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Abstract—The objective of Wireless Underground Sensor Net-
works (WUSNs) is to establish an efficient wireless communication
in the underground medium. A magnetic induction (MI)-based
signal transmission scheme has been proposed to overcome the
very harsh propagation conditions in WUSNs. Due to a much
lower vulnerability to the environmental changes, the MI tech-
nique has been shown to improve the system performance in
terms of achievable data rates and coverage compared to the tra-
ditional EM wave based transmission. Two different approaches
are known from the literature: direct MI transmission and MI
waveguides, where many resonant relay circuits are deployed in
the latter between the two nodes to be connected. In this work,
digital transmission schemes are investigated for MI-WUSNs
employing these two approaches. The influence of transmission
parameters like symbol duration and modulation scheme are
studied and new methods for their optimization are proposed. In
this context, significant gains can be achieved compared to the
naive straightforward approaches.

Index Terms—Underground communications, magnetic induc-
tion based transmission, wireless sensor networks, digital signal
processing.

I. INTRODUCTION

THE OBJECTIVE of Wireless Underground Sensor Net-
works (WUSNs) is to establish an efficient wireless com-

munication in the underground medium. Typical applications
for such networks include soil condition monitoring, earth-
quake prediction, border patrol, etc. [2], [3]. Since the propaga-
tion medium is soil, rock, and sand, traditional wireless signal
propagation techniques using electromagnetic (EM) waves can
only be applied for very small transmission ranges due to a high
path loss and vulnerability to changes of soil properties, such as
moisture [4], [5].
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Magnetic induction (MI) based communication has been
already investigated in various works, mostly in the context of
near-field communication (NFC) and wireless power transfer
[6]–[13]. These studies provide some insight into design aspects
of point-to-point MI based signal transmissions.

MI based WUSNs were first introduced in [3] and make use
of magnetic antennas implemented as coils, which can be com-
bined in waveguide structures with several passive relay devices
between two transceiver nodes according to [14]–[17]. Similar
to traditional wireless relaying concepts, the MI transmission
benefits from a lower equivalent path loss. Consequently, the
transmission range can be greatly increased compared to the
EM waves based approach for WUSNs [3].

In previous work, some efforts have been made to character-
ize the channel conditions of MI-based transmission. Magneto-
inductive waveguides with metamaterials are considered in
[16], where the signal is described as an MI wave traveling
through the channel. Based on this a corresponding noise model
is proposed in [18]. Some channel models for MI-WUSNs with
frequency-selective path loss are introduced in [9], [14], and [19].
More realistic channel and noise models for a point-to-point
transmission are derived in [20]. These models incorporate the
losses due to the transmission medium and the power reflections
between the coils. Furthermore, it is shown that a transmission
through a conductive medium like soil can only be established
using a carefully optimized set of system parameters. Based on
this work [20], different sets of optimal parameters are proposed
in [21] for MI waveguides with a high relay density in WUSNs.
In [22], a set of system parameters is determined for direct MI
transmission (without relays) for maximizing the throughput
of WUSNs. The previous works mostly consider the channel
capacity as a performance measure. However, the real methods
of digital transmission for WUSNs have not been published yet.

In this work, to establish a fundamental insight into the
transceiver design for MI-WUSNs, we employ the system mod-
eling strategies from [20], which provide sufficient information
about the channel characteristics. According to [20], due to the
losses in the medium, MI waveguides with low relay densities
are not applicable, because even for the optimal system parame-
ters the resulting channel capacity of such links is below that of
the direct MI transmission with no relays deployed. However,
if the relay density is large, the coupling between coils is strong
enough to cope with losses, resulting in an increased channel
capacity. Therefore, we investigate two cases:

1) direct MI transmission with no relays used and
2) MI waveguides with a high relay density of ≈ 1 Relay

3 m .
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Furthermore, we extend the existing channel and noise mod-
els by taking into account the inhomogeneity of the trans-
mission medium, which heavily affects the MI waveguides
based transmissions. This issue has been frequently overlooked
in the previous studies by assuming a medium with constant
properties over space and time. However, a practical system
needs to be able to cope with these imperfections.

In summary, we address the issues mentioned in the
following.

• We derive more general channel and noise models,
which incorporate the influence of the medium in-
homogeneity that can become crucial for the signal
transmission, especially in case of MI waveguides.

• For the two cases described above (direct MI trans-
mission and MI waveguides), we determine the most
efficient transmission bandwidth, which implies also
the symbol duration.

• We analyze the performance of the MI based transmis-
sion by means of the signal-to-noise ratio per trans-
mitted data symbol in order to determine the optimal
modulation scheme, which is still an open issue for
underground communication [3].

• For each type of transmission channel, we show an
approach to minimize the data rate losses due to modu-
lation schemes with finite alphabet size.

• Furthermore, we investigate how a modulation scheme
should be chosen according to the performance require-
ments and in case of environmental changes. To this
end, we consider block based transmissions with the
possibility of a retransmission in case of a block error.

• We extend the proposed approaches by taking into
account error propagation in the capacity achieving
decision-feedback equalization scheme and the need
of utilizing training sequences for a stable signal de-
tection and channel estimation. This provides a solid
background for future transceiver design and system
adaptation.

To enable a coded transmission, a proper coding scheme has
to be chosen. For WUSNs, the encoder and decoder design will
differ from the designs for traditional cellular systems, since
the complexity of both transmitter and receiver should be low
from the perspective of the energy consumption. Hence, the
choice of the code can be seen as an optimization problem with
practical constraints with respect to, e.g., target error rate, code
rate, and complexity. This issue requires further exhaustive
investigations, which are beyond the scope of this work. Thus,
we focus on modulation schemes and filter design for uncoded
transmission, which should provide a good basis for the future
development of coded transmission in WUSNs.

This paper is organized as follows. In Section II, the sys-
tem model is presented and the signal processing components
within the MI transceivers are specified. In Section III, modula-
tion and equalization for MI based transmission are addressed
and the key solutions are given. Section IV provides simulation
results and Section V concludes the paper.

Fig. 1. MI waveguide with unequal coupling between coils.

II. SYSTEM MODELING

Similar to [14], we assume that the waveguide structure
contains one transmitter circuit with a voltage source Ut, one
receiver circuit with a load resistor RL, and (k − 1) passive
relays, which are placed equidistantly between the transceivers,
as shown in Fig. 1. If no relays are deployed, the transmitter
induces the voltage directly into the receiver circuit. Each
circuit includes a magnetic antenna (which is realized by a
multilayer air core coil), a capacitor C, and a resistor R (which
models the copper resistance of the coil and depends on the
wire radius). The inductivity of a multilayer coil is given by
[23], [24]

L =
21μN2a

4π

(
a

l + h

)0.5

, (1)

where N denotes the number of windings, a is the radius of the
coil, l = 0.5 a is the length of the coil [23], h is the height of the
windings over the coil surface, and μ denotes the permeability
of the soil. The copper resistance of the coil is given by [23]

R = ρ · lw
Aw

= ρ · 2aN
r2w

, (2)

where ρ ≈ 1.678 · 10−2 Ω · mm2/m is the copper resistivity, lw
denotes the total wire length, Aw is the cross-section area of the
wire, and rw is the radius of the wire. The capacitance of the
capacitor is chosen to make each circuit resonant at frequency
f0 [14], i.e., C = 1

(2πf0)2L
. We do not consider parasitic effects,

such as skin effect in windings, proximity effect, and parasitic
capacities, which may occur in circuit elements at very high
frequencies. Instead, it is assumed that in the frequency band
used for transmission the influence of these effects is negligible.
The induced voltage is related to the coupling between the coils,
which is determined by the mutual inductance [25]

Mn = μπN2 a4

4r3n
· Jn ·Gn, (3)

where rn denotes the distance between coil n and n+ 1.
Jn represents the polarization factor, which depends on the
alignment of the coils [22]. Gn is an additional loss factor due
to eddy currents as pointed out in [20]. This effect yields an
exponential decrease of the field strength with the transmission
distance similar to the skin effect in copper wires [26]. In the
following, the total transmission distance is denoted by d.

Because all involved signal mappings are linear for MI based
transmission, a linear channel model results.
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A. Channel and Noise

Here, we derive more precise and valid channel and noise
models than the currently existing ones, e.g., [20], in order to
take into account the effect of possible medium inhomogene-
ity. Basically, the usual assumption of a fully homogeneous
medium with constant properties seems to be not always valid
due to the inhomogeneous nature of soil, irrigation, plants, etc.
In particular, non-uniform distribution of the water content in
soil is very intuitive and is also the reason for utilizing WUSNs
in agriculture, see Section I. Obviously, this non-uniform dis-
tribution of water affects the conductivity of the medium. Since
the path loss of MI based transmissions heavily depends on the
conductivity [20], the variation of medium properties (water
content) can dramatically change the frequency-selectivity of
the transmission channel and the overall system performance.
Hence, a precise modeling of these effects is needed in order
to design a robust communication system. In the following, we
investigate the influence of a variation of the medium properties
on the direct MI transmission and on the MI waveguides based
signal propagation.

1) Direct MI Transmission: For the direct MI transmission,
the inhomogeneity only affects the conductivity based loss
factor Gn = G0 in (3). Hence, the channel transfer function can
be given according to [1]

H(f) =
IkRL

Ut
=

xL

x2 − 1 + x · xL
, (4)

with Z = R+ j2πfL+ 1
j2πfC , x = Z

j2πfM0
, xL = RL

j2πfM0
,

and with the current flow in the receiver circuit Ik. Furthermore,
(4) already incorporates the well known effect of frequency
splitting in MI based communication channels [27]. This effect
becomes significant in the near field of the induction coils, in
case of strong coupling. Then, the magnitude of the denomina-
tor in (4) has two minima at two different frequencies around
the resonance frequency. In case of weak coupling, H(f) in
(4) can be approximated by H(f) ≈ j2πfM0·RL

Z2+Z·RL
with only one

maximum at the resonance frequency. For direct MI based trans
missions, the coupling between coils is weak due to large
distances between coils. Hence, frequency splitting does not
occur.

Assuming that the strength of the magnetic field decreases

due to the losses in the medium according to e
−Δri

δi for prop-
agation through the soil with the skin depth δi over a distance
Δri with

∑
i Δri = d, the total decrease of the field strength

can be described by

G0 =
∏
i

e
−Δri

δi = e
−
∑

i

Δri
δi . (5)

For a given transmission distance d and Δri → 0, we obtain

G0 = e
−
∫ d

0

1
δ(r)

dr
, (6)

where δ(r) represents the skin depth at the distance r from
the transmitter. If we express the resulting loss factor G0 by

means of G0 = e
− d

δtotal , the equivalent skin depth of the total

transmission link can be given by

δtotal =
1

1
d

∫ d

0
1

δ(r)dr
, (7)

which is the harmonic mean value of the local conductivities
δ(r) of the medium between the transmitter and the receiver.
This result is quite intuitive, since the harmonic mean value is
more vulnerable to the small values of the local skin depth,
which can be seen as bottlenecks for the propagation of the
magnetic field. G0 as defined in (6) is then used in (3) instead
of the loss factor of a homogeneous medium.

The receive noise power density spectrum for direct MI
based transmission can be obtained as a special case of the
noise power density spectrum for MI waveguides, which will
be derived in 2).

2) MI Waveguides: For the MI waveguides, one additional
reason for the changes in propagation characteristics compared
to the propagation assumed at the system design stage is due
to the deployment imperfections. Here, small misplacements of
the coils and their misorientation may lead to additional signal
reflections, which have not been considered in any previous
works on MI waveguides based systems.

We start with the assumption of constant circuit elements,
which are the result of mass production, thus its tolerances are
negligibly small. Therefore, the only difference compared to
the assumptions of the channel models proposed in [20] are
unequal magnetic couplings between any two adjacent coils of
the waveguide. We denote the mutual inductance between coil
n and n+ 1 as Mn, cf. (3). Similarly to [20], we start with the
basic voltage equation in the receiver

(Z +RL)Ik − j2πfMk−1Ik−1 = 0, (8)

where In stands for the current flow in coil n, such that Ik
is the current flow in the receiver circuit, as shown in Fig. 1.
Furthermore, we define xn = Z

j2πfMn
and xL,n = RL

j2πfMn
. In

addition, we utilize the voltage equation for circuit n

Z · In − j2πfMn−1In−1 − j2πfMnIn+1 = 0. (9)

Using a similar recursive current calculation like in [20], we
arrive at

In = In−1 ·
S(k − n)

S(k − n+ 1)
, (10)

where the function S(m) is defined in the following way:

S(m) = xk−mS(m− 1)− Mk−m+1

Mk−m
S(m− 2),

∀0 ≤ m ≤ k − 1, S(0) = 1, S(1) = xk−1 + xL,k−1. (11)

with M−1 = M0. Obviously, for Mi = M0 ∀i, the resulting
function S(m) is identical with the corresponding function
proposed in [20]. Similarly to the reverse calculation provided
in [20], the current flow in the transmitter and receiver circuits,
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I0 and Ik, respectively, can be calculated as

I0 =
Ut

j2πfM0
· S(k)

S(k + 1)
, (12)

Ik =
Ut

j2πfM0
· 1

S(k + 1)
. (13)

Hence, the channel transfer function H(f) is given by

H(f) =
IkRL

Ut
=

xL,0

S(k + 1)
. (14)

For simplicity and without loss of generality, we assume in the
following that all coils of the waveguide are placed equidis-
tantly between transmitter and receiver. In the special case of
weak couplings between coils, which leads to xn � 1 ∀n, the
resulting transfer function can be approximated by

H(f) ≈ xL,0

x0 · (xk−1 + xL,k−1) ·
∏k−2

n=0 xn

∝
k−1∏
n=0

Mn. (15)

Hence, assuming that all parameters except for the environ-
mental ones remain constant, the overall skin depth can be
expressed by

δtotal =
1

1
k

∑k−1
n=0

1
δn

, (16)

where δn denotes the skin depth between coils n and n+ 1.
This skin depth can be expressed in terms of (7), where the
integration ranges from dn to dn+1. Here, dn denotes the
distance of the coil n from the transmitter coil. Inserting (7)
in δn in (16) yields therefore

δtotal =
1

1
k

∑k−1
n=0

k
d

∫ dn+1

dn

1
δ(r)dr

=
1

1
d

∫ d

0
1

δ(r)dr
, (17)

which is identical with (7). This result is not surprising, since
as described in [20] weakly coupled MI waveguides have a
very similar behavior as a direct MI transmission. For strongly
coupled waveguides, the approximation (15) is not valid, such
that a total skin depth δtotal does not exist and no conclusion
about the vulnerability of the waveguide to the inhomogeneity
of the medium can be made. For all following results, we
assume that the medium is homogeneous between any pair of
neighboring coils but may vary from pair to pair.

The noise power density spectrum is obtained via summa-
tion of the contributions from the noise sources within the
waveguide. Due to a strong coupling between the coils for the
optimal choice of the system parameters, noise contributions
of all sources need to be taken into account. In this work, we
focus on the thermal noise, which occurs in the copper wire
of the coils and at the load impedance in the receiver circuit.
The noise signals are modeled as voltage sources UN,n ∀n for
the respective coils. Therefore, we need to modify the voltage

equations given above as follows:

(xk−1 + xL,k−1)Ik − Ik−1 +
UN,k

j2πfMk−1
=0, (18)

xn−1In − In−1 −
MnIn+1

Mn−1
+

UN,n

j2πfMn−1
=0, (19)

∀ 1 ≤ n ≤ k − 1.

After several substitution and reordering steps, we obtain

I1 = I0 ·
S(k − 1)

S(k)
−

k−1∑
m=0

UN,k−m

j2πfM0
· S(m)

S(k)
. (20)

By using the modified voltage equation of the transmitter circuit
and exploiting the superposition principle, such that the source
of the useful signal is replaced by a short-cut, the noise current
flow in the transmitter can be obtained via

I0 =
k∑

m=0

UN,k−m

j2πfM0
· S(m)

S(k + 1)
. (21)

Correspondingly, the noise current flow in the receiver is
given by

Ik =

k∑
l=0

∑k−l
m=0 UN,k−m · S(m)

j2πfMl−1 · S(k − l) · S(k − l + 1)
. (22)

The receive noise power density spectrum at the load
impedance of the receiver is obtained via summation of the
noise contributions from all coils. The power spectral density
of the assumed Johnson-noise [28] produced by resistor R is
given by 4KBTKR at any frequency f , where KB ≈ 1.38 ·
10−23 J/K is the Boltzmann constant, TK is the temperature
in Kelvin (TK = 290 K in this work), and E{·} denotes the
expectation operator. In addition to the noise signals from the
wire resistors R, there is a noise contribution from the load
resistor RL in the receiver circuit. Hence,

E {Pnoise(f)} = E {PN,R(f)}+ E {PN,RL
(f)} , (23)

E {PN,R(f)} =
4KBTKRRL

2

×
k∑

m=0

∣∣∣∣∣
k−m∑
l=0

|S(m)|
j2πfMl−1S(k − l)S(k − l + 1)

∣∣∣∣∣
2

, (24)

E {PN,RL
(f)} =

4KBTKR2
L

2

×
∣∣∣∣∣

k∑
l=0

1

j2πfMl−1S(k − l)S(k − l + 1)

∣∣∣∣∣
2

(25)

results for the receive noise power density spectrum, cf. [20].
For direct MI based transmissions, the receive noise power
density spectrum can be calculated as a special case of (23)
with k = 1.
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Fig. 2. Examples for MI-based transmission channels: (a) magnitude of fre-
quency response; (b) impulse response.

B. Examples of the Magnitude and Impulse Responses

Some examples for the transfer functions for different
constellations deployed in a homogeneous environment are
depicted in Fig. 2(a).1 It seems not possible to give a closed-
form solution for the corresponding impulse responses in time
domain shown in Fig. 2(b) which have been calculated by
numerical inverse Fourier transform. We observe a much more
frequency-selective magnitude response for the direct MI trans-
mission compared to the MI waveguides. In time domain, the
impulse responses of the MI waveguides are relatively short
(10-15 taps). In contrast, for the direct MI transmission, the
impulse response is very long (up to 105 taps). As known from
the literature [29], the frequency-selectivity of the direct MI
transmission does not change much in case of environmental
changes, such that only the varying attenuation needs to be
compensated. On the contrary, for the MI waveguides, these
changes may influence the power reflections between relay
coils, such that the resulting frequency-selectivity of the trans-
mission channel changes. To visualize this effect, we show the
magnitude and impulse responses for an MI waveguide for 50 m
transmission distance, which is optimized (using the methods,
which will be discussed later) for the operation in dry soil, see
Fig. 3(a) and (b). Here, we consider a completely dry soil, wet

1Here, the frequency in equivalent baseband has been normalized by 1
T

,
where T is the symbol interval, which has been independently optimized for
each MI based transmission channel with regard to the achievable data rate.

Fig. 3. Examples of the influence of soil moisture on MI waveguides:
(a) magnitude of frequency response; (b) impulse response.

soil, and cases of partially wet soil, where the water shed can
occupy 25%, 50%, or 75% of the waveguide length. Through-
out this work, dry and wet soil are assumed to comply with
parameters given in Section IV. These results are calculated
using (14) and a corresponding numerical Fourier transform in
order to obtain the impulse response. Of course, with weaker
couplings between coils the slopes of the magnitude response
become more and more steep. Correspondingly, the impulse
responses become longer and the peak point shifts more and
more in direction of the peak with purely wet soil. Interestingly,
not only the amount of water between transmitter and receiver
is important, but also the position of the shed. Therefore, we
distinguish between the water sheds (wet soil) placed at the
transmitter and at the receiver, cf. Fig. 3.

As mentioned earlier, signal reflections inside MI wave-
guides are inevitable due to the deployment imperfections. In
particular, not only the orientation of the coils is a crucial factor,
but even small shifts of the relays can dramatically change
the frequency-selectivity of the channel and deteriorate the
performance. To visualize this effect, an MI waveguide with
a total length of 50 m is optimized under the assumption of
an equidistant relay deployment. Then, each relay is randomly
shifted towards the transmitter or the receiver. This random shift
is governed by a normal distribution with a standard deviation
of 10 cm or 20 cm. In Fig. 4, some examples of the resulting
magnitude frequency responses and impulse responses are de-
picted, which are normalized by the maximum of the respective
response for equidistant (optimal) deployment. Obviously, the
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Fig. 4. Examples of the influence of random relay shifts on MI waveguides:
(a) magnitude of frequency response; (b) impulse response.

maximum distance between the relays increases with increasing
standard deviation. The corresponding path loss increases as
well and becomes a dominant factor for the performance of
MI waveguides. Hence, even with a small standard deviation of
20 cm, additional path loss of up to 12 dB can be observed.

For the system design and optimization, we consider dig-
ital transmissions in homogeneous medium in the following,
that can be assumed for environments with nearly constant
propagation characteristics. To guarantee the operability of the
system even in case of environmental (possibly inhomoge-
neous) changes, a channel estimation can be applied in order
to adjust the transmit power and/or filter coefficients of the
digital filters. This can be done either using the traditional
receiver-side channel estimation approaches or the transmitter-
side channel estimation for MI based communications of [29].
Furthermore, we address the problem of error propagation in
MI based signal transmissions, which makes the transmissions
of training sequences as part of each data block absolutely
necessary. These training sequences can be then used, e.g., for
the aforementioned channel estimation.

C. Optimal System Parameters

As it was shown in [20], the general optimization problem
of maximizing the channel capacity for MI based transmission
(both for direct MI transmission and MI waveguides) is non-
convex. However, suboptimal solutions for direct MI transmis-

sion and MI waveguides based transmission were proposed in
[22] and [21], respectively. We borrow the following equations
for the optimum frequency f0 from these works, assuming
an equidistant deployment in a homogeneous medium (usual
assumption for the system design).

1) Direct MI Transmission:

f0 =

(
2

d
√
πσμ

)2

, (26)

where σ denotes the assumed conductivity of the soil. The
number of coil windings N is set to the maximum value
restricted only by the coil size.

2) MI Waveguides:

f0 =
1

2π
√
L(N)C0

, (27)

where C0 stands for the minimum allowed capacitance of the
capacitor as pointed out in [20] and L(N) indicates that the
inductivity L depends on N . Here, a full search with respect to
the discrete variable N can be applied to maximize the channel
capacity.

D. Filter Design

In a practical system, the channel capacity from [20], [25],
or the network throughput from [21], [22], are not the proper
measures for the achievable data rate. Specifically, the transmit
pulse was usually assumed to comply with the water filling rule
which maximizes the channel capacity [30]. Such pulses are
not applicable in practice in general. Instead, a smooth band-
limited waveform is used for pulse shaping. Given the transmit
filter A ·Ht(f) with the amplification coefficient A, the total
consumed transmit power Pt results directly from (12),

Pt =
1

2

∫
B

|A ·Ht(f)|2

|j2πfM0|
|S(k)|

|S(k + 1)| df, (28)

where B is the bandwidth of the transmitted waveform. Factor
A can be determined to fulfill a given transmit power constraint.
The resulting achievable data rate can be calculated using
Shannon’s capacity equation2

Ra =

∫
B

log2

(
1 +

|A ·Ht(f) ·H(f)|2

E {Pnoise(f)} · (2RL)

)
df, (29)

where H(f) and E{Pnoise(f)} are defined in (14) and (23),
respectively.3

A realistic approach for the filter design utilizes a square-root
Nyquist transmit filter like a root-raised cosine (RRC) filter,
which however does not maximize the achievable data rate.
Though, the bandwidth of the filter is optimized in order to

2For a correct calculation, |A ·Ht(f) ·H(f)|2 needs to be divided by
(2RL), such that a received signal power density at the frequency f results.

3A part of the transmit power density spectrum, |S(k)|
|j2πfM0|·|S(k+1)| , is

already included in |H(f)|2, because the transmitter circuit is viewed as a part
of the transmission channel in MI-based links.
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maximize the resulting data rate. For receive filtering we em-
ploy the whitened matched filter (WMF) [31]. Here, the overall
channel becomes minimum-phase, and the noise after sampling
is white. Since the total transmission channel is frequency-
selective, an equalization scheme is needed for the signal detec-
tion. To avoid further losses in data rate, for our performance
investigations we use a decision-feedback equalization (DFE)
scheme, which minimizes the mean-squared error (MSE) of the
output signal (MMSE-DFE). For coded transmission, the use
of MMSE-DFE equalization should be avoided due to error
propagation. Instead, Tomlinson-Harashima Precoding (THP)
at the transmitter side is recommended [32].

III. MODULATION AND CODING

To provide specific design rules, we give recommendations
for selection of a modulation scheme and symbol rate. For a
given target symbol error rate (SERt), e.g., SERt = 10−3, and
a signal-to-noise ratio (SNR) at the output of the equalizer
SNReq , the constellation size M of the modulation scheme for a
maximum data rate under the given performance constraint can
be determined using the equations from [33], e.g., for MQAM -
ary QAM modulation type

SERt ≥ 4 ·Q
(√

3 · SNReqK

MQAM − 1

)
, (30)

where MQAM denotes the constellation size, Q(·) is the com-
plementary Gaussian error integral, and K stands for the coding
gain of the employed channel code [34]. This leads to

log2 MQAM =

⌊
log2

(
1 +

3 · SNReqK

c

)⌋
, (31)

with a constant c =
(
Q−1

(
SERt

4

))2
, where Q−1(·) represents

the inverse of the function Q(·). The 
·� operator is applied,
because we restrict our constellation sizes to powers of two.

The overall data rate equals Rd =
Rc log2 MQAM

T , where Rc is
the code rate and T denotes the symbol interval. If realistic
codes with finite lengths are applied in a practical system, the
corresponding coding gain K at the target SER should be used
for the calculation. The modulation scheme and the code itself
should be chosen to maximize the overall data rate. In addition,
the complexity of encoding and decoding is very crucial for the
low-power sensor nodes and needs to be taken into account, as
argued before. This issue is however beyond the scope of this
work. Therefore, in the following, uncoded transmission with
K = 1 and Rc = 1 is considered.

A. Problems of MI Based Transmissions

As mentioned before, we consider the direct MI transmission
scheme and the MI waveguide based scheme with a high relay
density in this work. There is a significant difference in the
nature of the two approaches. For the direct MI transmission,
the data rate is maximized, if the carrier frequency is low due
to the frequency dependent eddy currents effect. For MI wave-
guides, the optimal carrier frequency is much higher, because

the coupling between adjacent coils is much stronger due to
short distances between relay coils. In addition, the slopes of the
channel transfer function are much steeper for MI waveguides
than for the direct MI transmission. This is due to the fact,
that every additional relay attenuates the slopes of the channel
frequency response further. Therefore, the optimal transmission
bandwidth for the direct MI transmission is larger than that for
the MI waveguides. However, the region of low path loss of
the direct MI channel is very narrow, such that the channel
impulse response is very long (up to several 10 000 taps), see
Fig. 2. Such channels cannot be equalized in a practical system.
In particular, if MMSE-DFE is applied after the WMF, the
feedback filter of DFE needs to have roughly the length of
the channel for a good performance. However, a feedback filter
with 10 000 taps is not realistic and also would produce severe
error propagation.

As mentioned earlier, the optimal transmit bandwidth for the
MI waveguide channels is very low, even if a high data rate
is achievable. From this we deduce a very high SNR, which
allows for a choice of a higher order modulation scheme. In
addition, due to a transmission in a narrow band, the fluctua-
tions within the band are very limited (see Fig. 2(a)), such that
the corresponding impulse response is short (below 10 taps).
However, for many cases in waveguide transmission the SNR
at the output of the equalizer is high enough to enable a modu-
lation with 14–18 bit/symbol, which cannot be implemented.
In these cases, even if a modulation order of 10 bit/symbol
(which corresponds to 1024-QAM modulation4) is selected, the
achievable data rate decreases by 1− 10bit

18bit ≈ 45%. The losses
compared to the channel capacity are, of course, even higher.
We refer to this method as clipping.

B. Proposed Solutions

1) Direct MI Transmission: For the direct MI channels, the
problems arising from long impulse responses can be resolved
by reducing the bandwidth. Hence, the width of the low path
loss band increases relatively to the symbol rate, thus reducing
the number of channel taps. We choose the bandwidth (and
therefore the symbol rate), for which the number of channel taps
observed at the input of the equalizer is about 100. This strategy
enables a practical realization of the equalizer filters and there-
fore of a real transmission system. We refer to this method as
our default scheme. However, due to a much smaller bandwidth
losses of up to 98% of the achievable data rate are inevitable.
Unfortunately, it is impossible to reduce these losses using
conventional single-carrier transmission while maintaining a
discrete-time channel impulse response with limited support.

In a different approach, the total band is split in parts,
which are processed independently, similar to the traditional
frequency-division multiplexing (FDM) approach with multiple
sub-bands. Frequency-division is utilized in this context due to
a very steep transition between the low path loss band and the
side bands. Here, three transmission bands are chosen, in order

4Higher order modulation schemes beyond 1024-QAM are not considered in
this work due to their high complexity, such that they are not applicable in the
low-power sensor node transceivers.
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Fig. 5. Spectrum division for transmission distance d = 35 m. (a) Transmit
spectra in three frequency bands with center frequencies f1, f2, and f3 using
power allocation; the corresponding symbol intervals are T1, T2, and T3;
(b) Received power density spectra (normalized to 1 W received power per
sub-band) and SNR at the equalizer output.

to keep the transceiver design as simple as possible, see Fig. 5.
These bands are processed independently at the receiver using
WMFs, which contain RRC filters as parts of the analogue
matched filters. Hence, due to the frequency-selectivity of the
RRC filters, there is no power dissipation to the neighboring
bands and no intercarrier interference (ICI). The width of the
inner band (band 2) is determined according to the specified
maximum length of the channel impulse response as described
earlier. The other two bands (band 1 and band 3) occupy the
remaining left and right parts of the spectrum, respectively.
Due to a larger path loss at the edges of the spectrum than
at the resonance frequency, the SNRs for band 1 and band 3
may be very limited if equal power is allocated to all bands,
such that no transmission is feasible in the side bands. On the
contrary, due to a very low path loss at the resonance frequency,
the SNR for band 2 is very high, which enables a modulation
with 10–12 bit/symbol. To provide a modulation of at least
1 bit/symbol (BPSK), the bands 2 and 3 need to be allocated
more transmit power under the constraint Pt = P1 + P2 + P3,
where Pi, i = 1, 2, 3 is the transmit power in transmission band
i. Due to the small number of bands, the problem of finding
the optimal power allocation with respect to the achievable
data rate can be solved by exploiting the symmetry of the
bands. Then a full search in one variable, which corresponds
to the power allocated to the inner band, can be performed.

With increasing number of sub-bands, the performance tends to
approach the channel capacity because of the power allocation
which approaches that of the water filling rule. Similarly, an
orthogonal FDM (OFDM) scheme can be applied, which is
beneficial for a large number of subcarriers. However, in order
to decouple the OFDM blocks and to enable cyclic convolution
in OFDM, a guard interval has to be chosen at least as long as
the channel impulse response, which has a length of over 10 000
taps. Even if an appropriate channel shortening filter (with at
most 100 taps) is applied, the resulting impulse response is
still very long, yielding a reduction of the data rate. Therefore,
the practicality and efficiency of OFDM for the direct MI
transmission in WUSNs still remains to be verified.

2) MI Waveguides: As mentioned earlier, the bandwidth of
the MI waveguides based channels is very limited. To reduce
the loss of the clipping strategy, the bandwidth is chosen larger
than the optimal bandwidth, which maximizes the data rate
with unlimited constellation size. Hence, the SNR decreases
and SER becomes worse, because less power is allocated to the
frequencies with low path loss. This disadvantage is partially
compensated for by the increased bandwidth/symbol rate. In
fact, we convert the benefit of a large SNR into the benefit of
a large bandwidth. We increase the bandwidth until the SER
fulfills the target SER constraint with equality for the chosen
modulation scheme (here: 1024-QAM). A further increase in
bandwidth (along with a reduction of MQAM ) may lead to
longer impulse responses with more than 100 taps and is
therefore not considered in this work.

C. Error Propagation

As known from the literature, the error propagation in
decision-feedback equalizers can dramatically increase SER
and reduce the system performance, even if a long training
sequence is used as a preamble of the transmitted data block for
feedback filter initialization. This problem aggravates in case
of high order modulation schemes, such that after a single error
all the remaining symbols of the block are erroneous as well.
Especially for the mid sub-band of the direct MI transmission
scheme and for the MI waveguides based transmissions this
problem leads to a degradation of the symbol error rate of a
block, which is either very low (if symbol errors occur not
before the end of the block and affect not too many symbols) or
very high (up to 0.99). Considering the fact, that the erroneous
blocks need to be retransmitted, the number of block retrans-
missions, which is related to the block error rate (BLER), seems
to be a better optimization criterion for our system than SERt.

Since we utilize uncoded transmissions in this work, we
can assume that even a single error cannot be corrected at the
receiver. Hence, only the first error in the block is important.
This error does not result from the error propagation, but solely
from the additive white Gaussian noise. Hence, the total BLER
can be given by

BLER = 1− (1− SER)(NBL−NTS), (32)

where NBL is the block length and NTS stands for the length
of the training sequence in the block. Therefore, (NBL −NTS)
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corresponds to the number of data symbols. Due to a constant
BLER for all transmitted blocks, the probability of a block
error after i retransmissions (i.e., all i transmitted blocks are
erroneous) is given by BLERi. Hence, the expectation value
of the number of transmitted and retransmitted symbols of
the same block is given by

∑∞
i=0(NBL · BLERi). Then, the

effective available data rate becomes

Reff =Rd
NBL −NTS∑∞

i=0 (NBL · BLERi)

=Rd
(NBL −NTS)(1− BLER)

NBL

=Rd
(NBL −NTS)(1− SER)(NBL−NTS)

NBL
. (33)

For a given SER, the length of the symbol block can be
optimized in order to maximize the effective available data rate.
Further calculation yields

log(Reff ) = log(NBL −NTS)− log(NBL)

+ (NBL −NTS) · log(1− SER) + log(Rd). (34)

Then, log(Reff ) is maximized by the choice

NBL =
NTS

2

(
1 +

√
1− 4

NTS log(1− SER)

)
, (35)

which is rounded to the closest integer number. According to
this calculation, the methods proposed in Section III-B need to
be modified in the following way.

1) Direct MI Transmission: The power allocation problem
for the sub-bands of the proposed transmission scheme can be
solved using a full search in one variable P2, which corresponds
to the transmit power in the mid sub-band. Due to the symmetry,
the transmit powers in the side bands can be directly calculated
based on the total transmit power Pt. In each point of the search,
the current SERs are known for a given modulation scheme.
Hence, the block length in (35) can be obtained and the metric
Reff,i from (33) for each sub-band is calculated for a given
power allocation and modulation scheme. In the next step, the
optimum modulation schemes are chosen for the given power
allocation. Finally, the optimal power allocation is found in this
way which maximizes the sum rate

∑3
i=1 Reff,i.

2) MI Waveguides: The proposed increase of the bandwidth
yields a large increase in data rate compared to the naive
clipping approach. However, the stopping condition of the
algorithm needs to be modified, since the condition SER =
SERt does not maximize the proposed effective available data
rate as described earlier. Therefore, we propose to increase
the bandwidth of the transmit spectrum until the maximum
of Reff is reached. Since the modulation order MQAM is an
available design parameter, it can be determined in each step
of the bandwidth extension via full search among all possible
modulation schemes.

IV. NUMERICAL RESULTS

In this section, we discuss numerical results for achievable
data rates and the modulation order. In our simulations, we
assume a total transmit power of Pt = 10 mW. We utilize
coils with wire radius 0.5 mm and coil radius a = 0.15 m.
The maximal number of coil windings N is 1000. The con-
ductivity and permittivity of soil are σ = 0.01 S/m and ε = 7ε0
for dry soil [35] and σ = 0.077 S/m and ε = 29ε0 for wet
soil, respectively, where ε0 ≈ 8.854 · 10−12 F/m. Since the
permeability of soil is close to that of air, we use μ = μ0

with the magnetic constant μ0 = 4π · 10−7 H/m. For a reduced
path loss, Jn = 2, ∀ n is assumed, which corresponds to
the horizontal axes deployment, cf. [20]. The roll-off factor
of the used RRC transmit filter is 0.25. Also, we assume
NTS = 150.

To take into account the influence of inhomogeneous
medium properties, the signal equalization has to be done in
an adaptive way, e.g., by using a Least-Mean-Square (LMS)
based adaptation or a Recursive Least-Squares (RLS) based
adaptation. Both schemes iteratively adjust the filter coefficients
of the DFE and converge to the optimal equalizer filters for the
unknown channel. However, due to the aforementioned error
propagation, the convergence of these algorithms cannot be
guaranteed. Moreover, after every error the adaptation becomes
unstable. Therefore, we propose to apply a channel estimation
using a training sequence of length NTS (same NTS as in
Section III-C) and then determine the proper equalization filters
for the estimated version of the channel impulse response. This
approach is rather reliable, because of a very long coherence
time in WUSNs due to the rarely changing channel characteris-
tics. Hence, very accurate estimates of the channel coefficients
can be acquired and the SER of this transmission is very close
to the optimum SER for the given channel, modulation, and
coding scheme. In case of an unforeseen additional attenuation
of the channel, the modulation and signal transmission policies
need to be adjusted accordingly, e.g., by reducing the constel-
lation size MQAM or the total block length NBL. Note that
the bandwidth B cannot be modified after the implementation,
since it is related to the implemented analog transmit and
receive filters, that usually remain unchanged. Hence, we are
not allowed to change the bandwidth after the optimization
and implementation. In addition, in a larger network with
several sensor nodes, especially in networks with MI based
transmissions, it can be a challenging task to establish a proper
scheduling of signal transmissions, which can be destroyed by
arbitrarily adjusting the length of the packet size (equivalent
to the block length in this work). Therefore, in a changing
environment, we recommend to only adjust the modulation
order and leave the block length constant. In the following, we
assume a time-invariant environment.

First, we show results on the achievable data rate for direct
MI transmission, see Fig. 6. Here, we compare the results of the
proposed three-band solution with the theoretical bounds given
by channel capacity and single-band approaches. According to
Fig. 6, large losses in achievable data rate are observed, if a
finite impulse response (FIR) equalizer is used compared to
the theoretical upper bound for uncoded transmission using
an infinite impulse response (IIR) equalizer. Results for FIR
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Fig. 6. Achievable data rate for direct MI transmission.

Fig. 7. Achievable data rate for MI waveguides.

filters of length 100 and 150, respectively, are depicted. With
increasing length of the equalizer filters, the data rate increases
very slowly, such that several thousand filter taps are needed to
increase the data rate from ≈22.5 kbit/s for 25 m transmission
distance to ≈865 kbit/s. We conclude that the big gap between
the data rate of a practical system and the theoretical bound
cannot be diminished, if a single-band transmission technique
is applied. The proposed solution of utilizing three transmission
bands with power allocation performs much better and achieves
up to 75% of the theoretical limit of the uncoded single-
band transmission. For comparison, we also show the chan-
nel capacity for error-free coded transmission. The proposed
solution performs between ≈45% and ≈60% worse than the
channel capacity, leaving a noticeable gap to be closed via code
design.

For MI waveguides, we compare the data rates of the pro-
posed solution of the bandwidth expansion with that of clipping
for dry and wet soil, respectively, as shown in Fig. 7. The pro-
posed solution outperforms the clipping approach and performs
slightly worse compared to the channel capacity. In addition, we
observe that increasing the bandwidth is even more beneficial
for deployment in a wet soil environment than in dry soil, where

Fig. 8. Proposed modulation schemes for direct MI transmission.

the gain compared to the clipping approach is sometimes very
limited. This is due to the reduced bandwidth for transmission
in wet soil compared to transmission in dry soil. Hence, the
power is more concentrated in a very narrow frequency region,
such that a larger SNR results and correspondingly a larger
constellation is needed. Similarly, with increasing transmission
distance, the gain of the proposed solution compared to the
default scheme increases. This fact makes this approach even
more suitable for MI-WUSNs based on waveguides, since it has
been shown in [20] that MI waveguides only outperform direct
MI transmission for distances beyond ≈50 m.

Finally, we investigate the modulation schemes, which
should be chosen for an uncoded transmission in order to
maximize the data rate under the given assumptions. For the
MI waveguides in dry soil, the optimal modulation scheme
is mostly the largest allowed constellation (clipping bound),
which is 1024-QAM in this work. However, the resulting
BLER in (32) is sometimes not enough to keep the number
of retransmissions low, such that lower modulation orders with
lower BLER are preferred, e.g., 512-QAM. Due to a nonlin-
ear dependency of the path loss function on the transmission
distance in MI waveguides based transmissions, these cases do
not show any clear trend. In wet soil, the transmission band is
even narrower than in dry soil. This leads to a very high SNR,
such that BLER is low even in case of high modulation orders.
Hence, retransmissions are unlikely and the performance gain
of the proposed solution compared to the default scheme is very
high in Fig. 7.

For direct MI transmission, we show the proposed mod-
ulation schemes for all three sub-bands and deployment in
dry and wet soil, respectively, in Fig. 8. The path loss in the
inner band is much larger in wet soil medium than in dry soil.
Hence, the modulation order in wet soil is lower or equal to the
modulation order in dry soil. Furthermore, with transmission
distances beyond 50 m the chosen modulation scheme seems
to converge towards 32-QAM for the mid sub-band and QPSK
for the side bands. The reason for this lies in the additional
degrees of freedom, i.e., the optimally chosen block length and
power allocation. Thus, it is more advantageous to e.g., reduce
the block length, in order to cope with the higher path loss for
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longer transmission distances, than to reduce the modulation
order, which may lead directly to 20% decrease of data rate
for the mid sub-band or even 50% for the side bands. In
addition, we observe a large variety of modulation schemes
for direct MI transmission, varying between QPSK and 512-
QAM. In a larger network with several transmission links, a
unification of the transmission and system parameters is needed
for a feasible manufacturing. Therefore, an optimal modulation
scheme for a set of transmitting devices should be chosen
based on the network topology and from the perspective of the
network throughput optimization [21], [22]. This investigation
is, however, beyond the scope of this work.

V. CONCLUSION

In this paper, we have considered the design of MI
transceivers for uncoded transmission in WUSNs. For the two
most relevant cases (direct MI transmission and MI wave-
guides), we provide more precise channel and noise models,
which take into account the possible inhomogeneity of the
medium. Then, the maximum achievable data rates, which
can be obtained in a point-to-point transmission using realis-
tic transmit, receive, and equalization filters, are investigated.
In addition, recommendations for the symbol duration and
modulation scheme are given, which maximize the achievable
data rate for a specified symbol error rate. For direct MI
transmission, the problem of equalizing a very long channel
impulse response can be circumvented by utilizing a frequency-
division based scheme with three transmission bands. For MI
waveguides, a very high modulation order can be avoided using
a bandwidth expansion approach. A significant increase in data
rate is observed compared to the default transmission schemes.
Furthermore, the problem of the error propagation of DFE is
addressed and the proposed solutions are modified accordingly,
in order to reduce the losses due to possible retransmissions of
the erroneous data blocks. Moreover, we emphasize the need
of training sequences, which should be employed as part of
every transmitted data block, in order to reduce the probability
of block errors. In this context, the block length is optimized for
a given length of the training sequence, in order to maximize
the data rate. Hence, this paper provides a solid background for
future transceiver design for MI based WUSNs.
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