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Abstract—Experimental systems are necessary to validate and
improve theoretical molecular communication models. We pro-
pose an analytical model for a biological modulator based on
genetically modified Escherichia coli (E. coli) bacteria which
convert an electrically-controlled light signal into a chemical
response. Techniques from system identification and electrical
networks synthesis are used to model the complex biological
system. Compared to a simple reference model, a better fit to
the observed dynamics in the experimental data is obtained.

I. PROBLEM DESCRIPTION

Molecular communication (MC) is motivated by biomedical
applications such as targeted drug delivery. Moreover, the
interest in these applications has driven significant progress
in theoretical models and spawned first experimental systems
[1], [2]. These experimental setups are important to guide
the further development of theoretical models, which are
necessary for efficient analysis and design of MC systems.

In this work, methods from system identification [3] are
used to obtain an accurate representation of the measured
system responses of the experimental testbed proposed in [4].
The identified system is modeled as a second-order system
and an electrical network is used to represent the experimental
process. Furthermore, the individual network components are
given a biological meaning. First, the first-order reference
model from [4] is reviewed, which is not sufficient to cap-
ture all signal dynamics. Then, a general framework for the
derivation of a reference network from measurement data by
system identification and network synthesis is presented. The
benefits of the proposed model are shown based on simulations
of the proton concentration.

II. EXPERIMENTAL TESTBED

For MC systems, the dynamics of the chemical signal needs
to be fast and easy to control. Fig. 1 shows an experimental
interface for MC, based on protons as chemical signal carriers
as proposed in [4]. The signal modulator is a bacterial cell
expressing Gloeorhodopsin (GR). The membrane protein GR
is a light-dependent proton pump. In the natural environment
of a cell, a proton is pumped into the periplasmic space by the
energy of one photon within 40 µs and the regeneration back
to the ground state takes around 15 ms. In the experimental
testbed, the bacteria are used without the outer membrane
layer. These cells are illuminated by green light driving a
proton translocation to the surrounding medium. The increase
of the proton concentration can then be measured by a pH
electrode.

Fig. 1. Biological Modulator model. Benchtop experimental setup [4].

During illumination the proton concentration increases until
saturation and turning the light off results in a decrease of the
concentration. The kinetics of illumination and regeneration
in the dark are dependent on cellular mechanisms. Pumping
protons out of the cell is an active and energy driven process.
During illumination the pressure of the rising proton gradient
drives protons passively inward. During regeneration in the
dark, only the passive, and therefore slower influx of protons
reaches saturation with the decreasing proton gradient until
the natural pH environment of the cell is fully recovered.

III. MODELING

Among several other assumptions, it is assumed in [4] that
the bacteria begin and stop pumping protons instantly with a
constant rate when the light is activated (i = 1) and deactivated
(i = 0), respectively. Furthermore, it is assumed that bacteria
take up protons passively with a constant rate. With these
assumptions, which are reasonable but do not strictly hold,
the proton concentration is obtained as [4]

cr(t) = cr(t0) + (c∞i − cr(t0))
(
1− exp

(
− t− t0

τi

))
, (1)

where cr(t0) is the initial concentration at starting time t0,
c∞i is the saturation concentration, and τi is a time constant.
The parameters cr(t0), c∞i , and τi of this model are found
using nonlinear least square error minimization to fit the
measurement data.

For the proposed modeling based on system identification,
the experimental process of the testbed is divided into two
phases:

(a) While the light is on, E. coli cells are pumping protons
into the suspension (red phase in Fig. 2, right hand side)
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Fig. 2. Left: Proposed circuit model of the experiment consisting of two systems with identical topology (R, G, L) and a shared capacitor. Red circuit:
Modeling the pumping of the protons into the suspension; Green circuit: Modeling the absorption of the protons by the cells; Capacitor: Bacteria surrounding
medium. ua, ub are the electrical equivalents of proton concentrations cH+,a, cH+,b. Right: Measurement (black) and modeling (solid red, green) result of
concentration cH+ (t) divided in the two phases of pumping and absorption.

(b) When the light is turned off, protons are absorbed by
the bacteria (green phase in Fig. 2, right hand side)

This division is motivated by the fact that the pumping and the
absorption are performed by different biological components.
Both phases are interpreted as the reaction of a second-order
system to a step in its source signal (here for phase a)

L{ua(t)} = Ua(s) =
a2a · s2 + a1a · s+ a0a
s (s2 + b1a · s+ b0a)

, (2)

where L{·} denotes the Laplace transformation. The volt-
ages u are used as the electrical equivalent of the proton
concentration cH+ . The coefficients of the systems in (2)
are estimated from the measurement data by a ”Simplified
Extended Instrumental Variable” approach [3].

After the identification and coefficient estimation, an equiv-
alent electrical network can be derived by network synthesis
methods. From several topological realizations possible, a
circuit is chosen, such that
• the topology can be related to the real biological system,
• the component values calculated from the estimated sys-

tem parameters are in a realistic range (e.g. positive).
The proposed topology is shown on the left hand side of
Fig. 2. Both phases (a, b) have the same topology consisting
of a voltage source uq, an inductance L and two resistive
elements R,G. The capacitor C in both circuits is shared, just
the initial states uC0 differ for switching purposes. The shared
capacitor represents the bacterial suspension in which protons
are pumped in by circuit a (red) and from which the protons
are absorbed by circuit b (green). For this reason, the nominal
value of the capacitance C is chosen to be a free parameter
in the component value estimation.

Exploiting the topology in Fig. 2, relations between the
estimated coefficients in (2) and the circuit components in
Fig. 2 are established (exemplary for circuit a)

a2a = uC0a, a1a =
Ra

Lada
, a0a =

uqa
CaLada

, (3)

b1a =
LaGa + CaRa

CaLada
, b0,a =

1

CaLada
, (4)

with da = RaCa +1. Similar relationships can be derived for
circuit b. The single components are calculated by rearranging
(3), (4) for R,L,G, uC0 while C is a free parameter. The
exact value of the capacitance will be related to the biological
properties of the bacterial suspension in our future work.
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Fig. 3. Experimental data (black line) and modeling results of a measurement
from the testbed [4]. Modeling cr(t) according to (1) (dashed blue line). Two
phases (a,b) of the modeling of cH+,a, cH+,b according to (2) - (4) (red,
green lines).

IV. SIMULATIONS AND FUTURE WORKS
Fig. 3 shows measurement data of the experimental testbed

(black line), the result of the reference model (1) (dashed
blue line) and the result of the proposed modeling technique
(red, green lines). As can be seen, the reference model is
not able to capture the complete dynamics of the proton
concentration. This is caused by the first-order character of
the reference model, which can not represent higher order
dynamics. However, the second-order model based on system
identification is able to reproduce the complete dynamics
of the proton concentration change. Additionally, the chosen
reference network in Fig. 2 is inspired by the biological
mechanisms in the testbed.

Our future works will address the relation between the com-
plete electrical topology and the biological system including
realistic component values and extensions of the system model
to capture non-linear behavior.
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