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Description

[0001] The present invention relates to the field of com-
munications engineering and here in particular to the field
of data transmission with a predefined transmission
bandwidth via a predefined channel, and, in particular,
the present invention relates to approaches for adapta-
tion of known transmission methods configured for re-
spective bandwidths to the predefined transmission
bandwidth without changing the actual transmission
method.
[0002] Different data transmission approaches are
known in the prior art that are conventionally designed
to allow data transmission via a channel in a predeter-
mined frequency range (bandwidth). In the prior art, dif-
ferent transmission methods exist that are used in the
context of wired or wireless channels. Exemplarily, ref-
erence is made to the DAB standard (digital audio broad-
casting), the DVB-T standard, the WLAN standard or the
different mobile radio standards (e.g. LTE). Wired stand-
ards comprise, for example, the ADSL standard or the
VDSL standard. In these known transmission approach-
es, transmitters/receivers are provided which operate ac-
cording to the provisions of the standard in a specific
frequency range and are implemented for that purpose.
[0003] Known transmission methods that are used in
the above-stated approaches comprise, for example, the
OFDM approach (orthogonal frequency-division multi-
plexing), where several orthogonal carriers are used for
digital data transmission, wherein the payload informa-
tion to be transmitted with a high data rate is at first split
into several sub-data streams and these sub-data
streams are then separately modulated and transmitted.
Transmit devices implementing the above-mentioned
standards and using the OFDM method are adapted to
the specific frequency range where the same are to be
used as well as to the multiple-path propagation found
in the typical application scenarios. For applications
where the use of a channel is to be performed according
to one of the above-stated standards, the known transmit
devices can easily be used.
[0004] In situations where the channel characteristics
are different to those defined for the above-mentioned
standards, for example a data transmission of one or
several sensors to a central detection location at low fre-
quencies, wherein the transmission is optimized for a dif-
ferent channel, it is common in the prior art up to now to
newly develop and structure transmit/receive devices
adapted to the channel, which is accompanied by a sig-
nificant effort with respect to development costs and de-
velopment time.
[0005] VOLKER JUNGNICKEL ET AL: "Anwendung
der neuesten Mobilfunktechniken auf akustische Wellen
zur Verbesserung der Kommunikation in der Tiefbo-
hrtechnik", DGMK/ÖGEW-FRÜHJAHRSTAGUNG
2012, FACHBEREICH AUFSUCHUNG UND GEWIN-
NUNG, 19 April 2012 (2012-04-19), XP055079391, IS-
BN: 978-3-94-172125-8 describe the adaptation of one

LTE transmitter to a transmitter for the entire transmis-
sion bandwidth (BWK) and for improving the range of a
single transmitter used in the deep drilling technology,
multiple actuators/sensors are operated so as to realize
the MIMO concept as it is also known from the LTE ap-
proach.
[0006] Ralf Bendin ET AL: "Embracing LTE-A with
KeyStone SoCs", , 11 October 2012 (2012-10-11),
XP055079421, URL:http://www.ti.com/ lit/wp/ spry218/
spry218.pdf describe key elements of the LTE standard,
inter alia, the MIMO and the carrier aggregation approach
in LTE.
[0007] M. A. GUTIERREZ-ESTEVEZ ET AL: "Acoustic
broadband communications over deep drill strings using
adaptive OFDM", 2013 IEEE WIRELESS COMMUNICA-
TIONS AND NETWORKING CONFERENCE (WCNC),
10 April 2013 (2013-04-10), pages 4089-4094,
XP055079399, DOI: 10.1109/WCNC.2013.6555232 IS-
BN: 978-1-46-735937-5 describe acoustic communica-
tions experiments along deep drill strings enabling data
rates up to 20 kbit/s. For data transmission, a closed-
loop adaptive orthogonal frequency division multiplexing
(OFDM) following the 3rd Generation Partnership Project
(3GPP) Long Term Evolution (LTE) is used.
[0008] Starting from this prior art, it is the object of the
present invention to provide an improved approach which
allows data transmission via a channel using known
transmit devices, wherein the channel differs from a
channel which is specified for the known transmission
device, for example by a significantly longer impulse re-
sponse with constant transmission bandwidth.
[0009] This object is solved by a method according to
claim 1, an apparatus according to claim 10 and a system
according to claim 11.
[0010] The present invention provides a method for da-
ta transmission with a transmission bandwidth, compris-
ing:

providing a plurality of transmitters operating accord-
ing to a communications standard for data transmis-
sion with a bandwidth which is higher than the trans-
mission bandwidth;

adapting the transmitters to the transmission band-
width; and

allocating any number of adapted transmitters to dif-
ferent carrier frequencies in the transmission band-
width for parallel data transmission.

[0011] The invention is defined by the claims. The fol-
lowing references to embodiments are to be understood
as mere examples which are useful for understanding
the invention. According to preferred embodiments, the
transmitters operating according to the standard for data
transmission operate with a bandwidth which is, at first,
higher than the transmission bandwidth. The sampling
rate of all transmitters is adapted to the desired trans-
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mission bandwidth, whereby the length of the cyclic prefix
is adapted to the desired channel. The data signals are
distributed to the adapted transmitters, which realize par-
allel data transmission at different sub-carrier frequen-
cies within the desired transmission bandwidth.
[0012] According to embodiments, adapting the trans-
mitters includes reducing the bandwidth of the transmit-
ters to a fraction of the desired transmission bandwidth.
[0013] According to embodiments, adapting the indi-
vidual transmitters comprises reducing the clock rate.
[0014] According to embodiments, the data are trans-
mitted via a channel with amended channel characteris-
tics in the desired transmission bandwidth, and the
number of transmitters operated in parallel and their in-
dividual bandwidth is adapted until the channel charac-
teristics allow reliable data transmission. In this case, the
method can comprise the following steps:

determining the channel characteristic of the chan-
nel, for example the length of the impulse response;

selecting the number of transmitters allowing reliable
data transmission; and

allocating the data to the adapted transmitters oper-
ated in parallel on different sub-carriers within the
transmission bandwidth.

[0015] According to embodiments, the data transmis-
sion includes OFDM data transmission.
[0016] According to embodiments, the data transmis-
sion comprises data transmission via an acoustic chan-
nel. The acoustic channel can include a drill rods, at the
end of which a drill head and adjacent to the drill head a
sensor as well as a transmit means are arranged, wherein
the data transmission comprises data transmission of
sensor data to above ground.
[0017] According to embodiments, data transmission
includes data transmission via a wireless connection (ra-
dio link) of a radio system at a frequency that is lower
than an operating frequency of the non-adapted trans-
mitter. The radio system can connect one or several sen-
sors and/or actuators with respectively allocated trans-
mitter and/or receiver device to a central detection loca-
tion.
[0018] The present invention provides a computer pro-
gram product with instructions that are stored on a com-
puter-readable medium for performing the inventive
method when the instructions are performed by a com-
puter.
[0019] The present invention provides an apparatus
for data transmission with a transmission bandwidth,
comprising:

a plurality of transmitters operating according to a
communications standard for data transmission with
a bandwidth that is higher than the transmission
bandwidth and which is adapted to the desired trans-

mission bandwidth, and
a control that is effective to allocate, to the transmis-
sion bandwidth, a plurality of the adapted transmit-
ters at different carrier frequencies in the transmis-
sion bandwidth for parallel data transmission.

[0020] The present invention provides a system for da-
ta transmission, comprising

a transmission channel;

an inventive apparatus for data transmission on the
transmission channel; and

a receiver for receiving the data transmitted via the
transmission channel.

[0021] The present invention provides an approach al-
lowing data transmission by using known transmitters
operating according to a communications standard while
maintaining the basic structure of the known transmitter,
in particular the transmission method used by the trans-
mitter, and merely scaling of the transmitter is effected,
so that the bandwidth at which the transmitter operates
is adapted to a channel bandwidth of the available chan-
nel. According to the invention, for avoiding transmission
problems due to the specific characteristics of the used
channel, it is further suggested to arrange several of the
adapted transmitters in the bandwidth of the channel (at
different carrier frequencies) to allow parallel data trans-
mission via the plurality of transmitters, which prevents
negative influences of the channel on the transmission
method.
[0022] According to preferred embodiments of the in-
vention, the transmission method used in the transmis-
sion uses an OFDM method for transmitting the data,
wherein preferably a transmitter operating according to
the LTE mobile radio standard and implementing at least
the LTE PHY layer and the LTE link layer (in the following
also referred to as LTE transmitter) is used, which has,
however, been scaled with respect to the lower band-
width of the available channel. According to embodi-
ments, the clock rate of the LTE transmitter can be re-
duced by a predetermined factor, which results in the
reduced bandwidth matching the desired channel band-
width. During the allocation of the transmitters adapted
in this manner within the bandwidth of the channel, a
respective shift of the carrier frequency of the LTE trans-
mitter to a frequency within the channel bandwidth is ef-
fected.
[0023] The inventive approach is particularly advanta-
geous for applications where the available channel
makes data transmission with high bandwidth more dif-
ficult. By the inventive usage of the OFDM method as
suggested according to embodiments, in connection with
the provision of several adapted transmitters that operate
according to the transmission method, data transmission
with increased data rate is enabled in the channel band

3 4 



EP 2 965 457 B1

4

5

10

15

20

25

30

35

40

45

50

55

without the necessity of developing and constructing new
transmitters adapted to the specific channel, but rather,
a known transmitter is scaled in order to be adapted to
the lower bandwidth, and subsequently several transmit-
ters are distributed across the channel bandwidth.
[0024] According to a preferred embodiment of the in-
vention, this approach is used in sensor networks con-
nected via a radio system operating at a carrier frequency
that lies, for example, significantly below the frequency
at which an LTE transmitter normally operates, for ex-
ample in the range below 700 MHz, where earlier broad-
cast and television frequencies will be used in future for
operating mobile radio networks. According to the
present invention, for example, the original LTE trans-
mitter is scaled to operate in the new frequency range
without changing the transmission technology, which
means, in the context of the OFDM method, merely that
all times around the scaling factor become longer, but
the basic LTE frame structure is maintained. Thus, by
using the well established and well functioning LTE-
OFDM transmission approach, scaled to the lower fre-
quency, fail-safe and reliable data transmission is ena-
bled, even with channels where data transmission would
be difficult due to changing channel characteristics.
[0025] A further preferred field of use of the inventive
approach is in the field of drilling technology, more pre-
cisely in the field of acoustic transmission of seismic data
from a drill head to above ground, for example for con-
trolling the drill path. According to this embodiment, the
channel is formed by the drill rods, at the distal end of
which a drill head is arranged, to which one or several
sensors are allocated for detecting seismic data. Further,
a transmitter according to the inventive approach is pro-
vided which allows, via the channel formed by the drill
rods, data transmission in the above-described manner
to a receiver positioned above ground. Embodiments of
the invention allow, for example, data transmission with
a data rate of several 100 bits/s from the drill head to the
surface, for example across a depth of 2000 m.
[0026] Embodiments of the present invention will be
discussed below with reference to the accompanying
drawings. They show:

Fig. 1 a schematic illustration of a system for data
transmission according to the teachings of the
present invention;

Fig. 2 the LTE carrier aggregation approach, wherein
Fig. 2(a) shows the inventive carrier aggrega-
tion with a constant bandwidth and wherein Fig.
2(b) shows the known LTE carrier aggregation
approach;

Fig. 3 a schematic illustration of a sensor network
where data transmission is performed accord-
ing to the teachings of the present invention;

Fig. 4 a simplified illustration of a drill hole communi-

cations system;

Fig. 5 a schematic illustration of the communication
system shown in Fig. 4 including the OFDM
processing for a transmission direction;

Fig. 6 the frequency response of the channel of Fig.
4 for different wave types and for different
depths, wherein Fig. 6(a) shows the frequency
response of the channel for a longitudinal
acoustic wave for different lengths of the drill
string, and wherein Fig. 6(b) shows the frequen-
cy response of the channel for a transversal
acoustic wave for different lengths of the drill
string;

Fig. 7 an example of the spectral distribution of the
SNR estimation for the standard LTE (94 bits/s);

Fig. 8 the spectral distribution of the SNR estimation
for LTE with carrier aggregation 2 (2,143 bits/s)
with the same channel as for Fig. 7; and

Fig. 9 simulated data rates with the respectively
measured channel characteristics in depend-
ence on the overall length of the drill string for
different degrees of carrier aggregation.

[0027] In the following description of the preferred em-
bodiments, the same or equal elements are provided with
the same reference numbers.
[0028] Fig. 1 shows a schematic illustration of a system
for data transmission according to the teachings of the
present invention. The system shown in Fig. 1 comprises
a transmitter 100 operating according to the inventive
method or implemented according to the inventive appa-
ratus. Further, the system includes a receiver 102 as well
as a channel 104 via which the signals, for example data
signals 108, are transmitted from the transmitter 100 to
the receiver 102. According to embodiments, a back-
channel 106 can be provided separately from the channel
104 to return an estimation of the channel characteristics
based on the signals received at the receiver 102 to the
transmitter 100 for controlling the transmission. In other
embodiments, instead of the separate backchannel, the
channel 104 can also be used as the backchannel.
[0029] The transmitter 100 receives the data to be
transmitted, as indicated schematically by arrow 108, for
example from a sensor. The transmitter 100 includes a
control 110 and a plurality of transmit units 1121 to 112n.
In the embodiment shown in Fig. 1, the transmit units
1121 to 112n include transmitters that operate according
to the LTE communications standard, e.g. transmitters
that implement at least the LTE PHY layer and the LTE
link layer (in the following also referred to as LTE trans-
mitter). According to the LTE communications standard,
data transmission is performed by means of the LTE
transmitter according to the OFDM method, wherein the
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LTE transmitter is implemented for a frequency range as
defined by the LTE communications standard. The chan-
nel 104 connecting the transmitter 100 and the receiver
102 can have different implementations, for example the
channel 104 can comprise a radio channel 114, a wired
channel 116 or an acoustic channel 118. The channel
104 provides, for example, a bandwidth BWK of approx-
imately 10 kHz for data transmission in the field of deep
drilling technology, wherein the channel is in this case
an acoustic channel 118 provided by drill rods. Fig. 1
shows, below the channel 104, the frequency range of 0
to 9 kHz provided by the channel according to an em-
bodiment.
[0030] According to the invention, the LTE transmitters
are adapted such that their bandwidth corresponds to
the channel bandwidth BWK of the channel 104. Accord-
ing to embodiments, this is performed by reducing the
clock rate and shifting the carrier frequency, whereby an
OFDM signal having a bandwidth of, for example, 10 kHz
can be generated. According to the present invention, in
the bandwidth BWK provided by the channel, several of
the adapted LTE transmitters 1121 to 112n are provided
for parallel data transmission. In the embodiment illus-
trated in Fig. 1, an adapted LTE transmit unit is provided
for the frequencies f1 and f2 within the frequency band of
0 to 9 kHz shown in Fig. 1, which transmit the received
data 108 according to the LTE transmission method via
the channel 104 in the direction of the receiver 102. Here,
it should be noted that the adapted LTE transmit units,
as mentioned, are adapted to the channel bandwidth
BWK in the shown case to 9 kHz, but the two LTE units
used for parallel data transmission with the bandwidth
BWK operate at different carrier frequencies f2 and f3.
The data signals are then distributed to the adapted trans-
mitters which realize parallel data transmission at the dif-
ferent sub-carrier frequencies f2 and f3 within the trans-
mission bandwidth. In other embodiments, the LTE trans-
mitters can be adapted to a sub-area of the transmission
bandwidth BWK. According to embodiments, the trans-
mitters operating according to the communications
standard for data transmission operate with a bandwidth
which is at first higher than the transmission bandwidth.
The adaptation of the transmitters is performed by an
adaptation of the sampling rate of all transmitters to the
desired transmission bandwidth, whereby the length of
the cyclic prefix is adapted to the desired channel.
[0031] Via the backchannel 106, it can be determined,
for example by evaluating the signals arriving at the re-
ceiver 102, in which frequency ranges the channel 104
comprises channel characteristics allowing reliable data
transmission. This information can be returned to the
control 110 of the transmitter 100, which is then able,
based on the received information on the channel char-
acteristics in different frequency ranges, to make a
choice, namely a choice as to which sub-carrier frequen-
cies within the desired transmission bandwidth are the
data signals to be distributed for parallel data transmis-
sion.

[0032] Further, in embodiments, based on the detect-
ed channel characteristics of the channel provided for
data transmission, the number of transmitters operated
in parallel and their individual bandwidth can be adapted
until the channel characteristics allow reliable data trans-
mission. In this case, first, the channel characteristic of
the channel can be determined, for example the length
of the impulse response. Subsequently, the number of
transmitters allowing reliable data transmission is select-
ed. The data are then assigned or allocated to the adapt-
ed transmitters operated in parallel on different sub-car-
riers within the transmission bandwidth for parallel data
transmission.
[0033] The inventive approach as schematically de-
scribed above based on Fig. 1 is advantageous for chan-
nels 104, where due to the channel characteristics the
spectral resolution and the length of a guard interval as
provided according to the OFDM method is not sufficient
to allocate sufficient bandwidth for data transmission in
the transmission spectrum of the channel. Thus, accord-
ing to the invention, an approach is used which models
the LTE carrier aggregation approach. This will be dis-
cussed in more detail below based on Fig. 2. Fig. 2(a)
explains the inventive carrier aggregation within a con-
stant bandwidth, and Fig. 2(b) explains the known LTE
carrier aggregation approach. In Fig. 2(b), the first figure
shows functionality according to the LTE standard with-
out carrier aggregation. Data transmission is performed
within the bandwidth around the carrier f0. If additional
bandwidths within the spectrum are released, then, ac-
cording to the LTE carrier aggregation approach, the data
rate can be increased by increasing the bandwidth by
adding one or more additional LTE transmission systems
operating at the frequencies which are allocated to the
released frequency bands, so that in the case of the LTE
carrier aggregation 1 shown in Fig. 2(b), parallel data
transmission via two carriers f0 and f1 can be performed,
and for an LTE carrier aggregation 2 a parallel data trans-
mission via three carriers f0, f1 and f2.
[0034] According to the invention, the known carrier
aggregation approach is used, but, contrary to the LTE
standard, the data rate is not increased by increasing the
bandwidth but the carrier aggregation approach is intro-
duced, according to the invention, within a constant band-
width, namely the constant bandwidth BWK provided by
the channel, so that instead of or in addition to the base
band LTE signal several carrier LTE signals are arranged
within the same bandwidth. Fig. 2(a) shows, on the very
left, an approach where an adapted LTE unit without car-
rier aggregation is provided for transmission via the chan-
nel 104 with the bandwidth BWK equal to 9 kHz. Accord-
ing to the invention, as explained above, at f0, one or
several additional LTE signals with the carrier frequen-
cies f1 or f2 are provided within the 9 kHz band for parallel
data transmission, in addition to or instead of the base
band signal. As can be seen from Fig. 2(a), compared to
the standard approach, this results in an increase of the
used sub-carriers, an improvement of the frequency res-
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olution and allows the usage of a larger guard interval
when using an additional carrier. When using two addi-
tional carriers, the number of used sub-carriers and also
the resolution in the frequency range are increased ac-
cordingly. Further, even longer guard intervals are pos-
sible.
[0035] In the following, embodiments in which the in-
ventive approach for data transmission described above
with respect to Fig. 1 and Fig. 2 is used will be discussed
in more detail.
[0036] Fig. 3 shows a schematic illustration of a sensor
network where data transmission is performed according
to the teachings of the present invention. Fig. 3 shows a
central detection location 200 which serves to receive
sensor signals from a plurality of sensors 2021 to 202n.
The central detection location 200 can, for example, be
a central control unit detecting environmental parameters
via sensors 2021 to 202n at different locations of an en-
vironment, for example a house, in order to effect, if pos-
sible, in response to the detected sensor signals, regu-
lation or control of actuators or the output of information
signals. The central detection location 200 includes a
transmitter/receiver 206 connected to an antenna 208
and operating according to the teachings of the present
invention as discussed above. Each of the sensors 2021
to 202n also includes a transmitter/receiver assembly
2081 to 208n, which are also connected to respective
antennas 2101 to 210n. In the example shown in Fig. 3,
the channel is formed by a radio channel, as is shown
schematically by the arrows 2121 to 212n. Alternatively,
also other, for example wired connections can be provid-
ed between the sensors and the detection location 200.
Acoustic connections are also possible, for example via
a water pipe system inside a building, along which the
sensors are arranged at different positions, which return,
for example, information on the pressure, temperature
or throughput amount at the specific position to the loca-
tion 200. The transmitters/receivers of the sensors and
the detection location 200 communicate by using the
above-described approach and allow, despite the low
bandwidth of the available channel, data transmission
with a high data rate by using the known LTE transmit
units.
[0037] Here, it should be noted that Fig. 3 shows a
sensor network, but the present invention is not limited
to this. For example, additional actuators can be provided
that communicate with the detection location 200 in the
inventive manner in order to be controlled according to
the detected sensor signals. Pure actuator networks are
also possible, in which case the sensors according to
Fig. 3 would have to be replaced by respective actuators.
Further, transmission in the inventive manner is also pos-
sible between individual sensors or actuators.
[0038] In the following, a further preferred embodiment
of the present invention will be discussed in more detail,
according to which the inventive approach is used for
acoustic waves for improving the communication in deep
drilling technology. Underground use of high-resolution

seismic methods for pinpoint control of the drill direction
is performed by data transmission with high data rates
to above ground. In the prior art, approaches are known
in the context of deep drilling technology to allow data
transmission from below ground to above ground. In this
regard, reference is made to the mud pulse approach
which has the disadvantage that only a few bits per sec-
ond can be transmitted. For increasing the data trans-
mission rates, acoustic data transmission along the drill
rods has been suggested, and for relatively narrowband
modulated pulses having a bandwidth of less than 10 Hz,
data rates of 33 bits/s are possible, as is described, for
example, by M.E. Reeves, P.L. Camwell, J. McRory,
"High Speed Acoustic Telemetry Network Enables Real
Time Along String Measurements, Greatly Reducing
Drilling Risk", Offshore Europe, UK, (2011). For trans-
mitting large amounts of data, as they arise, for example,
in seismic pre-explorations, this data rate is, however,
not sufficient. Increasing the data rate can only be ob-
tained with significantly more broad-band signals, where-
in the problem here, however, is the highly frequency-
selective behavior of the drill string. The large amount of
rod connectors cause a ragged transmission frequency
response having many pass and stop bands, which
means that on some frequencies no data can be trans-
mitted at all, while transmission on other frequencies
functions well. Fig. 4 shows a simplified illustration of a
drill hole communication system. A drill tower 300 is pro-
vided to perform drilling below ground 302. By means of
a drill head 301, a drill hole is driven into the underground
302, wherein the drill head is situated at the front end of
a drill string 304 comprising drill rods with a plurality of
connected drill rods. On the drill head, a transmitter 306
is arranged which operates according to the inventive
approach and allows data transmission to a receiver 308
arranged above ground. According to the invention, using
the OFDM standard enables the signal to be composed
of many sub-carriers ("sounds") which run independently
of other sounds through the rods 304 from the transmitter
306 to the receiver 308. Thereby, the transmission in the
drill rods 304, which are screwed together in many plac-
es, can be made robust against the massive acoustic
multiple-path propagation, and the better a specific trans-
mission channels functions, the more data can be trans-
ported, as is already described in the context of short drill
rods, by M. Memarzadeh, "Optimal Borehole Communi-
cation Using Multicarrier Modulation", Ph.D. thesis, Rice
University, Houston, Texas, (2007).
[0039] Fig. 5 shows a schematic illustration of the com-
munication system shown in Fig. 4 including OFDM
processing for a transmission direction. The transmitter
306 includes the inventive transmitter 100 as well as a
power amplifier 310 in order to amplify the signals output
by the transmitter 100 for control of a magnetostrictive
actuator 312. The receiver 308 includes a piezoelectric
sensor 314, and the signals detected by the same are
amplified by the amplifier 316 and provided to the receiver
circuit 102. The channel 104 shown in Fig. 1 is realized
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by the drill rods 304.
[0040] In the present embodiment, the data are trans-
mitted by means of acoustic waves, and the waves are
excited by means of the magnetostrictive actuator 312
arranged at one end of the drill string 304, and received
by means of a piezo-sensor 314 at the other end of the
drill string 304. Apart from the attenuation, the frequency
response of the acoustic transmission channel 304 has
many pass-band and barrier areas, so that, according to
embodiments, an adaptive OFDM technology is used,
similar to that in the LTE mobile radio system. The re-
ceiver 102 measures the frequency response of the
channel 304 and informs the transmitter 100, for example
via the backchannel 106 shown in Fig. 1. The transmitter
can then transmit the data only in the pass-band regions,
which is also referred to as a closed-loop transmission.
Further, the modulation format and hence the number of
bits per sub-carrier as well as the transmit power can be
adapted to the quality of the transmission channel. A very
noisy channel allows, for example, only a BPSK modu-
lation (1 bit/sub-carrier) when a good channel also allows
a 64-QAM modulation (6 bits/sub-carrier). Further, also,
the known error correction approaches can be used, for
example by adding redundant bits to the data, which al-
low, in cooperation with an interleaver, secure transmis-
sion of data with maximum data rate, even with contigu-
ous burst errors in the channel.
[0041] According to embodiments of the present inven-
tion that are used in the context of deep drilling technol-
ogy, actuators based on terphenol-D are used, a ferro-
magnetic material having one of the largest magneto-
strictive effects, which is accompanied by strong hyster-
esis, which also causes a non-linear relationship be-
tween electric current and acoustic excitation. For an
OFDM signal having many sub-carriers, the curvature of
the characteristic curve causes cross-talk of the sub-car-
riers into one another, which causes additional inherent
noise and limits the capacity of the transmission system.
The piezoelectric sensor 308, which is effective as a re-
ceiver, is a less critical component, so that a mechanical
resonance frequency can easily be placed above 10 kHz,
so that the same has a constant frequency characteristic
in the frequency range of interest with respect to accel-
eration. Preferably, the receiver is placed close to the
end of the drill rods.
[0042] According to preferred embodiments, the
above-mentioned transmit units (see transmit units 112
in Fig. 1) include LTE transmit units operating according
to the LTE standard, which are, however, adapted for the
application in the range of deep drilling technology, start-
ing from a system bandwidth of, for example, 20 mHz.
The LTE transmit units are preferred due to their powerful
and complex signal processing. For use in the above-
described embodiment in the context of deep drilling
technology, the LTE transmit unit is modified according
to an embodiment, so that the same has a clock rate
which is 1000 times lower, the carrier is shifted to 0 Hz
and a complex conjugated mirror function is used, so that

a real-valued OFDM base band signal having a band-
width of 10 kHz can be generated. By using the LTE
standard, the LTE frame structure is maintained, and the
times are increased by a factor of 1000, i.e. a complete
acoustic transmission frame now lasts 10 seconds in-
stead of the 10 milliseconds with LTE, and is divided, as
in LTE, into 10 sub-frames each lasting 1 second instead
of one millisecond, which also define the smallest trans-
mission unit, the so-called transmission time interval
(TTI). In each TTI, 12 symbols are arranged in the time
direction, and each symbol consists of 600 OFDM sub-
carriers. All in all, 7,200 sub-carriers per sub-frame can
be loaded with data, wherein, according to embodiments,
on average approximately 5.5% are reserved for so-
called pilots which are known in the receiver and allow,
on the one hand, synchronization to the frame structure
of the transmitter and, on the other hand, channel esti-
mation which can be used, among other things, for dis-
tortion (see, e.g., K. Manolakis, U. Krüger, K. Krüger,
M.A.G. Estévez, S. Mikulla, V. Jungnickel, "Borehole
Communication with Acoustic OFMD", International
OFDM Workshop 2011, Germany (2011)).
[0043] In the context of the above-stated embodiment
regarding deep drillings, it has, however, been deter-
mined that the transmission using only one LTE unit mod-
ified in the above-described manner is not sufficient since
the signals used for transmission, in particular for longer
drill rods, are unsuitable due to the pulse spreading (delay
spread) which can be up to 0.5 seconds, and further, the
pass bands in the channel defined by the longer drill string
become narrower and narrower so that exact adaptation
of the used frequency bands is necessary.
[0044] For solving this problem, namely the too large
pulse spreading and the too narrow pass bands, accord-
ing to the invention, the extension of the LTE mobile radio
standard referred to as LTE advanced, the so-called car-
rier aggregation, is used. As mentioned above, here, ac-
cording to conventional LTE connections, several of
these connections are bundled in parallel as a transmis-
sion path, in order to thus realize, with increased sam-
pling rate, a connection with increased data rate. The
inventive approach uses this, but for a different purpose.
According to the invention, the sampling rate is kept con-
stant, which allows the operation of several LTE systems
adapted in the above-described manner in the available
bandwidth of, for example, 9 kHz, whereby a respectively
prolonged OFDM guard interval (cyclic prefix) as well as
a better spectral resolution in frequency allocation be-
comes possible.
[0045] In the following, the advantages of the inventive
approach are discussed based on simulation results,
wherein the simulations are based on channel data ob-
tained in the course of a field test at the continental deep
drilling in Windisch-Eschenbach. Drill rods were meas-
ured at different depths (lengths), and for determining
the channel characteristics the impulse response of the
respective channel was obtained. A chip signal (sinus
sweep with linearly increasing frequency) has been used,
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since this signal has almost perfect autocorrelation char-
acteristics and hence the cross-correlation of the trans-
mitted chip signal with the received signal results essen-
tially in the impulse response of the channel (correlation
receiver). Transmission characteristics of the drill rods
can be determined by comparing the transmitted and re-
ceived sinus sweep signals. By appropriately selecting
the windows, again 10 to 20 dB distance to the noise can
be obtained. This is advantageous, since the greater the
distance between the payload signal and the noise sig-
nal, the more reliably the payload signals can be detect-
ed. An additional FFT provides the frequency response
of the channel and Fig. 6 shows the frequency response
for different wave types and for different depths. More
exactly, Fig. 6(a) shows the frequency response of the
channel for a longitudinal acoustic wave for different
lengths of the drill string, and Fig. 6(b) shows the fre-
quency response of the channel for a transversal acous-
tic wave for different lengths of the drill string. Based on
the obtained realistic channel data, different LTE systems
have been simulated for data transmission, wherein a
distance between the payload signal and the noise signal
(SNR) of 20 dB has been assumed. This distance was
obtained during the measurement and longitudinal exci-
tation up to a depth of 1,300 m. Data transmission is
possible as long as the signals stand out from the noise
of the receiver. Then, the same can be loaded with a
QPSK with highest error encoding. At a signal amplitude
of any size, the absolutely highest data rate is obtained,
and for all frequencies 64 QAM is then possible and a
bandwidth of approx. 34 kbits/s results as top limit.
[0046] According to embodiments, data transmission
includes several steps. First, a so-called sounding signal
is transmitted, with the help of which the distribution of
the SNR across the frequency ranges can be estimated.
This information is then retransmitted and results in an
specification for loading the pass band with data, as is
shown based on Figs. 7 and 8. Fig. 7 shows an example
of the spectral distribution of the SNR estimation for the
standard LTE (94 bits/s). Fig. 8 shows the spectral dis-
tribution of the SNR estimation for LTE with carrier ag-
gregation 2 (2,143 bits/s), wherein the top illustrations
show the channels, which are basically the same, but are
detected based on different sounding procedures and
hence slightly deviate from each other. Fig. 9 shows sim-
ulated data rates with the respectively measured channel
characteristics in dependence on the overall length of
the drill string, wherein merely longitudinal waves have
been considered, and the numbers 0 to 4 define the used
LTE system, wherein the following applies: 0 = standard
LTE, 1 to 4 = LTE with carrier aggregation type 1 to 4.
The points between 400 and 600 m show the examples
of Figs. 7 and 8, wherein it further applies that for a fre-
quency of f > 180 Hz only the resource blocks below 180
Hz are occupied, and for f > 1,260 Hz, only the resource
blocks above 1,260 Hz are occupied.
[0047] As can be seen from Fig. 9, a maximum data
rate of 5,700 bits/s results at a length of 130 m. At a length

of the drill rods of 1.5 km, almost 100 bits/s could still be
transmitted. At a length of 1 km, the data rate was ap-
proximately 700 bits/s. Thus, the data rates obtainable
according to the inventive approach correspond approx-
imately to 10 times the common mud pulse telemetries.
[0048] According to further embodiments, linearization
of the actuators can be performed to provide higher trans-
mit powers as well as a reduced portion of spurious har-
monics and mixed frequencies. MIMO technologies also
contribute to a further improvement of the data rate by
using several actuators and receivers. On the receiver
side, the SNR can be increased by signal-adapted am-
plification prior to A/D conversion.
[0049] While some aspects have been described in the
context of an apparatus, it is obvious that these aspects
also represent a description of the respective method,
so that a block or member of an apparatus can also be
seen as a respective method step or as a feature of a
method step. Analogously, aspects described in the con-
text of one or as a method step also represent a descrip-
tion of a respective block or detail or feature of a respec-
tive apparatus.
[0050] Depending on the specific implementation re-
quirements, embodiments of the invention can be imple-
mented in hardware or in software. The implementation
can be performed by using a digital memory medium, for
example a floppy disc, a DVD, a Blu-ray disc, a CD, a
ROM, a PROM, an EPROM, an EEPROM or a FLASH
memory, a hard disc or any other magnetic or optical
memory on which electronically readable control signals
are stored that can cooperate or that cooperate with a
programmable computer system such that the respective
method is performed. Thus, the digital memory medium
can be computer-readable. Thus, some embodiments
according to the invention include a data carrier compris-
ing electronically readable control signals that are able
to cooperate with a programmable computer system
such that one of the methods described herein is per-
formed.
[0051] Generally, embodiments of the present inven-
tion can be implemented as computer program product
with a program code, wherein the program code is effec-
tive for performing one of the methods when the computer
program product runs on a computer. The program code
can, for example, also be stored on a machine-readable
carrier.
[0052] Other embodiments comprise the computer
program for performing one of the methods described
herein, wherein the computer program is stored on a ma-
chine-readable carrier.
[0053] In other words, an embodiment of the inventive
method is a computer program comprising a program
code for performing one of the methods described herein
when the computer program runs on a computer. A fur-
ther embodiment of the inventive method is thus a data
carrier (or a digital memory medium or a computer-read-
able medium) on which the computer program for per-
forming one of the methods described herein is recorded.
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[0054] Thus, a further embodiment of the inventive
method is a data stream or a sequence of signals repre-
senting the computer program for performing one of the
methods described herein. The data stream or the se-
quence of signals can be configured, for example, for
being transferred via a data communication connection,
for example via the internet.
[0055] A further embodiment comprises a processing
means, for example a computer or a programmable logic
device that is configured or adapted to perform one of
the methods described herein.
[0056] A further embodiment comprises a computer on
which the computer program for performing one of the
methods described herein is installed.
[0057] In some embodiments, a programmable logic
device (for example a field-programmable gate array, an
FPGA) can be used to perform some or all functionalities
of the methods described herein. In some embodiments,
a field-programmable gate array can cooperate with a
microprocessor to perform one of the methods described
herein. Generally, the methods in some embodiments
are performed by any hardware device. This can be uni-
versally usable hardware, such as a computer processor
(CPU) or hardware specific for the method, such as an
ASIC.
[0058] The above-described embodiments merely
represent an illustration of the principles of the present
invention. Naturally, modifications and variations of the
assemblies and details described herein will be obvious
to other people skilled in the art. Thus, it is intended that
the invention is merely limited by the scope of the follow-
ing claims and not by any specific details presented here-
in based on the description and the discussion of the
embodiments.

Claims

1. Method for data transmission with a transmission
bandwidth (BWK), comprising:

providing a plurality of transmitters (112) oper-
ating according to a communications standard
for data transmission with a bandwidth that is
higher than the transmission bandwidth (BWK);
and
adapting the transmitters (112) to the transmis-
sion bandwidth (BWK);
wherein adapting the transmitters (112) includes
reducing the bandwidth of the transmitters (112)
to a subrange of the transmission bandwidth
(BWK) by reducing the clock rate of the trans-
mitters (112);
characterized in that
a plurality of the adapted transmitters (112) is
allocated to different carrier frequencies in the
transmission bandwidth (BWK) for parallel data
transmission.

2. Method according to claim 1, wherein the data are
transmitted via a channel (104) with changing chan-
nel characteristic in the transmission bandwidth
(BWK), and wherein a transmitter (112) is allocated
if the channel characteristic of a carrier frequency
allows reliable data transmission.

3. Method according to claim 2, comprising:

determining the channel characteristic of the
channel (104) and retransmitting the channel
characteristic via a backchannel (106);
selecting the areas where the channel charac-
teristic allows reliable data transmission; and
allocating one adapted transmitter (112) each
to the selected area.

4. Method according to one of claims 1 to 3, wherein
the data transmission includes an OFDM multi-car-
rier data transmission.

5. Method according to one of claims 1 to 4, wherein
the data transmission includes data transmission via
an acoustic channel (104).

6. Method according to claim 5, wherein the acoustic
channel (104) includes drill rods (304), at the end of
which a drill head and adjacent to the drill head (301)
a sensor (306) are arranged, wherein data transmis-
sion includes data transmission of sensor data to
above ground.

7. Method according to one of claims 1 to 4, wherein
the data transmission includes data transmission via
a radio system (212) at a frequency that is lower than
an operating frequency of the non-adapted transmit-
ter (112).

8. Method according to claim 7, wherein the radio sys-
tem (212) connects one or several sensors (202)
and/or actuators to a central detection location (200).

9. Computer program product with instructions stored
on a computer-readable medium for performing the
method according to one of claims 1 to 8, when the
instructions are performed by a computer.

10. Apparatus for data transmission with a transmission
bandwidth (BWK), comprising:

a plurality of transmitters (112) operating ac-
cording to a communications standard for data
transmission with a bandwidth that is higher than
the transmission bandwidth (BWK), and that are
adapted to the transmission bandwidth (BWK),
wherein the transmitters (112) are adapted by
reducing the bandwidth of the transmitters (112)
to a subrange of the transmission bandwidth
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(BWK) by reducing the clock rate of the trans-
mitters (112); and
a control (110);
characterized in that
the control (110) that is effective to allocate a
plurality of the adapted transmitters (112) to the
transmission bandwidth (BWK) at different car-
rier frequencies in the transmission bandwidth
(BWK) for parallel data transmission.

11. System for data transmission, comprising:

a transmission channel (104);
an apparatus (100) according to claim 10 for da-
ta transmission on the transmission channel
(104); and
a receiver (102) for receiving the data transmit-
ted via the transmission channel (104).

12. System according to claim 11, wherein the transmis-
sion channel (104) includes an acoustic channel, a
radio channel or any other multi-path communication
channel.

13. System according to claim 12, wherein the acoustic
channel (104) includes drill rods (304), wherein a drill
head (301), a sensor allocated to the drill head (306)
and the apparatus (100) for data transmission are
adapted to a first end of the drill rods (304), and
wherein the receiver (308) is arranged above
ground.

Patentansprüche

1. Verfahren für Datenübertragung mit einer Übertra-
gungsbandbreite (BWk), das folgende Schritte auf-
weist:

Bereitstellen einer Mehrzahl von Sendern (112),
die gemäß einem Kommunikationsstandard für
Datenübertragung mit einer Bandbreite arbei-
ten, die höher ist als die Übertragungsbandbrei-
te (BWk); und
Anpassen der Sender (112) an die Übertra-
gungsbandbreite (BWk);
wobei das Anpassen der Sender (112) ein Re-
duzieren der Bandbreite der Sender (112) auf
einen Teilbereich der Übertragungsbandbreite
(BWk) umfasst durch Reduzieren der Taktrate
der Sender (112);
dadurch gekennzeichnet, dass
eine Mehrzahl der angepassten Sender (112)
unterschiedlichen Trägerfrequenzen in der
Übertragungsbandbreite (BWk) zugeordnet ist
für parallele Datenübertragung.

2. Verfahren gemäß Anspruch 1, bei dem die Daten

über einen Kanal (104) mit wechselnder Kanalcha-
rakteristik in der Übertragungsbandbreite (BWk)
übertragen werden, und wobei ein Sender (112) zu-
geordnet ist, falls die Kanalcharakteristik einer Trä-
gerfrequenz zuverlässige Datenübertragung er-
laubt.

3. Verfahren gemäß Anspruch 2, das folgende Schritte
aufweist:

Bestimmen der Kanalcharakteristik des Kanals
(104) und Weitersenden der Kanal-charakteris-
tik über einen Rückkanal (106);
Auswählen der Bereiche, wo die Kanalcharak-
teristik zuverlässige Datenübertragung ermög-
licht; und
Zuordnen jeweils eines angepassten Senders
(112) zu dem ausgewählten Bereich.

4. Verfahren gemäß einem der Ansprüche 1 bis 3, bei
dem die Datenübertragung eine OFDM-Mehrträger-
Datenübertragung umfasst.

5. Verfahren gemäß einem der Ansprüche 1 bis 4, bei
dem die Datenübertragung eine Datenübertragung
über einen akustischen Kanal (104) umfasst.

6. Verfahren gemäß Anspruch 5, bei dem der akusti-
sche Kanal (104) Bohrstangen (304) umfasst, an de-
ren Ende ein Bohrkopf und benachbart zu dem Bohr-
kopf (301) ein Sensor (306) angeordnet sind, wobei
Datenübertragung eine Datenübertragung von
Sensordaten zu über der Erdoberfläche umfasst.

7. Verfahren gemäß einem der Ansprüche 1 bis 4, bei
dem die Datenübertragung eine Datenübertragung
über ein Funksystem (212) mit einer Frequenz um-
fasst, die niedriger ist als eine Betriebsfrequenz des
nicht-angepassten Senders (112).

8. Verfahren gemäß Anspruch 7, bei dem das Funk-
system (212) einen oder mehrere Sensoren (202)
und/oder Aktuatoren mit einer zentralen Erfassungs-
stelle (200) verbindet.

9. Computerprogrammprodukt mit Befehlen, die auf ei-
nem computerlesbaren Medium gespeichert sind,
zum Durchführen des Verfahrens gemäß einem der
Ansprüche 1 bis 8, wenn die Befehle durch einen
Computer ausgeführt werden.

10. Eine Vorrichtung für Datenübertragung mit einer
Übertragungsbandbreite (BWk), die folgende Merk-
male aufweist:

eine Mehrzahl von Sendern (112), die gemäß
einem Kommunikationsstandard für Datenüber-
tragung mit einer Bandbreite arbeiten, die höher
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ist als die Übertragungsbandbreite (BWk), und
die an die Übertragungsbandbreite (BWk) ange-
passt sind, wobei die Sender (112) angepasst
sind durch Reduzieren der Bandbreite der Sen-
der (112) auf einen Teilbereich der Übertra-
gungsbandbreite (BWk) durch Reduzieren der
Taktrate der Sender (112); und
eine Steuerung (110);
dadurch gekennzeichnet, dass
die Steuerung (110) wirksam ist, um eine Mehr-
zahl der angepassten Sender (112) der Über-
tragungsbandbreite (BWk) mit unterschiedli-
chen Trägerfrequenzen in der Übertragungs-
bandbreite (BWk) zuzuordnen, für parallele Da-
tenübertragung.

11. System für Datenübertragung, das folgende Merk-
male aufweist:

einen Übertragungskanal (104);
eine Vorrichtung (100) gemäß Anspruch 10 für
Datenübertragung auf dem Übertragungskanal
(104); und
einen Empfänger (102) zum Empfangen der Da-
ten, die über den Übertragungskanal (104) über-
tragen werden.

12. System gemäß Anspruch 11, bei dem der Übertra-
gungskanal (104) einen akustischen Kanal, einen
Funkkanal oder jeden anderen Mehrwegekommuni-
kationskanal umfasst.

13. System gemäß Anspruch 12, bei dem der akustische
Kanal (104) Bohrstangen (304) umfasst, wobei ein
Bohrkopf (301), ein Sensor, der dem Bohrkopf (306)
zugeordnet ist, und die Vorrichtung (100) für Daten-
übertragung an ein erstes Ende der Bohrstange
(304) angepasst sind, und wobei der Empfänger
(308) über der Erdoberfläche angeordnet ist.

Revendications

1. Procédé de transmission de données avec une lar-
geur de bande de transmission (BWK), comprenant
le fait de:

prévoir une pluralité d’émetteurs (112) fonction-
nant selon une norme de communication pour
la transmission de données avec une largeur de
bande qui est supérieure à la largeur de bande
de transmission (BWK); et
adapter les émetteurs (112) à la largeur de ban-
de de transmission (BWK);
dans lequel l’adaptation des émetteurs (112)
comporte le fait de réduire la largeur de bande
des émetteurs (112) à une sous-plage de la lar-
geur de bande de transmission (BWK) en rédui-

sant la fréquence d’horloge des émetteurs
(112);
caractérisé par le fait que
une pluralité des émetteurs adaptés (112) est
attribuée à différentes fréquences porteuses
dans la largeur de bande de transmission (BWK)
pour la transmission de données en parallèle.

2. Procédé selon la revendication 1, dans lequel les
données sont transmises par un canal (104) à ca-
ractéristique de canal changeante dans la largeur
de bande de transmission (BWK) et dans lequel un
émetteur (112) est attribué si la caractéristique de
canal d’une fréquence porteuse permet une trans-
mission de données fiable.

3. Procédé selon la revendication 2, comprenant le fait
de:

déterminer la caractéristique du canal (104) et
retransmettre la caractéristique de canal par
une canal rétrograde (106);
sélectionner les zones où la caractéristique de
canal permet une transmission de données fia-
ble; et
attribuer chaque fois un émetteur adapté (112)
à une zone sélectionnée.

4. Procédé selon l’une des revendications 1 à 3, dans
lequel la transmission de données comporte une
transmission de données multi-porteuse OFDM.

5. Procédé selon l’une des revendications 1 à 4, dans
lequel la transmission de données comporte la trans-
mission de données par un canal acoustique (104).

6. Procédé selon la revendication 5, dans lequel le ca-
nal acoustique (104) comporte des tiges de forage
(304) à l’extrémité desquelles sont disposés une tête
de forage et à proximité de la tête de forage (301)
un capteur (306), dans lequel la transmission de don-
nées comporte la transmission des données de cap-
teur en surface.

7. Procédé selon l’une des revendications 1 à 4, dans
lequel la transmission de données comporte la trans-
mission de données par un système de radiocom-
munication (212) à une fréquence qui est inférieure
à une fréquence de fonctionnement de l’émetteur
non adapté (112).

8. Procédé selon la revendication 7, dans lequel le sys-
tème de radiocommunication (212) relie un ou plu-
sieurs capteurs (202) et/ou actionneurs à un empla-
cement de détection central (200).

9. Produit de programme d’ordinateur avec des instruc-
tions mémorisées sur un support lisible par ordina-
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teur pour réaliser le procédé selon l’une des reven-
dications 1 à 8 lorsque les instructions sont exécu-
tées par un ordinateur.

10. Appareil pour la transmission de données avec une
largeur de bande de transmission (BWK), compre-
nant:

une pluralité d’émetteurs (112) fonctionnant se-
lon une norme de communication pour la trans-
mission de données avec une largeur de bande
qui est supérieure à la largeur de bande de trans-
mission (BWK) et qui sont adaptés à la largeur
de bande de transmission (BWK), où les émet-
teurs (112) sont adaptés en réduisant la largeur
de bande des émetteurs (112) à une sous-plage
de la largeur de bande de transmission (BW) en
réduisant la fréquence d’horloge des émetteurs
(112); et
une commande (110);
caractérisé par le fait que
la commande (110) est effective pour attribuer
une pluralité des émetteurs adaptés (112) à la
largeur de bande de transmission (BWK) à dif-
férentes fréquences porteuses dans la largeur
de bande de transmission (BWK) pour la trans-
mission de données en parallèle.

11. Système de transmission de données, comprenant:

un canal de transmission (104);
un appareil (100) selon la revendication 10 pour
la transmission de données par le canal de
transmission (104); et
un récepteur (102) destiné à recevoir les don-
nées transmises par le canal de transmission
(104).

12. Système selon la revendication 11, dans lequel le
canal de transmission (104) comporte un canal
acoustique, un canal de radiocommunication ou tout
autre canal de communication à trajets multiples.

13. Système selon la revendication 12, dans lequel le
canal acoustique (104) comporte des tiges de forage
(304), dans lequel une tête de forage (301), un cap-
teur attribué à la tête de forage (306) et l’appareil
(100) pour la transmission de données sont adaptés
à une première extrémité des tiges de forage (304),
et dans lequel le récepteur (308) est dispose en sur-
face.
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