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Theory and Application
of Software Defined
Electronics:

Design Concepts for the Next Generation
of Telecommunications and
Measurement Systems [ 1

The analog signal processing is substituted ev-

erywhere by its digital counterpart because of its

higher accuracy and flexibility, its much lower cost
Géza Kolumban, Tamas Istvan Krébesz, and because in digital signal processing there is
and Francis C.M. Lau no need for regular calibration as it is required in
the analog systems. The most important feature
of digital approach is that the HW and SW com-
ponents can be fully separated and the same
HW, referred to as a universal HW device, can be
used to implement very different applications. Al-
though digital signal processing has been around
everywhere in the low frequency applications for
many years, until this time it could not satisfy the
requirements of RF and microwave engineering.
The main challenges in RF and microwave radio
communications and measurements are: (i) imple-
mentation of ultra wide dynamic range (limited by
the quantization noise and linearity) and (i) mini-
mize sampling rate required. In our time the situa-
tion is changing rapidly. Software Defined Radio,
Universal Software Radio Peripheral and Virtual
Instrumentation all mean that a universal HW de-
vice is used to extract the complex envelope of an
RF bandpass signal to be demodulated or ana-
lyzed, and the implementation of radio receiver or
signal analyzer is implemented entirely in SW. The
complex envelope, processed in SW, carries all
information available in the RF signal and assures
the minimum sampling rate which is determined by
the bandwidth of RF signal. The complex envelope
represents fully the RF bandpass signal without
any distortion and every RF bandpass signal can
be reconstructed from its complex envelope with-
out any distortion. This tutorial surveys the theory
of complex envelopes, shows how the baseband
equivalent models of RF systems can be derived
and demonstrates how different radio transceiv-
ers and test equipment can be implemented by
means of the same universal RF HW device in the
2.4-GHz ISM frequency band.
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I. Introduction

ignal processing algorithms are used to generate

and analyze signals in order to transfer informa-

tion or to measure some parameters via informa-
tion extraction. The former and latter are performed
in telecommunications and measurement engineer-
ing, respectively. Until recently, the signal processing
algorithms have been implemented mostly by analog
circuits in the microwave and Radio Frequency (RF) re-
gions. To simplify the terminology, the microwave and
RF regions will not be distinguished in the remaining
part of tutorial.

The general trend in computer science and electrical
engineering is that the HardWare (HW) and SoftWare
(SW) components are becoming completely separated
and only one, or a very few universal HW devices are
used to implement many different applications just
changing the SW in the application layer. The idea of
HW-SW separation is well known but until now cheap
and universal HW devices have not been available in the
RF regions because high sampling rate and resolution
are required in telecommunications and measurement
engineering applications.

Bandpass signals are used in RF telecommunications
and measurement engineering where the center fre-
quency of the signal to be processed is much greater
than its bandwidth. According to the Raabe condition,
the sampling rate has to be higher than twice the band-
width of RF bandpass signal. Note, the required sam-
pling rate is determined not by the center frequency but
by the bandwidth of RF bandpass signal.

The canonical representation of bandpass signals
and systems introduced by the concept of complex en-
velopes makes the BaseBand (BB) representation pos-
sible showing that every RF bandpass signal (either
deterministic or random) and system can be fully rep-
resented in the lowpass region where the bandwidth of
BB equivalent is equal to the half of that of the original
signal or system. Note, the BB equivalents are not ap-
proximations but exact representations of the original
signals and systems, consequently, distortion does not
occur.

The Raabe condition establishes the theoretical
possibility of substituting every RF bandpass signal
processing performed up to now by analog circuitry
in RF domain with a digital one in baseband, further-
more, the concept of complex envelopes provides the
theory which is necessary to derive design equations

and methods for the circuit

and system design in base-

band. Although the Raabe
condition and the concept of
complex envelopes, also re-

ferred to as analytic signals,

have been available for many
decades, until now universal

HW devices which can extract

the complex envelope from the

RF bandpass signal to be processed
and which can reconstruct the RF
bandpass signal from its complex enve-

lope have not yet been available on the mar-

ket. This situation has changed recently with the
advent of cheap integrated circuits which can perform
the transformation between the RF domain and base-
band. Even more, devices referred to as Universal Soft-
ware Radio Peripherals (USRPs) are now available that
implement a physical layer and that can be accessed
via two service access points: the (i) USRP management
service and (ii) USRP data service access points. The
USRP devices are suitable for embedded operation and
can be driven directly from a suitable software run in
the application layer.

The USRP devices are universal in that sense that
together with a host computer they can perform any
kinds of RF bandpass signal processing, consequently,
they are suitable for the implementation of any kinds
of telecommunications systems or measurement equip-
ment. The crucial issue is the derivation of equivalent
baseband model, more precisely, the derivation of
equivalent BB algorithm that has to be implemented in
the application layer. Unfortunately, a publication on the
systematic derivation of equivalent BB algorithm can-
not be found in the literature.

This tutorial is going to fulfill this gap.

Chapter Il surveys the complex envelope represen-
tation of signals, random processes and Linear Time
Invariant (LTI) systems. The discussion is rigid from a
mathematical point of view, but focuses on the applica-
tions and implementations, consequently, many details
are not discussed and mathematical proofs are not giv-
en. However, every theorem necessary to derive the BB
equivalents are provided.

Chapter III introduces the universal HW device that
can process or generate the RF bandpass signals and
that provides the interface to the upper application
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Like computer science, the advent of Universal Software Radio Peripheral
(USRP) makes the complete separation of HW and SW components possible
in RF telecommunications and measurement engineering.

layer. The drivers establishing the access points for the
application layer are also discussed.

Chapter IV surveys the features of SW-based BB sig-
nal processing.

Every radio link includes a (i) transmitter, a (ii) radio
channel and a (iii) receiver. Chapter V shows the deriva-
tion of BB equivalents of analog and digital transmitters,
the implementation of different radio channels such as
ideal noise-free channel, Additive White Gaussian Noise
(AWGN) channel and two-ray noisy multipath channel,
and the derivation of BB equivalent of a generic QPSK
demodulator. Finally, to show all features of complex
envelope concept, a complete half-sine O-QPSK radio
link communicating over the three radio channels list-
ed above is implemented. A step-by-step approach is
shown to derive the BB equivalents and the discussion
goes from the simplest case to the most complex case.
The implementations to be discussed cover all signal
processing tasks to be done in radio communications,
consequently, using the tools discussed here the reader
will be able to derive the BB algorithm for his or her
own problem.

The modulated signal radiated by the transmitter can
also be considered as a test signal which can be used to
measure the characteristics of a radio channel or an en-
tire radio link. A great feature of Software Defined Elec-
tronics (SDE) is that signal processing is implemented
in SW, consequently, one algorithm can demodulate the
received signal, while other algorithms, run parallel,
can determine the spectrum of received signal or plot
the constellation diagram without interrupting the data
traffic. This feature being essential in cognitive radio is
also demonstrated in Chapter V.

Constituting ideas of SDE concept has been used for
many years in software defined radio, virtual instru-
mentation, open system interconnection basic refer-
ence model, embedded systems and in the concept of
complex envelopes. However, until this time these areas
have been treated more or less independently of one an-
other because a universal HW device has not been avail-
able up to now. With the advent of universal HW device,
the SDE concept integrates these areas into one unified
approach and is causing a change in design paradigm
of microwave and RF telecommunications systems and
measurement equipment.

SDE approach can be used in new product develop-
ment because it reduces the time to market and also of-
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fers a simple and fast solution for testing new protocols
and communications approaches. In research the SDE
approach offers a unified test bed for verification of new
theoretical ideas and practical solutions. The use of uni-
versal HW device makes the development of microwave
circuit unnecessary, that requires a very special knowl-
edge and expensive measurement equipment.

Last but not least SDE establishes a brand new re-
search direction for the IEEE Circuits and Systems So-
ciety. New equivalent baseband algorithms optimized
for the FPGA-based digital signal processing have to
be developed. The high-speed FPGA devices are re-
source-limited computing devices where fixed-point
number representation and fixed-point arithmetics
are used. This framework has some serious limitations
but also offers new opportunities in the algorithm de-
sign. As the circuits and systems were developed in
the past by the IEEE CAS Society, now the derivation
of new equivalent BB algorithms is challenging the
CAS Society.

Il. Basic Issues: Complex Envelope Representations
of Signals, Noise, and LTI Systems
During the analysis of a telecommunications system we
have to consider three basic components:
signals that carry the information
LTI blocks that are used to process the signals
carrying the information
random processes that are used to model the
channel noise or interference.

The constituting blocks of a test equipment are the
same, the only difference is that in measurements the
noise is generated by the test bed and the source of in-
terferences can be any kind of signal generators.

The constituting blocks of telecommunications sys-
tems and test beds are assumed to be linear at the sys-
tem level analysis, the nonlinearities are considered
only as secondary unwanted effects. This paper is going
to show how the BB equivalent of an RF bandpass sys-
tem developed for either telecommunications or mea-
surement engineering application can be derived, the
modeling of nonlinearities goes beyond the scope.

Chapter Il surveys the theory of complex envelopes.
Only those definitions and theorems will be discussed
that are needed to derive the BB equivalent of an RF
bandpass systems. The proofs of theorems will not be
provided but every equations and statements will be
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exact from a mathematical point of view. For details the
interested readers should refer to the literature [1]-[3].

Originally, the terminology of baseband and lowpass
has been introduced for the linear and nonlinear modu-
lation schemes, respectively. This distinction has been
fading away and baseband will be considered as a syn-
onym to lowpass in this paper.

A. Definition of Complex Envelope

Consider a bandpass, typically but not necessarily RF
signal x(f) with an RF bandwidth of 2B centered about a
center frequency f. with its Fourier transform X(f). The
spectrum of RF bandpass signal is depicted in Fig. 1. The
only constrain that has to be satisfied during the BB rep-
resentation is that the half of RF bandwidth should not
be greater than the center frequency

B=f.

This tutorial focuses on the RF bandpass signal pro-
cessing, to clearly distinguish the RF bandpass signals
from their BB equivalents the terminology of “RF band-
pass” will be used everywhere.

To get the complex envelope of x(¢)!, the RF band-
pass signal is decomposed into a slowly-varying com-
plex envelope

X = x1() + jxo(®) ©)

and an exponential signal exp (jo.f) as defined by
x(H) = R[x(D) exp (jw.t)]. )

The real and imaginary components of complex enve-
lope are denoted by x;(f) and xo(f), respectively. Note,
both of them are real-valued signals.

Our aim is to process the complex envelope, i.e., the
equivalent BB signal by digital signal processing. To
minimize the required sampling rate in BB, f. has to be
set to the center frequency of the RF frequency band
to be considered. In case of a modulated RF signal £. is
equal to the carrier frequency.

In the time domain the decomposition of RF band-
pass signal defined by (2), provides a slowly varying
complex envelope Xx(f) which, except the center fre-
quency, carries all the information that is available in
the original RF bandpass signal. The digital processing
of slowly varying complex envelope requires only a low

! Two similar but different definitions are given in the literature for the
complex envelope. In the first version given in [1] and [2] the extracted
carrier is a pure exponential, exp (jawct), while in the second version
the extracted carrier includes v2, i.e. it is v2 exp (jwct) [3]. The latter
approach is a generalization of the phasor concept.

Since LabVIEW uses the first version of definition, (2) will be
applied here.
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Figure 1. Spectrum of RF bandpass signal to be repre-
sented in baseband.

sampling rate. The transformation into the baseband
can be also observed in the frequency domain, Fig. 2 de-
picts the spectrum of complex envelope. The spectrum
has a lowpass characteristic and its bandwidth B is the
half of that of the RF bandpass signal. The frequency re-
gion about zero frequency is covered by the spectrum
of complex envelope and referred to as baseband. Note,
in case of equivalent baseband signal processing the re-
quired sampling rate is determined by B, i.e., by the half
of RF bandwidth.

The complex envelope offers the following features:
Except the center frequency £, the complex enve-
lope x(t), given in BB, carries all the information
available in the RF bandpass signal.

It is a representation, i.e., the RF bandpass signal
can be fully reconstructed, without any distor-
tion, from its complex envelope.

The complex envelope assures the attainable min-
imum sampling rate in digital signal processing.
The price that has to be paid for the BB represen-
tation and minimum sampling rate is that the com-
plex envelope is not a real- but a complex-valued
function.

Derivation of complex envelope is a two-step pro-
cess where first the pre-envelope has to be defined by
means of the Hilbert transform and then the one-sided
spectrum of complex envelope is shifted to BB to get the

X
2|X(f,)]
} } f
_fc fc
-
B
Figure 2. Spectrum of complex envelope in the baseband.
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Figure 3. Generation of complex envelope x(t) = x;(t) + jxa(t)
from the RF bandpass signal x(t).

complex envelope. These steps involve a lot of mathe-
matics [1]. However, if one is interested only in the ap-
plication of equivalent BB signal processing then it is
enough to use two block diagrams; the former has to be
used to extract the complex envelope from an RF band-
pass signal to be processed, while the latter has to be
used to reconstruct an RF bandpass signal from its com-
plex envelope. These block diagrams will be discussed
in the next two sections.

B. Generation of Complex Envelope

As its name says the complex envelope is a complex-
valued signal. A complex-valued signal can be manipu-
lated directly in digital signal processing performed on
a computer or FPGA, but the built circuits can process
only real-valued signals.

In built circuits, two parallel signal processing arms,
referred to as in-phase and a quadrature arms are used,
where the former and latter manipulate the real and
imaginary components, respectively, of complex enve-
lope. To distinguish the real-valued RF bandpass and BB
complex-valued signals clearly we will plot both the in-
phase and quadrature arms in our block diagrams.

The complex envelope can be extracted from an RF
bandpass signal to be processed by a (i) quadrature
mixer, (i) two lowpass filters and (iii) two amplifiers as
shown in Fig. 3.

x(t) ‘ﬁ@—

+
cos(wt) CD_’ x(t)

Xo(t)

sin(w,t)

Figure 4. Reconstruction of RF bandpass signal x(t) from its
complex envelope X(t).
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In the block diagram, in general, the upper and lower
arms denote the in-phase and quadrature arms, respec-
tively. But this notation is not always followed, note, the
type of arm is determined by the phase of local signal,
the signals of in-phase and quadrature arms appears at
the output of the mixers driven by the cosine and sine
local signals, respectively.

C. Reconstruction of RF Bandpass Signal
Substituting (1) into (2), the RF bandpass signal is ob-
tained in canonical form

x(t) = x1(t) cos(@ct) — xo(f) sin(wct). (€)

This equation defines the algorithm for the reconstruc-
tion of the RF bandpass signal. The block diagram im-
plementing (3) is depicted in Fig. 4 where a quadrature
mixer and an adder are used to reconstruct the RF band-
pass signal from its complex envelope.

D. Definition of Envelope and Phase
of an RF Bandpass Signal
The complex envelope representation gives an exact
mathematical definition for the envelope and angle of
an RF bandpass signal. Since in telecommunications
the information to be transmitted is carried by the
amplitude or angle, or both, of a sinusoidal carrier,
this definition is extremely important in signal pro-
cessing and system level analysis of telecommunica-
tions systems.

The complex envelope can be expressed either in
Cartesian or polar form

x(t) = x1(H) + jxo(t) = a(t) exp[jO(D]. (€))

Substituting (4) into (2), the envelope and angle of an RF
bandpass signal is defined as

x(0) = R[x(0) exp (joct)] = Rla(®) exp(jlact + OD)])]
= a(t) cos[wct+ O(D)]. ®))
By definition, the information to be transmitted is

mapped into the envelope of RF carrier in case of Ampli-
tude Modulation (AM)

a(® =1x(O1= y/x7(t) + x5(t) )

into the phase of RF carrier in case of Phase Modulation
(PM)

xq(t)
xi(f)

o = arctan[ ] = 3(In[x(H)]) )
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and into the difference measured between the instanta-
neous frequency of RF modulated waveform and its car-
rier frequency f. in case of Frequency Modulation (FM)

o) _ d Xxo(®)
da dt(ardan[x,(t) ) ®

Many times the desired signal is corrupted by an in-
terference or any kind of unwanted RF bandpass signal.
During the system level analysis we have to evaluate the
effect of unwanted signal on the demodulator output.
The complex envelope representation gives not only a
mathematical definition for the envelope and angle of an
RF bandpass signal but it also shows how this arbitrary
unwanted RF bandpass signal can be taken into account
during the analysis.

Every receiver is designed in such a way that it is sen-
sitive only to a certain type of modulation. For example,
in an FSK receiver a hard limiter that removes the AM
completely from the received signal precedes the FSK
demodulator which is sensitive only to FM carried by
the received signal. Unfortunately, the channel filter
passes both the desired and the unwanted signals be-
cause their spectra overlap one another. To determine
the receiver sensitivity to the unwanted signal, a math-
ematical model has to be found.

Equation (4) gives a clue to the solution. Let x(f) de-
note the unwanted signal passed by the channel filter.
The channel filter output is an RF bandpass signal. Then
according to the RHS of (4), x(f) is decomposed into an
envelope and angle denoted by a(tf) and 6(f), respec-
tively. The variation in envelope, i.e., the AM is removed
by the hard limiter. From the angle 6(f) the FM generat-
ed by the unwanted signal can be determined as shown
by (8). This unwanted FM will generate the interference
in the demodulated message.

Note this approach can be applied to any kind of un-
wanted signals, either a modulated waveform or an RF
bandpass signal.

E. Complex Impulse Response of LTI Systems

The output signal of an LTI system is expressed as the
convolution of the input signal x(f) and its impulse re-
sponse h(t) as shown in Fig. 5(). To perform the signal
processing completely in baseband, a direct relation-
ship between the complex envelopes of input and out-
put RF bandpass signals of LTI two-port has to be estab-
lished in a similar form as shown in Fig. 5(b).

Let X(f) and y(¢f) denote the complex envelopes of RF
bandpass signals measured at the input and output, re-
spectively, of RF bandpass LTI two-port. Then the com-
plex impulse response of RF bandpass two-port is de-
rived as that of a bandpass signal [1] and takes the form
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x(t) = RIX(t) exp(jo)] Y(t) = RI(t) expliog)]

h(t)
(a)

X(1) %
h(t) 2311

(b)

Figure 5. LTI systems are completely characterized by their
(a) impulse response and their (b) complex impulse response
in the RF bandpass and BB domains, respectively.

h(®)=R[A ) exp (jot)]= R{[hr(O) + jho®]exp (jwD}.
®

The complex envelope of LTI output is also obtained by
convolution

F(b) = %f:ﬁ(r)i(t— 7)dr = %E(t) )

where * denotes the convolution. Formally, (10) is iden-
tical to the convolution integral used in the analysis of
LTI systems, however, note two crucial differences:
convolution integral returns twofold of complex
envelope measured at the LTI output and
in Fig. 5(b) both x(f) and h(f) are complex valued
functions.

Consequently, the evaluation of (10) requires the
calculation of four real-valued convolution integrals as
shown in Fig. 6.

A useful practical tip: In many applications band-
pass filters are used only to select a specified frequency
band and suppress the signals outside the desired fre-
quency band. A bandpass filter with zero-phase can be
used to perform this task. Zero-phase filters [4] have a
very important advantage, namely, for them hqo(f) = 0.

xi(t) hy(t)
T 2y(1)

ha(t)

ha(t)
2yq(t)

e h(t)

Figure 6. The convolution of two complex-valued func-
tions require the evaluation of four real-valued convolution
integrals.
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Consequently, the four real-valued correlations defined
by (9) are simplified into two real-valued correlations as
shown in Fig. 7. Note, for the zero-phase filters ho(f) = 0
which means physically that the cross couplings between
the in-phase and quadrature arms are becoming zero.

F. Representation of Gaussian
RF Bandpass Random Process
Gaussian random process plays a central role in the
analysis and design of telecommunications and mea-
surement systems because
It has a normal distribution that can be fully char-
acterized by the mean and variance;
If a Gaussian process is processed by an LTI sys-
tem then the output is also a Gaussian random
process;
In LTI systems, Gaussian process makes the deri-
vation of results in analytical form possible.

RF bandpass Gaussian random processes are fre-
quently used to model the effect of channel noise and in-
terferences. A distinction will not be made here between
noise and interference, the sample function of both ran-
dom processes is denoted by n(f).

The complex envelope approach can be applied only
to bandpass signals and systems. If we want to extend
the theory of complex envelopes to the Gaussian random
process then we have to form a band limited process.

The most frequently used channel model in tele-
communications engineering is the AWGN channel
model. Unfortunately, the white noise is not a band-
pass noise.

Let W(f) and N(f) denote two random processes
characterized by their sample functions w(f) and n(t).
Let W(t) be a Gaussian random process of zero mean
and uniform Power Spectral Density (psd). Note, w(¢) is
the sample function of a white Gaussian noise.

Let w(t) be filtered by an ideal bandpass filter hav-
ing an RF bandwidth of 2Bn.ise and let the output of the
bandpass filter be denoted by n(#). Since 2Bioise = 2B,
where 2B denotes the bandwidth of RF bandpass signal
to be processed, this bandpass filtering that makes the
BB modeling of Gaussian process possible does not have
any effect on the RF bandpass signal to be processed.

x(t) —=| hft) ——=2y(t)

xq(t) —={ h() —=2y0(1)

Figure 7. For zero phase filters hg(t) = 0 and only two real-
valued convolution integrals have to be evaluated.
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The bandpass RF random process N(f) has the fol-
lowing characteristics:

It is a Gaussian random process with zero mean;
It is an RF bandpass process and its psd has a
bandwidth of 2Bneise = 2B centered about the cen-
ter frequencies *f..

Assume that the psd of N(¢) is locally symmetric about
the center frequencies +f. and let R,(7) denote the auto-
correlation function of bandpass random process N(t).

Like every band-pass signal and system, n(f) can also
be represented by its complex envelope [1]

n(t) = R[at) exp (jwchd |
= R{[n:(H) + no(t)] exp (jwct)}. an

The sample function n(f) can be expressed either in ca-
nonical form or as a modulated signal
n()=n;(t) cos(wct) — no(t) sin(wct)
=a,(t) cos(wct + On),

(12)

where the following equations give the definition for the

envelope
an(t) = /ni (0 + nH (0 13
and the phase
_ no(®)
0,(f) = arctan e 14

of the random processes N(f).

The RHS of (12) has a crucial importance in the anal-
ysis of telecommunications systems because it shows
how a random process can be decomposed into an
amplitude and phase modulation. This decomposition
is used when, for example, the effect of local noise has
to be evaluated. The modulations a,(¢f) and 0,(t) are re-
ferred to as amplitude and phase noise.

As explained in Sec. II-D our receivers or test equip-
ment are sensitive, in general, only to a certain type of
modulation. The other types of modulations are sup-
pressed by limiters or envelope detectors just to men-
tion two examples.

Assume that the system under study has got an en-
velope detector. Then the local noise is decomposed
into amplitude and phase noise components and only
the amplitude noise is considered. The phase noise, be-
cause it has no influence on the output of the envelope
detector is disregarded.

Let R.(T) and Rn(T)/R.,(T) denote the autocorrela-
tion functions of N(f) and N;(t)/No(t) random processes,
respectively. Recall, the outcomes of these random pro-
cesses are denoted by n(f) and n;(f)/no(f), respectively.
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USRP is a computer-hosted universal hardware platform for the implementation
of software defined radio or virtual instrumentation. It performs the
transformation between the RF domain and baseband.

The relationship among these autocorrelation functions
is obtained as [1]

Rn(T) = Rny(T) cos(@cT) = Rno(T) cos(wcT),

s

where
RHI(T) = RHQ(T) .

Observe, (11) claims that the lowpass equivalent of
Gaussian RF bandpass random processes can be gener-
ated directly in baseband. Two Pseudo Random Number
Generators (PRNGs) have to be used in BB, one to gener-
ate the in-phase component n;(f) and a second one to pro-
vide the quadrature component ng(t). The properties of
the generated two PRN sequences are summarized below:

1) If N(¢) is a Gaussian process and is stationary
in wide-sense, then random processes N;(f) and
No(t) are jointly Gaussian and jointly stationary
in wide-sense.

2) Since sample function n(f) has zero mean, both
n;(t) and no(t) have zero mean values.

3) The in-phase and quadrature components have
the same variance as the RF bandpass noise. Re-
call, variance gives the noise power.

4) The correlation functions of n/(f) and nq(f) obey
the following equations

ni(Oni(t+T) = R, (T) = R, (T) = no(Onet +7)

a6)
and
ni(Ono(t+7)=—no®Onit+7)=0, A7)
where overbar symbolizes the time-averaging op-
eration.

5) Since R.(T) = R,,(T), both the in-phase and
quadrature noise components have the same psd
that is related to the psd Sy(f) of RF bandpass ran-
dom process N(¢) as

Sn(f—fc) + Sn(f+f), —B<f<B
Sulh) = Swo(h) = {0, ( : ( : elsewhere ’
a8
where Sn(f) is zero outside the frequency band
fc—=B=<IfI<fc+ B and fc > B.
Properties summarized above are extremely impor-
tant when the BB equivalent of an RF bandpass random

SECOND QUARTER 2012

process is generated because they give detailed in-

struction how the parameters of BB PRNGs have to be

determined
Two PRNGs have to be used to generate the ran-
dom processes denoted by n;(f) and no(%).
According to (16), the autocorrelation functions
of the two random sequences have to be equal
to each other. Please note, this implies that the
psd and variance (or power) of the two random
sequences have to be identical.
However, (17) shows that n;(f) and nq(f) must be
independent, i.e., orthogonal. The generation of
two orthogonal sequences by means of one PRNG
algorithm requires the use of independent seeds,
otherwise the generated sequences will be corre-
lated. Please note, any correlation seriously cor-
rupts the result of simulation.

Ill. Hardware Platform of Implementation:
The USRP Approach

Universal Software Radio Peripheral [5] is a computer-
hosted hardware platform for the implementation of
software defined radio or low-accuracy virtual instru-
mentation. Each USRP device includes a receive (Rx)
and transmit (Tx) block, these blocks correspond to the
block diagrams introduced to generate the complex en-
velope and reconstruct the RF bandpass signal from its
complex envelope, depicted in Figs. 3 and 4, respectively.

The USRP approach relies on equivalent BB signal
processing of RF bandpass signals. It performs all the
waveform-specific signal processing steps, such as
modulation and demodulation, in BB on a host-comput-
er while all the general purpose operations requiring
high-speed data processing, such as interpolation and
decimation, are carried out on an FPGA available on the
main board of USRP device.

A. Hardware Architecture of USRP

The USRP device, whose block diagram is shown in
Fig. 8, includes two essential components, (i) the main
board- carrying the FPGA, the digital-to-analog (DAC) and
analog-to-digital (ADC) converters, and a standard inter-
face between the host-computer and the USRP unit- and
(i) the RF transceiver daughter-board that generates the
complex envelope from the received RF driving the ADCs
in receive mode and reconstructs the RF signal to be trans-
mitted from the complex envelope provided by DACs.
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The USRP device is connected to the host computer
via a Gigabit Ethernet interface that is managed by an
open source Medium Access Control (MAC) layer imple-
mented on the FPGA and by a National Semiconductor
Ethernet Physical (PHY) layer chip. The FPGA, a Xilinx
Spartan 3, is responsible for the MAC layer management
of the Gigabit Ethernet, for controlling and packetizing
in-phase (I) and quadrature (Q) samples and for per-
forming downsampling and upsampling.

1. Receive Block of USRP Device
The USRP device has two SMA connectors for the RF
bandpass signals and it can operate either in simplex
or duplex mode. Two RF switches are used to select the
required configuration, the receive antenna may be con-
nected to the inputs Rx1 and Rx2, while the transmitter
output always appears at the Tx connector.

The weak received signal is fed into a low-noise ampli-
fier (LNA). Its role is twofold: (i) to minimize the noise fig-
ure of the receiver and (ii) to raise the signal levels high
enough for the ADCs together with the drive amplifier
having an adjustable gain. Recall, to minimize the effect
of quantization noise and avoid the nonlinear distortion,
the dynamic range of ADCs must be maximally exploited.

The output of Drive Amp, an RF bandpass signal, is
fed into a quadrature mixer to extract the complex enve-
lope that is an analog signal. After anti-aliasing lowpass
filtering the [/Q components of complex envelope are
digitalized by two 14-bit ADCs with a sampling rate of
100 MS/s. The sampling rate used by ADCs is converted
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into that of the Gigabit Ethernet network by downsam-
pling and the digital I/Q samples of complex envelope
are transferred to the host computer via Gigabit Ether-
net for further signal processing.

2. Transmit Block of USRP Device

The transmit block starts with the host computer where
I/Q components of the information bearing modulated
waveforms are generated in baseband and then trans-
ferred over the Gigabit Ethernet to the FPGA of USRP de-
vice as shown in Fig. 8. The FPGA changes the sample
rates according to the rates used by DACs and Gigabit
Ethernet network. After upsampling, two 16-bit DACs op-
erating at 400 MS/s convert the digital [/Q components
of complex envelope into the analog domain. The analog
[/Q components are low pass filtered to remove unwant-
ed signal components and to limit the BB bandwidth in
40 MHz. The filtered analog I/Q components are fed into
a quadrature mixer whose local signal is provided by a
PLL. The quadrature mixer reconstructs the RF bandpass
signal from its complex envelope and the RF output is am-
plified by a linear power amplifier having a variable gain.
The RF output is available at the SMA connector Txl1.

3. Implementation of Signal Processing

Based on Complex Envelopes
Figure 8 shows that the USRP device is a direct conversion
transceiver [6]. A comparison of Figs. 3 and 4 with Fig. 8
reveals that in a mathematical sense the USRP device ex-
tracts the complex envelope of desired RF bandpass signal
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Figure 9. Complete control chain of the USRP device in receive mode.

at the receive side and reconstructs the RF bandpass sig-
nal from its complex envelope at the transmit side.

B. Software Platform for Accessing USRP Device
One of the most efficient software platform to get access
to the USRP device is LabVIEW [7], the SW platform used,
that provides an extensive environment to implement
software defined electronics starting with the control of
USRP device, going on with the implementation of wire-
less communications systems and low-accuracy test
equipment, finally, evaluating the system performance
and measured data.

LabVIEW is a graphical programming environment
that provides icons to perform any kinds of signal pro-
cessing, data acquisition, even remote control of stand
alone equipment. The USRP device implements the
physical layer in the OSI basic reference (BR) model,
consequently, it has to offer two kinds of services for the
host-computer:

USRP management service to set the USRP param-
eters such as receiver gain, carrier frequency,
transmitted power, etc;

USRP data service to transfer the [/Q components
of complex envelope.

The former can be done via the configuration icons,
while the latter is performed by the “Fetch I/Q Data” and
“Write 1/Q Data” icons.

Software implementations of the complete control
chain for accessing the USRP device are depicted in Figs. 9
and 10 for the receive and transmit mode, respectively.
Each icon is identified by its function, written above the
icon. Let the receive mode operation be considered first.

The USRP devices are identified by their IP address-
es entered via the “Device Address” icon. This icon
also opens the session with the USRP device. Then the
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following USRP parameters are entered via the “Configu-
ration” icon:

Rx Sampling Rate [s/sec]:

Sample rate applied to the I/Q waveforms.

Rx Frequency [Hz]:

Assigns the RF carrier frequency.

Rx Gain [dB]:

Specifies the gain of RF amplifiers.

Rx Antenna:

Selects the transceiver configuration (duplex/sim-

plex operation).

The constituting blocks of implemented USRP device
do not allow the use of any arbitrary parameter combina-
tions, certain restrictions apply. The USRP device keeps
these parameters under control. If a desired parameter
combination is not allowed then the USRP device selects
the closest parameters available. These actual, referred
to as Coerced parameters are returned by the “Configu-
ration” icon.

The “Fetch I/Q Data” icon uploads the digitized com-
plex envelope from the USRP device to the host-computer.
It is also used to select the number of [/Q samples to be up-
loaded. Note, using the terminology of OSI model this icon
provides the access point to the complex envelope of re-
ceived RF bandpass signal. The “Access Point to I/Q Data”
is marked by a red box in the figure. Finally, the “Close Ses-
sion” icon terminates the session with the USRP device.

The control chain providing access to the USRP
device in transmit mode is shown in Fig. 10. The two
methods used in receive and transmit modes are nearly
identical with a slight difference, in transmit mode the
“Write I/Q Data” icon is used to download the digitized
[/Q samples from the host-PC to the USRP device. Note,
the notations Rx and Tx are used in Figs. 9 and 10 to
distinguish the icons and parameters of receive and
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transmit modes, respectively. Again, the “Access Point
to [/Q Data” is marked by a red box in Fig. 10.

IV. Features of SW-Based BB Signal Processing
The theory of complex envelope approach has been dis-
cussed in Chapter II. Its main features are as follows:

Every RF bandpass signal, either deterministic
or random, can be fully represented in baseband
by its complex envelope. Except the center fre-
quency, the complex envelope carries all the in-
formation available in the original RF bandpass
signal. Since the complex envelope represents its
RF counterpart, it does not involve any distortion.
Every RF bandpass signal, either deterministic or
random, can be reconstructed from its complex en-
velope without any distortion.

The complex envelope approach transforms the
RF bandpass signal into baseband where it be-
comes a lowpass signal, consequently, it assures
the minimum sampling rate which can be achieved.
Theoretically, the sampling rate can be as low as
the bandwidth of RF bandpass signal.

An equivalent BB model can be derived for every
RF bandpass system and algorithm.

The properties of complex envelope approach listed
above make the implementation of any kind of RF trans-
ceiver or microwave test equipment possible in SW. There
are two basic solutions to extract the complex envelope
from an RF bandpass signal or to reconstruct it from
its complex envelope: (i) the USRP approach discussed
in Chapter Ill uses analog RF bandpass signals as input
and output, while (ii) the FPGA-based Digital Down- and
Upconverters (DDC and DUC, respectively) [8] rely on
digitized input and output signals. The most important
feature of these devices is that they are universal HW de-
vices that can be used in any applications just by changing
the SW used to perform the required signal processing.
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The universal HW device and the SW are the consti-
tuting elements of Software Defined Electronics. Its main
features are as follows:

Very flexible, in a radio transceiver the modula-
tion scheme and information processing (coher-
ent/noncoherent, rake receiver, MIMO, etc.) can
be changed dynamically;

Easy solution to implement Software Defined Ra-
dio (SDR) and cognitive radio communications;
Implementation of virtual instrumentation;

Since the transmitted and received signals can be
also used to test the radio transceiver and chan-
nel conditions, testing of radio transceiver and
measurement of channel conditions can be per-
formed parallel to radio communications, that is
without interrupting the radio communications.

V. Examples for the Derivation of BB Models,
Implementation and Testing of a
Complete Radio Link
This tutorial is devoted to the BB implementation of ra-
dio links including both the RF front-ends of the PHY
layers and the radio channel. The upper layers can be
also implemented in SW but the implementation of up-
per layers is out of scope of this material.

The constituting blocks of a radio link are as follows:
transmitter, that converts the message to be transmit-
ted, either analog or digital, into an analog waveform,;
radio channel, where the transmitted signal is cor-
rupted by channel noise and may suffer from mul-
tipath and interference;
receiver, that observes the corrupted received sig-
nal and recovers the message.

Similar to any HW-type conventional signal generator,
the USRP is suitable for the generation of the required mod-
ulated waveform but the USRP approach can also imple-
ment the radio channel. The channel noise, interference
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Figure 11. Derivation of BB equivalent of an analog FM modulator.
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and effect of multipath propagation are implemented in
BB and they are added to the complex envelope of modu-
lated signal to be transmitted in SW. The USRP is driven
by this composite complex envelope, consequently, the
USRP output includes both the modulated signal and the
channel effects. This capability, one of the main features
of USRP approach, makes the use of an expensive channel
sounder or RF noise generator unnecessary.

This chapter explains how a transceiver constituting
the RF front-end of a PHY can be implemented in base-
band. Two radio channels are considered, the AWGN
channel and the noisy multipath channel. The interfer-
ence, frequently modeled as a Gaussian process, can be
implemented in the same way as the channel noise.

Both analog and digital modulators will be implement-
ed. The radio propagation in AWGN and multipath radio
channels will be modeled. After the implementation of a
generic QPSK demodulator, the reception of noisy signals
suffering from multipath will be demonstrated. The exam-
ples discussed in this chapter have been selected in such
a way that each problem appearing in telecommunica-
tions is covered and after reading this chapter the reader
will be able to derive the solution to his/her own problem.

As discussed in Chapter III two kinds of information
have to be generated by the host computer in SW

parameters of transceiver RF front-end to be im-
plemented via the parameters of the USRP device
such as receiver gain, transmitted power, carrier
frequency, sampling rate, etc.;

complex envelope that is transferred between USRP
and host computer via Gigabit Ethernet network.

The parameters of USRP device are set via the user
interface (Front Panel) provided by SW platform as it will
be shown later in this Chapter. The complex envelopes
are generated or processed by the host computer, this
chapter shows the derivation of equivalent BB signal
processing algorithms to be implemented in SW.
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A. Analog FM Transmitter
In frequency modulation, the instantaneous frequency
deviation from a carrier f. is varied linearly with the
message signal m(f) [1]. The FM signal generated by the
USRP device takes the form

SHE(D = Ac cos[27zfc + 27zk,£[m('r)d’r], a9

where kr denotes the frequency sensitivity of FM modu-
lator, Ac and £ are the amplitude and carrier frequency,
respectively, of FM signal.

The steps of derivation of BB equivalent of an FM
modulator are shown in Fig. 11 where the RF bandpass
signal sf¥ (¢) is fed into the complex envelope generator
depicted in Fig. 3. The output of the upper in-phase arm
multiplier is obtained as

sM() = A cos[a)ct + 2ﬂkf/(;tm(f)df] cos .t

- Ac ‘
=5 (cos[ZﬂkffO m(’L')d’L']
t

+cos[2a)ct+ 27zkff0 m(T)dT]), 20)
where the well-known “product-to-sum” trigonometric
identity has been exploited. The ideal lowpass filter of
Fig. 11 suppresses the sum frequency component on
RHS and the in-phase component of complex envelope
appears at the output of the amplifier having a gain of 2

sP(t) = Ac cos| 27ks fo ‘m(mdr). @1

The quadrature component is obtained in a similar
manner

s8'() = Ac sin[27ks fo ‘m(t)dr]. 22)

IEEE CIRCUITS AND SYSTEMS MAGAZINE

19



20

Accos(.) — sf"”(t)

t
m(ty——| 2nk; [.dr
0

Agsin() = s&M1)

Figure 12. BB equivalent of an analog FM modulator.

The baseband equivalent of the analog FM modulator is
depicted in Fig. 12.

Like any other signal processing task, the analog FM
modulator can be implemented in two ways in the used
SW platform:

analog FM modulator of Modulation Toolkit can
be used or
BB equivalent shown in Fig. 12 can be construct-
ed using elementary numeric and mathematical
functions.

The used SW platform offers two graphical interfaces
for the user [7], the Block Diagram and the Front Panel.
The former is used to develop the source code while the
latter one provides a custom design interface to enter
the input data and visualize the computed and mea-
sured results. Since the development of source code is
beyond the scope of this tutorial only the Front Panels
of implemented systems will be shown.

Equivalent BB model depicted in Fig. 12 has been
used to implement the analog FM modulator, the
Front Panel of FM modulator is shown in Fig. 13. It is
divided into two main panels, the parameters of FM
modulator can be entered on the left panel while the
complex envelope generated by SW is plotted on the
right one.

The message signal m(t) is a sinusoidal waveform,
its frequency, the required frequency deviation and the
number of generated samples can be entered on the left
panel. The “STOP” button interrupts running the FM
modulator program, while button of “Reconfigure” has
to be pushed to enter the new parameters of FM modula-
tion and/or USRP data.

The parameters of USRP device are entered into the
left bottom subpanel of the left main panel. These pa-
rameters configure the transmit part of the USRP device
via the configuration icons shown in Fig. 10. The follow-
ing data are entered

Device Address:

[P address of selected USRP device;

Tx Sampling Rate [s/sec]:

Sampling rate of generated complex envelope in
baseband;

Tx Frequency [Hz]:

Carrier frequency;

Tx Antenna:

Position of antenna switch;

Transmitted In-phase Component in the Time Domain Transmitted Quad. Component in the Time Domain
1.00-
0.75-]
) _ Frequency Deviation (Hz) 0.50-
Message Signal Frequency (Hz) g 0.00-
a}fzo.ooook 0.25-
STOP
ompes T W
’) 1000000 0.75-
-1.00-} 1 1 =
0 0.0001 0.0002 !
Time [s] Time [s]
o | +Hi@wo |
Transmitted 1/Q Waveform in the Frequency Domain
Device Address
% 192.168.10.2 ~|
Tx I
Ratelsfed  TxFrewencyliel | pon G 3
o) 146 i/); 2.417E+9 [ s
Tx Antenna x lix Gain [dB] Coerced Tx Frequency [Hz]
)2 glo 2.4176
Coerced Tx Gain [dB] Al
0 ~ -36.4366 - 1 1 1 I )
-100k -80k -60k 40k  -20k 0 100k
Frequency [Hz]
Figure 13. Front panel of FM modulator implemented in LabVIEW driving a USRP HW device.
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Tx Gain [dBJ:

Gain of transmitter. This parameter is used to set
the transmitted power at the Tx1 output (refer to
Fig. 8) of USRP device.

As explained in Chapter III, there are some internal
limitations on the selectable parameter values used to
configure the USRP device. The coerced parameter val-
ues are visualized on the right bottom subpanel.

The right main panel shows the generated complex
envelope in the time- and frequency domains. The up-
per figures visualize the in-phase and quadrature com-
ponents of generated complex envelope while the power
spectrum of generated complex envelope is shown in
the lower figure.

To check the usability of USRP approach and the va-
lidity of equivalent BB model depicted in Fig. 12, a stand
alone spectrum analyzer was connected to the RF out-
put of USRP device in order to check the spectrum of
generated FM signal in the RF domain. The measured
spectrum is shown in Fig. 14. The setting of spectrum an-
alyzer can be recovered from the figure. Note, the shape
of BB spectrum shown on the Front Panel of Fig. 13 and
that of measured by the stand-alone spectrum analyzer
are identical verifying the statement that any RF signal
processing task can be substituted by an equivalent one
in baseband.

B. AWGN Radio Channel

The block diagram of a bandpass AWGN radio channel
[1] is depicted in Fig. 15 where s(f) and y(f) are the trans-
mitted signal before and after, respectively, the channel
attenuation. The received signal r(¢) is corrupted by the
channel noise w(f), a white Gaussian random process
characterized by its psd No/2.

In AWGN channel the channel attenuation K is deter-
mined by the Friis formula [9], where the channel attenu-
ation is expressed as a function of receiver’s distance
from the transmit antenna, carrier frequency and the
gains of transmit and receive antennas.

The complex envelope approach can be applied only
to bandpass signals and systems. Consequently, the
white Gaussian noise denoted by w(#) has to be band
limited by a bandpass filter as depicted in Fig. 15, where
2Bhoise is the RF bandwidth of filtered noise n(¢).

The band limiting filtering does not restrict the valid-
ity of our investigation because in practice we have to
consider only bandpass signals. If the bandwidth 2Bnoise
of filtered channel noise n(¢) is much larger than that of
the signals of interest, including both the desired signal
and interferences, then the bandpass filtering does not
restrict the validity of our model.

In digital implementation or in computer simulation,
the bandpass filtering is not explicitly implemented
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Figure 14. RF spectrum of the implemented USRP FM mod-
ulator measured by a stand alone spectrum analyzer.

many times. In that case the RF bandwidth is deter-
mined by the sampling frequency 2Bnoise = f.

The derivation of BB equivalent of RF bandpass AWGN
channel model requires the establishment of a direct re-
lationship between the complex envelope of transmitted
signal s(f) and that of the received signal r(¢). The for-
mer and latter are denoted by s;(f)-sq(t) and r;(t)-ro(8),
respectively. The derivation of BB equivalent will be pre-
sented here as a step-by-step process.

In Step One, the RF bandpass model is completed by
the block diagrams provided in Chapter Il to reconstruct
an RF bandpass signal from its complex envelope and
to extract the complex envelope from an incoming RF
bandpass signal. The former and latter block diagrams
are shown in Figs. 4 and 3, respectively. The result of
Step One is depicted in Fig. 16.

Physical Transmission

Medium
Transmitted w4 ~ Received
Signal K U Signal
+ n(t)
s(t) ()
Attenuation
Friis Formula
A%U 2Bnoise

White Gaussian Noise

w(t)

Figure 15. Block diagram of a bandpass AWGN radio
channel in the RF domain.
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Figure 16. Derivation of BB equivalent, Step One.

In Step Two the rules of block diagram algebra are quadrature components of complex envelope of band-
used to move the generation of channel noise and RF limited channel noise n(#). Note, the Gaussian noise n(f)
channel attenuation into the baseband. The result of is not a white noise, it has been derived from the Gauss-
Step Two is depicted in Fig. 17. ian white channel noise w(f) by an RF bandpass filter as

Inspecting Fig. 17 we can recognize that n;(f) and shown in Fig. 15. As discussed in Sec. II-F, the n,(#)- and
no(t) denoted by dots in Fig. 17 are the in-phase and no(f)-components of complex envelope of n(f) can be
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Figure 17. Derivation of BB equivalent, Step Two.
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Figure 18. Derivation of BB equivalent, Step Three.
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generated directly in baseband, consequently, Fig. 17
can be further simplified to Fig. 18.

Finally, the direct relationships between r;(t)—ro(f)
and s;(f)-so(f) have to be established. Note, the block
diagram depicted in Fig. 18 is linear related to the com-
plex envelopes, consequently, the superposition theo-
rem may be applied. Applying the product-to-sum trigo-
nometric identity first, then exploiting the frequency
shifting property of Fourier transform (also referred to
as modulation theorem), the response generated in y;(f)
by the in-phase component s,(f) is obtained as

y;s:] 0= LP[SI([) COSZ(Cch)] X 2K

1+ cosQw.t)

= 2KX LP|si(t) )

=Ksi(f), (23)

where function £P[ -] expresses the filtering effect of
the two lowpass filters used in Fig. 18 to suppress the
sum-frequency output of the multipliers and X denotes
multiplication.

The effect of sq(f) on y/(¢) is zero because

YAt = LP[—so(t) sin(@ct) cos (@) | X 2K = 0. (24)
=0

In a similar way yo(f) can be expressed as functions of
si(t) and sq(f)
yo(t) = Kso(b). (25)
Exploiting the results of (23), (24) and (25), Figure 18
can be further simplified. The equivalent BB model of
RF AWGN channel is shown in Fig. 19 where the random
processes n;(f) and no(f) are generated directly in base-
band. Their statistical parameters are determined by
applying the equations given in Sec. II-F. Recall, n;(¢)
and nq(f) must be orthogonal random processes. Any
correlation measured between the two random signals
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seriously destroys the spectral properties of generated
channel noise and the validity of measurements or com-
puter simulation.

Using the block diagram depicted in Fig. 19, an AWGN
channel simulator has been implemented in LabVIEW
and the RF bandpass signal has been reconstructed by
the USRP device. The Front Panel of the implemented
AWGN channel simulator is shown in Fig. 20. Note, the
sampling rate and bandwidth of generated bandpass
Gaussian noise can be set independently of each other.
First two Gaussian PRN sequences are generated, the
orthogonality of them is assured by entering different
seeds into the PRNGs. Then both PRN sequences are
processed by two independent low-pass filters in order
to set the RF bandwidth of channel noise to 2Bnoise. The
two lowpass filters are also implemented in SW, their
frequency responses can be clearly identified in Fig. 20.

The number of noise samples to be processed in one
cluster and the standard deviation of generated noise

sty —= K

So() — > K

ne(1)

Figure 19. BB equivalent of AWGN channel. Recall, n/(t)- and
nq(t)-components must be orthogonal random processes.
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Figure 20. Front panel of AWGN channel simulator implemented in LabVIEW using USRP HW device.

can be set from the Front Panel. The standard deviation
and RF bandwidth of generated channel noise together
determine the noise power. As expected and shown in
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Figure 21. RF spectrum of generated channel noise

measured by a stand alone spectrum analyzer.
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Fig. 20 the psd of generated noise is constant in the base-
band. Consequently, the BB model derived here is really
suitable to implement an AWGN channel in the frequen-
cy band covered by the spectra of the signals of interest.

To verify the theory, the channel noise generated at
the USRP output has been measured by a stand alone
spectrum analyzer. Figure 21 proves that, as expected,
a bandpass noise with constant psd has been generated
in the RF domain. The center frequency and RF band-
width of noise are 2.417 GHz and 400 kHz, respectively.
A spike can be observed at 2.417 GHz, that is caused by
the local leakage in the USRP quadrature mixer.

Until this time the USRP device operated in the linear re-
gion. If an RF circuit is driven into the nonlinear region then
the phenomenon of spectral regrowth can be observed
[6]. If our theory is correct then the phenomenon of spec-
tral regrowth should also appear in the USRP approach.

The easiest way to overdrive the USRP device is to in-
crease the standard deviation of noise in baseband. The
RF power spectrum of noise with increased standard
deviation is shown in Fig. 22. Except the standard devia-
tion all the parameters of AWGN channel simulator were
kept constant. A comparison of Figs. 21 and 22 shows
clearly the effect of nonlinear distortion, as expected,
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new spectral components on both sides of the original
spectrum are emerging.

C. Two-Ray Multipath Channel

Multipath propagation is modeled by tapped delay line
model [10] where each propagation path is characterized
by its delay and gain. For the sake of simplicity a two-ray
noisy multipath channel is considered here where the
gain and delay of the main path are set to zero.

BB model of two-ray multipath channel can be de-
rived across the steps discussed in Sec. V-B. First the
RF tapped delay line model is completed with the block
diagrams establishing the relationship between the RF
bandpass signals and their complex envelopes. This
block diagram is depicted in Fig. 23, where the gain and
delay of the second propagation path are k2 and T3, re-
spectively.

Next the direct relationships between r;(f)-ro(f) and
s1(H)—so(t) have to be found. Since the block diagram de-
picted in Fig. 23 is linear, the superposition theorem can
be applied.

The signal path between s;(f) and r/(f) can be fol-
lowed in Fig. 23. Applying the product-to-sum trigo-
nometric identity first, then exploiting the frequency
shifting property of Fourier transform, the response
generated in r;(¢) by the in-phase component s,(¢) is ob-
tained as

() = 2% LP[(s1(t) cos(@wct)
+k2si(t—Ts) cos[@(t—T2)]) cos(wct)]
= s;(t) + kesi(t — Tz) cos (. T),

(26)

where function LP[ -], as before, describes the effect of
lowpass filtering.

The effect of sq(f) on r;(f) is obtained in a similar
manner
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Figure 22. Spectral regrowth observed in the RF region
when USRP is driven into saturation.

() = 2 X LP[(—so(t) sin(wD)
—keso(t — To) sin[@c(t — T2)]) cos (@]
= kasq(t — T2) sin(w.:T>). 27

Finally ro(¢) is expressed as functions of s;(f) and so(f)

ro(H)=so(t) + R2so(t—T2) cos(w:T2) — ka2si(t—T>) sin(@cT>).

28
To get a compact notation (26)—(28) are rewritten as
[n(t)] [S[(t) [ cos(w:Tz) sin (a)cTz)] [Sl(t - T>)

ro(t) so(b) sin(@w:T2) cos(w.T2)|lso(t—To)I
=D

29
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ka Ty
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Figure 23. Derivation of BB equivalent of a two-ray noisy multipath channel. Completing the RF model with the two blocks
establishing the relationship between the RF signals and their complex envelopes.
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Figure 24. BB equivalent of a two-ray noisy multipath chan-
nel. Note the cross-coupling between the in-phase and
quadrature arms.

where the elements of delay matrix D are constant but
their values depends on the product of the delay of path
two and center frequency.

Equation (29) reveals why multipath propagation is
so harmful in digital communications:

Multipath propagation causes a cross-coupling
between the in-phase and quadrature arms.
This cross coupling is described by the delay
matrix D.

Digital modulations such as QPSK, QAM relay on
in-phase and quadrature components and, conse-
quently, are very sensitive to multipath because it
causes a cross coupling between the information
bearing signal components.

For w.T> =2k, k =0,1,... D=1 and the cross-
coupling between the two propagation paths be-
comes zero.

The BB equivalent of two-ray noisy multipath chan-
nel is constructed by combining (29) with the derivation
of BB model of AWGN channel depicted in Fig. 19. The
BB model developed is shown in Fig. 24. Note again, the
channel noise always has to be added directly to the re-
ceived signal r(¢).

D. Generic BB Model of QPSK/O-QPSK Modulators
Due to the page limit, only the QuadriPhase-Shift
Keying [1] (QPSK, also referred to as Quadrature
Phase-Shift Keying) and Offset QPSK [11] modulation
schemes are considered here. However, the approach
presented here can be applied to M-ary PSK and QAM
modulations.

The generic block diagram of QPSK and O-QPSK
modulation schemes is depicted in Fig. 25 where
bi,i=1,2,--- is the data stream to be transmitted, p(¢)
denotes the impulse response of pulse shaping filter
(also referred to as transmit filter in the literature) and
si(t) is the modulated RF bandpass signal. Note, different
kinds of data encoders can be used in the implemented
systems, in the solution shown in the figure the incom-
ing bit stream is decomposed into two bit streams, the
upper and lower bit streams carry the even and odd
bits, respectively.

In O-QPSK a half-sine pulse shaping filter is used and
the lower bit stream is delayed by Ts/2, half of symbol
duration. In QPSK modulators the time delay 7s/2 has to
be set to zero.

The equivalent BB model of generic QPSK/O-QPSK
RF modulator is obtained by inspection. Comparison of
Figs. 4 and 25 shows that

Is(t) = x/(b)
and
Qga(t)

Considering these equations, the BB equivalent of ge-
neric QPSK/O-QPSK modulator can be constructed as
shown in Fig. 26.

Based on the BB equivalent model derived above,
a generic QPSK/O-QPSK RF modulator has been de-
veloped. The Front Panel of the software developed is
shown in Fig. 27 where a QPSK modulator with raised
cosine pulse shaping is implemented.

=—Xxo(l).

by, IgB(1)
p(t)
+
bj—=—| oo Odd | Even cos(wt) C)—» s(t)
+
Qpa(t
Offset Delay sl)
To/2 P
[83 g0
sin(w,t)
Figure 25. Generic block diagram of a QPSK/O-QPSK RF modulator. The time delay Ts/2 has to be set to zero in case of QPSK
modulators.
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The Front Panel is partitioned into two main panels,
the left and right panels are used to enter the param-
eters of generic modulator and to visualize the signals
in baseband, respectively. The left main panel is divided
into three subpanels that, from the top to the bottom,
are used to select the parameters of USRP, modulation
scheme and channel conditions. The selection of USRP
parameters have been explained in Sec. V-A and is not
repeated here, setting of channel conditions will be
shown later in this section.

The following parameters can be entered via the mid-
dle subpanel:

Number of Bits:

Number of bits to be transmitted;

PSK Type:

Select the desired modulation scheme. Choices
available: QPSK and O-QPSK;

Pulse Shaping Filter:

Select the desired pulse shaping filter. Choices
available: ZoH, raised cosine and half sine;
Symbol Rate [sym/sec]:

Number of symbols transmitted per second;
Raised Cos Filt Param:

Rolloff factor of raised cosine filter;
Samples/Symbol:

Number of I/Q samples in one symbol;

1/Q Gain:

Sets the amplitude of I/Q waveform.

On the right main panel the generated BB wave-
forms are visualized. The two waveforms on the left
top shows the in-phase and quadrature components of
generated complex envelope. Next to them the constel-
lation diagram is visualized where the message points,
i.e., the values of transmitted signal at the decision time

| p(t) S1(8)
b.—]| Bit2Symbol
! Converter
Offset
Delay . Sl

Figure 26. BB equivalent of generic QPSK/O-QPSK modula-
tor. The time delay Ts/2 has to be set to zero in case of QPSK
modulators.

instants are shown in red. The subpanel on the bottom
gives the power spectrum of generated QPSK signal in
baseband.

The complex envelope generated in SW has been fed
into the USRP device to reconstruct the modulated RF
bandpass signal. The spectrum of reconstructed RF sig-
nal has been checked by a stand alone spectrum ana-
lyzer, the measured spectrum is shown in Fig. 28. The
settings of spectrum analyzer can be recovered from
the figure. Note, an ideal channel has been selected on
the Front Panel (see Fig. 27, left bottom subpanel), con-
sequently, the waveforms and spectra shown in Figs. 27
and 28 belong to the noise-free case.

An extremely important feature of USRP approach
is that not only the modulated waveform but even
the propagation conditions can implemented in base-
band. As an example, consider the problem where
the output of an O-QPSK modulator, implemented
with a half-sine pulse shaping filter, propagates via an
AWGN channel. The RF output of USRP device should
include both O-QPSK modulation and the effect of
AWGN channel.

In-phase C the Time Doman
1
Device Address Tx Frequency [Hz] Coerced TX Frequency [Hz] mw:e:] ‘ H
e I — |
% 192.168.10.2 & 241749 24176 ™ “‘H H‘ ‘H ‘
Tx Antenna Tx Gain [d8] Coerced TX Gain [d8) = Samples. H | :
[J: 1‘0 fo {20960 el HHH‘“ 'J ¥
OB 7 o b ) s s )
0.6 0.4 0.2 0.0 0.2 0.4 06
1
+Hie) | c+ |
Symbol Rat Poto [
Number of Bits  PSK Type [tvmlsetl! Samples/Symbol Transmitted 1/Q Waveform in the Frequency Domain ]
8192 &) rormal o 20 10
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Figure 27. Front panel of a QPSK modulator built with raised cosine pulse shaping.
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Figure 28. RF spectrum of generated QPSK signal mea-
sured by a stand alone spectrum analyzer. Raised cosine
pulse shaping with a roll-off factor of 0.5 has been used to

form the spectrum of QPSK signal.

To get the BB equivalent of this system configuration,
the block diagrams derived to model the generic QPSK/
0-QPSK modulator and effect of noisy multipath channel,
see Figs. 26 and 19, respectively, are connected in cas-
cade. The Front Panel, shown in Fig. 29, is identical to that
of the generic QPSK/O-QPSK BB modulator. The fields
provided to enter the data of USRP unit and parameters of
modulation have been already explained above, here only
the duty of the bottom subpanel on the left is discussed.

The left bottom subpanel provides the access to the
type and parameters of radio channel. The following
fields are available:

Type of Channel:

Select the type of channel. Choices available: Ide-
al, AWGN, noise-free multipath, noisy multipath
channels;

Noise Standard Deviation:

Determines the psd of channel noise, i.e.,
noise floor;

Excess Delay of Path #2:

Delay of path #2 in samples;

Relative Gain of Path #2:

The gain of path #2.

The presence of channel noise can be clearly rec-
ognized on the constellation diagram of Fig. 29 where
a Gaussian cloud appears about each message point.
The effect of channel noise can be also observed in the
figure shown on the right bottom subpanel where the
power spectrum of noisy O-QPSK signal is visualized in
baseband. Note, the channel noise has a uniform psd
in the bandwidth of interest and the noise floor hides a
large part of the spectrum of O-QPSK signal.

The RF spectrum of noisy O-QPSK signal generated
by the USRP device has been checked by a stand alone
spectrum analyzer. The measured spectrum is shown
in Fig. 30, the settings of spectrum analyzer are given
in the figure. Note, the RF channel noise has a uniform
psd over the bandwidth observed and the SNR is so bad
that, as expected, the noise floor hides a very large part
of the spectrum of O-QPSK signal.

Consider a half-sine O-QPSK transmitter communicat-
ing via a noisy two-ray radio channel. The BB model of
this configuration is obtained by connecting in cascade
the BB equivalents of generic QPSK/O-QPSK modulator
shown in Fig. 26 and noisy multipath channel depicted
in Fig. 24. The Front Panel and the generated complex

the

— -
Device Address Tx Frequency [Hz] Coerced TX Frequency [Hz) m ‘ ﬂ 7
% 192.168.10.2 | ijz.-meva [2.4176 F m “ o 00
Tx Antenna Tx Gan [d8] Coerced TX Gain [d8] = Samples. | #
2 o fo {20960
: B e
0.6 0.4 0.2 0.0 0.2 0.4 0.6
1
+HiR®l + Rl
Symbol Rate Transmitted 1/Q Waveform in the Frequency Domain L-J
Number of Bits PSKType [sym/sec] Samples/Symbol
lsm Jofﬁel £ 200 0
Puise Shaping Fiter Raised Cos FitParam  1QGan
) raf se ijo,m_ Jos
Type of Channel Excess Delay of Path 22 Relative Gain of Path =2
Jrosy e Jos
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5*0,2000
Figure 29. Implementation of an O-QPSK modulator together with an AWGN channel. A half-sine pulse shaping filter is used to
form the spectrum of transmitted signal.
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envelope both in the time- and frequency-domains are
visualized in Fig. 31 where a noisy multipath channel
with k2 = 0.5 and T> = 2.5 us have been selected. Note,
delay of path two is obtained as a product of “Excess
Delay of Path #2” and “Coerced IQ Rate.”

The parameters of path two have been selected in
such a way that

@Iy _ = 60425,
27
consequently, D =—1I and the cross-coupling between
the two propagation paths becomes zero.

The presence of additive channel noise can be clearly
observed in both the constellation diagram and the BB
spectrum. The multipath propagation causes frequency
selective fading, its appearance can be seen in the BB
spectrum around the zero frequency.

The spectrum of generated RF signal available at the
USRP output is shown in Fig. 32, where the settings of
stand alone spectrum analyzer can be recovered from
the figure. As expected both the channel noise and the
multipath-related frequency selective fading appear
around the carrier frequency.

E. Implementation and Testing of a
Complete Radio Link
Each radio link includes

a transmitter

a radio channel

areceiver.

This section will implement a generic QPSK/O-QPSK
receiver and establish a complete radio link commu-
nicating over a noisy two-ray multipath channel. To
implement a stand-alone transmitter and a stand-alone
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Figure 30. RF spectrum of noisy O-QPSK signal measured
by a stand alone spectrum analyzer.

receiver, two USRP devices and two PCs are used in
an isolated manner, where Configuration #1, one
USRP device and one PC, implements the transmit-
ter and the noisy two-ray multipath channel, while
Configuration #2 implements the receiver and mea-
sures both the spectrum and constellation diagram
of received signal.

The block diagram of test bed including both the
transmitter and receiver is shown in Fig. 33. The random
bit sequence to be transmitted is generated at the trans-
mitter and sent via a USB interface to the receiver for
evaluation purposes, for example, to determine the Bit
Error Rate (BER). The RF modulated waveform gener-
ated by the transmitter is fed via a coaxial cable into the

Constellation Graph
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Figure 31. Implementation of an O-QPSK modulator together with a noisy two-ray multipath channel. A half-sine transmit filter is
used for pulse shaping.
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Figure 32. RF spectrum of an O-QPSK signal transmitted via
a noisy two-ray multipath channel. The power spectrum has
been measured by a stand alone spectrum analyzer.

receiver. A 20-dB attenuator is used between the trans-
mitter and receiver to provide sufficient isolation.

A half-sine O-QPSK modulator together with a noisy
two-ray multipath channel have been implemented in
Sec. V-D, the Front Panel of the simulator is shown in
Fig. 31. That configuration will be used by Configura-
tion #1 to implement the transmitter and simulate the
radio channel.

Generic block diagram of QPSK and O-QPSK receiv-
ers [1], [12] is depicted in Fig. 34, where r(f) denotes
the RF bandpass received signal corrupted by channel
noise and multipath effects. The carrier recovery cir-
cuits recovers the orthonormal basis functions from the
received modulated signal [13]. The output of two cor-

relators constituting the coherent QPSK receiver are de-
noted by R;(¢) and Rq(t). These signals are fed into deci-
sion circuits, the decision time instants are assigned by
the output of a symbol-timing recovery, also referred to
as clock recovery circuit [13]. The estimated bit stream
b: is recovered by the data decoder.

In Figure 34, Ts denotes the symbol time period. The
decision for a symbol is performed at the same time in-
stant in both the in-phase and quadrature channels in
QPSK, however, in offset QPSK the sampling is delayed
by the half of symbol period in the in-phase channel.
This delay is also shown in the figure, for QPSK the delay
has to be set to zero.

The equivalent BB model of generic QPSK/O-QPSK
RF receiver can be obtained by inspection. Comparison
of Figs. 3 and 34 shows that

Ri(t) = le(t)
and
Ro(t) =— xoz(t) :

Applying these equations, the BB equivalent of generic
QPSK/O-QPSK receiver can be obtained as shown in
Fig. 35 where r/(f) and ro(f) denotes the in-phase and
quadrature components, respectively, of complex enve-
lope of received signal r(¢).

A radio link includes both a transmitter and a receiv-
er. Based on the BB equivalent model derived above, a
generic QPSK/O-QPSK RF receiver has been developed
and implemented by Configuration #2. The received RF
band pass signal r(f) has been generated by Configura-
tion #1, and the two stand alone configurations have
been connected by a coaxial RF cable. The bit stream to
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Coaxial Cable

Gigabit ‘Ethernet

UskRp O O
#1 O

2 RF Attenuator 7N
© 20 dB © 42

Coaxial Cable

UskRe O O

[

Configuration #1
Transmitter

Figure 33. Block diagram of test bed developed to test a complete radio link.

Configuration #2
Receiver
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Figure 34. Generic block diagram of QPSK/O-QPSK receiver. The offset delay Ts/2 has to be set to zero in QPSK.

be transmitted has been generated by Configuration #1,
implementing the transmitter, and has been provided to
Configuration #2, used as a receiver, via a USB interface.
Recall, the Front Panel of the half sine O-QPSK transmit-
ter is depicted in Fig. 31.

The Front Panel of the software developed to imple-
ment the receiver is shown in Fig. 36. This receiver is the
counterpart of the implemented O-QPSK transmitter of
Fig. 31, the meaning of fields already explained are not
repeated here.

As shown in Fig. 36, the Front Panel of generic QPSK/
0-QPSK receiver is divided into three main panels: the
(D) top, (i) middle and (iii) bottom panels.

On the left side of top panel the parameters of USRP
device are entered. The carrier recovery is performed by
an algorithm that needs to know the parameters of QPSK
modulator used to generate the signal to be demodulated.
These parameters, namely the type of modulator, the type
and parameters of pulse shaping filter and the number of

samples taken in one symbol period are entered in the
middle part of the top panel. On the right side of top panel
the transmitted and recovered bit streams are visualized.
The transmitted bit stream is a priori known and passed
from the PC used to implement the transmitter to the
other one that implements the receiver via a USB inter-
face. The recovered bit stream is estimated by the generic
QPSK/O-QPSK demodulator implemented in SW. The com-
parison of two bit sequences gives the BER performance.
The middle panel plots the signals measured in the de-
modulator. The left oscillograms depict the in-phase and
quadrature components of complex envelope of received
signal in white and red colors, respectively. The figure on
the right side visualize the eye diagram. The effects of chan-
nel noise and multipath propagation can be well observed,
they reduce the openness of eye diagram considerably.
One of the most important features of software de-
fined electronics is that any kinds of signal processing
can be implemented by this approach including radio
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Figure 35. BB equivalent of generic QPSK/O-QPSK receiver. The offset delay Ts/2 has to be set to zero in QPSK.
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transceivers or test equipment. Because the transmitted
signal carries not only the useful information but it also
can be considered as a test signal, both the receiver and
the test equipment can be implemented by software and
the reception of desired signal and testing the radio link
can be performed simultaneously, without interrupting
the data traffic.

To demonstrate this feature, two test equipment have
been implemented in software. The measured results
are visualized on the bottom panel of Front Panel as
shown in Fig. 36.

The figure on the left depicts the spectrum of re-
ceived signal. Note, the effect of noisy multipath chan-
nel can be clearly observed

a deep multipath-related fading is present about
the zero frequency in baseband (recall, zero fre-
quency corresponds to the carrier frequency in
the RF domain)

sidebands of received modulated signal are par-
tially lost in the channel noise.

The spectrum of noisy half-sine O-QPSK signal suf-
fering from multipath is determined by three different
manner and shown by three different equipment:

on the Front Panel of transmitter software that is
visualized on the computer screen belonging Con-
figuration #1, see Fig. 31

on the stand alone spectrum analyzer screen de-
picted in Fig. 32

on the Front Panel of Configuration #2 that
implements the half-sine O-QPSK receiver, see
Fig. 36.

As expected, the three spectra are identical. This
verifies the statement that any kinds of RF bandpass
signal, either deterministic or random, and any kinds of
LTI systems can be implemented in baseband exploit-
ing the theory of complex envelopes and using the USRP
approach.

The constellation diagram measured at the half-sine
0-QPSK receiver is visualized on the right side of bot-
tom panel. As expected, due to the channel noise and
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Figure 36. Implementation of an O-QPSK receiver. The received signal is distorted by a noisy two-ray multipath channel.
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Software Defined Electronics (SDE) offers a flexible implementation
environment where both the functionality and all parameters of
an application can be changed by software.

multipath propagation, a Gaussian cloud forms about
each message point.

Recall, the eye diagram, spectrum of received signal
and constellation diagram are used during the perfor-
mance test of digital telecommunications systems to
measure, check and evaluate their performance. The
channel properties also can be determined from these
measurements, consequently the channel information
that is crucial in software defined and cognitive radio
also can be recovered. Even more, this information is
continuously available and can be extracted without the
interrupting the data traffic.

VI. Conclusions

Software defined and cognitive radios, virtual instru-
mentation require a flexible implementation environ-
ment where both the functionality of application and
the parameters of application can be changed by soft-
ware. Examples for the former and latter are the mod-
ulation scheme and the data rate, respectively. This
goal can be achieved by the SDE approach where a
universal HW device and a host computer are used
to implement the desired application. According
to the OSI BR model the universal HW device and
host computer implement the PHY and application
layers, respectively.

In telecommunications and measurement engineer-
ing the high sampling rate and resolution required are
the main challenges. In the SDE approach every RF
bandpass signal processing is substituted by its BB
equivalent using the concept of complex envelopes.
The bandwidth of BB equivalent is equal to the half of
the RF bandwidth, consequently, the sampling rate is
determined by the RF bandwidth and not by the RF cen-
ter frequency.

In the USRP approach, a universal HW device
is used (i) to extract the complex envelope of the
RF bandpass signal to be processed and (ii) to re-
construct the RF bandpass signal from its complex
envelope. The processing of complex envelope is
performed by the host computer. Always the same
universal HW device is used, the implementation of a
new application requires only to change the SW on the
host computer. Today the universal HW devices and
the programming environment are available, the only
challenge is the derivation of the equivalent BB signal
processing algorithms.
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This tutorial surveyed the theory of complex enve-
lopes and introduced the USRP approach as the uni-
versal hardware platform of implementing arbitrary
RF bandpass telecommunications systems and mea-
surement equipment. A step-by-step approach was
introduced for the derivation of equivalent BB model
of analog and digital transceivers, channel noise and
multipath noisy propagation environment. The power
of SDE concept was demonstrated by many examples
starting from a simple case, the implementation of an
analog FM modulator, and finishing with the most com-
plex set up where an entire half-sine O-QPSK trans-
ceiver communicating over a noisy multipath channel
was implemented.

A unique feature of SDE concept is that many par-
allel signal processing tasks running simultaneously
can be implemented on the same host computer. This
feature was also demonstrated in the half-sine O-QPSK
radio link implemented where in addition to the demod-
ulation the received signal was considered as an exci-
tation and was used to test the radio link and measure
the channel conditions.

In many applications not a host computer but an
FPGA device will be used to implement the application
SW. The CAS Society is expected to develop equivalent
BB algorithms for the different applications that can be
used in an optimum manner in the FPGA environment.
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