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Abstract—Wireless underground sensor networks (WUSNs)
are an emerging and promising research area. The aim of
WUSNs is to establish an efficient wireless communication in
the underground medium. A magnetic induction (MI)-based
waveguide technique has been proposed to overcome the very
harsh propagation conditions in WUSNs. In this approach,
several resonant relay circuits are deployed between the two
nodes to be connected. This technique allows for an extension
of the transmission range. In this work, we investigate digital
transmission schemes for MI-WUSNs. We analyze the influence
of transmission parameters like symbol duration and modulation
scheme and propose methods for their optimization.

I. INTRODUCTION

Wireless underground sensor networks (WUSNs) are an

emerging and promising research area. In WUSNs, the goal

is to establish an efficient wireless communication in the

underground medium. Typical applications for such networks

include soil condition monitoring, earthquake prediction, bor-

der patrol, etc. [1], [2]. Since the propagation medium is

soil, rock, and sand, traditional wireless signal propagation

techniques using electromagnetic (EM) waves can be only

applied for very small transmission ranges due to a high

pathloss and vulnerability to changes of soil properties, such

as moisture [3], [4].

Magnetic induction (MI)-based WUSNs were first introduced

in [2], and make use of magnetic antennas implemented as

coils, which are combined in waveguide structures with several

passive relay devices between two transceiver nodes [5]. Sim-

ilar to traditional wireless relaying concepts this approach is

supposed to benefit from a lower pathloss. A distinct advantage

of MI relays is that these devices do not need any power

supply, such that the energy has to be provided only in the

transceiver nodes, which can be recharged by removable or

mobile aboveground devices [6].

In previous work, some efforts were made to characterize

the channel conditions of MI-based transmission. Magneto-

inductive waveguides with metamaterials were considered in

[7], where the signal is described as an MI wave traveling

through the channel. Based on this a corresponding noise

model was proposed in [8]. In [5], [9], and [10] some channel

This work was supported by the German Research Foundation (Deutsche
Forschungsgemeinschaft, DFG) under Grant No. GE 861/4-1

models for MI-WUSNs with frequency-selective pathloss were

introduced. More realistic channel and noise models for a

point-to-point transmission were derived in [11]. These models

incorporate the losses due to the transmission medium and

the power reflections between the coils. Furthermore, it was

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, different sets of

optimal parameters for MI waveguides with a high relay

density in WUSNs were proposed in [12]. In [13], a set of

system parameters was determined for direct MI transmission

(without relays) for maximizing the throughput of WUSNs.

The previous works mostly consider the channel capacity

as performance measure. However, real methods of digital

transmission for WUSNs have not been published yet.

In this work, for a fundamental insight in transceiver design

for MI-WUSNs, we utilize the models from [11], which

provide sufficient information about the channel characteris-

tics. According to [11], due to the losses in the medium,

MI waveguides with low relay densities are not applicable,

because even for the optimal system parameters 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: direct MI transmission

with no relays used and MI waveguides with a high relay

density of 1 Relay
3 m .

We address the following issues. For the two cases described

above, we determine the most efficient transmission band-

width, which corresponds to the symbol duration. We analyze

the performance of the MI based transmission by means of

the signal-to-noise ratio per transmitted data symbol in order

to determine the optimal modulation scheme, which is still an

open issue for underground communication [2]. For each type

of transmission channel, we show an approach to minimize the

data rate losses due to modulation schemes with finite alphabet

size. Furthermore, we investigate how a modulation scheme

should be chosen according to the performance requirements

and in case of environmental changes. This provides a back-

ground for future transceiver design and system adaptation.

In order to enable a coded transmission, a proper coding
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Fig. 1. MI waveguide with equidistant relay devices.

scheme has to be chosen. For WUSNs, the encoder and

decoder design differs 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 like target error rate, code

rate, and complexity. This issue requires further exhaustive

investigations, which are beyond the scope of this work.

Therefore, we focus on modulation schemes and filter design

for uncoded transmission, which should provide a good basis

for the future development of coded transmission for WUSNs.

This paper is organized as follows. In Section II the system

model is presented and the signal processing components

within the MI transceiver 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.

II. SYSTEM MODELING

Similar to [5], 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,

see Fig. 1. If no relays are deployed, the transmitter induces

the voltage in the receiver circuit directly. Each circuit includes

a magnetic antenna (which in this work 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). 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 trans-

mission the influence of these effects is negligible. Because all

involved signal mappings are linear for MI based transmission,

a linear channel model results. The capacitance of the capacitor

is chosen to make each circuit resonant at frequency f0 [5],

i.e., C = 1
(2πf0)2L

, where L denotes the inductivity of the

coil. The induced voltage is related to the coupling between

the coils, which is determined by the mutual inductance [14]

M = μπN2 a4

4r3
(2 sin θt sin θr + cos θt cos θr) ·G, (1)

where r denotes the distance between two adjacent coils, a
stands for the coil radius, N is the number of windings, and

μ denotes the permeability of the medium. θt and θr are the

angles between the coil radial directions of transmitter and

receiver, respectively, and the line connecting the two coil

centers [13]. G is an additional loss factor due to eddy currents

as pointed out in [11]. We assume that all devices are deployed

in a homogeneous conductive environment (soil) with constant

−1/2 1/20
10

−8

10
−6

10
−4

10
−2

10
0

Normalized frequency in equivalent baseband
a)

N
or

m
al

iz
ed

 m
ag

ni
tu

de
 r

es
po

ns
e

 

 

10
0

10
2

10
4

0

0.2

0.4

0.6

0.8

1

Discrete time
b)

N
or

m
al

iz
ed

 im
pu

ls
e 

re
sp

on
se

 

 

MI waveguide
direct MI
distance=25
distance=35
distance=45

MI waveguide
direct MI
distance=25 m
distance=35 m
distance=45 m

Fig. 2. Examples for MI-based transmission channels: a) magnitude of
frequency response; b) impulse response.

properties over space and time.

The resonant frequency f0 and the number of windings N
are chosen to maximize the achievable data rate with a given

transmit waveform according to [11].

A. Channel and noise
We utilize the channel model for MI waveguides proposed

in [11] with a channel transfer function H(f) according to

H(f) =
Ur(f)

Ut(f)
=

Ik(f)RL

Ut(f)
=

xL

S(x, xL, k + 1)
, (2)

where x =
R+j2πfL+ 1

j2πfC

j2πfM and xL = RL

j2πfM . The function

S(x, xL, n) was introduced in [11] and can be determined as

follows:

S(x, xL, n) = F (x, n) + xL · F (x, n− 1), (3)

F (x, n) =
( (x+

√
x2−4)
2 )n+1 − ( (x−

√
x2−4)
2 )n+1

√
x2 − 4

. (4)

Some examples for the transfer functions for different wave-

guides are depicted in Fig. 2a)1. It seems not possible to give a

closed-form solution for the corresponding impulse responses

in time domain shown in Fig. 2b) which have been calculated

by numerical inverse discrete Fourier transform.

The noise power density spectrum is obtained via summation

of the contributions from the noise sources within the wave-

guide. 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 receive noise power density spectrum is given by [11]

E{Pnoise(f)} = E{PN,R(f)}+ E{PN,RL
(f)}, (5)

E{PN,R(f)} =
1

2

4KBTKRRL

|j2πfM |2 (6)

×
k∑

n=0

⎛
⎝|S(x, xL, n)|2

∣∣∣∣∣
k∑

m=n

1

S(x, xL,m)S(x, xL,m+ 1)

∣∣∣∣∣
2
⎞
⎠ ,

E{PN,RL
(f)} =

1

2

4KBTKR2
L

|j2πfM |2 (7)

×
∣∣∣∣∣

k∑
m=0

1

S(x, xL,m)S(x, xL,m+ 1)

∣∣∣∣∣
2

,

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

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

IEEE ICC 2014 - Ad-hoc and Sensor Networking Symposium

72



where KB ≈ 1.38 · 10−23 J/K is the Boltzmann constant,

TK = 290 K is the temperature in Kelvin, and E{·} denotes

the expectation operator.

As it was shown in [11], the general optimization problem

of maximizing the channel capacity of 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

[13] and [12], respectively. We borrow the following equations

for the optimum frequency f0 from these works.

1) Direct MI transmission:

f0 =

(
2

r
√
πσμ

)2

, (8)

where σ denotes the 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

, (9)

where C0 stands for the minimum allowed capacitance of the

capacitor as pointed out in [11] and L(N) indicates that the

inductivity L depends on N . Here, a full search using the

discrete variable N can be applied to maximize the channel

capacity.

However, in a practical system, the channel capacity from

[11], [14], or the network throughput from [12], [13], 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 [15].

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 results from

[11]

Pt =
1

2

∫
B

|A ·Ht(f)|2
|j2πfM |

|S(x, xL, k)|
|S(x, xL, k + 1)|df, (10)

where B is the bandwidth of the transmitted waveform. Factor

A can be determined to fulfill a given transmit power con-

straint. The resulting achievable data rate can be determined

using Shannon’s capacity equation

Rad =

∫
B

log2

(
1 +

|A ·Ht(f) ·H(f)|2
|E{Pnoise(f)} · (2RL)|

)
df, (11)

where H(f) and E{Pnoise(f)} are defined in (2) and (5),

respectively2.

B. Filter Design

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

2A part of the transmit power density spectrum,
|S(x,xL,k)|

|j2πfM|·|S(x,xL,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.

rate. Though, the bandwidth of the filter is optimized in

order to maximize the resulting data rate. For receive filtering

we employ the whitened matched filter (WMF) [16]. 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 detection. In order 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, MMSE-DFE equalization would need

to be replaced by Tomlinson-Harashima-Precoding (THP) [17].

III. MODULATION AND CODING

In order to provide specific design rules, we give recom-

mendations 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 [18],

e.g. for M -QAM modulation type

SERt ≤ 4 ·Q
(√

3 · SNReqK

M − 1

)
, (12)

where Q(·) is the complementary Gaussian error integral and

K is the coding gain of the employed channel code. This leads

to

log2 M =

⌊
log2

(
1 +

3 · SNReqK

c

)⌋
, (13)

where the constant c depends on the prescribed target error

rate. The �·� operator is applied, because we restrict our

constellation sizes to powers of two. The overall data rate

equals Rd = Rc log2 M
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. Modulation for MI based transmission

As mentioned before, we consider the direct MI transmission

scheme and the MI waveguide 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 waveguides,

the optimal carrier frequency is very high, 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
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additional relay attenuates the slopes of the channel spectrum

further. Therefore, the optimal bandwidth for the direct MI

transmission is larger than that for the MI waveguides. How-

ever, the region of low pathloss of the direct MI channel is very

narrow, such that the channel impulse response is very long

(up to several 10000 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 at least the length of the channel for a good performance.

However, a filter with 10000 taps is not realistic.

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

fluctuations within the band are very limited (see Fig. 2a)),

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 modulation 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 modulation3) is

selected, the achievable data rate decreases by 10bit
18bit ≈ 55%.

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 solved by

reducing the bandwidth. Hence, the width of the low pathloss

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 below 100.

This strategy enables a practical realization of the equalizer

filters and therefore of a practical system. We refer to this

method as our default scheme. However, since not the whole

bandwidth is utilized for transmission, losses of up to 95%
of the achievable data rate are inevitable. Unfortunately, it is

impossible to reduce these losses using conventional single-

carrier transmission.

Alternatively, the total band can be split in parts, which

are processed independently. This approach is 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 pathloss

band and the side bands. Here, three transmission bands are

chosen, in order to keep the transceiver design as simple as

possible, see Fig. 3. 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

3Higher 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.

Fig. 3. Spectrum division for transmission distance d = 22 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.

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 pathloss 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 pathloss

at the resonance frequency, the SNR for band 2 is very high,

which enables a modulation with 10-12 bit/symbol. In order

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 P1-P3 are the transmit

powers in the corresponding transmission bands, respectively.

Due to the small number of bands, the problem of finding

the optimal power allocation 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

for a practical implementation of OFDM, a guard interval has

to be chosen at least as long as the channel impulse response,

which has a length of over 10000 taps. Even if an appropriate

channel shortening filter (with at most 100 taps) is applied, the

resulting impulse response is very long, yielding a degradation

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. In order

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 pathloss and also the

received noise power increases. 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
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Fig. 4. Achievable data rate for direct MI transmission.

fulfills the target SER constraint with equality for the chosen

modulation scheme. A further increase in bandwidth (along

with a reduction of M ) may lead to longer impulse responses

with more than 100 taps and is therefore not considered in this

work.

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 conductivity

and permittivity of soil are σ = 0.01 S/m and ε = 7ε0 for dry

soil 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 pathloss, θt = θr = π/2
is assumed. The target SER is selected to SERt = 10−3, and

the roll-off factor of the used RRC transmit filter is 0.25.

First, we show results on the achievable data rate for direct MI

transmission. Our observations on the modulation and filtering

for transmission in wet soil are very similar to those in dry

soil. Hence, we restrict ourselves to the direct MI transmission

in dry soil. According to Fig. 4, 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 filters of length 100 and 150 are

depicted. A significant difference between the achievable data

rates of these two cases appears only for low transmission

distances, where the length of the channel impulse response

is very large, see Fig. 2b). However, with increasing length

of the equalizer filters, the data rate increases very slowly,

such that several 10000 filter taps are needed to increase the

data rate from ≈ 8 kbit/s for 22 m transmission distance to

≈ 71 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

85% of the theoretical limit of the uncoded single-band trans-
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Fig. 6. Achievable data rates for transmission distance d = 35 m with
different target symbol error rates using a) direct MI transmission, b) MI
waveguides.

mission. For comparison, we also show the channel capacity

for error free coded transmission, which has a negligibly small

deviation from the channel capacity for coded transmission

with SER = 10−3 [19]. Hence, it provides an upper bound for

the data rate at the given SER. The proposed solution performs

≈ 45% worse than the channel capacity, leaving a noticeable

gap for the code design.

For MI waveguides, we compare the data rates of the proposed

solution of bandwidth expansion with that of clipping for dry

and wet soil, respectively, see Fig. 5. The proposed solution

outperforms the clipping approach and performs slightly worse

compared to the channel capacity. In addition, we observe that

the proposed solution with increased bandwidth is even more

beneficial for deployment in a wet soil environment than in

dry soil, where the gain compared to the clipping approach

is limited to 82%. 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.

For a given transmission distance of d = 35 m, we investigate

the achievable data rates with different target SER require-

ments, see Fig. 6. Here, “default scheme” refers to transmission

within the inner band and the clipping method for direct MI

transmission and MI waveguides, respectively. We observe that

the data rate can be substantially improved by the proposed

schemes, especially for a high target SER. This motivates the

use of coded transmission. With decreasing target SER, the
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data rate for all transmission schemes reduces, except for the

clipping scheme for MI waveguides, because the SNR at the

equalizer output is still above the threshold SNR for a lower

modulation order. In addition, we observe a staircase decrease

of the achievable data rate for the remaining schemes, except

for the proposed solution for direct MI transmission. This

is due to the power allocation in the latter scheme, which

introduces an additional degree of freedom, thus improving

the data rate and smoothing the curve.

Finally, we present the modulation schemes, which should be

chosen for an uncoded transmission in order to guarantee the

target SER under the given assumptions, see Fig. 7. For the

direct MI transmission, the modulation scheme for the inner

frequency band is given only, because the side bands are mod-

ulated with BPSK symbols in most of the cases as described

before, except for very high error rate, i.e., SERt > 10−2, or

for relatively short transmission distances, i.e., d ≤ 45 m. For

the MI waveguides, the optimal constellation is mostly 1024-

QAM, which corresponds to the clipping bound. For direct

MI transmission, the pathloss 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. In addition, we observe a large variety of mod-

ulation schemes for direct MI transmission, varying between

BPSK and 128-QAM. Furthermore, the modulation order for

a transmission in the inner band descreases non-monotonically

due to the varying widths of the side bands for different

transmission distances and due to the power allocation. 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 [12], [13]. This investigation

is, however, beyond the scope of this work.

V. CONCLUSION

In this paper we considered the design of MI transceivers

for uncoded transmission in WUSNs. For the two most rel-

evant cases (direct MI transmission and MI waveguides), we

provided the maximum achievable data rates, which can be ob-

tained in a point-to-point transmission using realistic transmit,

receive, and equalization filters. In addition, recommendations

for the symbol duration and modulation scheme have been

given, which maximize the achievable data rate for a specified

symbol error rate. Furthermore, for direct MI transmission, the

problem of equalizing a very long channel impulse response is

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.
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