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Abstract—New results achieved in scientific research
carried out at universities are verified almost exclusively
only by computer simulations. The universities very rarely
have the necessary skill, access to IC technology and finan-
cial support to turn a new idea into a real-word working
system. This approach puts the university research into an
ivory tower and develops a gap between university research
and industrial applications.

Software Defined Electronics (SDE) offers a solution to
this challenge if band-pass signals are used to carry the
information. The band-pass property makes the substitu-
tion of each RF/microwave/optical analog signal process-
ing possible with a low-frequency digital one. In SDE all
band-pass signals are transformed into the BaseBand (BB)
by a universal HW device and every application is imple-
mented in BB, entirely in software. SDE concept uses (i)
the lowest sampling rate attainable theoretically and (ii) the
same universal HW transformer in every application. The
software defined implementation provides that huge level
of flexibility which is a must in scientific research and the
SDE concept generates and processes all real-world physi-
cal signals required to verify the new idea in a real applica-
tion scenario.

1. Introduction

Because of the high implementation cost, results of sci-
entific researches conducted at universities are verified al-
most exclusively by computer simulations. However, this
approach suffers from a very serious basic problem: if the
same mathematical model is used in both the research and
verification phases and if the model is inaccurate, for ex-
ample, it neglects important implementation or application
dependent effects, then the computer verification provides
false or misleading results and in a real application scenario
the new idea developed will fail to work or will not achieve
the performance improvement predicted by the computer
simulations.

This simulation oriented approach puts university re-
search into an ivory tower and develops a gap between
academia and industry. The verification of our new re-
search results with stand-alone equipment and in real appli-
cation environments is a must if our society wants to keep
its leading role in researching new ideas, systems and so-

lutions. To bridge the gap between university research and
industrial applications a university-friendly solution has to
be found.

The Software Defined Electronics (SDE) concept offers
a solution to this problem for the class of band-pass signals
and systems. In SDE, the band-pass signals and systems
are transformed into BaseBand (BB) by a universal HW de-
vice and every application is implemented in BB, entirely
in software. All BB equivalents are low-pass signals and
blocks, and the BB equivalents carry all information which
is available in the original band-pass signals. Hence, every
information carried by the physical band-pass signals can
be recovered in BB, and every band-pass signal processing
algorithm has its own BB equivalent. The main features of
SDE concept are as follows:

• it requires the lowest sampling rate attainable theoret-
ically;
• it does not introduce any kind of distortion or loss of

information;
• it uses the same universal HW device in every appli-

cation to perform the transformation between the BB
data sequences generated and processed by a com-
puter program and the physical signals measured in
the real world.

The SDE concept exploits the idea of embedded sys-
tems. The computer simulator developed for and used in
research is run in the application layer. If the simulator
is capable to generate and process the data sequences in
BB then the BB sequences can be transformed into real-
world physical signals by the universal HW transformers
embedded into the same computing platform and the real-
world physical signals can be measured, the performance
of the new idea proposed can be evaluated by stand alone
test equipment. Even real field tests can be performed if the
physical signals reconstructed by the universal HW device
are used in an already operating network or application.

The software defined approach provides the huge level
of flexibility required in research because each parameter
or even the system configuration can be changed in SW
and there is no need to design and implement a new and
expensive HW. Note, this level of flexibility is also essen-
tial in many industrial applications from cognitive radio to
reconfigurable adaptive systems.
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The SDE concept integrates many ideas and practices
used in mathematics to handle band-pass signals and sys-
tems [1], software defined radio [2]-[3], embedded sys-
tems, virtual instrumentation [4] into one solution. The
new contributions of SDE concept are as follows:

• many already known ideas are put into a unified
framework;
• the relationship between the real world and equivalent

BB domain is defined as a transformation performed
by universal HW device operating in an embedded
manner;
• solutions implemented on different SW platforms can

be integrated into one single application;
• a step-by-step process has been developed for the

derivation of BB equivalents.

Section 2 surveys the mathematical background of SDE
concept, it defines the complex envelopes and summarizes
the properties of equivalent BB implementation. The SDE
concept is discussed in Section 3 where it is interpreted as
a transformation performed between the real-world band-
pass and the low-pass BB domains. A step-by-step method
is given for the derivation of BB equivalents and the em-
bedded operation of universal HW transformers is also dis-
cussed.

Our main goal is to turn a simulator used in scientific
research directly into an operating system that can be used
even in an already operating network or application. This
issue is discussed in Section 4 where a MATLAB BB
simulator developed for studying FM-DCSK modulation
scheme is turned into a real-world digital radio transceiver
operating in the 2.4-GHz ISM frequency band.

The recent trend in ICT is that everything goes software
defined. The most important feature of SW implementa-
tion is that both the functionality and parameters of each
application can be changed easily in SW. This flexibility
is essential in many applications from cognitive radio to
adaptive systems. The industry specific issues are surveyed
in Section 5.

Telecommunications and test systems of our times (i) are
becoming more and more complex, (ii) everything is soft-
ware defined and (iii) operates in an embedded manner.
Since every application is implemented in SW, the main
challenge is not in the circuit design but in the integration of
many different HW and SW platforms into one application.
The next generation of engineers has to be able to cope with
this challenge, consequently, the teaching paradigm in elec-
trical engineering has to be changed. Section 6 is devoted
to this issue, i.e., the university education.

2. Mathematical Background:
Baseband Equivalents

Band-pass signals are used in many applications to con-
vey information either in communications or measurement

engineering. To implement an application entirely in soft-
ware, all analog signals must be digitized. The most cru-
cial issue is the assurance of minimum sampling rate with-
out corrupting the information carried by the RF bandpass
signal. The lowest sampling rate attainable theoretically
is obtained by using the complex envelopes and equivalent
baseband transformation.

2.1. Complex Envelopes

The idea of equivalent BB representation can be applied
to band-pass signals and systems. Consider a RF real-
valued band-pass signal x(t) and assume that the spectrum
X( f ) of x(t) is zero or negligible out of the RF bandwidth
2B centered about the center frequency ± fc as shown in
Fig. 1(a). Note, in case of a modulated signal fc is referred
to as carrier frequency.
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Figure 1: Derivation of complex envelope: spectra of
(a) the original RF band-pass signal, (b) its pre-envelope
and (c) its complex envelope.

In equivalent BB signal processing the RF band-pass sig-
nal is decomposed into a product

x(t) = < [x̃(t) exp( jωct)
]
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where the complex envelope x̃(t) is a complex-valued func-
tion and < denotes the real-part operator. The real and
imaginary parts of the slowly-varying complex envelope

x̃(t) = xI(t) + jxQ(t) (1)

are referred to as the in-phase and quadrature components
(denoted by I and Q), respectively.

The derivation of complex envelope can be better under-
stood in the frequency domain. The spectra of RF band-
pass signal x(t) to be transformed into BB is plotted in
Fig. 1(a). The goal is to transform this spectrum into BB as
shown in Fig. 1(c).

Recall, each real-valued signal has a two-sided spectrum
that cannot be shifted directly to BB. To solve the problem
a one-sided spectrum has to be formed by defining the pre-
envelope as

x+(t) = x(t) + jx̂(t)

where x̂(t) denotes the Hilbert transform [1] of x(t). As
shown in Fig. 1(b), the pre-envelope has a one-sided spec-
trum, consequently, it can be shifted to BB in order to get
the complex envelope depicted in Fig. 1(c). Note, except
the derivation of complex envelope, the pre-envelope is not
used in the SDE concept.

The complex envelope x̃(t) of Fig. 1(c) is a low-pass sig-
nal. Except the center frequency fc, x̃(t) carries all infor-
mation available in the original RF band-pass signal x(t),
consequently, signal processing to be performed in the RF
bandpass domain can be fully substituted by an equivalent
BB one. Equation (1) shows the only price that has to be
paid, not real- but complex-valued signals have to be pro-
cessed in equivalent BB implementation.

Comparison of Figs. 1(a) and (c) shows the two crucial
features of equivalent BB signal processing:

• sampling rate required to process the information car-
ried by the RF band-pass signal x(t) is reduced from
2( fc + B) to 2B in equivalent BB signal processing;

• because the information is carried in the frequency
band where the spectrum X( f ) of RF band-pass signal
differs from zero or is not negligible, the equivalent
BB signal processing assures the lowest sampling rate
attainable theoretically.

2.2. Properties of BB Signal Processing

Modeling of each band-pass system needs to consider
three basic constituting components:

• deterministic signals discussed already in Sec. 2.1;

• Linear Time Invariant (LTI) blocks;

• random processes.

As shown in [1], [3], [5]-[6], BB equivalents can be de-
rived for each of these constituting components. The most

important characteristics of BB equivalents are:

• BB equivalents of each RF band-pass deterministic
signal, LTI block and random process have a low-pass
property where the sampling rate required in BB is de-
termined by the half of bandwidth measured in the RF
band-pass domain;
• RF band-pass signal processing can be fully substi-

tuted by an equivalent BB one;
• except the center frequency fc, the BB equivalent re-

tains all information available in the RF band-pass do-
main;
• it is a representation and not an approximation, con-

sequently, distortion does not occur.

The relationships between the RF band-pass and BB
low-pass domains are summarized in Fig. 2 where the am-
plitude spectra of an RF band-pass deterministic signal, the
amplitude responses of an LTI block and the power spec-
tral densities (psd) of a random process are plotted in both
the RF band-pass and BB low-pass domains. Note the sim-
ple rule of thumb: every RF band-pass property becomes
low-pass in baseband.

3. The SDE Concept

In Software Defined Electronics every RF bandpass sig-
nal processing is substituted by an equivalent BB one im-
plemented entirely in SW. In SDE three components are
integrated into one solution:

• transformation between the RF band-pass and BB
low-pass domains is performed by a universal HW de-
vice;
• BB equivalent of an application to be implemented is

derived in a systematic manner;
• embedded operation, i.e., the universal HW trans-

former is embedded into a computing platform. This
approach allows the integration of an off-the-self soft-
ware (for example, a simulator used in scientific re-
search) into the SDE implementation of a new appli-
cation where the reused SW is run in the application
layer.

The generic block diagram of equivalent BB implemen-
tation is shown in Fig. 3. The analog RF bandpass sig-
nals x(t) and y(t), i.e., the real-world physical signals, are
available in the RF band-pass domain. These signals are
represented by their digitized complex envelopes x̃[n] =
xI[n] + jxQ[n] and ỹ[n] = yI[n] + jyQ[n], respectively, in
baseband.

The transformation between the RF band-pass and BB
low-pass domains is performed by the universal RF HW
device or transformer, that derives the I and Q components
of complex envelope from the incoming RF band-pass sig-
nal and, in the opposite direction, reconstructs the RF band-
pass signal from its I and Q components. The HW devices
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Figure 2: Relationship between the RF band-pass and BB low-pass domains: |X( f )|, |H( f )| and S N( f ) are the amplitude
spectrum of a deterministic signal, amplitude response of an LTI block and psd of a random process, respectively, in the
RF band-pass domain. Their BB equivalents are denoted by |X̃( f )|, |H̃( f )|, S NI ( f ) and S NQ ( f ).
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Figure 3: Generic block diagram of equivalent BB implementation. The transformations between the RF band-pass and
BB low-pass domains are performed in both directions by the universal HW device.

are referred to as universal because the same HW trans-
former is used to implement all applications without any
modification.

3.1. Universal HW device: Transformation between
the RF Band-Pass and BB Low-Pass Domains

In a mathematical sense, the universal HW transformer
performs the transformations between the RF band-pass
and BB low-pass domains. It can be considered as a cir-
cuit implementation of a mathematical transformation. As
shown in Fig. 4, the mathematical scheme developed to
derive the in-phase and quadrature components from an
RF band-pass signal includes two multipliers referred to
as quadrature mixer in circuit theory, two low-pass filters
and two amplifiers [1]. The I and Q components of com-
plex envelope available at the outputs of two amplifiers are
still analog signals, xI(t) and xQ(t) are converted into BB
data sequences by two analog-to-digital converters. Then
the BB data sequences xI[n] and xQ[n] are uploaded from
the universal HW transformer into the application layer
and processed in SW to implement the desired application.

Note, the universal HW device performs two tasks: (i) it
derives the I/Q components of the incoming RF band-pass
signal and then (ii) it digitizes them and returns the I/Q
data sequences.

The mathematical scheme required to reconstruct an RF
band-pass signal from the I/Q BB sequences is even sim-
pler, addition to the two digital-to-analog converters it
needs two mixers and an analog summer as depicted in
Fig. 5 [1]. Note again the two tasks performed: (i) conver-
sion of I/Q sequences into two analog signals and (ii) re-
construction of the RF band-pass signal.

ADC

ADC-2

2

sin(ωct)

cos(ωct)x(t)

xI [n]

xQ[n]

xI(t)

xQ(t)

Figure 4: Mathematical scheme for the derivation of com-
plex envelope of an RF bandpass signal.
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Figure 5: Mathematical scheme for the reconstruction of
an RF bandpass signal from its complex envelope.

There are three main categories of universal RF HW
transformers:

• integrated circuits;
• Universal Software Radio Peripheral (USRP) devel-

oped for university education and radio amateurs;
• PXI-based test bench developed for professional ap-

plications.

Each version performs the transformation between the RF
band-pass and BB low-pass domains, however, the inte-
grated circuits do not offer a built-in HW/SW interface to
connect the universal HW device to a host computer. The
operation principles of the USRP- and PXI-based univer-
sal HW transformers are identical, but only the PXI de-
vice offers the accuracy required in measurement engineer-
ing. More details on the PXI-based HW transformer will
be given in Sec. 4.4.

To illustrate the operation principle of universal HW
transformers, let the block diagram of a MAX2769 inte-
grated circuit depicted in Fig. 6 be compared with the math-
ematical scheme shown in Fig. 4. Note, first the MAX2769
IC derives the complex envelope of incoming RF bandpass
signal connected to the “MIXIN” input as analog I/Q sig-
nals then, after level controlling, the I/Q components are
digitized, and finally the xI[n] and xQ[n] sequences are sent
to the IC’s output pins.

Figure 6: Transformation from the RF band-pass domain
to BB: the block diagram of MAX2769 IC.

3.2. Derivation of BB Equivalent

In SDE, every signal processing task is performed in BB
by processing the digitized complex envelopes, and every
application is implemented in BB and entirely in SW. The
crucial issue is the derivation of BB equivalent of desired
application.

Two different approaches are available to derive the BB
equivalents:

• mathematical derivation of BB equivalents as a signal
processing algorithm [7], or
• transformation of the already known RF solutions into

a baseband equivalent.

In electrical engineering and signal processing, many so-
lutions to different demands have been developed. If we
want to reuse these already widely applied and proven so-
lutions then the latter approach has to be used.

A systematic step-by-step approach for the derivation of
BB equivalent from the RF band-pass model has been pro-
posed in [8]. To illustrate the main steps of derivation, the
BB equivalent of an AWGN radio channel [1] is discussed
here. Only the basic idea and the result of equivalent BB
transformation are presented here, for all details and many
more examples refer to [8].

The block diagram of an RF Additive White Gaussian
Noise (AWGN) radio channel is shown in Fig. 7 where
w(t) denotes the channel noise, K is the attenuation of ra-
dio channel, s(t) and r(t) are the transmitted and received
signals, respectively. Since the SDE concept can be ap-
plied only to band-pass signals and systems, the bandwidth
of Gaussian white noise w(t) has to be limited by an ideal
band-pass filter. If the bandwidth 2Bnoise of this band-pass
filter is greater or much greater than that of the transmitted
signal s(t) then the band limitation of channel noise does
not restrict the validity of AWGN channel model.

White Gaussian noise

signal

s(t)

Transmitted y(t)

+

+

n(t)

r(t)

Received
signalK

Attenuation
Friis formula

Physical transmission
medium

w(t)

2Bnoise

Figure 7: Block diagram of AWGN radio channel in the RF
band-pass domain.

First the BB equivalent of RF band-pass AWGN model
has to be derived. Then the relationship between the pa-
rameters of RF band-pass noise and the Gaussian Pseudo
Random Sequence Generators (PRSGs) used in BB to gen-
erate the BB equivalent of channel noise has to be found.
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The BB equivalent of AWGN channel derived in [8] is
depicted in Fig. 8. The BB equivalent includes the chan-
nel attenuation and two Gaussian PRSGs to generate the I
and Q components of channel noise. It is very important to
note that the two PRSGs have to generate two uncorrelated
PR sequences containing statistically independent samples.
Otherwise, the accuracy of BB equivalent is seriously cor-
rupted.

K

K

sI [n]

sQ[n]

yI [n]

rI [n]

nI [n]

yQ[n]

rQ[n]

nQ[n]

Figure 8: BB equivalent of AWGN radio channel.

The bandwidth of RF band-pass noise is determined by
the BB sampling rate fS

2Bnoise = fS (2)

and the variances of two PRSGs have to be equalled with
the noise power measured in the RF band-pass domain

var(nI[n]) = var(nQ[n]) = 2BnoiseN0 = N0 fS . (3)

In the equation above, N0 denotes the psd of white noise
measured in the RF channel.

To verify the SDE concept, the AWGN channel was im-
plemented in BB and SW using the block diagram of Fig. 8.
The parameters of channel noise were set according to (2)
and (3). Then, a universal HW transformer was used to re-
construct the analog RF band-pass channel noise from the
I/Q BB sequences.

The psd of channel noise measured in the 2.4-GHz
ISM frequency band by a stand-alone spectrum analyzer
is shown in Fig. 9. As expected, the channel noise has a
constant psd and its bandwidth is equal to the BB sampling
rate.

3.3. Cascading of BB Equivalents

Every measurement, telecommunications or information
processing system is constructed from signal processing
blocks connected in cascade. Since cascading is preserved
in baseband, a library of algorithms or a toolbox can be
developed.

Consider an O-QPSK transmitter with a half-sine pulse
shaping filter and assume that the transmitted O-QPSK sig-
nal travels through an AWGN channel. Recall, the BB
equivalent of AWGN channel has been already depicted in
Fig. 8. The library published in [8] has the BB equivalent
of O-QPSK transmitter.

Figure 9: SW implementation of AWGN radio channel:
psd of channel noise measured in the RF band-pass domain.
The center frequency is 2.417 GHz.

The BB equivalent of the noisy O-QPSK signal gener-
ator is constructed by connecting the BB equivalents of
O-QPSK transmitter and AWGN channel in cascade as
shown in Fig. 10. The I/Q sequences rI[n] and rQ[n] of
the noisy O-QPSK signal are generated by the BB equiv-
alent in SW and the I/Q sequences are processed by the
universal HW transformer to reconstruct the RF bandpass
signal s(t).

The NI LabVIEW platform offers a convenient way to
implement BB equivalents because LabVIEW provides all
drivers required by the universal HW transformers. In Lab-
VIEW, the BB implementation of each application is con-
trolled via a graphical user interface referred to as Front
Panel where the parameters of the desired application can
be entered and the results calculated in BB can be visu-
alized. The Front Panel of the noisy O-QPSK generator
is shown in Fig. 11 where, addition to the I and Q compo-
nents, both the constellation diagram (upper row, right) and
the spectrum (lower row) of generated noisy O-QPSK sig-
nal are plotted. Note, all signals generated and processed
in LabVIEW and visualized on the Front Panel are data se-
quences defined in BB.

The theory of complex envelopes claims that the BB rep-
resentation does not generate any distortion and, except fc,
all information carried by the RF band-pass signal is also
available in BB. To verify this statement the identity of the
two spectra (i) calculated from complex envelope in BB
and (ii) measured by a stand-alone spectrum analyzer in
the RF band-pass domain has to be checked.

The LabVIEW Front Panel, depicted in Fig. 11, gives the
spectrum calculated from the BB data sequences, while the
spectrum measured by a stand alone spectrum analyzer is
shown in Fig. 12. Note, the two spectra are identical, ver-
ifying the validity of equivalent BB transformation. The
effect of channel noise can be clearly recognized in each
figure: Gaussian clouds develop about the four QPSK mes-
sage points in the constellation diagram and the uniform
psd of channel noise appears in the spectra calculated in
BB and measured in the RF band-pass domain.
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Figure 10: SDE implementation of a noisy O-QPSK system. The BB equivalent of noisy O-QPSK signal is generated in
SW by a noiseless O-QPSK modulator and AWGN channel connected in cascade in BB. The real-world RF band-bass
signal s(t) is reconstructed by the universal HW transformer from the I and Q sequences given by rI[n] and rQ[n].

Figure 11: Front Panel of BB implementation of a noisy O-QPSK generator. The upper left and center waveform graphs
show I and Q components, respectively, of complex envelope generated in BB. The upper right figure depicts the noisy
constellation diagram while the lower one plots the spectrum of the noisy O-QPSK signal.

Figure 12: Measured spectrum of the noisy O-QPSK sig-
nal. The measurement has been done by a stand-alone RF
spectrum analyzer, the carrier frequency is 2.417 GHz.

3.4. Embedded Operation of Universal HW Device

The main feature of SDE concept is that any kind of the
band-pass telecommunications, measurement and informa-

tion processing systems operating in the RF, microwave or
optical frequency regions can be implemented entirely in
SW. Consequently,

• at verification of a new research result there is no need
to build an RF test bench which is a very expensive
and time consuming task and needs a lot of special
knowledge;
• during research or prototyping all parameters of the

new system can be changed easily in SW.

The SW platform used for simulation can be integrated into
the SDE concept, consequently, every BB simulator used in
the research phase can be turned directly into a real work-
ing system and all verifications and field tests required can
be performed without designing new circuits or building a
new HW.

The integration is achieved via the embedded operation
where the structure of protocol stack architecture elabo-
rated in IEEE Standard 802 is used. The universal HW de-
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vice performing the transformation is considered as a phys-
ical (PHY) layer. To communicate with the application
layer, the universal HW device offers two Service Access
Points (SAPs): (i) one for configuration and (ii) another
one for the transfer of complex envelope. The former SAP,
referred to as “HW management SAP,” is used to set the
configuration parameters such as center frequency, power
level, sampling rate, etc., while the latter one, referred to
as “HW data service,” provides the access to the I/Q se-
quences of complex envelope. The accessibility and use of
these SAPs will be shown later, in Sec. 4.3.

4. Use of SDE Concept in Research

Results achieved in scientific research are verified by
computer simulation, mostly on MATLAB platform. The
universal HW transformer processes the I/Q components
of complex envelopes, consequently, any software capable
of generating and processing the I/Q sequences can be in-
tegrated directly into the SDE platform. The complex en-
velopes provide the generic interface among the different
SW platforms.

To illustrate the efficiency of SDE concept in scientific
research, a MATLAB BB simulator is turned into a real
radio system in this section.

4.1. FM-DCSK: An Unconventional Modulation

The transmitted radio wave propagates via many parallel
paths from the transmitter to the receiver in indoor commu-
nications. The received signal components may be added
in a destructive manner at the receiver which results in a
deep frequency-selective multipath fading. To overcome
the multipath propagation problem wideband signals are
frequently used in indoor communications to convey the
information. The conventional solution is the spread spec-
trum approach [6] where the bandwidth of a narrow-band
modulated signal is spread by a PR sequence.

Frequency Modulated-Differential Chaos Shift Keying
(FM-DCSK) modulation [9] offers an alternative solution
where the digital sequence to be transmitted is mapped
into an inherently wideband chaotic carrier. Chaotic sig-
nals have no phase, frequency or amplitude, consequently,
the well-known conventional modulation schemes cannot
be applied and chaos-based communications systems can-
not be implemented by reusing the building blocks of con-
ventional telecommunications systems. Hence, FM-DCSK
is a good example to demonstrate the applicability and flex-
ibility of SDE concept.

Since amplitue-, phase- and frequency-shift keying mod-
ulations cannot be used in chaos-based communications,
new modulation schemes have been elaborated. In FM-
DCSK, the most efficient, robust and popular modulation
scheme, each bit is mapped into two chaotic waveforms
where the first waveform serves as a reference while the
second one carries the digital information. If a bit “1” is

transmitted then the information-bearing waveform is a de-
layed copy of the reference one. In case of bit “0,” the
information-bearing waveform is a delayed and inverted
copy of the reference one.

The demodulator correlates the reference and
information-bearing parts of the received signal and
the decision is done according to the sign of correlation.

The implementation of the FM-DCSK radio link is bro-
ken into three steps in the SDE concept:

1. Starting from the original RF band-pass model of FM-
DCSK radio link, first a MATLAB BB simulator is
developed.

2. Because LabVIEW offers all drivers for the universal
HW transformer, in the next step the MATLAB BB
simulator is integrated into the LabVIEW platform.

3. Finally the FM-DCSK system is implemented on a
PXI-based universal SDE platform.

4.2. Derivation of MATLAB BB Simulator

An FM-DCSK radio link includes three main building
blocks:

• FM-DCSK transmitter;
• radio channel;
• FM-DCSK autocorrelation receiver.

The block diagram of the FM-DCSK radio link is shown
in Fig. 13 where every signal and each constituting block of
the FM-DCSK radio link are identified. The binary infor-
mation to be transmitted is denoted by bi. The FM-DCSK
receiver makes an estimation b̂i of transmitted bits by ob-
serving the noisy received RF band-pass signal r(t) for the
observation time period T . Except two low-pass signals,
namely the chaotic signal m(t) in the transmitter and the
observation signal z(t) in the receiver, all signals shown in
Fig. 13 are RF band-pass signals.

To get the BB equivalent, all RF band-pass signals of
Fig. 13 have to be expressed by their complex envelopes
and the relationship between the two low-pass signals,
namely, the chaotic and observation signals, has to be es-
tablished in BB.

As shown in Fig. 13, the FM-DCSK radio link includes
many signal processing blocks connected in cascade. As
discussed in Sec. 3.3 cascading in the RF band-pass domain
is preserved in baseband, consequently, BB equivalents for
each block of the FM-DCSK radio link can be developed
independently from one another.

Originally the BB equivalent of the FM-DCSK radio link
was derived to develop a MATLAB simulator. The simula-
tor was necessary in the research phase to verify the feasi-
bility of the FM-DCSK radio transceiver and to determine
its BER performance in both AWGN and multipath radio
channels [9]. Universal HW devices and the SDE concept
were not available at that time, the MATLAB simulator was
developed in BB just to minimize the simulation time.
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The equivalent BB model is depicted in Fig. 14, for the
details of its derivation refer to [10]. To simplify the mod-
els and to get a figure which is easy to interpret, only the
analog signals are shown in Figs. 13 and 14. The parame-
ters of digitization were chosen in such a way in the MAT-
LAB BB simulator that the digitization did not introduce
any distortion.

To illustrate the use of SDE concept in research, next
paragraph will discuss how the MATLAB BB simulator
can be turned into a working FM-DCSK radio receiver
without any modification. As shown in Fig. 14, the BB
equivalent of FM-DCSK receiver includes two blocks, the
“Channel filter” and the “FM-DCSK autocorrelation re-
ceiver.”

4.3. Integration of MATLAB into LabVIEW

As discussed in Sec. 3.4, the universal HW transformer
constitutes the PHY layer of the computing platform. It
can be reached via two SAPs, one of them is used for con-
figuration while the other one serves to transfer the I/Q
sequences of complex envelope.

The FM-DCSK radio link was implemented on a PXI-

based universal SDE platform. All drivers for the universal
HW transformer are available in LabVIEW, consequently,
the LabVIEW was chosen to provide the SW interface be-
tween the PHY and application layers. The BB equivalent
of FM-DCSK radio link was implemented by the MAT-
LAB BB simulator, i.e., on MATLAB platform.

The crucial advantage of SDE concept is that the dif-
ferent SW platforms can be integrated into one application
where the complex envelopes provide the interfaces among
the different SW platforms. Figure 15 shows the block di-
agram of the implemented FM-DCSK receiver where the
lower part of block diagram shows the LabVIEW interface
to the universal HW transformer. From the left to the right
first the parameters of universal HW device are set and then
the I/Q components of the complex envelope are extracted
from the received RF band-pass signal by the block enti-
tled “1Rec1Chan, Complex Cluster.” Finally, the I/Q se-
quences are uploaded into the MATLAB script via the “Ac-
cess Point to I/Q Data” SAP.

The MATLAB script implements the FM-DCSK re-
ceiver, its algorithms are: “Channel filtering” and “Demod-
ulation by autocorrelation receiver.” The MATLAB script
returns the “Received bit Stream,” from which the BER

- 764 -



Figure 15: Block diagram of the FM-DCSK radio link implemented in SW. Note, the MATLAB script which implements
the FM-DCSK receiver is integrated into the LabVIEW environment. The “Channel filtering” and “Demodulation by
autocorrelation receiver” algorithms of MATLAB BB simulator are used in the MATLAB script.

performance is evaluated and plotted.
Both the LabVIEW and MATLAB SW platforms have

been installed and run on the same host computer. Note
the crucial advantage of SDE concept: it turns the MAT-
LAB BB simulator developed in the research phase into a
working system that is capable to generate and process the
real-world physical signals. These signals can be measured
by stand-alone equipment, can be used to perform all field
tests and can be radiated into an existing network to evalu-
ate the performance of the new system proposed in a real-
world environment. Even more, the algorithms of a BB
simulator can be used directly, without any modification,
in the SDE implementation.

4.4. PXI-Based Universal SDE Platform

The PCI eXtensions for Instrumentation (PXI) is an in-
dustrial modular instrumentation architecture elaborated by
the PXI Systems Alliance [11]. It offers building modules
for flexible, PC-based and high-performance measurement
and automation systems. Any measurement, control or au-
tomation system can be constructed from the PXI off-the-
self modules available on the market.

Photo of the PXI-based universal SDE platform is shown
in Fig. 16. That testbed is suitable for the implementation
of any telecommunications and measurement engineering
applications in SW. The components of testbed are as fol-
lows:

• the PXI chassis, shown on the upper left part of the
photo. The chassis includes an embedded controller

and two universal HW transformers;
• a stand-alone microwave spectrum analyzer used to

check the real-world RF band-pass signals;
• a monitor, identified as “LabVIEW Front Panel,” used

to control the SDE platform and visualize the BB sig-
nals and test results.

The SDE implementation of FM-DCSK radio link in-
cludes the following blocks plugged in the PXI chassis:

• embedded controller, see the left block in the PXI
chassis.
The embedded controller provides the computing plat-
form for both MATLAB and LabVIEW. It is con-
nected to the other blocks of PXI chassis via a high
speed PCIe interface.
• universal HW device, see the block in the middle of

PXI chassis, marked by “Rx.”
This block derives the I/Q sequences from the incom-
ing RF band-pass signal and uploads them into the
embedded controller via the PCIe interface.
• universal HW device, see the right block in the PXI

chassis, marked by “Tx.”
This block reconstructs the RF band-pass signal from
the I/Q sequences generated in BB by the SW run on
the embedded controller.

Figure 16 shows the automated BER performance eval-
uation of FM-DCSK radio system both in an AWGN radio
channel and in a noisy multipath environment. Both the
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Figure 16: Photo of the PXI-based universal SDE platform. The PXI chassis and the stand-alone microwave spectrum an-
alyzer are on the top-left and top-right, respectively, of the photo while the monitor in the bottom visualizes the LabVIEW
Front Panel.

FM-DCSK radio transceiver and the noisy radio channels
are implemented in baseband and entirely in software.

The upper figure of LabVIEW Front Panel shows the
spectrum of received signal travelling via the noisy mul-
tipath channel. Both the channel noise and effect of
multipath propagation, i.e., the multipath-related, deep
frequency-selective fading can be observed.

The spectrum visualized on the LabVIEW Front Panel
was determined in BB by evaluating the I/Q sequences ex-
tracted from the received noisy and corrupted signal. How-
ever, the spectrum shown by the microwave spectrum ana-
lyzer was recorded in the RF band-pass domain by measur-
ing the real-world 2.4-GHz microwave signal. The identity
of the two spectra verifies the SDE concept and proves that
it does not introduce any distortion.

Lower figure of the LabVIEW Front Panel shows the
measured BER performance of FM-DCSK transceiver in
(i) an AWGN and (ii) a noisy multipath radio channel. The
PXI-based universal SDE platform has an implementation
loss of 0.7 dB which is the noise contribution of local os-
cillators, RF amplifiers and ADC and DAC modules used
in the universal HW transformers.

Figure 16 reveals a unique feature of the SDE concept,
namely, that many parallel signal processing tasks being
run simultaneously on the same host computer can be im-
plemented. In our example the same received noisy and
corrupted signal is used both (i) to demodulate the trans-
mitted data stream and (ii) to measure the spectrum of re-
ceived FM-DCSK signal. In radio communications this

feature enables the simultaneous reception of transmitted
information and the evaluation of channel conditions with-
out interrupting the data traffic.

5. Industry demands: low-cost, flexibility, multifunc-
tionality and embedded operation

Industry demands always have been (i) low production
and prototyping cost, (ii) short time from product planning
to market release and (iii) simple and cheap modification
of a product during its manufacturing life time. In our time
new requirements are arising, let the most important ones
listed here:

• because of the continuous and rapid change in stan-
dards, technology and/or applications the products al-
ready used have to be updated and modernized regu-
larly;

• new applications and services have to be implemented
on the same, already widely used products;

• certain applications such as cognitive radio rely on the
multifunctional use of the same HW platform;

• adaptivity is a must in many applications;

• market demands frequently cannot be identified in ad-
vance before releasing a new product. After evalu-
ating the market response, new services and applica-
tions have to be implemented on the already sold de-
vices.
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The old and new requirements summarized above can be
satisfied if a universal HW platform is used and the differ-
ent applications are implemented entirely in SW. A good
example for this trend can be observed in instrument in-
dustry where, instead of physical circuits, the concept of
virtual instrumentation is used to implement the signal pro-
cessing algorithms. Another important issue is that more
and more applications are embedded into a computing plat-
form. The last great challenge is that the systems and appli-
cations used today are becoming more and more complex.

The skill of university graduates has to meet these indus-
try demands. Every year less and less engineers are work-
ing on the development of new HWs and ICs but more and
more are developing applications in SW for standard uni-
versal HW platforms. This trend has been well known in
the low frequency applications for many years and, in re-
cent time, the rapid development in technology has enabled
the extension of SW defined approach up to even the opti-
cal frequency range.

6. Need for Change in Teaching Paradigm

University teaching paradigm does not match the indus-
try demands discussed above because electrical engineer-
ing is still taught in the conventional way where

• a bottom-up approach is used. The circuit theory is
taught first, then a lot of attention is devoted to the
design of circuits and HW blocks and the curriculum
is finished by teaching FPGA implementation;
• different subjects are taught in an isolated manner, in-

dependently of one another. To make the problem
even tougher, the different subjects are discussed by
using different terminologies;
• system level engineering is not taught, unity of math-

ematics and engineering is not highlighted;
• young unexperienced students are expected to under-

stand system level design and integration themselves
without any guidance.

To follow the changes in ICT industry, electrical en-
gineering should be taught in an opposite way, using a
top-down approach. After laying down the foundations
in mathematics and information processing, the education
should be started at system level engineering and the main
emphasis should be laid on the following topics:

• system level integration where the same terminology
should be used in each subject;
• implementation of complex systems from off-the-self

HW blocks. A little attention should be given to the
design and manufacturing of circuits and HW devices
because the majority of our graduates will never de-
sign HW devices;
• implementation of different applications entirely in

SW. Our graduates should have an applicable skill in
software defined implementations;

• analysis and design of embedded systems;
• more laboratory experiments should be involved in

university curriculum to narrow the gap between the
theory and practice.

Subjects taught in the conventional curriculum such as mi-
crowaves, optics, filters, etc. should be discussed but only
in that extent which is necessary to perform system level
analysis and design.

In the area where band-pass signals carry the informa-
tion, the problem can be solved if the SDE concept is in-
troduced into the university education. The SDE concept
uses a top-down approach and focuses on integration and
system level engineering. In SDE every application is soft-
ware defined, consequently, the direct relationship between
the theory of signal processing and SW implementation is
highlighted clearly. Because there is no need to design and
build HW devices, the students can design and implement
their own application in SW and then they can evaluate the
performance of their systems in the lab. The same universal
SDE platform can be used in each subject, consequently,
cost of lab experiments can be kept low and students have
to learn the use of only one universal SDE platform.

The SDE concept can also be used to bridge the gap be-
tween scientific research and practice because every BB
simulator used in the research phase can be turned directly
without any extra efforts into an operating system. This
approach was presented in Section 4 where a MATLAB
BB simulator developed in 1998 to verify the feasibility of
FM-DCSK modulation scheme [10] and used in 2000 in
research to evaluate its system performance in a noisy mul-
tipath channel [12] has been reused recently, without any
modification, to implement an operating FM-DCSK radio
transceiver.

7. Conclusions

SDE concept integrates many already known solutions
into one unified theory in order to get a universal software
defined platform for the implementation of band-pass in-
formation processing systems. This paper has provided an
overview of the SDE concept and showed its use in scien-
tific research.

In the SDE concept every application is implemented
in baseband and universal HW transformers are used to
perform the conversion between the RF band-pass signals
measured in the real world and their BB equivalents, the
digitized low-pass complex envelopes. The BB signals are
processed entirely in SW, consequently, every application
is implemented in SW.

The equivalent BB implementation relies on the complex
envelopes that assures the lowest sampling rate attainable
theoretically to process a band-pass signal without loosing
any information or suffering from any distortion.

The SDE approach offers a very high level of flexibility
where either the functionality or the parameters of an ap-
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plication can be changed in SW, even dynamically. This
feature

• is a must in many emerging applications such as cog-
nitive radio, adaptive systems, etc.;
• makes the verification of scientific research results

possible because a computer simulator used to ver-
ify the new theoretical result can be turned into a real
working system;
• reduces the time-to-the-market considerably in indus-

try because there is no need to redesign the HW dur-
ing prototyping. Any change to be done needs only to
modify the software;
• helps in education to fulfill the gap between the theory

and practice because the students can design and im-
plement any kind of real working telecommunications
and test systems in the lab.

Another unique feature of SDE concept is that many par-
allel signal processing tasks can be implemented and run si-
multaneously on the same host computer. For example, the
received signal can be used not only to recover the transmit-
ted information but also can be considered as a test signal
to determine the channel conditions.

The SDE concept relies on the transformation performed
between the RF band-pass and low-pass BB domains. The
transformation is done by universal HW devices, conse-
quently, the same HW transformer is used in every applica-
tion. To make the already proven RF band-pass solutions
reusable, a systematic step-by-step process has been elabo-
rated for the derivation of BB equivalents.

Real-world RF band-pass systems are constructed from
blocks connected in cascade. In SDE concept cascading is
preserved in BB, consequently, a library of frequently used
building blocks can be developed.

The SDE concept makes the integration of different SW
and HW platforms into one solution possible. A universal
SDE testbed can be developed where every application can
be implemented on the same universal SDE platform by
changing only the SW in the application layer.

To prove the efficiency of the SDE concept in scientific
research, the paper has shown (i) how a PXI-based uni-
versal SDE platform can be developed and (ii) how a BB
MATLAB FM-DCSK radio link simulator can be turned
into a real-world radio transceiver.
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Catholic University under the grant number KAP-15-160-
5.2-ITK and KAP-3, and was supported by Yiannis Pavlou,
the Academic Director of National Instruments in Europe.
The author would like to express his deepest gratitude for
the help and continuous support.
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