed in [16].

2.1 Information Carriers

Information is transmitted in the testbed by changing the concentration of SPI-
ONs. Due to their superparamagnetic properties they can be detected as change
of a coils inductance. In our case we used particles with a hydrodynamic diame-
ter of 50 nm, a specific susceptibility of 8.78 x 1073 for an aqueous solution with
a concentration of 1 mgFeml™' and a coating of lauric acid. They were synthe-
sized by the Section for Experimental Oncology and Nanomedicine (SEON) of
the University Hospital Erlangen.
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2.2 Transmission Channel

A flexible tube with an inner diameter of 1.52mm is used as the transmission
channel. A constant background flow of water is provided by a peristaltic pump
(Ismatec ISM596D) with a flow rate of 10 ml min~!. SPIONS are injected into the
transmission tube as described in section 2.3 and travel a distance of 5cm to the
receiver. Due to laminar flow the injected nanoparticles are spread out axially
along the transmission channel, causing inter-symbol interference for repeated
injections.

2.3 Transmitter

The transmitter consists of a steel micropump, manufactured by Fraunhofer
EMFT in Munich, and a venous cannula.

The pump has a height of 1 mm, a diameter of 20 mm and moves a volume of
11 ul per full stroke. Due to its high flow rate of up to 20 mlmin—! (for water), and
high pressure tolerance of 60kPa, it is ideal for use in the testbed environment.
As can be seen in Fig. 1 and 2, the micropump is composed of a coin shaped
steel base plate, three steel foils and a piezo actuator disc. Two steel foils are
laser-welded on top of the base plate to create passive inlet- and outlet valves and
valve seats. The third steel foil closes the top of the pump chamber. The piezo
actuator is glued onto the pump chamber with a patented process described
in [7].

The piezo actuator is driven with a rectangular voltage signal. The stroke
volume can be adjusted by varying the voltage amplitude: A signal alternating
from —80V to 4300V results in a full stroke with an approximate volume of
11 ul. For an input signal with a reduced voltage swing of —80V to +150V a
volume of approximately 6 nl is expedited per stroke.

A venous cannula with an inner diameter of 0.8 mm is used to inject the
nanoparticles into the transmission channel. The cannula is placed so that the
injection occurs in the middle of the channel in the same direction as the back-
ground flow.

The amount of SPIONs that are introduced into the background channel
in each symbol interval is varied to achieve different amplitude levels. As the
micropump is operated at a significantly higher rate (40 Hz) than the symbol
frequency (maximally 3.5Hz), multiple pump strokes are observed as an indi-
vidual injection with higher volume. Furthermore, the injected volume per pump
stroke can be controlled. We therefore chose six different amplitude levels with
steps of a half stroke (approx. 6 pl) ranging from no injection (0pl) to two and
a half strokes (approx. 28 pl) per injection.

2.4 Receiver

The transmission channel is passed through a custom made coil at the receiver.
Due to the magnetic properties of the SPIONs the coil inductance changes as the
nanoparticles pass through it. In a parallel circuit this change of inductance can
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(a) The pump consists of a steel base plate (1), passive inlet (2) and outlet (3) valves, an
actuator diaphragm (4) and the piezoelectric actuator (5). Here the initial state, when
no voltage is applied to the actuator, is shown. The mounting process leads to a pre-bent
piezo actuator and actuator diaphragm.
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(b) Applying a negative voltage of —80V to the actuator causes the diaphragm to bend
upwards and the pump chamber is filled.
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(c) With a positive voltage in the range of 80 V to 300 V the diaphragm is bent down-
wards and the liquid in the pump chamber is ejected through the outlet valve.

Fig. 1. Schematic cross-section of the used steel micropump shown for the three dif-
ferent actuation states.
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Fig. 2. Pictures of the steel micropump showing the top with the piezoelectric actuator
(left) and the steel base plate (right). The pump has a diameter of 20 mm.

be observed as a shift of resonance frequency that is measured using the LDC1612
from Texas Instruments. The receiver setup and capabilities were presented in [2].
The change in resonance frequency depends on the amount of SPIONSs inside the
detection coil, allowing for differentiation of various amplitude levels.

3 Data Transmission

Data transmission in the testbed is achieved by encoding binary data in six
different amplitude levels (as described in section 2.3) that are detected at the
receiver and decoded using machine learning classification.

3.1 Encoding

Each transmitted symbol has six possible amplitude levels (0 to 5). Words are
constructed of two symbols with one amplitude level each. Binary data is rep-
resented by encoding five bits to one word. When encoding all possible 32 com-
binations of five bits to two symbol words (36 possible combinations), 4 unused
words remain. In future these may be used for transmission synchronisation or
other control commands. In our case these remaining code words are used to
increase the distance between similar amplitude levels. Furthermore, to reduce
bit errors in scenarios where a detected amplitude level is incorrect but close to
the actually transmitted level, a two-dimensional grey code is applied, changing
only one bit for neighbouring words. Table 1 shows the complete encoding.
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Table 1. Encoding table for the representation of 5 bits using words consisting of two
symbols (So and S1). To reduce bit errors for similar amplitude levels neighbouring
words have only a single bit change. The four remaining words in blue are not used for
transmission. A neighbouring bit sequence was arbitrarily chosen for decoding.

S1
So 0 1 2 3 4 5

00000 00001 00011 01011 01001 01000
00100 00001 00010 01010 01001 01100
00101 00111 00110 01110 01111 01101
10101 10111 10110 11110 11111 11101
10100 10001 10010 11010 11001 11100
10000 10001 10011 11011 11001 11000

UL W N~ O

To enable simple detection, each transmission is initiated and terminated
with a symbol of maximal amplitude (value 5).

3.2 Decoding

The recorded signal is decoded using machine learning in a Matlab (The Math-
Works, Inc.) script. First, a moving averaging filter with a length of two samples
is applied to reduce noise and the amount of data points is increased to 100 Sas™!
with cubic spline interpolation. Next, a zero baseline is determined as the mean
value of two symbol intervals before injection of SPIONs. The initial synchro-
nisation peak is set to the first local maximum after a threshold at half of the
maximal signal amplitude is exceeded. This peak is used to determine the fixed
symbol intervals with a known duration. To accommodate for transmission tim-
ing inaccuracies, the symbol intervals are resynchronised at the highest available
peaks that are at least five symbol intervals apart and exceed the initial detection
threshold.

For each symbol interval three signal parameters, which were determined by a
feature selection algorithm, are calculated. First, local maxima inside the symbol
interval are searched. For the peak with the largest amplitude the height of the
rising and falling edges are calculated by determining the minimal amplitude
within one symbol interval before and after the peak. In addition, the absolute
amplitude value is also recorded. If no local maximum is found, the symbol
amplitude is set to the minimal amplitude inside the symbol interval. Fig. 3
shows a section with eight symbols of a sample transmission, demonstrating
detection of the prediction parameters. As inter-symbol interference causes a
changed baseline for each symbol interval, the application of fixed threshold
values to differentiate between multiple amplitude levels is not possible.

The rising and falling edge heights are normalised to the values of the initial
synchronisation peak and then passed to a classification predictor together with
the amplitude levels. A discriminant analysis model fitted to a training sample
sequence with a total of 204 symbols is used for classification. An individual
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Fig. 3. Sample transmission sequence section with eight symbols. The symbol intervals
are shown with dashed lines and are annotated with the transmitted amplitude level.
Peaks are detected and the parameters peak amplitude (purple), rising edge height
(green) and falling edge height (red) determined for each symbol interval. The param-
eter detection is shown exemplary for two symbols.
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model was trained for each symbol rate (2 Hz to 3.5 Hz) with the ‘fit discriminant
analysis classifier’ algorithm in Matlab. Fig. 4 shows the spread of the three
prediction parameters in the training sequence for a symbol rate of 2 Hz. The
high deviation of the predictor parameters with overlapping areas does not allow
for simple threshold detection. By using the combined information of all three
parameters in a machine learning model a good prediction of the transmitted
symbol can be made.

4 Results

4.1 Injection Volume Correlation

In a first step, the correlation between injected volume of SPIONs and detected
shift in resonance frequency is of interest. To determine this relation a series of
injections were performed with the micropump ranging in volume from one to
five pump strokes. Between each injection a pause, sufficient to ensure a return
to zero, was made. Fig. 5 shows the detected resonance shift, normalised to the
maximal value, in relation to the normalised injection volume. As expected, a
linear relation between the detection signal and the injection volume can be
observed. Therefore, detection of different amplitude levels is possible.

4.2 Data Transmission

Information en- and decoding was evaluated for four different symbol rates rang-
ing from 2Hz to 3.5 Hz in steps of 0.5 Hz, each with a random sequence of 2000
bits. Due to restrictions for the micropump driver the sequence was split into
four transmissions of 100 symbols. Each sequence was decoded as described in
section 3.2 and the binary output evaluated for bit errors.

Fig. 6 shows a sample transmission section consisting of eight symbols. All
words (i. e. symbol tuples) but one were decoded correctly. Due to the choice of
coding only a single bit error results from the incorrectly detected word.

In Fig. 7 the average symbol and bit error probabilities are shown for the four
different symbol interval durations. No significant correlation between reduced
symbol intervals and an increase of decoding errors can be observed. As can be
seen in Fig. 8, symbol detection errors are restricted to a single value offset in
most cases. Due to the choice of coding, only a single bit error occurs for such
a single value detection offset. The result is a significantly lower bit error rate
(20 % for a single word with a typical symbol error) than symbol error rate (50 %
for a single word with one detection error).

From an information theory perspective our transmission from encoding to
decoding can be regarded as a binary symmetric channel, implying equal prob-
abilities for bit errors independent of bit value. The capacity of such a channel
with a given error probability f is

Ctf) =1~ (flogy 3 + (1= Piogs 1= ). )
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Fig. 4. Distribution of the three predictor parameters rising edge height, falling edge
height and peak amplitude for a training set of 204 symbols. Although the mean values
marked in red show a clear tendency, definite detection thresholds cannot be set due
to the high deviations.
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Fig. 5. Resonance shift at the receiver in relation to injection volume for 24 individual
injection bursts. Each burst consists of one to five pump strokes. A linear relation
between the received signal and the transmitted volume of SPIONs can be observed.
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Fig. 6. Sample transmission sequence section with eight symbols. The detected symbol
values for each interval and the decoded words are shown. The second transmitted
symbol value (2) was incorrectly detected as 1. However, as neighbouring words differ
only by a one bit the selected coding restricts the decoded binary word to a single bit
€rror.
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The noisy-channel coding theorem provides an upper boundary for achievable
effective data rate given a channel capacity and the tolerable bit error rate
(BER) [11]. This effective data rate is given by

C 1 1

where R is the code rate. Using (2) we can calculate the possible effective data
rates for both the transmission scenario using AM and previous results with
OOK presented in [2].

Fig. 9 shows the calculated values for the various symbol intervals and mul-
tiple tolerable BER scenarios. Although different symbol intervals were inves-
tigated in [2], the possible effective data rates can be compared to the results
presented here. For a symbol interval of 0.4s and a tolerable BER of 1% an
effective data rate of 3.9 bits~! is achievable using AM. With the same param-
eters the data rate was restricted to 2.3 bits~! using OOK. Of the investigated
intervals, the maximal data rate using AM is reached at a symbol interval of
0.29s and is 4.5 bits™! for a remaining BER of 1%. This is close to double the
value achievable with OOK in [2].

5 Conclusion

A micropump was successfully used as a transmitter in the provided molecular
communication testbed. Due to the pumps capabilities, six different amplitude
levels could be differentiated at the receiver by modulating the volume of SPIONs
injected in one symbol interval. With machine learning and an adapted coding
a bit error probability of 10.3 % was achieved.

As no significant increase of bit errors for reduced symbol intervals was ob-
served, a further increase of symbol rate and therefore effective data rate is
possible and will have to be investigated in future work. Limiting factors may
be the increase of inter-symbol interference due to laminar flow and the sensor
sample rate.

In comparison to data transmission using on-off keying presented in [2] the
achievable effective data rate was doubled.

In future work improvements may be made on both the coding scheme and
the testbed setup. In particular, an increase of the sensor sample rate and an
optimisation of the used coils is of interest. Symbol encoding could be optimised
to ensure larger amplitude changes and therefore reduce bit errors. Finally, the
machine learning model used for detecting amplitude values could be improved
with a significantly larger training set.
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