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ABSTRACT

Spurious intermodulation components have recently been identified
as a major problem in carrier aggregation mobile transmitters with
multi-band power amplifiers (PAs). This article presents novel adap-
tive digital predistortion (DPD) solutions with reduced complexity
in both the predistortion processing and the feedback paths, to tackle
this problem. Compared with conventional DPDs which aim to lin-
earize the whole transmit bandwidth, the proposed technique aims at
mitigating only those intermodulation components which are most
problematic from the spurious emission limit perspective. The pro-
posed technique is verified with extensive simulations in various
3GPP LTE-A carrier aggregation scenarios, showing that the inter-
modulation spurs can be efficiently mitigated below the spurious
emission limit with relatively small back-offs.

Index Terms— Carrier aggregation, power amplifier, intermod-
ulation, digital predistortion, LTE-Advanced, mobile transmitter

1. INTRODUCTION

One of the major implementation concerns in radio transmitters is
the ability to control unwanted spectral emissions. In carrier ag-
gregation (CA) mobile transmitters with a single multi-band power
amplifier (PA) [1], some of the intermodulation distortion compo-
nents created by a nonlinear PA will fall on the spurious region, and
may seriously violate the spurious emission limits [2], [3]. To satisfy
the stringent emission requirements in such multi-band transmission
scenarios, devices may need to considerably back off their transmit
power from the nominal maximum value (e.g., +23 dBm in 3GPP
LTE uplink). This is called Maximum Power Reduction (MPR) in
3GPP LTE context. However, reducing the transmit power (increas-
ing MPR) in order to fulfill the emission mask will necessarily re-
duce the uplink coverage. This problem is illustrated e.g. in [3] by
showing a measured RF spectrum of an LTE-A Release 12 intraband
CA signal with two fully allocated 5 MHz carriers separated by 30
MHz, driving a multi-band PA. The PA nonlinearity creates strong
3rd order spurious intermodulation components at 45 MHz from the
center of the whole transmission bandwidth. In this example, more
than 11 dB of MPR was needed to keep these intermodulations be-
low the spurious emission limit.

An intriguing alternative solution to power back-off is to use
digital predistortion (DPD) linearization for reducing the unwanted
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spectral emissions [4-8]. In CA transmit scenarios in battery-
powered mobile devices, however, conventional DPDs which take
the composite dual-carrier digital signal as input (’full-band DPD”),
are not feasible for transmit signal bandwidths exceeding a few
tens of MHz, due to the high computational power and sample rate
required [5]. In LTE-A with interband CA, for example, the total
transmit signal bandwidth can be several hundreds of MHz, thus
exemplifying the need for alternative linearization approaches.

In [6], a DPD technique with separate processing for the funda-
mental bands and the third-order intermodulation (IM3) bands in a
dual-carrier transmitter was introduced. This work relied on quasi-
memoryless DPD for each subband, and the parameter estimation
was non-adaptive, carried out off-line with a large-signal network
analyzer (LSNA). In [7], this work was extended to predistort also
the fifth-order intermodulation bands with up to three component
carriers, still relying on the memoryless modeling and off-line esti-
mation with an LSNA. Memory polynomial based DPD linearization
of dual-band PAs, focusing on the spectral regrowth mitigation of the
component carriers only, was in turn proposed in [9]. This approach
was extended to include also the IM3 bands in [8] but including only
memoryless processing. This work represents the current state-of-
the-art in the field. The works [6-9] predistort each band separately,
thus having much lower sample rate requirements compared to con-
ventional full-band DPDs. In [8] and [9], the DPD parameter es-
timation is also simplified, since only the linearized bands need to
be sampled in the feedback loop. Furthermore, in [6], [7], and [8],
the IM3 band distortion compensation is based on injecting a signal
with equal magnitude but 180 degree phase shift compared to the
estimated IM3 terms, into the input of the transmitter. This approach
is here referred to as the 3rd order inverse approach.

In this article, we develop a fully adaptive reduced complexity
DPD scheme to specifically target the IM3 bands. In contrast to the
previous works in [6], [7], and [8] which utilize the 3rd order inverse
solution, we aim to tune the amplitude and phase of the injected
signal adaptively, by decorrelating the considered IM3 band signal
of the PA output with appropriate basis functions stemming from
our analysis and signal modeling. This approach is shown to yield
superior results compared to the previous works, while having very
low computational and instrumentation complexity. In general, we
consider the main objective of the predistorter to keep the spectral
emissions below the regulated spectral and spurious emission limits.
For the spurious emissions, at RF frequencies over 1 GHz, this limit
is -30dBm over a 1 MHz measurement bandwidth [10], [11].
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2. REDUCED-COMPLEXITY DIGITAL PREDISTORTION

2.1. Spurious IM3 Component Modeling and Analysis

In this Section, we first analyze the output of a third-order memory-
less PA when excited with a dual-carrier LTE-A UL type signal. A
principal scenario illustration is given in Fig. 1. The analysis is car-
ried out at composite baseband equivalent level, and the two compo-
nent carriers (CC) are assumed to be separated by 2f7r. Thus, the
composite baseband equivalent PA input and output signals, x(n)
and y(n), read

z(n) = 131(71)6]'2#%” + wg(n)e_ﬂﬂ%n €))
y(n) = rz(n) + Bslz(n)*z(n) 2

where 51 and (3 are unknown PA coefficients, and 1 (n) and z2(n)
are the baseband equivalents of the input CCs. Through direct sub-
stitution of (1) in (2), the baseband equivalent positive and negative
IM3 terms, located in the composite BB equivalent at three times the
IF frequency, can be easily extracted and read

Yrmsy (n) = 53(@ (n)ﬂf%
yrs_ (n) = Bs(z](n)as(n)) 3)

While the PA output contains also other signal and distortion terms,
our objective is to develop a low-complexity DPD solution that can
in particular reduce the above IM3 components and thus assist the
mobile transceiver to fulfill the spurious emission mask with smaller
MPR. This is formulated next at structural level in Section 2.2 while
the actual parameter optimization and estimation through decorrela-
tion principle are addressed then in Section 3.

2.2. Proposed IM3 Reduction DPD

To simplify the presentation, we focus below on canceling only the
IM34 term in (3). In short, the idea is to inject a proper additional
low-power cancellation signal to (1), located at three times the IF,
such that /M3 at PA output is reduced. Stemming from the sig-
nal structure in (3), natural injection is of the form x3(n)xz? (n) but
should be scaled properly with a complex DPD coefficient, say a.
Thus, incorporating such DPD processing, the composite baseband
equivalent PA input signal reads now

o f o f
#(n) =21 (n)e’>™ " + wo(n)e ITHT
. 3f
+ a(z5(n)zi(n))e’*” n )

Here, and in the continuation, we use (~) variables to indicate DPD-
based processing and corresponding signals. Substituting now Z(n)
in (2), the fundamental CCs and IM3 components at PA output read

J+(n) =Brar + Bsla1|*z1 + 2Bs|wa a1
+ 2830z [*|z2|*21 + 2Bs|al?|z1 |z 21 (5)
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Notice that in above, we have excluded the discrete-time arguments
(n) in the signal variables to simplify the presentation. This nota-
tional convention is deployed also in the continuation. In addition
to above components, the injection of the DPD signal at three times
the IF produces then also fifth- and seventh-order IM (IM5 and IM7)
terms at the PA output. These are given by

Gras, (n) =30 |z Palxs?

Grvs_(n) = Bsa*ai’al, jivr, (n) = Bsa’zizs®  (9)

These are, however, typically much weaker than the third-order com-
ponents which tend to limit the spurious emission performance [10],
[11].

As (7) shows, the strength of the considered IM3 at the PA
output depends directly on, and can thus be controlled by, the
DPD coefficient . Hence, the optimization and feedback-based
low-complexity estimation of « for efficient IM3 cancellation is
addressed next in Section 3.

3. DPD PARAMETER OPTIMIZATION AND ESTIMATION

Below we address the DPD parameter optimization and practical es-
timation. As in the previous Section, we focus mostly on the positive
IM3 spurious band to keep the notations compact. Similar process-
ing and optimization can be directly developed then also for the cor-
responding negative IM3 spurious band. This will also be illustrated
in the simulation results section.

3.1. Third-Order Inverse Reference Solution

We start our coefficient optimization by shortly investigating the so-
called third-order inverse solution for reference. From (7), it is clear
that choosing « such that 83 + S1a = 0 or

Qiny = — B3/ P41, (10)

the third-order distortion term at positive IM3 band is fully elimi-
nated. This is called here third-order inverse solution. This solution
is very intuitive, as injecting —(Bs/B1)x3x3 at PA input will ap-
proximately yield —Bsz52? at the output, thus suppressing the IM3,
since the injection is a very low power signal exiting only the PA lin-
ear gain. However, as the PA is anyway a fundamentally nonlinear
device, some intermodulation will remain at the positive IM3 band.
This can be analyzed more closely by substituting @in, = —83/51
in (7). This yields directly

Gimsy i, (n) = — (B3/B1) w321 [2(|21|* + |a2]*)
+ (1812 /18111 |* 2 )] (11)

Thus we can see that the remaining intermodulation at positive IM3
band contains higher-order terms with structural similarity and cor-
relation with z32%. This will be deployed in Section 3.2 where the
proposed decorrelation-based DPD parameter optimization and es-
timation is formulated. More specifically, denoting the statistical
expectation operator by E(.) and assuming that the CCs x1 and 2
are statistically independent, the correlation can be written explicitly
as

E(frasy i, (n) X (23(n)ai(n))") =
2

— % 2E|a?1|6E|ZL'2‘2 + 2E‘$1|4E|ZE2‘4 +
1

83|
18112

E|z1|*E|xa|*
(12)

thus implying non-zero correlation.
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Fig. 1. Principal adaptive DPD system architecture for third-order spurious intermodulation reduction in a dual-carrier transmitter. Also

essential composite baseband equivalent spectra are shown.

3.2. Decorrelation-based Parameter Optimization and Practical
Adaptive Estimation

As formulated above, the third-order inverse solution in (10) needs
explicit estimation of the PA parameters 8 and (3. Furthermore,
even with perfect estimation, the remaining distortion has correla-
tion with the essential distortion basis of the form z3x3, as was
shortly shown above. Hence, opposed to third-order (or more gener-
ally Pth-order) inverse processing, we formulate the DPD parame-
ter optimization task here as minimizing the correlation between the
considered IM3 spurious band and the distortion basis x3x?. This
will then also imply very simple instrumentation complexity for the
feedback receiver, for parameter learning with unknown PA char-
acteristics, as only narrowband feedback capturing the considered
IM3 spurious band is needed. This is conceptually illustrated in Fig.
1. As formulated in more details below, this will then also enable
directly tracking, e.g., possible time-variations in the PA character-
istics due to temperature changes and other possible sources like de-
vice ageing. Furthermore, very low-complexity practical learning
algorithms can be deployed without, e.g., matrix inversion typically
encountered in Least-Squares (LS) based block-processing.

We start the mathematical formulation by deploying the error
signal notation, depicted also in Fig. 1. This error signal, e(n),
is defined as the baseband feedback signal from the PA output mea-
sured at the considered IM3 spurious band, here the positive one. We
also define the cancellation signal basis, also called filter input sig-
nal, here as u(n) = x3(n)z?}(n) as the focus is on positive IM3 spu-
rious band. We emphasize that this can be generated directly from
the baseband signals of the individual component carriers, z1(n)
and x2(n), at baseband. Then, the idea is find o that minimizes the
correlation between e(n) and u(n) and thus orthogonalizes the er-
ror signal with the input signal, i.e. sets E(e(n)u*(n) = 0). To
shortly derive this decorrelation solution, we first write the essential
instantaneous signal expressions as

e(n) = grms, (n)
=(Bs + Bla)r;aﬁ + 25304(\acl|2 + |m2|2)m§w?
+ Bslal’afz1|*|zs*3a] (13)

u(n) = x5 (n)zi(n) 14

e(n)u*(n) = Bs|z1|*|2|” + Brafz ! |22
6 2 4 4 2 8 4
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Then, we can directly operate with the statistical expectation opera-
tor E(.) to (15), yielding

E(e(n)u’(n)) = BsEle1| Elaz|*

+ a [BiE|z1 ' Elza|” + 283(E|z1 |°Elza|* + E|a1| 'E|x2| )]
(16)

where it has been assumed that the component carrier signals x; and
x2 are statistically independent and also the expectation of the last
term in (15) has been neglected as it is vanishingly small compared
to other terms. Now, setting this expression to zero yields the optimal
decorrelating DPD parameter, denoted with a., as
—Bs
6 4

o1+ 25 B + )
Interestingly, the derived solution depends on the PA parameters and
higher-order statistics of the component carrier signals. As the PA
parameters 31 and 33 are assumed unknown, this solution cannot be
directly evaluated. However, it serves as the reference solution and
its derivation also forms directly the basis for developing the actual
sample-adaptive practical learning algorithm.

Next, as the PA parameters are assumed unknown, a sample-
adaptive or instantaneous decorrelation solution is pursued where
only the feedback observation is needed and DPD parameter « is
adapted continuously. This can be obtained directly using the instan-

taenous sample correlation u(n)e* (n) to update the DPD parameter
o. We formulate this as

a7

Qo =

e(n) = grms, (n) (18)
u(n) = w3 (n)x(n) (19)
a*(n+1)=a"(n) — mu(n)e*(n) (20)

where learning step-size normalization is also deployed. This resem-
bles closely Normalized Least-Mean-Square (N-LMS) type adap-
tive filtering but with nonlinear transmitter inside the learning loop,
which from the learning perspective is the mapping from DPD in-
jection to IM3 band reference receiver output. In practical imple-
mentations, as already depicted in Fig. 1, the delay of the trans-
mitter and feedback receiver chains should also be incorporated in
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Table 1. Required MPRs to meet the Spurious Emission Limit with
minimum of 95% success rate with different numbers of allocated

LTE-A RBs per CC

Number of RBs | MPR, no DPD | MPR, proposed DPD
1 6.4 dB 2.7dB
10 6.2 dB 2.2dB
50 4.8 dB 1.5dB

the learning recursion. This type of learning algorithm can also
be interpreted as a stochastic Newton root search in the function
J(a) = E[u(n)e*(n)] (i.e., (16)), with the inverse of the gradi-
ent of J () approximated with the (positive) scalar 11/ |u(n)|?. This
is plausible since the gradient of (16) is indeed positive when the PA
total output signal is still dominated by linear signal terms.

4. SIMULATION RESULTS AND ANALYSIS

A dual-carrier LTE-A UL SC-FDMA signal is deployed to test and
demonstrate the proposed DPD concept. The CCs are separated by
60 MHz and 25 resource blocks (RB) are allocated at each CC de-
ploying QPSK subcarrier modulation. The IIP3 of the 3rd-order PA
model is 17 dBm and the PA output power is +21dBm. As can be
seen in Fig. 2, the proposed decorrelation-based DPD provides bet-
ter results compared to the 3rd-order inverse solution, even when
the sample-adaptive practical learning is deployed. Fig. 3 shows the
corresponding convergence of the DPD coefficient, together with the
derived optimum value ayg.

For more realistic performance assessment, a Sth-order PA
model is next deployed while still carrying out the linearization with
IM3 emphasis and sample-adaptive decorrelation-based learning.
Furthermore, both IM3+ and IM3- bands are linearized implying
parallel learning and processing with separate coefficients, say ot
and a—. The results in terms of transmitter output spectra are il-
lustrated in Fig. 4. Clearly, the existence of Sth-order terms have
certain impact on the linearization performance but the transmitter
emission requirements are still fulfilled with +22dBm output power.
To address shortly the impact of Sth-order distortion at IM3 band,
and assuming a polynomial PA model of the form y(n) = S1z(n) +
Bs|z(n)|>z(n) + Bs|z(n)|*z(n), one can easily show that without
DPD processing, the positive IM3 band baseband equivalent obser-
vation is equal to B3 (z321) + 38s|z2|? (x523) + 28s|21|? (w521).
Thus, the IM3 bands contain additional signal terms, due to Sth-
order distortion in the PA. Compared to the 3rd-order term, these
terms are clearly correlated and thus have an impact on the predis-
tortion coefficient learning. Extending the pre-distortion processing
to adaptively decorrelate the higher-order distortion terms at IM3
bands is thus an important topic for future work.

Finally, we elaborate on the ability of the developed DPD solu-
tion to relax the MPR requirements in different RB allocation sce-
narios, using the Sth-order PA model. Table 1 shows the required
MPRs, without and with DPD, in order to ensure meeting the spu-
rious emission mask defined in [10] and [11] in large number of
parallel realizations with at least 95% success rate. It is evident that
the proposed DPD allows using lower MPRs, by at least 3-4 dB, de-
pending on the number of allocated RBs. This directly reflects on
the UL network coverage.
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Fig. 2. Dual-carrier LTE-A mobile transmitter power spectra without
and with DPDs. PA with 17 dBm IIP3 and output power of +21 dBm.
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Fig. 3. Illustration of sample-adaptive decorrelation coefficient con-
vergence and the corresponding optimum coefficient.
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Fig. 4. Dual-carrier LTE-A mobile transmitter power spectra without
and with DPD. 5th-order PA model having 1-dB compression point
of 26 dBm and output power of +22 dBm.

5. CONCLUSIONS

In this paper, reduced-complexity adaptive digital pre-distortion so-
lution was developed to specifically suppress third-order intermod-
ulation in non-contiguous dual-carrier mobile transmitters. Sample-
adaptive parameter learning algorithm deploying only narrowband
feedback was formulated, and the whole DPD concept was shown to
outperform the existing third-order inverse solutions. This can help
dual-carrier mobile devices to reduce their power back-off while still
fulfilling the spurious emission requirements. Future work will in-
clude extending the DPD processing and parameter learning to high-
order PAs with memory.
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