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Abstract—This paper proposes two digital receiver (RX) lin-
earization and 1/Q correction solutions, where an additional
reference RX (ref-RX) chain is adopted in order to obtain a more
linear observation, in particular, of the strong incoming signals.
This is accomplished with reduced RF gain in the ref-RX in
order to avoid nonlinear distortion therein. In digital domain,
the signal observed by the ref-RX is exploited in linearizing
the main RX. This allows combining the sensitivity of the main
RX and the linearity of the lower-gain ref-RX. The proposed
digital processing solutions for implementing the linearization are
feed-forward interference cancellation and nonlinearity inversion
which are both adapted blindly, without a priori information
of the received signals or RX nonlinearity characteristics. The
linearization solutions enable flexible suppression of nonlinear
distortion stemming from both the RF and analog baseband
components of different orders. Especially wideband multi-
carrier RXs, where significant demands are set for the RX
linearity and 1/Q matching, are targeted. Using comprehensive
RF measurements and realistic base-station scale components
an RX blocker tolerance improvement of 23dB and weak
carrier signal-to-noise-and-distortion ratio gain of 19dB are
demonstrated with combined linearization and I/Q correction.

Index Terms—adaptive signal processing, direct-conversion
receiver, interference cancellation, intermodulation distortion,
1/Q imbalance, linearization techniques, mirror-frequency inter-
ference, nonlinear distortion, radio receiver.

I. INTRODUCTION

IDEBAND multi-carrier or multi-channel direct-

This sets stringent requirements for the RX linearity. lavpr

ing the linearity by analog means is challenging, espaciall
with strict limitations for the design and implementatiasts,
circuit size and power consumption. [5]-[7]. However, the
requirements for analog hardware can be effectively alted

by means of digital signal processing (DSP) [8]-[13]. This
allows the received signal quality to be enhanced after the
analog RX with digital post-processing solutions.

A widely-adopted DCR [5], [14] is illustrated at concep-
tual level in Fig. 1, where the most important nonlinear
distortion and mirror-frequency interference (MFI) se@sare
highlighted. To reflect the overall distortion charactécs as
accurately as possible, the nonlinear distortion modeling
this paper covers arbitrary-order nonlinearities both he t
RF as well as the baseband (BB) components. In addition to
the actual nonlinear distortion products, MFI componemés a
induced by the in-phase/quadrature (1/Q) mismatches of the
down-converting mixers and other analog components in the
BB | and Q rails [8]. Hence, to account for all these distartio
products, we derive the overall nonlinear behavioral model
for the RX, employing elementary nonlinear transformagion
of the complex-valued signal and its complex-conjugate.

Two alternative DSP solutions are then derived using the
behavioral model in order to either) (cancel or i) invert
all the essential nonlinear distortion effects due to tha-an

conversion receivers (DCRs) are becoming increal®g hardware. The first method is called reference-receiver
ingly popular while the cost and size of a single receiv@nhanced adaptive interference cancellation (RR-AICkneh

(RX) chain are dropping due to advances in circuit den estimate of the nonlinear distortion is generated based
sign and underlying process technologies. Also multi-afmer on the more linear reference receiver (ref-RX) observation
and/or multi-technology scenarios, where signals of mldti and then subtracted from the main RX signal. In the second
operators and potentially of multiple radio access networknethod, called reference-receiver-aided nonlinearigrigion

are all received simultaneously with a single wideband RERR-INV), an explicit inverse for the overall nonlinearity
hardware are becoming more common. In such conditiorsd, the DCR is pursued, using the ref-RX observation as a
the power range of the strong and weak carriers inside, egglibration signal.

100 MHz reception band, can be up0-70 dBs [1]-{3]. This  The rest of this paper is organized as follows. Section II
is especially emphasized in future ultra-dense networks [4resents the prior-art and highlights the novelty of the- pro
where the strong, blocking mobile transmitters can be iy vefoseqd solutions. In Section 111, arbitrary-order modeliofy
close proximity of the base-station (BS) RX [3] while the Weanqpjinear distortion and MFI appearing in wideband DCRs
carriers are received through multiple shadowing obssacles carried out. Building on this modeling, Sections IV and
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V propose then two linearization solutions based on the
distortion cancellation and nonlinearity inversion idgaspec-
tively. Therein, also digital parameter estimation andraa
solutions are addressed. True RF measurements are presente
and analyzed in Section VI, comparing the performance of the
proposed solutions to the state-of-the-art. Section Vithier
discusses the benefits and costs of the proposed solutions.
Finally, conclusions are drawn in Section VIII.
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Il. PRIOR-ART IN DIGITAL RECEIVER LINEARIZATION u(m) o(n) @i a(n) y(n)

- N . Digital [ >
RX linearization through post-processing has been ai 1/Q Chan. Eq.

dressed to some extent already in the existing literature. /—\ 0° Correction| | Detection

[12], [15], the nonlinear distortion estimate is generatadhe = [ ond Dg;ﬁiﬂ?g
analog RF and then digitized with separate RX chains. Th LNA ization | >
needs specific RX hardware with analog cubing and squarit  pp pronend Baseband Processing

operators, does not consider the modeling or suppression or

the BB nonlinearities and only approximately estimate$\@ig rig 1. conceptual DCR block diagram emphasizing the maincesuof
than third-order distortion. In addition, analog implerteion nonlinear distortion and I/Q mismatch together with the em@tbipaseband-
of the cubing and squaring operators contains inherent in&guivalent discrete-time mathematical notation.

curacies. Also [13] considers adopting an additional RXircha

but aims only at suppressing the intermodulation distortio

(IMD) appearing at the R.F’ and thus neglects the effects of %52], the receiver linearization solutions proposed irs {héper
nonlinearities and I/Q mismatch. Furthermore, only conaputCan also facilitate digital out-of-band blocker cancétiat by

simulations based results are reported. . ) : )
" . o tuning the ref-RX center-frequency accordingly.
In addiltlon, some single-RX base'd ad.aptl've interference | general, it is known that the down-scaling of the semi-
cancella(t;on (AI(.:) mféhOdZSz folr Ri]( Ilnearlzitlonhhave]zc beeE'onductor processes and decreasing supply voltages exacer
proposed, e.g., in [16]-{22]. In these works, the re EreN%ates the noise and linearity performance of analog signal

for the r:jopllnearr] d|st9rt|on gstgnqtlonl ahnd Cﬁnc,ellalt'? rocessing electronics, while largely benefiting DSP imple
generated from the main received signal through simpl@fingy, . yi4tions from speed and power consumption point-of-view

f||tgr|ng. This mherently. gives only approximate .d'Stom, This trend will make the digital error correction and lin-
estimates, because the inband portion of the nonlineaordist

tion d des th litv of th ¢ ) L it earization more and more viable solution in the future, but
ion degrades the quality of the reference signal. In apl is already used, for example, in linearization of ADCs [26].

knowledge of the blocker center frequencies and bandWithﬁrthermore, digital predistortion (DPD), relying on Sini

need to be obtained and the filters for picking these bIOCkEHéhavioral modeling principles and an additional obsévat

need t(.) be 'e|ther designed and opt|m|;ed n reaI-t|me X, is already widely applied in linearizing transmitteryer
stored in a filter bank to be able to consider different S9N3mplifiers [27]. Finally, it is noted that there are also some

scenarios. In [23], on the other hand, a single-RX base(ﬂ";d“g'works in the literature [28]-[31] that consider specifigall

post-lnverse solution for nonlln(_aar distortion SUPPIESSIS 0 modeling and suppression of the self-interferencededu
descrlbed. The proposed. solution, however-, IS _not .able 69 the own transmitter, in particular in frequency division
consider frequency-selective nature of the dlstor_ngrucmdj duplexing devices. While in such scenarios the referencebig
by the anal_og hardware. In ".’ldd'.t'or!' Fhe precision _Of tq‘%r cancellation is inherently available, the work in thizper
discrete-cosine-transform applied is limiting the suppren considers more generic problem setting with arbitrary amd u

performance and robustne.s§ of the adaptation. known strong waveforms entering the RX. These approaches
A reference analog-to-digital converter (ADC) based SOlyq1q he potentially combined, for achieving versatile and

tion for suppressing the ADC nonlinearities only is progbsessficient distortion suppression at the RX.
in [24]. However, the nonlinearities of the preceding RXnf-o

end are not considered in any manner.

A post-inverse linearization solution with offline calibiom,
where the transmitter of the transceiver unit is used to feed
in the calibration signal in order to find the parameter.ﬁ
of the post-inverse nonlinearity is proposed in [25]. Thi

IIl. ARBITRARY-ORDERNONLINEARITY MODELING FOR
DIRECT-CONVERSIONRECEIVER

In this section, mathematical modeling of a wideband DCR,

ustrated in Fig. 1, is presented. Both the nonlineasiténd

; I, 0o : .+ 1/Q mismatches of the analog processing stages are coedider

however, requires specific calibration periods and thugdim . . o .
Wev au pectt oration per! ues The baseband-equivalent signal model for a DCR is visudlize

the adaptability and flexibility of the solution. in Fig. 2, together with illustrative spectral exampleswsimy a
The solutions proposed in this paper are able to overcome 9. 109 P P

the limitations of the prior art elaborated above. The psmub scenario wherg, for S."mp“C'ty. of visualization, only ‘f’@'e.] re-
. . : . eived carrier is depicted, being located at a small inteiate
solutions are blind and can be adapted online, during thé

normal RX operation. The nonlinear distortion regenera’[ioreql“Iency (IF) after the RF down-conversion stage. In galner

and suppression are done fully on the digital BB. From thaerb|trary-order nonlinearities are considered for both RF

analog hardware point-of-view, another parallel RX chain ghd BB, in order to provide a complete and comprehensive

used as a ref-RX. This ref-RX is assumed to have the Sam%haworal model of the overall RX.

reception bandwidth as the main RX. Otherwise, no specific )

RX design or tailoring is needed. For example, commercidt LNA Modeling

off-the-shelf dual-RX set-ups can be utilized for this pase. The RF low-noise amplifier (LNA) nonlinearities are mod-
In general, the proposed solutions enable combining the seted with an odd-order memory polynomial incorporating
sitivity of the main RX and the linearity of the lower-gainseparate memory filters for the different polynomial compo-
ref-RX in a flexible manner. Furthermore, opposed to [16]rents in order to cover different nonlinearity orders and th
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Fig. 2. lllustration of cascaded parallel Hammerstein modeissidering RF and BB nonlinearities as well as mixer and BB riii@matches. The highest
nonlinearity orders taken into account for the RF and the BBFrr and Kgg, respectively. Due to the generality of the nonlinearity eledthey also take
mixer nonlinearities into account. The spectrum illustnasi are sketched for BB equivalent signals matching to the enatical modeling in the paper, and
only a single carrier located at the, after 1/Q down-conversion, is shown for visualization poses.

related memory effects as accurately as possible. Thistates B. 1/Q Mixer and Baseband Component Modeling
is known as parallel Hammerstein model [32], [33] and is
illustrated in Fig. 2. The choice of odd-order simplificatis
justified by even order distortion falling either on muléplof
the RF center frequency or around BB, while the interesting Next, the LNA output is fed into down-converting 1/Q
signals at this stage are still at RF. In addition, also theé-odmixers. The finite image-rejection ratio (IRR) of the mixess
order harmonic components are excluded based on the san@sleled by adding a filtered complex-conjugate of the input
assumptions [34]. This is a valid approach as long as thecersignal to the output of the mixer [8], [36]. In this way, the
frequency is high compared to the instantaneous bandwifdthnaixer output signal becomes
the total signal entering the LNA. However, if the reception
band becomes very wide, e.g., in gigahertz range, in respect
to the center frequency, also harmonic distortion should be
considered.
Mathematically, the odd polynomial orders, considered up x(n) =biv(n) + byv*(n), 2
to Krr, are gathered int®rr, i.e., Qrr = {1,3, ..., Krr}-
With this assumption, the LNA output as a discrete-time
baseband-equivalent model can be expressed as

v(n) = > ax(n) 2%1 (k_ﬁ) [u(n)u*(n)]*"Y"%u(n)  whereb; and b, are the scaling coefficients for the direct
2 and conjugate branches, being more specifically defined as
~ Bl by = (1 +ge7%)/2 and by = (1 — ge’?)/2, whereg and
o Z Gk (n) * fu(n)|"~ u(n), 1) are(the gain |2r{ismatch and(the phaié mismatch between
@ the branches, respectively [8], [36]. The nonlinearity loé t
I/Q mixers and the 1/Q mismatches between the BB | and Q
whereay,(n) are the impulse-responses for each odd polyngomponent frequency responses are included in the follpwin
mial order inQgr taking memory effects into account andsg nonlinearity model and are thus not explicitly included i

u(n) is the original LNA input. Notationwisex and (-)*  the instantaneous mixer I/Q mismatch model in (2).
denote convolution and complex-conjugate, respectialy-

thermore, the modified filters, denoted &y(n), include also  Finally, the BB | and Q nonlinearities are included in the
the contribution of the scalar scaling coefficients mujtipy joint model. Independent arbitrary order parallel Hamneens
the signal component on the first line of (1). Using thesmodels are employed for modeling both the rails in order to
impulse-responses instead of scalar coefficients extdmels take into account also the possible 1/Q mismatches between
modeling presented in [34] to cover also memory effects. the rails. The nonlinearities can originate from I/Q mix38
addition, using complex-valued impulse-response tamsvall amplifiers and ADCs. In the BB stage modeling, also even
covering AM/PM characteristics of the amplifiers [35]. Fopbrder nonlinearities are taken into account, modeling, ¢hg
Qrr, ONe practical example is third order distortion modelingself-mixing problem in the mixer [8]. Similar to the RF, the
Qrr = {1, 3}, wherel represents the linear component. Sucbrders included in the modeling, up #gg, are represented
simplified modeling was earlier assumed, e.g., in [18], [20With Qgg. In practice, this can be, e.ddgs = {1,2,3} for
[25]. modeling second- and third-order BB nonlinear distortibime
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. - TABLE |
final digitized waveform can thus be expressed as TERMS GENERATED BY THE JOINT NONLINEARITY MODEL IN CASE OF
5 5 Qre = {1,3} AND Qpgp :{1,2,3}
y(n) = Z crek(n) * 27 (n) + jeimk(n) * x4 (n)
k€2es Terms Mirror Terms  Interpretation
— Z 1 zk: Cre(n) + (_l)lcim=k(n) u(n) u*(n) Original signal aroundfir
= ok re,k jk—l
ke 1=0 [u(n)|? - 2nd-order IMD around BB
k - . u?(n), [u*(n)]? - 2nd-order harmonics around2 fi
_ . l
* (l> 2" (n)[z (n)] lu(n)|2u(n) lu(n)|2u*(n) 3rd-order IMD aroundfir
& [u*(n)]? u?(n) 3rd-order harmonics around3 fir
— Z Z G (n) * xk_l(n) [x*(n)]l, u(n))? - 4th-order IMD around BB
— 2,2
k€Qes 1=0 fu(n)"u”, 3rd-order IMD arounct: fig
B )Pt ()2
wherecre i, (n) andcim 1 (n) are the impulse responses for each |u(n)|*u(n) lu(n)|*u*(n) Sth-order IMD aroundfie

polynomial order defined ifegg for | and Q rails, respectively, |u(n)|?[u*(n)]® |u(n)|?u3(n) 3rd-order IMD around-3fir
taking memory effects into account. In additi@p, (n) are the ()6 . 6th-order IMD around BB
modified filters including also the scalar multipliers on @ed

7th-order IMD around-3 fir

(
line of (3), reflecting the combined responses for each of th{in A ()2 5th-order IMD aroundt2 fir
complex-valued signal components. :
lu(n)|bu(n) |u(n)|8u*(n) 7th-order IMD aroundfir
C. Cascaded Effects of RF and BB Nonlinearities [u()[*[w ()]° _|u(n)|*u?(n) Sth-order IMD around-3/ir
The signal components resulting from tbascaded effects  “(™)I*u(m) [u(n)[Pu (n) ~ th-order IMD aroundfie
( * (n) )

of (1)—(3) are gathered into Table I, in terms of the ideall
RX input signalu(n), in the example case dirr = {1, 3}

and Qgg = {1,2, 3}, together with short description of each . . . . . .
receiving a single carrier or multiple carriers, or whether

component. Even though differential signaling is known t e (composite) received signal after /Q down-conversion
reduce even-order distortion components, the second—or&a P 9

term is included in the BB part since, e.g., mixer—induc:ex(i->Cated strictly at baseband or not. The graphical illusira

second-order distortion can still be relevant in certagnscios Fig. 2 emphasizes the creation of different distortiomnie

[37]. These components and the presented modeling form ue to an individual strong incoming carrier which is lochte

basis for developing the linearization approaches desdrib at fi after the 1/Q down-conversion stage.
the following sections. In Table I, the first-column compoise
("Terms") appear purely due to the nonlinearities. The sde€o
column components (“Mirror Terms") appear only in case of
I/Q mismatch either in the mixers or the BB | and Q rails.
In (2)—(3), this means that the respective scaling coefftsie In this section, the proposed RR-AIC linearization solatio
and impulse responses go to zero in case of perfect IiQdescribed in detail, building on the modeling resultshaf t
matching. In addition, if all the orders considered in thprevious section. In the RR-AIC another parallel RX, in whic

BB nonlinearity modeling include 1/Q mismatch, introdugin the RF LNA stage is excluded, is employed as illustrated in
mixer 1/Q mismatch does not generate new Mirror Ternisig. 3. Thus, this ref-RX is not creating RF nonlinear distor

but only affects the effective responses of the ones alreaalyd is operating in more linear region when it comes to the
appearing because of BB I/Q mismatches. It should be noté@Q mixer and BB stages. With the ref-RX, only the strongest
that the Terms in Table | cannot be strictly separated intdockers need to be observed, to be used as a reference signal
RF distortion and BB distortion, even when the modelintp the digital linearization processing. Thus, the ref-Rdise

of those stages differs in ways described in (1)-(3). Féigure and the quantization resolution of the corresponcfig
example, the Termu(n)|?u(n) is stemming from both the RX ADC are not as critical as for the main RX, who needs
third-order RF nonlinearity, described by (1) and the thirdo be able to receive also the weak carriers present witkn th
order BB nonlinearity, described by (3). The proportions agkception band. The weak carriers, however, have only very
these contributions depend on the characteristics of thetexlittle contribution to the nonlinear distortion appearimgthe
hardware at hand and, thus, the exact coefficients of (1)—(3hain RX.

Generally, the list of distortion components with diffagin  The 1/Q correction stage illustrated in Fig. 3 is implemeinte
orders considered in the modeling can be obtained by evain-both the main RX and the ref-RX based on [36] and applies
ating (1)—(3) in symbolic form. This can be carried out eitheadaptive circularity restoring MFI suppression principidso
with pen and paper or using software tools, such as MATLAB the ref-RX, even though it is operated on a more linear
Symbolic Math Toolbox. region than the main RX, the MFI contribution might be

Notice that the above modeling results are generic and applgnificant. In order to achieve as high quality referengaai
to arbitrary LNA input signak:(n), independently of whether as possible, it is thus desirable to perform I/Q correction

IV. PROPOSEDREFERENCERECEIVER ENHANCED
ADAPTIVE INTERFERENCECANCELLATION (RR-AIC)
SOLUTION FORWIDEBAND LINEARIZATION
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therein as well. The MFI suppression is generally focusirtge optimized based on the performance/complexity trafle-of
on the contribution of the possible I/Q mismatch induce@ihe optimum set of reference nonlinearities depends also on
Mirror Terms in Table I. This approach is validated by thé¢he given RX hardware at hand. Thus, giving universal set of
fact that all the Mirror Terms in Table | can be modeled a®ference nonlinearities is not seen feasible. At the sames t
BB induced MFI. Thus, the MFI appearing at the last stage ofducing the number of kernels in the following learningysta
the analog front-end is suppressed first in the digital femd, can be approached using, for example, principal component
while the actual nonlinearities are tackled thereaftee W=l analysis in similar manner as has been proposed for digital p
suppression performance will be demonstrated using the RiStortion of power amplifier nonlinearities [41]. Furtheore,
measurements in Sections VI, together with the lineadmati the role of different nonlinearity components has beenistud
performance. The aim of the actual linearization stageckwhiin [20] in a simplified two-tone reception scenario, giving
is one of the main contributions in this paper, is to suppresssight to the significance of each component. The role of
the remaining nonlinear Terms in Table |I. this selection is also illustrated in Section VI togethethwi

In Fig. 3, the RR-AIC stages, namely the reference nothe linearization results.
linearities, adaptive filtering and interference candigiaare The produced nonlinear components are next fed in parallel
illustrated. These stages aim at regenerating and cangéfie to the adaptive filtering stages, as illustrated in Fig. 3isTh
nonlinear distortion induced by the analog RX componentsllows individual adaptive weighting for each of the disitm
This is based on the mathematical modeling presented domponents. The combined, adaptively filtered nonlinear-co
Section 11l and discussed in more detail in the followingeThponents yield then the actual estimate of the overall pliegai
description in this section follows the signal flow and nimtas nonlinear distortion in the received main RX signal. Notice

illustrated in Fig. 3. that the linear component is naturally excluded from the
actual cancellation signal but is deliberately includedhe
A. Reference Nonlinearities generation of the error signal for adapting the filters, itenrto

. . - avoid bias in the adaptive filter coefficients [38] becausthef
In the reference nonlinearity stage, shown in Fig. 3, ele- . . .
) : correlation between the nonlinear components and therlinea
mentary nonlinear transformations of the 1/Q correcteeR%f . o . .
) ? . . . component present in the original main RX signal. Otherralte
signal 4(n) are generated. Herein, the nonlinearity model IS_tive option could be to adopt an additional orthogontitiza
assumed to be a parallel Hammerstein model [32], [33] bu P P 9

. ) . Stage after the generation of the basic reference noniigsar
generally, any nonlinearity model can be applied. Howeser,

. o r nonlinear basis functions.
polynomial model followed by a filtering stage has the beneﬁ)t : . . L
In general, in order to mimic the nonlinearities in the agalo

of being linear in parameters and is thus very well suitabte ffront-end, no harmiul aliasing should be allowed in the g

adaptive parameter learning. The exact choice of the madel i . " : ) )
I . reference nonlinearities. In this scenario, the harmfisisaig
individual scenarios should be done based on the hardware . . LT
. . €ans distortion components that alias inside the actual re
at hand and the desired performance/complexity trade-off. .. . . . ;
o . ception and cancellation bandwidth. This can be avoided by
For example, a simplified polynomial model followed bX‘i

scalar adaptive coefficients could be employed, if consider
memory effects of the analog front-end components is nat s
necessary.

rst interpolatingd(n), feeding it to the nonlinear operators
e]é('),fg('),...,fp(') and then filtering and decimating the
generated nonlinear components back to the original sample

. . . .{ﬁ\te. In this way, if non-harmful aliasing is allowed, the
In Fig. 3, the reference nonlinearities are denoted WIUY, o ssarv high sample rate fisniqn — [(K + 1)/2]B, where
Fo)s f1(), .., fp(-), where P is the number of nonlinear y g P Shigh ;

SO . . and B are the highest polynomial order applied and the
tgrms andfo (") |sal|nearfunct|0n.Thus,the linear Cornponenr{éception bandwidth dictated by the ADC and the analog
signaldy(n) and the nonlinear componenis(n) to dp(n) are

filtering, respectively [10]. If no aliasing is allowed at,ahe

obtained. Here, the reference nonlinearities are chossadba .
. L - . ecessary sample rate fighgh = K B. The need for increased
on the wideband DCR modeling in the previous section. In o s . :
. . ) i sample rate is illustrated in Fig. 3 with a dashed-line box.
practice, the nonlinear Terms gathered in the first column

of Table | are targeted and the component signals are thus

expressed as B. Parameter Learning and Interference Cancellation
do(n) = fo(t(n)) = a(n), The general principle for learning the adaptive filter coef-
di(n) = fi(a(n)) = a2(n), ficients is.to mipimize the error power betwegn th'e sum of
do(n) = foli(n)) = [0 (n)]2 the adaptively filtered parallel reference nonlinearitytpot
20 =72 - ' (4)  signals and the received main RX signal. The intuition behin

the idea is to find a black-box parallel Hammerstein model for
o the main RX analog parts and use the nonlinear components of
dp(n) = fp(i(n)) = ... the model to cancel the nonlinear distortion from the reziv
In general, the nonlinearity modeling in here should matdignal. This is accomplished by subtracting the adaptively
the actual main DCR characteristics as accurately as pessifiltered nonlinear components from the received main RX
Similar to the choice of the nonlinearity modeling approacsignal. In general, the adaptive filters are used to find agtim
in general, also the employed reference nonlinearitiesildhoamplitude and phase responses for the nonlinear compgnents
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Fig. 3. Block diagram illustrating the principle of the poged RR-AIC method for main RX 1/Q correction and linearizati®he MFI suppression and
nonlinearity cancellation stages are cascaded. The l/@actiion stage is implemented based on [36]. The time indéx omitted from the signal notation
for illustration convenience.

thus creating an optimal estimate of the nonlinear distorti The resultingw’> contains coefficients for all the® + 1
induced in the main RX analog front-end. In practice, thiiiters wiS wiS, ..., wkS having dimensions/ (P + 1) x 1.
learning can build on, e.g., least-squares (LS) block sollm practice,wXS is obtained by calculating the pseudo-inverse
tion, recursive least squares (RLS) or sample-wise leastam of D¢ [38], giving
square (LMS) adaptation [38]. In the following, the LS block
solution is described in detail, as an illustrative example
Generally, also other learning algorithms can be applied.
First, the set of filterswgy,wy,...,wp, depicted also in
Fig. 3, is optimized in the LS sense with the given block of
data. This block can be, e.g., a frame of the received signalin general, the interference cancellation is then accom-
and its length is denoted hy. The length of each filter i3/ plished by subtracting the distortion estimate providedhsy
and hence, e.gw; = (w1 (1), w1(2), ..., w1 (M)]T. The filters filters wi, = [w], w3 ...,wp]T from the main RX signay’,

LS __ +.,/
we” =Dgy

6
= (D8Dc)'DEy’. ©)

are obtained by solving the model fitting problem written here as
argmin |[Dewe — v/ (5) _ ) .
wc u=y —Dgwg, (7)

for wo= [wd,wT...,wE]T such that it minimizes the power

of Dcwc —y’, which is the modeling error. This can be interwhich yields the linearized signal. Here, opposed to the
preted as fitting the linear component and the nonlinear coprevious model fitting stage, the actual cancellation lsudd
ponents with memory siz& and individual weights to the I/Q processing the nonlinear terms only, iBy, is obtained from
corrected main RX signal blogk’ = [/(1),4'(2), ..., (N)]T D¢ in (8) by removing the linear signal terms. Furthermore,
in LS sense. The matriB¢ consists of the linear componentin the actual online linearization after having estimatbd t
and all the nonlinear transformations obtained via the rdfiters w1, wo, ..., wp as described above, linearization can be
RX with M separate delays as columns as shown in (&arried out sample by sample without any block-structure.

Cdo(1)  do(N) ... do(N=M+1) di(1) ... di(N—=M+1) ... dp(1) ... dp(N—M+1)]
do(2)  do(1) do(N-M+2) d(2)  di(N-M+2)  dp(2)  dp(N—M+2)
o . . . . .
Dc = : do(N) di(N) dp(N) (8)
do(1) di(1) dp(1)
do(2) d1(2) dp(2)
Ldo(N) do(N=1) ... do(N=M) dy(N) ... d(N=M) ... dp(N) ... dp(N—M)
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B. Parameter Learning

V. PROPOSEDREFERENCERECEIVER ENHANCED The general principle for adapting the filters of the inverse
NONLINEARITY INVERSION (RR-INV) SOLUTION FOR  nopjinearity is to minimize the difference of the output and
WIDEBAND LINEARIZATION the more linear signal observation captured with the ref-RX
In case of nonlinearity inversion based main RX linearizaFhe higher linearity of the ref-RX observation is assumed
tion approach, described in this section, the more linear pbecause of the reduced RF gain in the ref-RX branch. The
ception of the received signal provided by the ref-RX is usgd concept is implemented in practice by subtracting this more
a calibration signal. This means that the output of the swerlinear blocker observation, denoted @3:), from the inverse
nonlinearity, being fed with the main RX signal observatizn nonlinearity outputa(n), resulting in an error signat(n)
eventually mimicking this more linear observation. In thigy, containing only an estimate of the prevailing nonlinear dis
the ref-RX enhances also the performance of the nonlieariortion in @(n). Thus, by adapting the inverse nonlinearity
inversion. filters wg, wy, ..., wp such that the power of this error signal
In Fig. 4, this approach is illustrated. Therein, the 1/@s minimized, the inverse nonlinearity output is driven &ovds
correction stage is first used to suppress mirror-frequentye more linear ref-RX observation while at the same time
components induced by the I/Q mismatches of both the mairaintaining the better signal-to-noise ratio (SNR) andssen
RX and the ref-RX chain analog components. Again, the I/@ity of the main RX observation.
correction stage is implemented based on [36] and is assumedlext, we formulate the actual adaptation or parameter
to tackle the Mirror Terms of Table I, as discussed in the cakmarning processing in more detail, again adopting thekbloc
of RR-AIC in Section IV. The following inverse nonlinearity LS principle as a concrete example. Generally, also othgr, e
stage aims then in suppressing the nonlinear distortiosepte sample-adaptive, learning algorithms can be applied.
in the main RX observation, thus suppressing the remainingThe filters wg, w;..., wp, shown in Fig. 4, are found
nonlinear Terms in Table I. through LS model fitting over the given processing block.yThe
In the following, the RR-INV processing stages shown iare obtained by solving the model fitting problem
Fig. 4 are described in more detail. The description follows

. ~ 112
the signal flow and notations of Fig. 4. arg min |[Dywy — 4 ©)

W1
for wi = [wo,w1,...,wp]T in such a way that the power
of the differenceD;w; — @, which is the adaptation error, is
The actual nonlinearity is implemented as a memory polyninimized. Formally, the structure of the data mat is

nomial with P 4-1 separate reference nonlinear transformatidtientical to that ofD¢ in (8). It should be, however, noted
stages or basis functionf(y'(n)) to fp(y'(n)), as illustrated that here the component signals frafg(n) to dp(n), and
in Fig. 4, followed by linear filtersvg, wy, ..., wp. The value thus also the matridD;, are formed by feeding the received
of P is not restricted to be the same as in the interferenpgain RX observation/’(n) to the reference nonlinearities, as
cancellation solution discussed in the previous sectidre Tshown in Fig. 4. In practice, the LS optimum filtesg-> can
target is generally to find the reference nonlinearitiescwhi be found by calculating the pseudo-inverseldf, expressed
invert the effect of nonlinearity occurring in the main RXhere as

A. Inverse Nonlinearity

front-end. Wk — DHa
The exact choice of the basis functions in the inverse nenlin I IH e (10)
earity solution depends on the characteristics of the fawa = (DyD); Dy

nonlinearity whose distortion effects are to be invertedr F |y general, after solving fowr, the final output of the
example, in case of a nonlinear system described by a simpigerse nonlinearity is given as
power series of increasing polynomial orders, also thergae
nonlinearity can take a form of a power series [39]. The order u = Dywr. (11)
of this inverse nonlinearity can, however, differ from threler
of the original system. Thus, considering the nonlinessiin
a wideband DCR, the applied basis functions are chosen fr
Table | also in the case of nonlinearity inversion. With the
reference nonlinearities, the+1 component signalgy(n) to
dp(n) are obtained. Summing the component signals togeth
after being properly filtered, forms the final linearizedrsig
as shown in Fig. 4.

Proper oversampling should again be applied before the |-
reference nonlinearities in order to avoid harmful aligsin
the component signaldy(n),d;(n)...,dp(n). This is high- In this section, the performance of the proposed lineadmat
lighted in Fig. 4 with a dashed line box indicating the neesbolutions is evaluated and demonstrated with true BS RX
for higher sampling rate. The same interpolation factoraiein hardware and RF measurements. In addition, the performance
of (K 4+ 1)/2, whereK is the highest considered polynomials compared against previous state-of-the-art. For thglesin
order, discussed in Section 1V, applies also herein. RX AIC [20] implementation, 100th order digital bandpass

This is also the linearized version of the distorted main
RX observationy(n), approximating the original baseband-
%Wuivalent RX inputu(n). Naturally, in the actual online
inearization after having estimated the filtess), w;..., wp

as described above, linearization can be carried out sayple
g&mple without any block-structure.

L INEARIZATION PERFORMANCEDEMONSTRATION
WITH RF MEASUREMENTS
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Fig. 4. Block diagram illustrating the principle of the paged RR-INV method for main RX 1/Q correction and linearizati@he MFI suppression and

nonlinearity inversion stages are cascaded. The I/Q diwrestage is implemented based on [36]. The time indds omitted from the signal notation for
illustration convenience.

| MATLAB

Fig. 5.

VECTOR .
SIGNAL LPFE LNA DUAL
GENERATOR| rx pvp|FPOA
RX2
Clock

The measurement setup illustrating device contrdh Watlab PC

and the measurement flow from the vector signal generator tdFR@®A
connected to the PC.

Fig. 6. A photograph of the measurement setup, illustratiegdéévices used

in the laboratory.

After the LNA, a state-of-the-art BS-scale wideband du#l-R
board with pre-commercial RX-version of the Analog Devices
AD9371 transceiver is used to down-convert, digitize and
capture the data. The reception bandwidth of both the RXs is
100 MHz. The measurement set-up is illustrated in more detail
in Fig. 5 and shown as a photograph in Fig. 6. For the ref-
RX, the received signal is fed without LNA, having th2&dB
lower RF gain compared to the main RX. The measurements
are performed 01750 MHz RF center frequency.

For the distortion suppression, the following reference-no
linearities and component signals are applied in the RR-AIC

do(n) = fo(a(n)) = a(n),
di(n) = fi(i(n)) = @*(n),
dy(n) = fo(a(n)) = [@*(n)]?,
ds(n) = f3(i(n)) = |a(n)[?, (12)
di(n) = fa(i(n)) = |i(n)[*a(n),
ds(n) = f5(t(n)) = [@"
( X

where the second, third and fifth order nonlinearities are
considered for optimizing linearization performance. In
the RR-INV processing, the same reference nonlinearities
fo(), f1(1), ..., f¢(-) are applied for the received and 1/Q
corrected main RX signa}/(n), instead ofd(n) used in
(12), as illustrated in Fig. 4. These distortion components

and bandstop filters are designed in order to keep the digitaim Table | have been chosen based on ftrials in the RF
front-end complexity realistic. These filters form the bgplid  measurements with the utilized RX hardware. The signifieanc
stage described in [20].

The following measurements replicate two uplink BS multin Sub-Section VI-C. Two-tap adaptive filters, per nonlinea
carrier reception scenarios [3]. More specifically) MHz
3GPP Long Term Evolution (LTE) uplink single-carrierlNV linearization stages in order to consider mild memory
frequency-division multiple access (SC-FDMA) waveformsffects. Furthermore, two-tap filters are also adopted & th
with 16-QAM subcarrier modulation are applied. The med/Q correction stages, building on [36]. This, as well, a0
sured composite signal is generated with National Instnime considering mild frequency selectivity in the 1/Q mismatch
PXle-5645R vector signal transceiver. This signal is fad en  appearing in the measurement setup. The signal-to-noide-a
splitter, with3.5 dB attenuation, giving the inputs for the maindistortion ratio (SNDR) and uncoded symbol error ratio (3ER
RX and the ref-RX. In the main RX chain, a HD Communiresults are obtained using the block LS based parameter
cations Cor. HD24089 wideband LNA is employed. The IIPRarning. These figures of merit are evaluated and averaged
and the gain of the LNA are-7 dBm and22 dB, respectively. over 10 independent measurements each consistiB@gsaf00

of these components is further studied and demonstrated

basis function, are applied in both the RR-AIC and RR-
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TABLE Il -10 T T T T T T T T T
SIGNAL AND MAJOR DISTORTION COMPONENTS IN NONOVERLAPPING Received
NONLINEAR DISTORTION AND MIRROR-FREQUENCY INTERFERENCE 20 Single-RX AIC [20] 1
SCENARIO. THE SHOWN CENTER FREQUENCIES REFER TO THIE) RR-AIC
DOWN-CONVERTER OUTPUT 30 RR-INV T
Component Center Freq. BW Power =
I
Weak carrier 1 —40MHz 10MHz —77dBm (RF) E
Weak carrier 2 20 MHz 10MHz —77dBm (RF) %
Blocker 1 10MHz  10MHz swept IS
Blocker 2 40 MHz 10 MHz swept
Mirror Term 1 —10MHz 10 MHz varies
Mirror Term 2 —40 MHz 10 MHz varies
3rd Ord. Spreading 1 10 MHz 30 MHz varies
. . R —
3rd Ord. Spreading 2 40 MHz 30 MHz varies 50  -40 30 20 -10 0 10 20 30 40 50
3rd Ord. Intermodulation —20 MHz 30 MHz varies Frequency (MHz)

Fig. 7. The measured spectra of the original received anditiearized
signals at digital BB/IF, illustrating the performance ofetfRR-AIC and
. . ER-INV. The blocker powers are-23dBm and weak carrier powers are
complex-valued received samples. When sweeping the blOCer?dBm per carrier, when evaluated at the RX input at RF. The weatecar
power in the measurements, the power step for each blockerlocated a20 MHz and —40 MHz.
is 2dB.
251

A. Suppression Quantification for Non-overlapping Nordi
Distortion and Mirror-frequency Interference 20r

In this scenario, two weak LTE uplink carriers are rece
in the presence of two strong blocking carriers. The
carriers are placed in such a manner that the other ones

15

from the MFI and the other one from the nonlinear disto & 10
induced by the strong carriers. The details of this s ‘é‘
i i 5
scenario are gathered in Table II. o _ 7] Received, miror caror
Snapshot spectral examples are shown in Fig. 7 in Single-RX AIC [20], mirror carrier
to illustrate the signal scenario and the major perforr or Ezmg mirer camer
differences between the solutions. The strong blocking- — — — Received, neighbor carrier
ers, responsible for the dominating distortion componét 5 Single-RX AIC [20], neighbor carrier
the black spectra of the original received signal, are kx R negorcamer
) - , neighbor carrier
after the RF 1/Q down-conversion at the IF center freque 10— : : : '

-55 -50 -45 -40 -35 -30 -25 -20

of 10 MHz and40 MHz. The strongest distortion compont :
Received Power per Blocker (dBm)

appear thus on the mirror bands, around the original Suviiy
carriers, with triple bandwidth typical for 3rd-order IMEand Fig. 8. The measured SNDRs of the mirror-band weak carrier narou
around—20 MHz (2x10 MHz — 40 MHz = —20 MHz, 3rd- —40MHz ("mirror carrier”) and the neighboring-band weak caraeound
order IMD). The weak LTE carrier are n his examplelocatel 1 (Lo e, Iuckors 1 e 2 L P
at the IF center frequencies 640 MHz and20 MHz. Thus, lines, respectively. T%e weak carrier RF powgrs are cohstatt dBm per
MFI stemming from the strong carrier located4atMHz and carrier.
3rd-order IMD due to the other strong carrier i@&MHz are
falling on top of these weak carriers, respectively. earization solutions as a function of the blocker power at

In Fig. 7, it can be observed that the earlier proposed Albe splitter input preceding the main RX LNA. The solid
processing without ref-RX [20] is suppressing the IMD spredines in Fig. 8 show good improvement in thed0 MHz
around the strong carriers poorly compared to the proposadak carrier SNDR. For example at thé dB SNDR level,
ref-RX enhanced approaches. Also 3rd-order IMD arourid dB stronger mirror-band blocker is tolerated compared to
—20MHz remains at slightly higher level compared to th#&e original received scenario. As an example—a7 dBm
proposed RR-AIC and RR-INV. However, all three solutionblocker RF power level, the SNDR of the mirror-band weak
show clearly improved signal quality at the mirror bands dfarrier is increased from-1dB to 15 dB with all the studied
the strong carriers which is best illustrated arounth MHz solutions. Considering the weak carrier around0 MHz, it
signal band, where the image of thé MHz carrier can be should be noted that most of the SNDR gain is achieved by
seen without underlying weak carrier. the MFI suppression.

Furthermore, Fig. 8 shows the SNDRs for both the weak The dashed lines show then the SNDRs for #iéMHz
signals (around—40 MHz and 20 MHz) with different lin- weak carrier located close to tH® MHz strong carrier. The
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10° T T T T T T T —
Received, mirror carrier
Single-RX AIC [20], mirror carrier
black dashed line shows that at this band the SNDR sta RR-AIC, mirror cartier
. . . . RR-INV, mirror carrier
suffer only at the higher blocker powers, which is typical — — _ Received, neighbor carrier
nonlinearity dominated distortion profile. As can be obed Single-RX AIC [20], neighbor carrier
i i i . i H — — — RR-AIC, neighbor carrier
in Fig. 7, the single-RX AIC [20] is performing poor — — ZRRINV. neightor carrer

compared to the proposed ref-RX solutions. Between the
AIC and RR-INV, the RR-INV is slightly outperforming RF é 101 F
AIC on most of the practical reception quality range. \
the very highest blocker RF powers studied, the RR-
gives 2—4 dB higher SNDR compared to RR-INV. Up to t
—27dBm RF blocker power specified by 3GPP as one
scenario [3], the performance is practically equal. Agait
the 14 dB SNDR level, the blocker tolerance compared tc
linearization at all is improved from th2) MHz weak carrie 102
point-of-view by 7.0 dB with RR-AIC and7.5dB with RR- %5 50 45 -0 35
INV. At the same time, at-27 dBm blocker power level, th Received Power per Blocker (dBm)
SNDR of the neighboring b.and Weqk carrier is increased frolgl};. 9. The measured SERs of the mirror-band weak carrier dredd MHz
8dB to 11dB and 16 dB with the single-RX AIC and both (mirror carrier’) and the neighboring-band weak carrieouard 20 MHz
the ref-RX solutions, respectively. Overall, Fig. 8 sholatt ("neighbor carrier") as functions of the blocker RF powdiise mirror carrier
similar levels of post-linearization SNDRs can be achieveld neighbor carrier SNDRs are presented with solid and edasines,
. . . . respectively. The weak carrier RF powers are constdfit dBm per carrier.
for both weak carriers, independent of the differences & pr
linearization SNDR levels.
. . TABLE IIl

l.n Flg 9' the uncoded SER reSUItS for mirror band and SIGNAL AND MAJOR DISTORTION COMPONENTS IN OVERLAPPING
neighboring band carriers follow generally the same trendSNONLINEAR DISTORTION AND MIRROR-FREQUENCY INTERFERENCE
as observed for the SNDRs. For the mirror band cariigf, SCENARIO. THE SHOWN CENTER FREQUENCIES REFER TO THR)
uncoded SER levels are maintained with—22dB higher POWN-CONVERTER OUTPUT
blocker powers compared to the original received signah-wit

) : C t Center Freq. BW P
out post-processing. At the same time, for example at the omponen enter 7red ower
—27dBm blocker power level the uncoded SER is improved Weak carrier —10MHz  10MHz —77dBm (RF)
from 80% to below1%. For the neighboring carrier, the single- Blocker 1 10 MHz 10 MHz swept
RX AIC [20] performance is poor also when measured with Blocker 2 30 MHz 10 MHz swept
SER. In pgrallel, the RR-AIC and RR-INV alloadB qucker_ Mirror Term 1 _10MHz 10 Mz varies
tolerance improvement at% uncoded SER level. Also in this Mirror Term 2 S0 MH OMH Varies
case, SER in-27 dBm blocker case is pushed beldW when z z
uncompensated SER 2% 3rd Ord. Spreading 1 10 MHz 30 MHz varies
Generally, the results clearly show that the proposed solu- 3rd Ord. Spreading 2~ 30MHz 30 MHz varies
tions outperform the existing state-of-the-art [20], imtfwaular ~ 3rd Ord. Intermodulaton —10MHz 30 MHz varies

when considering the linearization performance at freqgigsn
close to the strong carriers.

B. Suppression Quantification for Overlapping NonlineasDi Fig. 10 that the AIC with main RX only processing [20]
tortion and Mirror-frequency Interference suffers from poor performance at the frequencies closedo th

In this scenario, a single weak carrier is received in tHdrong carriers. Otherwise, the performance of all theistud
presence of two blocking carriers such that the MFI and ti§@lutions is close to each other in this snapshot example. It
nonlinear distortion are all falling on the same band togethshould be again noted, that the MFI due to B0&\IHz strong
with the weak carrier. From the weak carrier point-of-viewgarrier falling to around-30 MHz is pushed down to the noise
this can be considered as a worst-case scenario. The daftailVvel, which points toward good MFI suppression perforneanc
this signal scenario are gathered in Table III. also at the weak carrier band around0 MHz, where the MFI

In Fig. 10, spectral examples in case of a weak LTE carrief the 10 MHz strong carrier is present. Also the IMD around
masked by overlapping MFI and 3rd-order IMD are illustratedhe weak carrier band seems to be efficiently pushed down.
The overall distortion profile differs in this scenario from The actual SNDR of the weak carrier is evaluated and
that of the previous subsection because the strong blockitigstrated in Fig. 11 in order to achieve concrete insight o
carriers are now located at IF center frequencied(@¥Hz the distortion levels inside this band. Generally, in Fig), itis
and30 MHz instead ofl0 MHz and40 MHz that were adopted visible that the RR-INV gives most solid SNDR performance
in the previous scenario. The weak carrier, in turn, is $#da over the whole measured range. All the compared solutions
around IF center frequency of10 MHz. From the lineariza- are, generally speaking, achieving significant improvemnien
tion performance point-of-view, it is again clearly vighin the weak carrier signal quality. For example, at the preslipu
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Fig. 10. The measured spectra of the original received andirtbarized

Fig. 12. The measured uncoded SER of the worst-case weakrcground
—10MHz) as a function of the blocker RF powers. The weak carrier RF
power is constant-77 dBm.

signals at digital BB/IF, illustrating the performance ofetfRR-AIC and

RR-INV in the weak carrier worst-case scenario. The blogkewers are

—23dBm and weak carrier power is-77 dBm, when evaluated at the RX
input at RF. The weak carrier is located-at 0 MHz.

offer 23 dB improvement in the blocker tolerance, the RR-AIC
being also very close &2 dB. With the —27 dBm blocker
power, all the solutions push the SER level freaf% below
1% level. In this scenario, the single-RX AIC [20] achieves
marginal edge over RR-AIC and RR-INV by dropping below
1% SER level with1 dB higher blocker powers.

Overall, the RR-AIC falls below the RR-INV and the single-
RX AIC with the lower blocking carrier power levels and
with lowest power levels is actually slightly decreasing th
SNDR level compared to the original received signal. This
kind of behavior has been documented with such cancellation
algorithms also earlier [25]. However, if, for example,gpil
based estimation of the signal quality indicates good rémep
conditions, the linearization processing can and should be
switched off in order to save processing power, at the same
time avoiding these effects.
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SNDR (dB)
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Received
Single-RX AIC [20]
RR-AIC

RR-INV
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Received Power per Blocker (dBm)
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) ) C. Linearization Performance with Different Reference Non
Fig. 11. The measured SNDR of the worst-case weak carrieurgdro Enearity Subsets

—10MHz) as a function of the blocker RF powers. The weak carrier R
power is constant-77 dBm. In Fig. 13, the role of chosen reference nonlinearities,
given in (12), is illustrated using RR-INV linearization dan
mentioned target SNDR level aft dB, the RR-INV improves —23dBm blocker powers as a concrete example. Further-
blocker tolerance of the RX, compared to no linearization, lmore, the weak carrier worst case scenario discussed in Sub-
23dB and the other two solutions lie withihdB interval. Section VI-B and detailed in Table Il is used. In the figure,
Furthermore]6 dB post-linearization SNDR is achieved by aliit is visible that includingd,(n) and dg(n) has the biggest
the studied solutions at the blocker power levels-@f dBm effect on the linearization performance. This indicatest th
while the pre-linearization SNDR is approximately3dB, with the given hardware, the third- and fifth-order intermed
demonstrating thus a significant gain B¥dB. It should be [ations are the dominant distortion components. This ith&r
noted that this19dB gain consists of the combined MFldemonstrated in Table IV, where examples of the weak carrier
suppression and linearization performance that can bexathi SNDR and uncoded SER are given. Herein, also second-order
with these solutions. components and third-order harmonic component in (12) are
In Fig. 12, the SERs are shown for the weak carrier. Thecluded in the processing in order to maximize the overall
uncoded SER performance of the single-RX AIC [20] and thgerformance on the whole reception band. If lower-compjexi
RR-INV are close to each other while the RR-AIC performsolution is desired, reduced set of reference nonlinearitan
poorer with the low blocker powers. Considering agafii be considered. For example, in addition to linear Tegr),
uncoded SER level, the single-RX AIC [20] and the RR-IN\solely third- and fifth-order intermodulation Terrds(n) and
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P—— carriers and removing the blocker inband contribution fitbim
20 Comp.w/d_-d 1  distortion estimate, respectively. This simplifies impéata-
ol Comp.wid. -d | tion of the digital front-end significantly. Especially kerse,
Comp W,do_(f as noted in Section VI, the response of these filters directly
“or g affects the linearization performance of the single-RXsiar
Comp. w/ do - d6

of the AIC. Thus, very high order filters would be needed if
the linearization performance should be optimized.

Another advantage stemming from the fact that the above-
mentioned digital front-end filters can be avoided is that no
exact information of the strongest blocking carrier center
frequencies and bandwidths is needed in the RR-AIC and the
RR-INV. The whole main RX observation is processed as is
without need for bandsplit or other filtering stages, or spec
10 , sensing for the strongest carriers [20], [21], simplifyitige
50 40 30 20 -0 o 10 20 30 40 so digital front-end processing significantly.

Frequency (MHz) The cost of the proposed linearization solutions is the
Fig. 13. The measured spectra of the original received andiribarized implementation and power consumption of the ref-RX togethe

signals at digital BB/IF, illustrating the role of the aei reference nonlin- With the the digital _CorreCtion logic proposed herein. Istdl _
earities, given in (12). The blocker powers ar@3dBm and weak carrier an open question if the current RX systems can tolerate this

-50

-60

-70

Power (dBm/kHz)

-80

-90

-100

power is—77dBm, when evaluated at the RX input at RF. overhead. However, obtaining accurate power consumption
TABLE IV estimates would require implementation on silicon, ancheve
SNDRAND UNCODED SEROF THE WEAK CARRIER WITH VARIED in such approach, the results would be highly case and

RR-INV REFERENCE NONLINEARITY SUBSETS AND-23 dBm BLOCKER process dependent. On the other hand, power consumption
POWERS IN OVERLAPPING NONLINEAR DISTORTION AND . . .
MIRROR-FREQUENCY INTERFERENCE SCENARIO estlmat_lon based on the gmount of ope_ratlons results com-
monly in inaccurate and highly speculative results, and was
therefore not included in this paper. Thus, more detailed
complexity and power consumption analyses and optimiaatio

Components Weak Carrier SNDR  Weak Carrier SER

Uncompensated =~ —8.8dB 88% in different wideband RX scenarios, e.g., in the context of
do, ...,d3 —6.0dB 84% cellular networks, are left for future work. Potential cdexity
do, ..., ds 11dB 71% reduction techniques for the linearization DSP have been
do, .. ds 11dB 7.9% proposed, especially in the context of the transmitter DPD

[40], [41]. They could potentially be applied for the didita
RX linearization for reducing the power consumption of the
related DSP, as the cost of the DSP should not be ignored. On

. the analog side, in general, the ref-RX performance medries
ds(n) could be employed. On the other hand, if the hardware @ljie gifferent to the main RX, which is designed for worst-

hand contained even stronger BB nonlinearity, the cortiobhu case situation seeking to optimize the challenging contigina

of the second-order Termé, (n),d>(n) and ds(n) and the of jinearity, sensitivity and dynamic range. The ref-RX, in
third-order harmonic Ternd; () would increase, because they, ., “only needs to observe the strong signals and thus, e.g.
are tackling exactly this BB distortion. Also cascaded @8e o sensitivity requirements are substantially reduceakiing

of the RF and BB nonlinearities are covered by the Termg gimpjified and lower-cost implementation prospects. W t

in Table | based on the modeling in (1)~(3). Furthermorgyme time, the integrability of the DCR allows also dual-RX
it should be noted, as mentioned in Section Ill, thatn) chips making efficient implementation of the ref-RX and data
and dg(n) are induced both by the RF nonlinearity and thg,ncfer to the BB processing unit possible.

BB nonlinearity. The exact choice of Terms is thus highly gageq on the results presented in Section VI, the proposed
hardware-dependent and exact universal guidelines do Rgt_|\v solution gives the best overall performance in the

exist, as discussed in Section IV-A. Altogether, the preuid g jied scenarios. Therein, blocker tolerance improveéragn
RF measurement results successfully demonstrate and vesi{ 15 and weak carrier SNDR gain af9 dB together with

the good linearization performance of the proposed sai8tio ,~qqed SER improvement from2% to below 1% were

demonstrated in the considered worst-case distortionasicen
VII. FURTHERDISCUSSION with combined suppression of the MFI and the nonlinear
The main benefit of the proposed linearization solutions @stortion. In addition, because in RR-INV no cancellation
the improved distortion suppression performance, as demaignal that should be continuously available is producechfr
strated in Section VI. However, the ref-RX approach bringbe ref-RX received signal, it is possible to run the calilora
also additional advantages compared to previous solution§the inverse nonlinearity only periodically. This woulbiosy
These are shortly discussed below. decreased power consumption because of the turned-off ref-
Compared to, e.g., [20], no digital bandpass or bandstop f#X analog components, such as amplifiers and ADCs as
ters are needed for separating the strongest distortiarcing well as the digital parameter learning algorithms. In addit

do, ..., dg 15dB 11%
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in multi-antenna RX scenarios with multiple parallel DCR{8]
chains, this opens up potential for linearization and param
eter learning such that only one ref-RX, shared sequentiall
between the main RXs, is adopted. In such scenarios, thg
hardware overhead of the adoption of the ref-RX is thus al-
ready minimal. Thus, RR-INV is a very potential candidate fo
linearizing cellular BS RXs, where wideband multi-operatofio]
multi-technology, multi-carrier reception is a desirafdature,
leading to the aforementioned challenges with very high
inband and out-of-band blocker tolerance requirements. 1]

VIII. CONCLUSION

In this paper, an arbitrary order parallel Hammerstein rhodé2]
for wideband DCRs was first developed to characterize the
overall RX nonlinear behavior. The model incorporates thes;
effects of both RF and BB nonlinearities and I/Q mismatch
of the down-conversion mixers and BB | and Q components.

. . AP . 114]
The results of this modeling were then applied in developing
two novel digital post-linearization solutions for supgsig
the nonlinear distortion introduced both at the RF and B®!
the BB stages of the RX front-end, building on the concept
of adopting a ref-RX to observe the incoming signal witlue]
reduced sensitivity but enhanced linearity. The proposBd R
AIC adaptively finds the parameters of the nonlinearity niode
of the front-end and provides distortion signal estimate fg17]
cancellation. The proposed RR-INV, in turn, finds the ineers
nonlinearity model which minimizes the distortion power
at the output of the inverse nonlinearity when the wholgsg;
received signal is fed as an input. Both of these solutions
can offer improved performance over the state-of-the-ad a
cost of a single additional DCR chain while also resulting tQg;
substantially simplified digital front-end signal process

As the actual cost of an additional integrated RX chain is
already pushed down with modern CMOS processes, the Ry
AIC and especially the RR-INV offer attractive options for
linearizing cellular wideband multi-operator, multi-tewlogy,
multi-carrier BS RXs. In this way, need for expensive hingl]
performance, high-cost analog components can potenbally
relaxed and the complexity can be moved towards digital
domain, where the computation power is becoming more an]
more cost-effective.
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