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Abstract— The paper presents an evaluation of the nonlinear
distortion sources in software-defined radio front-ends, based
on band-pass sampling receivers. These nonlinear mechanisms
arefor thefirst time modelled for SDR receivers.

This behavioral model is a combination of Volterra Series
and large signal operation represented by a clipping function
followed by a black-box representing the quantization and
sampling schemes of the ADC. The model is then validated by
using several multisine signals with different signal statistics.

The obtained results validate the proposed behavioral model
for SDR wireess system design.

I.  INTRODUCTION

THis paper will evaluate the nonlinear phenomena
specific software-defined radio (SDR) receiverst thae
based on band-pass sampling configurations. Thils bei
complemented by studying their impact on the wasle
communication receiving chain and by proposing rapse
behavioral model that will allow wireless systemside
engineers to efficiently simulate signal degradattue to
the nonlinear distortion in the SDR receiver.

The concept of SDR first appeared with the work of

Mitola [1] in 1995. In this work, he purposed toeate a
radio that is fully adaptable by software, enablihg radio
to adjust to several communication scenarios auioaity.
The concept is presented in Fig. 1.
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Fig. 1 — Common implementation of the software-uki
radio concept from [1].

The ideal software-defined radio will adapt itstdfthe
transmission scenario by gathering information ataduof
the signals that are present in the air interface.

The motivation behind this concept is not only ttigh
flexibility to adapt the front-end to simultaneousiperate
with any modulation, channel bandwidth, or carrie
frequency, but also the possible cost savingsititagjrating
in full digital technology could yield.

Moreover a well-designed architecture of a multidba
multi-mode receiver should optimally share the kidé
hardware resources and make use of tunable andaseft
programmable devices.

These facts impose that these types of radios dHmeil
wideband, and have high dynamic range simultangous

The bandwidth is mainly controlled by the sampliagd
hold circuit restrictions, while the high dynamiange is
controlled by the receiving noise, imposed by ti¢ALand
filtering capabilities, and by the high power thia¢ receiver
can accept. This high power necessity is mainlp@ated to
the high values of PAPR of nowadays wireless stahda
radios, and by the possible existence of out ofdban
interferes.

In this paper we first give a short analysis of the
nonlinear distortion sources of an SDR front-endeldaon
band-pass sampling receiver that was presentet],imhich
is the used architecture for the rest of the papéso, in
Bection 1l, a reviewed behavioral model that corabimll
the sources of nonlinear distortion in the bandspsasmpling
receiver will be presented.

Moreover, the extraction procedure of this modell wi

also be described in Section Ill. In contrast te Yolterra-
series-based procedure for ADC distortion modeling
presented in [3], here we account for small-sigrgaivell as
large-signal operation.
In Section 1V, the behavioral model will be usederh
the SDR receiver front end is excited by modulatiephals
having high PAPR, using several multisines withfedtd#nt
statistical patterns.

Finally, some conclusions will be drawn taking into
account the obtained results.

[I. SDRFRONT-END RECEIVERNONLINEARITIES

As explained in [2, 4], the fundamental conceptthaf
band-pass sampling receiver is to design a recaitr a
reduced number of components taking advantage ef th
digital signal processing capabilities to produee tequired
performance.

Taking into account this type of receiver we wilview
the main sources of nonlinear distortion generdigdits
components, in which are include a band-pass fitdow-
noise amplifier (LNA) and an analog-to-digital cemter
(ADC). The main idea is to develop a black-box heébral
model to characterize it.

Concerning on the filter component, if we consider
static filter made of non-semiconductor devicegntithe
filler can be considered linear unless some passive
intermodulation, PIM [5], is measured, which we dot
consider in this case. Furthermore, if the filterbuilt with
semiconductor devices, as for example varactorsieay
materials based on ferroelectric, then some amaint
nonlinear distortion can exist. Nevertheless thalinear
distortion that is expected from these componerds i

pufficiently reduced compared with the followingesn so a
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linear transfer function will be enough to represtis type
of filtering.
written about nonlinear distortion in such
components, for instance in [6].

In small-signal operation, nonlinear behavior igenf
approximated by a simple polynomial, for instanc€aglor

series may be used if the transistor can be comrside
memoryless. For systems with memory, a Volterrgeser

analysis can be considered, since it will incorpmdynamic,
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Fig. 2 — Proposed behavioral model of the SDR feord-

Looking at the previous model we can clearly idgnti
each block. Thus,

o0

baseband effects and thus will approximate more Xl(t)=Zf;--ﬂhH(rl,--urn)xn(t—rl)--~>§n(t—rn)drl--~dfn'(1)

conveniently the behavior of the LNA small signatdrtion.

In large-signal operation, the transistor startglip the
output signal due to the fact that it will compressd
saturate and it can be approximated by a largeabtgansfer
function, often by a describing function approagh{].

The last analog component in this receiver chaithés
ADC that is also responsible for creating nonlingigtortion.

One of the sources of nonlinear distortion in anCAB
the nonlinearity of its transfer function that cdre
responsible for missing bits, and subsequent
nonlinearity and differential nonlinearity (INL/DNL This
nonlinear behaviour can be efficiently modelledusing a
polynomial function (followed by an ideal quantigeand
thus is similar to the small-signal distortion bebar of the
LNA.

Another source of nonlinear distortion common to@e
is related to the maximum voltage that the ADC daitize
without clipping. This distortion is amplitude dewent and
is of great importance in many new wireless commation
systems due to the high PAPR of their signals. Tdris1 of
clipping is what is called hard clipping and is imspd by a
transfer function that limits the output signalhtigafter the
input signal traverses a certain threshold.

The remaining source of nonlinear distortion in ADIE
the well-known quantization process. This highlyniigear
operation also gives rise to a high value of imtefice
called quantization noise. Quantization phenomédranges
a sine wave from a smooth function to a staircégeasand
due to this nonlinear effect, the output signaldsmposed of
a large number of nonlinear distortion products.

So, in order to be able to describe most of theipus
sources of nonlinear distortion, a band-pass behnaai

model will be described that represents the noatide

behaviour of the SDR front-end architecture, Fig. 2

The first block of the model that we will use, iset
small-signal model to represent the nonlinearityhaf LNA
and of the ADC transfer functions. This is représdrby a
Volterra series approximation.

The large-signal operation of the low-noise amgpitifis
represented by a clipping function that could bgcdbed by
a hyperbolic tangent or any other limiting functif@. The
signal is then ideally sampled and ideally quaintjze
which the ADC full-scale define the quantizer boaries.

We consider that the nonlinear behaviour due tmtive
monotonic performance of the ADC will be includedbi the

integr

n=0

X, (t) = k.tant{a.xl(t)]

)

x3[n] = x3(nT) = +Z.ox(t).é'(t -nT)
, ®3)
yin| = Quan(x3[n]), (4)

wherex;,(t) is the input signal waveforn(ty,...,t,) is
the n™ order Volterra kernel tani.] symbolize the
hyperbolic tangent in whick anda are adjusting amplitude
values,d(t) denotes the Dirac delta function, a@diant.)
represents the quantization process.

I1l. MODEL PARAMETER EXTRACTION OF ASDRRECEIVER

In order to demonstrate the validity of the prombse
behavioral model a band-pass sampling receiveriasito
the one described in [2], was implemented. Our ivece
approach to be modeled does not include the digibeit-
end which follows the ADC (digital signal procegginnor
the required wideband receiving antennas.

So, we use a fixed band-pass filter to select the 5
Nyquist zone, and avoid aliasing of other undessieghals,
followed by a commercially wideband (0.5 — 1000MHz)
LNA which has a 1dB compression point of +9dBm, an
approximated gain of 24dB, and a noise figure ne&dB,
and finally a commercially 12-bit pipeline ADC thhas a
linear input range of +11dBm with a analog inputdbaidth
of 750MHz. To finish, a clock frequency of 100MHzsv
applied because some limitations in the instruntemtaised.

A model is only good if the extraction and model
development procedures are quite simple and efficikn
this model, the polynomial (Volterra) parameters dze
extracted by using small-signal measurements. lieothird-
order nonlinear descriptor, we will use the zon¢hef third-
harmonic output where the distortion power riseghate
decibels per decibel. The compression of the nealin
distortion, and the fundamental signal power, défine the
parameters of the hyperbolic tangent or other alipp
function. Finally, the quantization and samplingpdi is
imposed by the ADC used in the SDR front-end.

Then, the behavioral model parameter extraction was
made using the set-up described in [9].

Volterra series. Because we are measuring the lbvera In order to extract the proposed model, a one-gigeal

system from the output terminals, information odividual
nonlinearities inside the system is not availabid ae are
free to group them as we like.

centered in the "SNyquist zone, was used as the excitation
and the measured results are shown in Fig. 3.
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Fig. 3 — One-tone measurements for the SDR frontreceiver. ) ) )
Fig. 4 — Two-tone measurements and simulationthi®SDR

In Fig. 3, three different zones may be identifiddhe front-end receiver.
first zone is eliminated for parameter extractiancs the
harmonics that we seek are lower than the measwie IV. VALIDATION OF THE BEHAVIORAL MODEL
level. From the second zone, where the third-haimon WITH MULTISINES

distortion rises at three decibels per decibelnpit power, ) ) )
the third-order coefficient is extracted. Finaliye value that ~ We use the SDR front-end receiver described in the
will be used to select the clipping breakpoint igracted Previous section to conduct the validation of theds,
from the third zone, where the fundamental sigaaidar its Using several amplitude/phase arrangements for the
1dB compression point. To model large signal opematve fréquency components of the multisines, which mimic
used a hyperbolic tangent as the clipping functaince the different time-domain-signal statistics and thus#RY10].
small Signa| to |a|’ge Signa| transition is smooth. In this CaSFE, we Useq several multisines of 108gamth

This extraction procedure allows us to have a firsd total occupied bandwidth of 1MHz. Table 1 presehe
estimate of the coefficients and then a least-gyuafifferent values of PAPR for each multisine arranget.
optimization algorithm is used to minimize the difince

between measured and simulated results for the Inbeded Table 1: PAPR for each multisine excitation.

on the one-tone extraction. Signal Type PAPR [dB]
Throughout additional experiments, we observed dhat Uniform 2.1266

SDR front end, behaved as a memoryless systene iec Normal 8.5184

coefficients did not change significantly with fremcy. Constant Phasg¢ 20.0000

In order to confirm that our model can describe the
behavior of an SDR front end under modulated-signal Figure 5 presents the measured statistics for each
excitations, we carried out measurements when atdwe multisine arrangement. ThHéonstant Phaserrangement is
signal, centered in thé"SNyquist zone, was applied to thethe one where the relative phase difference isfden the
input, and compared the output values with our remtle tones. This yields a large value of 20dB PAPR. As be
results. seen from Fig. 5 and Table 1, the PAPR varies fsogmtly
Figure 4 presents the obtained results for the ubutpwith the engineered statistics of the multisine.
fundamental and thethird-order IMD values. Good Figure 6 presents the measured and simulated sdgsult
agreement can be seen between the measurementheandvhich are captured the fundamental power and adjace
simulations. The observable difference between ureds channel power (ACP), arising from nonlinear distont for
and simulated third-harmonic results at low inpotpr each multisine excitation.
levels is due to the noise floor of the measurensettup

used.
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Fig. 5 — Measured statistics for each multisinealig(a) CCDF and (b) PDF.



V. CONCLUSIONS

We presented a short description of nonlinear disto
mechanisms in Software Defined Radio front-end ivers.
We first present a reviewed model for the SDR framdl that
accounts for most of the nonlinear distortion searanainly
created by the two components: the LNA and the ADC.

It was seen that the nonlinear distortion can leracern
in systems developed for high PAPR signal handlinghat

Pout [dB]

60— & - ,,‘,,777,477 == ynd. Simulated | | .
| e e respect a behavioral model was also developedharSDR
T TN 0 TTT TLe acermeasured | nonlinear distortion characterization.
R T The performance of this model was compared to
Pinlagml measurements of two-tone and multisines. The good
@) agreement between the model and the measurementisrco

that our model represents well the main observed
characteristics. This type of model could be expeadndo
include additional distortion mechanisms as theye ar
identified, for instance the nonlinearity of sofithte switches
[11].

Modeling these sources of nonlinearity may be irtgrdr
in the design of multi-mode handsets, where veryakwe
sources of intermodulation distortion can have rapact on
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Fig. 6 — Measured and simulated results for differaultisine signal
statistics, (a) Uniform, (b) Normal and (c) Const@hase.

As can be seen from the figures shown, the signtd w

constant-phase statistics deviates from linearttya anuch
lower input power level than for the other caseweithe
PAPR of that signal is extremely high and so cliygpoccurs
at a relatively low input level. As well, the adget channel
power is significantly higher for the constant phasise than
for the others.

Under small-signal excitation the SDR front endniginly
ruled by quantization noise in the simulations aby
instrumentation noise in the measurements.

The distortion starts then to rise for medium-slgnﬁo]P. Cruz, N.B. Carvalho, and KA. Remley

excursions at three decibels per decibel of inpawer. At
high input power levels, it compresses to a satdraalue.
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