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Abstract—We study experimental data from a macroscale
molecular communication (MC) system in duct flow. The setup
utilizes chemically neutral magnetic nanoparticles for signaling
which can be easily injected and passively detected. For this
system, we propose a linear physically motivated parametric
analytical model and use it for sequence detection of on-off keying
modulation. We show that the proposed model provides a good
fit to the measurement data during training and generalizes well
for the detection of unknown data symbols.

I. INTRODUCTION

In macroscale molecular communication (MC), the nodes
can have sizes in the range of centimeters and the considered
environments can be in the range of several meters [1]. For
example, the use of macroscale MC is motivated in chemical
plants handling explosive gases or in water networks where
electromagnetic waves cannot efficiently propagate [2]. For
these types of applications, which typically involve fluid flow
in tubes (duct flow), we developed an experimental setup in [3]
which can be used to study injection, mass transport, and
detection in a single tube.

For this system, we propose a physically motivated paramet-
ric analytical model for the channel impulse response (CIR)
and apply it for sequence detection using the Viterbi algorithm
based on the least squares error criterion. Our measurements
show that for on-off keying modulation for a transmission
distance of 10.25 cm and a symbol duration of 1 s, there
is strong intersymbol interference (ISI) which necessitates
equalization. We note that ISI can usually not be avoided
in tube systems because of the non-uniform flow profile [4].
The proposed model shows very good agreement with the
measurement data. We use the estimated model pulse for
sequence detection and, for this measurement, observe error-
free detection of a sequence of 380 data symbols which proves
the applicability of the proposed model also beyond the training
phase.

II. EXPERIMENTAL SYSTEM

For the measurement, we consider the system shown in
Fig. 1a which works as follows. A background flow pump
generates a continuous stream of water fed by a water reservoir,
while an injection pump acts as the transmitter (TX) and
injects magnetic nanoparticles (MNPs) stored in a syringe
into a tube. The injected particles join the continuous water
stream via a Y-connector. The resulting change in magnetic
susceptibility of the water-nanoparticle mixture is measured by
a susceptometer, which serves as receiver (RX), and the liquid
is discarded afterwards by the tube into a waste container. For
modeling of the CIR, our goal is to find appropriate models
for characterizing the TX, channel, and RX.
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Fig. 1. (a) Photograph of the experimental setup (from [3]). (b) Abstract
system model with transmitter (TX), receiver (RX), and the assumed parabolic
flow profile.

1) Transmitter: Based on the injection, there is an initial
concentration of particles n0(x, y, z) where x, y, and z are the
standard Cartesian coordinates of a cylinder. For simplicity,
we model this initial particle concentration as

n0(x, y, z) = f(x, y)δ(z), (1)

where f(x, y) is the concentration of particles in the cross
section at the release position z = 0, and δ(z) is the Dirac
delta function. In particular, we model f(x, y) in the cross
section as a parametric rotationally symmetric function which is
piecewise constant in the radius and consists of Nr concentric
ring segments, each weighted with a coefficient fi, 0 ≤ i < Nr,
as is schematically shown in Fig. 1b (left) for 5 rings.

2) Channel: Based on the given physical system parameters,
the mass transport is dominated by laminar flow (Reynolds
number 71 < 2100 [3]). Hence, the particle concentration as a
function of space and time t is given by [4, Eq. (16)]

n(x, y, z, t) = n0(x, y, z − v(x, y)t), (2)

where v(x, y) is the flow velocity in z-direction which is
sketched as the parabolic curve between TX and RX in Fig. 1b
(middle).

3) Receiver: Our experiments show that the RX already
captures a signal when the MNPs are still outside but close
to the sensing region of the susceptometer. In summary, a
weighting function w(z) can be determined which weights the
concentration n(x, y, z, t) along the z-coordinate. Hence, we
model the received signal as

χ(t) =

∫ ∞
−∞

w(z − d) · n(x, y, z, t) dxdy dz, (3)



where d is the transmission distance. For brevity, function w(z)
is schematically shown Fig. 1b (right) and can be determined
experimentally.

Using the transmitter model in (1), the propagation model
in (2), and the receiver model in (3), the end-to-end received
signal for a single injection can be derived as

χ(t) =

Nr−1∑
i=0

figi(t), (4)

where the functions gi(t) are the system responses for each
individual ring segment i.

Finally, assuming a linear channel, we arrive at the following
standard model for the received signal

y(t) =

Nsymb−1∑
k=0

a[k]χ(t− kT ), (5)

where χ(t) is given in (4), T is the symbol duration, and a[k] ∈
{0, 1}, 0 ≤ k < Nsymb, are the Nsymb transmitted symbols.
We note that the model in (5) is linear in the coefficients fi
via (4).

In the following, the assumption of a linear channel is further
evaluated. To this end, we use the model in (5) to estimate the
coefficients fi based on experimental data.

III. NUMERICAL EVALUATION

For the measurement with the system in Fig. 1a, we consider
a transmission distance of d = 10.25 cm, a duct diameter of
1.5 cm, a flow velocity of 56.6mms−1 in the duct center (see
Fig. 1b (middle)), and a symbol duration of T = 1 s. For
a[k] = 1, a volume of 14 µL MNP suspension with a magnetic
susceptibility of 3× 10−3 (SI) is injected at time t0 + kT
during a time interval of 0.16 s, where t0 = 2 s is an initial
time offset. For channel estimation and sequence detection, 4
equally-spaced samples per symbol interval are considered.

In Fig. 2, we show the received signal for the first 20
symbol intervals following the transmission of Nsymb = 400
symbols (Ntrain = 10 training symbols, Ntail = 10 zero
symbols at the end, and 380 data symbols). We also show
the estimated underlying CIR pulse shape in (4) and the
corresponding reconstructed signal in (5) which is based on the
Ntrain training symbols as well as the following 10 detected
data symbols. For estimation of the underlying pulse shape,
the signal for t ∈ [2 s, 12 s] corresponding to the Ntrain = 10
training symbols is used for fitting the Nr = 10 coefficients
fi via (5). In particular, we use the simple linear least-squares
criterion with the constraint fi > 0 because the model in
(5) is linear in the coefficients fi. The estimated CIR is then
used for sequence detection employing the Viterbi algorithm.
In the received signal, we observe severe ISI. Nevertheless,
the signal reconstructed from (5) fits reasonably well to the
measured data also after the training phase, t ∈ [12 s, 22 s],
which gives confidence in the proposed linear channel model
in (5). Moreover, this good fit also extends beyond the shown
20 symbols, i.e., for the remaining 380 symbols because we
obtained an error-free detection for this measurement. One
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Fig. 2. Received signal after transmission of the 20-bit sequence
“11100101101111001101” (bit interval boundaries are dashed). The first 10
symbols are training data used to estimate the pulse shape. The estimated
pulse shape is used for generation of the reconstructed curve.

explanation for the good performance of the sequence detector
is that despite the strong ISI, for the considered channel,
eventually all released molecules are observed, and hence there
is no power loss.

IV. CONCLUSION AND FUTURE WORK

The numerical results suggest a linear channel for the
experimental system and the measurements fit well with the
proposed analytical model. Moreover, sequence detection using
the proposed model together with the Viterbi algorithm proves
very effective for reliable transmission. As an outlook, the
proposed physics-based model lends itself to estimation of
parameters such as the transmission distance which will be
studied in future work. Moreover, the system will be extended
to a network of interconnected tubes of different sizes to mimic
various real-world applications.

ACKNOWLEDGMENT

This work was supported in part by the German Federal
Ministry for Education and Research (BMBF) under the
MAMOKO project.

REFERENCES

[1] N. Farsad, H. B. Yilmaz, A. Eckford, C. B. Chae, and W. Guo, “A com-
prehensive survey of recent advancements in molecular communication,”
IEEE Communications Surveys Tutorials, vol. 18, no. 3, pp. 1887–1919,
3rd Quart. 2016.

[2] Z. Sun, P. Wang, M. C. Vuran, M. A. Al-Rodhaan, A. M. Al-Dhelaan, and
I. F. Akyildiz, “MISE-PIPE: Magnetic induction-based wireless sensor
networks for underground pipeline monitoring,” Ad Hoc Networks, vol. 9,
no. 3, pp. 218–227, May 2011.

[3] H. Unterweger, J. Kirchner, W. Wicke, A. Ahmadzadeh, D. Ahmed,
V. Jamali, C. Alexiou, G. Fischer, and R. Schober, “Experimental molecular
communication testbed based on magnetic nanoparticles in duct flow,” in
Proc. IEEE SPAWC 2018, Jun. 2018, pp. 1–5.

[4] V. Jamali, A. Ahmadzadeh, W. Wicke, A. Noel, and R. Schober, “Channel
modeling for diffusive molecular communication – A tutorial review,”
submitted for publication, Dec. 2018.


