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DIGITAL PREDISTORTION FOR DUAL-BAND POWER AMPLIFIERS

Technical Field

[0001] Various embodiments relate generally to methods and devices for digital

predistortion systems for dual-band power amplifiers.

Background

[0002] Power Amplifiers (PAs) are used in a number of radio frequency (RF) transmission
systems in order to amplify RF signals prior to wireless transmission, and accordingly may be
essential for driving transmit antennas. However, PAs may suffer from non-linearity, which
may in particular be accentuated when combined with complex modulation schemes that
exhibit high Peak-to-Average Power Ratios (PAPR). Among other various solutions, Digital
Predistortion (DPD) has been proposed as an effective and cost-efficient technique to
counteract PA non-linearity. Such DPD systems may attempt to model the inverse of the PA
response and apply this inverse model to input signals to the PA, which may in effect largely

negate the non-linearity of the PA in order to produce a relatively linear overall response.

Brief Description of the Drawings

[0003] In the drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following description,
various embodiments of the invention are described with reference to the following drawings,
in which:
FIG. 1 shows a block diagram for a DPD system for a single-band power amplifier;
FIG. 2 shows 1-dimensional basis functions for linear interpolation and

extrapolation;
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FIG. 3 shows a block diagram for a DPD system for a dual-band power amplifier;

FIG. 4 shows a block diagram illustrating DPD circuits, interpolation and
upconversion circuits, and an adding circuit for a dual-band DPD system;

FIG. 5 shows a projection of the 2-dimensional domain of a 2-dimensional lookup
table;

FIG. 6 shows an illustration of bilinear interpolation;

FIGs. 7A and 7B show a contour and mesh plot for a bilinear interpolation basis
function of a 2-dimensional lookup table;

FIG. 8 shows mesh plots for a set of interpolation and extrapolation basis functions
for a 2-dimensional lookup table;

FIG. 9 shows contour plots for a set of interpolation and extrapolation basis functions
for a 2-dimensional lookup table;

FIG. 10 shows interpolation and extrapolation regions along both dimensions of a 2-
dimensional lookup table;

FIG. 11 shows a block diagram illustrating a coefficient adaptation scheme for a 2-
dimensional lookup table dual-band DPD system;

FIGs. 12A and 12B show a histogram and contour plot illustrating the distribution of
dual-band input signals within the domain of a 2-dimensional lookup table;

FIG. 13 shows a shows a projection of the 2-dimensional domain of a 2-dimensional
lookup table with non-rectangular interpolation and extrapolation regions;

FIG. 14 shows a first method of operating an amplifier; and

FIG. 15 shows a second method of operating an amplifier.

Description
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[0004] The following detailed description refers to the accompanying drawings that show,
by way of illustration, specific details and embodiments in which the invention may be
practiced.

[0005] The word “exemplary” is used herein to mean “serving as an example, instance, or
illustration”. Any embodiment or design described herein as “exemplary” is not necessarily to
be construed as preferred or advantageous over other embodiments or designs.

[0006] The words “plural” and “multiple” in the description and the claims expressly refer
to a quantity greater than one. Accordingly, any phrases explicitly invoking the
aforementioned words (e.g. “a plurality of [objects]”, “multiple [objects]”) referring to a
quantity of objects expressly refers more than one of the said objects. The terms “group (of)”,
“set [of]”, “collection (of)”, “series (of)”, “sequence (of)”, “grouping (of)”, etc., and the like
in the description and in the claims, if any, refer to a quantity equal to or greater than one, i.c.
one or more.

[0007] It is appreciated that any vector and/or matrix notation utilized herein is exemplary in
nature and is employed solely for purposes of explanation. Accordingly, it is understood that
the approaches detailed in this disclosure are not limited to being implemented solely using
vectors and/or matrices, and that the associated processes and computations may be
equivalently performed with respect to sets, sequences, groups, etc., of data, observations,
information, signals, etc. Furthermore, it is appreciated that references to a “vector” may refer
to a vector of any size or orientation, ¢.g. including a 1x1 vector (e.g. a scalar), a 1xM vector
(e.g. arow vector), and an Mx1 vector (e.g. a column vector). Similarly, it is appreciated that
references to a “matrix” may refer to matrix of any size or orientation, e.g. including a 1x1
matrix (e.g. a scalar), a 1xXM matrix (e.g. a row vector), and an Mx1 matrix (e.g. a column
vector).

[0008] A “circuit” as user herein is understood as any kind of logic-implementing entity,

which may include special-purpose hardware or a processor executing software. A circuit may
-3-
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thus be an analog circuit, digital circuit, mixed-signal circuit, logic circuit, processor,
microprocessor, Central Processing Unit (CPU), Graphics Processing Unit (GPU), Digital
Signal Processor (DSP), Field Programmable Gate Array (FPGA), integrated circuit,
Application Specific Integrated Circuit (ASIC), etc., or any combination thercof. Any other
kind of implementation of the respective functions which will be described below in further
detail may also be understood as a “circuit”. It is understood that any two (or more) of the
circuits detailed herein may be realized as a single circuit with substantially equivalent
functionality, and conversely that any single circuit detailed herein may be realized as two (or
more) separate circuits with substantially equivalent functionality. Additionally, references to
a “circuit” may refer to two or more circuits that collectively form a single circuit.

[0009] As used herein, “memory” may be understood as a non-transitory computer-readable
medium in which data or information can be stored for retrieval. References to “memory”
included herein may thus be understood as referring to volatile or non-volatile memory,
including random access memory (RAM), read-only memory (ROM), flash memory, solid-
state storage, magnetic tape, hard disk drive, optical drive, etc., or any combination thereof.
Furthermore, it is appreciated that registers, shift registers, processor registers, data buffers,
etc., are also embraced herein by the term memory. It is appreciated that a single component
referred to as “memory” or “a memory” may be composed of more than one different type of
memory, and thus may refer to a collective component comprising one or more types of
memory. It is readily understood that any single memory component may be separated into
multiple collectively equivalent memory components, and vice versa. Furthermore, while
memory may be depicted as separate from one or more other components (such as in the
drawings), it is understood that memory may be integrated within another component, such as
on a common integrated chip.

[0010] The term “base station” used in reference to an access point of a mobile

communication network may be understood as a macro base station, micro base station, Node
-4 -



WO 2017/167354 PCT/EP2016/056810

B, evolved NodeBs (eNB), Home eNodeB, Remote Radio Head (RRH), relay point, etc. As
used herein, a “cell” in the context of telecommunications may be understood as a sector
served by a base station. Accordingly, a cell may be a set of geographically co-located
antennas that correspond to a particular sectorization of a base station. A base station may
thus serve one or more cells (or sectors), where each cell is characterized by a distinct
communication channel. Furthermore, the term “cell” may be utilized to refer to any of a
macrocell, microcell, femtocell, picocell, etc.

[0011] For purposes of this disclosure, radio communication technologies may be classified
as one of a Short Range radio communication technology, Metropolitan Area System radio
communication technology, or Cellular Wide Area radio communication technology. Short
Range radio communication technologies include Bluetooth, WLAN (e.g. according to any
IEEE 802.11 standard), and other similar radio communication technologies. Metropolitan
Area System radio communication technologies include Worldwide Interoperability for
Microwave Access (WiMax) (e.g. according to an IEEE 802.16 radio communication
standard, e.g. WiMax fixed or WiMax mobile) and other similar radio communication
technologies. Cellular Wide Area radio communication technologies include GSM, UMTS,
LTE, LTE-Advanced (LTE-A), CDMA, WCDMA, LTE-A, General Packet Radio Service
(GPRS), Enhanced Data Rates for GSM Evolution (EDGE), High Speed Packet Access
(HSPA), HSPA Plus (HSPA+), and other similar radio communication technologies. Cellular
Wide Area radio communication technologies may be generally referred to herein as
“cellular” communication technologies. It is understood that exemplary scenarios detailed
herein are demonstrative in nature, and accordingly may be similarly applied to various other
mobile communication technologies, both existing and not yet formulated, particularly in
cases where such mobile communication technologies share similar features as disclosed

regarding the following examples.
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[0012] The term “network” as utilized herein, e.g. in reference to a communication network
such as a mobile communication network, encompasses both an access section of a network
(e.g. aradio access network (RAN) section) and a core section of a network (e.g. a core
network section). The term “radio idle mode” or “radio idle state” used herein in reference to
a mobile terminal refers to a radio control state in which the mobile terminal is not allocated
at least one dedicated communication channel of a mobile communication network. The term
“radio connected mode” or “radio connected state” used in reference to a mobile terminal
refers to a radio control state in which the mobile terminal is allocated at least one dedicated
uplink communication channel of a mobile communication network. Unless explicitly
specified, the term “transmit” encompasses both direct and indirect transmission. Similarly,
the term “receive” encompasses both direct and indirect reception unless explicitly specified.
[0013] Digital Predistortion (DPD) may be applied to an input signal of a Power Amplifier
(PA) in order to “predistort” the input signal to compensate for nonlinearities of the PA. DPD
may be thus used to linearize PAs found in various wireless transmission systems, and may be
particularly applicable for implementation in base stations, remote radio heads (RRHs), and
point-to-point backhaul links in cellular communication networks. DPD systems may rely on
models of the PA response in order to provide a basis for generating the appropriate
“predistorion” to apply to PA input signals.

[0014] PAs may conventionally be modeled using polynomials or splines (piece-wise
polynomial functions) to characterize the non-linear response of various PAs. Polynomial-
based DPD systems thus receive PA input signals and apply the polynomial functions of the
model to PA input signals in order to produce the predistorted DPD outputs. Specifically,
polynomial DPD systems may evaluate each of a set of complex polynomials given one or
more input samples, apply the complex polynomial outputs as a complex gain factor to a
function of the input samples, and sum the resulting samples to generate the DPD output.

Assuming a suitable selection of complex modeling polynomials, the predistorted DPD
-6-
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outputs may represent the “inverse” of the actual nonlinearities of the PA, which may be
substantially “canceled” when the DPD outputs are applied as input to the PA.

[0015] Polynomial DPD systems may either depend only on the current input sample, i.c. a
memoryless polynomial model, or may depend the current input sample in addition to one or
more past input samples, i.¢. a polynomial model with memory. Such polynomial models may
present the DPD model as the sum of a plurality of terms, where each term is the product of a
function of the current and/or previous inputs and a complex polynomial that is a function of
the magnitude of the current or a previous input. Accordingly, a DPD polynomial model may
evaluate each of a set of complex polynomials at one or more input samples, apply each
polynomial output as a gain factor to a function of one or more input samples, and sum the
resulting products to produce the overall DPD output.

[0016] A DPD polynomial model may thus need to evaluate each of the set of complex
polynomials in order to produce each DPD output sample. In order to reduce computational
burden, polynomial DPD systems may utilize lookup tables (LUTs) to generate the DPD
outputs. As opposed to directly evaluating each complex polynomial, DPD LUT systems may
evaluate each of the complex polynomials over a wide domain of input samples and store the
resulting outputs in a separate LUT, thus producing a separate LUT to represent each complex
polynomial. DPD LUT systems may thus evaluate each LUT according to the received input
samples and produce an LUT output value for each LUT. DPD LUT systems may then
produce the DPD output by applying the LUT output values as a set of complex gains to the
corresponding function of input samples, thus avoiding direct evaluation of each complex
polynomial. Regardless, polynomial DPD models may suffer from accuracy issues, in
particular for PA responses that exhibit discontinuities and other response features that are ill-
suited for low-order polynomial modeling. Accordingly, polynomial DPD systems for such
PAs may require high order polynomials that may be exceedingly complex and lead to

numerical stability problems when estimating the polynomial coefficients.
-7-
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[0017] In recognition of these deficiencies of polynomial DPD systems, an alternative
solution may be realized by relying on direct estimation and adaptation of LUT coefficients,
1.e. developing the LUT coefficients for each of the LUTs with an adaptation algorithm that
adjusts the LUT coefficients for each LUT using feedback from the PA output. Accordingly,
such direct LUT estimation may be based on actual PA input and output signals, and may be
better suited to estimation of complex PA response in addition to being capable of capturing
variations in the PA response over time, such as deviations caused by age, temperature, or
other dynamic parameters.

[0018] FIG. 1 shows an exemplary realization of an LUT-based DPD system applied to a
PA (PA 108). As shown in FIG. 1, gain circuit 102 may receive the digital output of a Crest
Factor Reduction (CFR) circuit, which may limit the input signal to ensure a specific Peak-to-
Average Power Ratio (PAPR, as further detailed below). Gain circuit 102 may apply a gain as
specified by Automatic Gain Control (AGC) circuit 112 and provide the resulting signal to
DPD circuit 104. As previously indicated, DPD circuit 104 may apply predistortion to the
received signal in order to compensate for nonlinearities in PA 108. In recognition of the
deficiencies detailed above, DPD circuit 104 may utilize one or more LUTs (where each LUT
depends on the current input sample or a previous input sample) by receiving input samples of
the input signal, identifying the corresponding LUT coefficients for each LUT, and providing
an output sample according to the relevant LUT coefficients for each LUT. DPD circuit 104
may provide the predistorted output signal to transmit (TX) chain 106, which may include a
digital-to-analog converter (DAC) to convert the digital output samples of DPD circuit 104 to
produce an analog signal, a radio frequency (RF) modulator to modulate the resulting analog
signal onto a radio carrier frequency, and other transmit chain circuitry to prepare the output
signal for input to PA 108. PA 108 may receive the analog radio frequency and apply high-

power amplification to render an output signal suitable for subsequently driving transmitter
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antennas. The system of FIG. 1 may be embodied in the Digital Front End (DFE) and radio
transmitter (TX) sections of a wireless transmission system.

[0019] As previously indicated, DPD circuit 104 may utilize adaptable LUTs that
dynamically adjust the LUT coefficients for each LUT based on feedback from the output of
PA 108. Accordingly, feedback chain 110 may capture the analog, radio-frequency output of
PA 108 and perform demodulation to recover a baseband (or intermediate frequency) and
subsequent analog-to-digital conversion (ADC, with an ADC circuit) to produce digital,
baseband samples representative of the output of PA 108. Feedback processing circuit 116
may receive these samples and perform gain adjustment and timing and phase alignment
relative to the DPD input samples, which feedback processing circuit 116 may receive from
the input node to DPD circuit 104. Feedback processing circuit 116 may provide the resulting
feedback information to DPD adaptation circuit 114 and AGC circuit 112. AGC circuit 112
may apply the feedback information to adjust the gain control signal supplied to gain circuit
102 in accordance with automatic gain control procedures.

[0020] DPD adaptation circuit 114 may be responsible for performing adaptation of the
LUT coefficients at DPD circuit 104, and accordingly may utilize the feedback information
provided by feedback processing circuit 116 in order to evaluate the output of PA 108.
Accordingly, DPD adaptation circuit 114 may attempt to correct for any inaccuracies in the
LUT coefficients that are observable through nonlinearities detected in the output of PA 108.
As further detailed below, DPD adaptation circuit 114 may employ an adaptation scheme
such as Least Squares (LS) based on either indirect or direct learning to adapt the LUT
coefficients of DPD circuit 104. DPD circuit 104 may thus dynamically adapt the LUT
coefficients over time based on observations of the output of PA 108, and accordingly may be
able to develop a highly-accurate model of PA 108 in order to subsequently yield linear

performance at PA 108 with the assistance of the applied predistortion.
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[0021] In particular for a single-band PA, DPD circuit 104 employ one-dimensional (1D)
LUTs to produce the predistorted output samples that are subsequently supplied to PA 108.
As previously indicated above regarding memory models, DPD circuit 104 may realize one or
more LUTSs according to a memory depth M, where each of the LUTSs produces an LUT
output based on the current or a past input sample. DPD circuit 104 may then produce the
DPD output by applying each LUT output as a complex gain to the corresponding LUT
function of input samples and summing the resulting products to obtain the DPD output. For
the 1D LUT case, DPD circuit 104 may receive a sequence of complex baseband samples,
calculate the magnitude of each complex baseband sample, and, for each of the corresponding
1D LUTs, map the magnitude value for the appropriate baseband sample to the 1D LUT to
produce a complex-valued LUT output. DPD circuit 104 may then apply each LUT output as
a complex gain factor to the corresponding function of baseband samples and sum the
resulting samples to obtain the DPD output.

[0022] Each of the 1D LUTs may be defined as a sequence of evenly-spaced LUT
coefficients positioned along a one-dimensional axis at multiples of an LUT spacing 6. DPD
circuit 104 may then determine each LUT output by mapping an input magnitude to the
evenly-spaced grid of LUT coefficients and applying one or more proximate LUT coefficients
to generate the LUT output. Each LUT coefficient may be a complex number, and
accordingly DPD circuit 104 may produce a complex baseband DPD output sample from each
complex baseband input samples received from gain circuit 102.

[0023] Ascach LUT coefficient is located at a discrete point (some multiple of §) on the
one-dimensional axis of the corresponding 1D LUT, input magnitudes may probabilistically
not fall exactly at an LUT coefficient. Accordingly, DPD circuit 104 may apply linear
interpolation to calculate the LUT outputs for each LUT, where each resulting LUT output
may be a linear combination of ¢.g. the two closest LUT coefficients to the respective input

magnitude (i.e. the two LUT coefficients located on each side of the input magnitude if
-10 -
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viewed on a 1D grid). As each 1D LUT is limited to some finite size N (i.e. the number of
LUT coefficients), high input values may fall outside of the domain of LUT coefficients. In
recognition thereof, DPD circuit 104 may apply linear extrapolation for input values that fall
outside of the LUT coefficient domain.

[0024] DPD circuit 104 may represent each 1D LUT as a function fg(x) that is defined as a
linear combination of basis functions, where each basis function corresponds to an individual
LUT coefficient and provides a respective contribution to LUT output f&(x). LUT output

function f (x) may be expressed as follows:

N-1 (1)
falx) = Z (PiAg(i’N)(X —-i6) x=0

where ¢; are the LUT coefficients. The LUT coefficients ¢; for each LUT may be complex,
thus producing complex LUT outputs fg(x).

[0025] FIG. 2 shows basis functions Ag(; vy (x) positioned at incremented multiples of LUT
spacing 8. As DPD circuit 104 utilizes a magnitude (of a complex baseband input sample) as
input to each 1D LUT, the LUT input values x may be positive real numbers, thus limiting the
LUT coefficient positions to 0 < x < (N — 1)8 where N is the LUT size, i.c. the number of

LUT coefficients. The basis functions Ag; ny(x) may be mathematically defined as follows:

0 i<N-2 )
gi,N)={1 i=N-2

2 i=N-1

|x| |x| (3)
Aolx) = (1 —?>W(?)

(4)
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A = (1+ %) u(x + 8) (%)
(1 0<x<1 6

wx) = {0 otherwise ©
_ (1 x=0 7

u(x) = {0 otherwise 7

[0026] Accordingly, DPD circuit 104 may apply basis functions Ay; vy (x) as defined in

Equations (/)-(7) to produce a complex LUT output f & (x) (for each of the 1D LUTSs) for an
input x = 0 where the output f& (x) is the linear interpolation of the two nearest LUT values
(“surrounding” the input x on a 1D grid) for 0 < x < (N — 1)§ and the linear extrapolation
of oy_, and @y_; for x > (N — 1)8. DPD circuit 104 may then produce the complex
predistorted output y from fz(x) (as will be further detailed regarding the 2D LUT
implementation). DPD adaptation circuit 114 may receive processed feedback information z
from feedback processing circuit 116 that characterizes the output of PA 108, where z may be
time-aligned and gain-adjusted according to DPD inputs x. Dependent on the observed output
of PA 108, DPD adaptation circuit 114 may then adapt the LUT coefficients ¢; for each LUT
(where each LUT corresponds to the current or a past input sample), thus altering LUT output
f&(x) in order to compensate for remaining nonlinearities in the response of PA 108.

[0027] The 1D LUT implementation detailed above for DPD circuit 104 may be suitable for
single-band PAs, i.c. PAs that target a single transmission frequency band for amplification.
However, the recent introduction of “dual-band” PAs (and accompanying RF chains) that
service two transmission bands that are substantially separated in spectrum may pose
substantial problems in DPD design. As the targeted bands may be separated by up to e.g. 400
MHz in spectrum, a candidate DPD system may need to accurately apply predistortion over a
massive range of frequencies. Effective solutions that rely on a single DPD system may be

exceptionally complex and expensive.

-12 -
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[0028] In recognition thereof, a dual-band DPD system targeting a dual-band PA may be
realized that applies predistortion based on modeling the PA response as a non-linear function
of two complex baseband variables, i.e. one each per targeted band of the PA. As introduced
above regarding 1D LUTs, conventional schemes may utilize polynomial- or spline-based
models for estimating the PA response and subsequently applying predistortion to input
signals. The accuracy and complexity issues noted above regarding these solutions may
similarly lead to sub-optimal LUT coefficients.

[0029] Accordingly, a dual-band DPD system may rely on 2D LUTs that produce a complex
output given the magnitude of a complex baseband input sample of each band as the two LUT
inputs. FIG. 3 illustrates such a dual-band DPD system that may employ two DPD circuits
304a and 304b (collectively depicted in FIG. 3 as “304”) to apply predistortion to the input of
dual-band PA 312. As opposed to utilizing a single DPD block, DPD system 300 may instead
apply a separate DPD block (304a and 304b, cach executing one or more 2D LUTSs) to target
the first band and second band and subsequently combine both results to obtain a signal
having appropriate predistortion at both the first and second bands. Instead of employing
wideband DPD across the first and second bands in addition to the intervening spectrum, DPD
system 300 may thus instead apply two separate narrowband DPD blocks (one to each band).
In particular for frequency bands that are separated by a large intervening band, such dual-
band DPD may be considerably less complex and more cost-efficient than a single wideband
DPD block.

[0030] As shown in FIG. 3, gain circuits 302a and 302b may each receive a respective
signal following crest-factor reduction, where each signal respectively corresponds to the first
and second band. Each of gain circuits 302a and 302b may then apply the appropriate gain to
the respective inputs as specified by AGC circuit 320, which may supply both gain circuit
302a and 302b with a common gain control signal. Gain circuits 302a and 302b may then

provide x; and x, as input to DPD circuits 304a and 304b.
-13 -
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[0031] As shown in FIG. 4, DPD circuits 304a and 304b may cach receive both x;
(sequence of complex baseband samples for the first band) and x, (sequence of complex
baseband samples for the second band), and apply predistortion according to a respective set
of 2D LUTs to the samples x; and x, to produce complex baseband output sequences y; and
¥, respectively. As detailed above in the 1D DPD case, the complex baseband outputs
samples of y; and y, may each depend on one or more of the current or past samples of x;
and x,. As further detailed below, DPD circuits 304a and 304b may each apply one or more
2D LUTs with |x, | and |x,| as input to each produce resulting 2D LUT outputs

f&1(x1l, |x2]) and fg,(|x1 ], [x2|) for each 2D LUT as a non-linear function of |x;| and
|x,|. DPD circuits 304a and 304b may then respectively produce y; and y, by applying the
respective 2D LUT outputs as complex gains to the corresponding functions of input samples
of x; and x, and generating y; and y, as the sum of the resulting samples.

[0032] The outputs y; and y, of DPD circuits 304a and 304b may remain “split”, i.c. one
output (y,) for the first band and another output (y,) for the second band. As PA 312 receives
a single waveform, DPD system 300 may combine y; and y, into a single signal, thus
including both predistorted outputs y; and y, into a single output for provision to PA 312.
Accordingly, DPD system 300 may employ interpolation and up-conversion circuits 306a and
306b to up-sample and modulate both y; and y, to the appropriate intermediate frequencies
(dependent on the spectral placement of the first and second bands) and combine the resulting
upsampled signals with combining circuit 308. Combining circuit 308 may supply the
combined signal to TX chain 310 for DAC and radio frequency modulation, which may
subsequently provide the resulting signal to PA 312 for amplification. Accordingly, DPD
system 300 may separately apply predistortion to both bands (as a function of the signals of
both bands) and may operate DPD circuits 304a and 304b at substantially reduced sampling

rates compared to a wideband DPD solution.
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[0033] In order to provide AGC and LUT coefficient adaptation, feedback chain 314 may
thus demodulate, digitize, and separate the first and second frequency band signals from the
output of PA 312 and provide the resulting split digital baseband samples to feedback process
circuit 316 for gain adjustment and timing and phase alignment. Feedback process circuit 316
may provide the digital baseband PA outputs z; to AGC circuit 320 for gain control at gain
circuits 302 on subsequent inputs to DPD system 300.

[0034] Feedback process circuit 316 may also provide z; to DPD adaptation circuits 318a
and 318b, which may be responsible for LUT coefficient adaptation of each of the respective
2D LUTs of DPD circuits 304a and 304b. As will be further detailed, DPD adaptation circuits
318a and 318b may apply LS estimation using direct or indirect learning to adapt the LUT
coefficients of DPD circuits 304a and 304b based on the observed digital baseband PA
outputs z;.

[0035] DPD circuits 304a and 304b may thus employ 2D LUTs to generate y; and y, based
on |x;| and |x,|, where each of the respective 2D LUTs of DPD circuits 304a and 304b may
each utilize distinct LUT coefficients. The 2D LUT function of each 2D LUT may be
generalized as f§(xq,x,) where x; and x, are positive real numbers. Each of DPD circuits
304a and 304b may produce f&(x,x,) for each of the 2D LUTs as the linear combination of

N; N, basis functions, where N; X N, gives the LUT dimensions. The N; N, LUT coefficients

@ may be represented by parameter vector ® = [900’0 e PoN,—1 - P N1—1,N2—1]Ta where each
basis function of f&(x,x,) corresponds to a respective LUT coefficient and is located on an
2D grid spaced in one dimension (e.g. arbitrarily horizontal or vertical) according to LUT
spacing &; and the other dimension according to LUT spacing &,.

[0036] The 2D LUTs of DPD circuits 304a and 304b may apply interpolation and
extrapolation to produce output fg(x;, x,) given an input point (x;, x,). As previously

indicated regarding the 1D LUT case, ecach 2D LUT may be of finite dimension N; X N,
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where N; and N, denote the dimensions of the 2D LUT in the x; and x, directions,
respectively. Accordingly, each 2D LUT may apply interpolation in both the x; and x,
directions for certain domains of (x;, x,) while applying extrapolation in one or both the x;
and x, directions for other domains of (x4, x,). Each 2D LUT may mathematically apply
these differing interpolation and extrapolation regions by assigning specific basis functions to
the LUT coefficients based on the location of each LUT coefficient within the 2D LUT.
[0037] FIG. 5 shows an exemplary depiction of a 2D LUT with N; = N, = 6 projected onto
a two-dimensional grid with LUT spacing 67 in the x; direction and &, in the x, direction. As
depicted in FIG. 5, the 2D LUT may be composed of N; N, total basis functions where each
basis function is selected from one of nine possible basis functions I; ; for i, j = 0,1,2. Each
output fz (x1,x,) of the 2D LUT may be a lincar combination of the N; N, basis functions at
any point of the LUT. Dependent on a given input point (x4, ), the selected basis functions
(as defined below) may apply a linear interpolation and/or extrapolation to yield fz (xq, x5).
[0038] The interpolation region shown in FIG. 5 may be defined as 0 < x, < (N; — 1)6;
and 0 < x, < (N, — 1)6,, where the overall interpolation region is composed of multiple
inner rectangular regions each defined as i6; < x; < (i + 1)8; and j§, < x, < (j + 1)4, for
i=0..N; —2andj = 0..N, — 2. In cach of these inner interpolation regions, fg (%, x5)

may be obtained as the bilinear interpolation amongst the four corner points (i61, J62,¢; j),

((i +1)61,j6,, (Pi+1,j)a (i51: U+ 1Dd,, §0i,j+1)a and ((l + 16, + 1)52:(Pi+1,j+1)a where
each corner point is an LUT grid point respectively corresponding to LUT coefficients ¢; ;,
®itr1,j» Pij+1, and @44 ;41 and the connected basis functions.

[0039] Such bilinear interpolation is demonstrated in FIG. 6, where bilinear interpolation is
performed by first linearly interpolating between the points in the x; direction to produce f;
and f;;, and then in the x, direction to produce the final result. This operations may be

expressed mathematically as
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xX; — 0 8
fi=0i;+ (@) — @i,j)—l 5 : ®
1

Xy —i6 )
fis1 = @ij+1 T (§0i+1,j+1 - @i,j+1)%
1

Xy — jby (10)
5,

fo(xy,x) = f] + (fj+1 - f])
[0040] Equations (8)-(/0) may be re-written to show the contribution of each LUT point to

f&(xy,x2) as

f‘f (xli xz)

_ x1 —i6; X2 _j52)
= (1255w

x; — (i —1)8; Xy — j&,

X, —1i6;) x, — (G + 16,
+<1 _6—1) (1 + 62 >(pi,j+1

x; — ({+1)6 x, —(+ 16
1 L 1) (1+ 2 5 2 Pi+1,j+1

+

(11)

[0041] LUT coefficient point (i61, Jjé2@; j) will also provide a contribution to fg (x1,x,)
on the three other neighboring regions. The contribution of each LUT point (i61, Jé2 @ j)

(fori =0..N; — 2 and j = 0.. N, — 2) to each neighboring region for a given x; and x, is

thus

xl - 161 xz _]62 161 S x1 S (l + 1)61 (12)
(-5 (=755 ) -
81 8, jé, < x, < (j+ 1)6,
(1 X = i61) (1 L X2 —jé‘z) N {i61 <x; <(i+1)8 (13)
8, 8, i -1, <x, <8,
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8y 5, Yo, s x = (J+ 16,
<1+x1 _161) <1+x2 _]62) ij {(l—1)61 le S 161 (15)
81 5, G—Dé, <x, £jb,

[0042] The total contribution of (i61, J62, @i j) to & (x1, x,) may thus be exrepssed as

@i jTo0(x1, x2) Where

Too (1, %2) = Ao (x1) Ao (x2) (16)

with Ag(x) as defined above in Equation (3).

[0043] Accordingly, the bilinear interpolation function Iy 4 (x4, x,) is the product of the 1D
linear interpolation functions for the 1D LUT case. The contour and 3D mesh plots for
bilinear interpolation function Iy 5 (xy, x,) are shown in FIGs. 7A and 7B.

[0044] The LUT function defined for 0 < x; < (N; — 1)8; and 0 < x, < (N, — 1)§, (the

bilinear interpolation region) may thus be defined as follows:

Ny—1N,-1

fa(xy,xy) = Z Z @i,jro,o(xl —i61,%; — j&3)

i=0 j=0
Ny=1N3z_4

= > D Guholn — 8)Mo(x — j5)

i=0 j=0

(17)

[0045] 2D LUT output function fg(x;, x,) defined for the bilinear interpolation region in
Equation (/7) may be capable of providing a constant gain with zero error, i.c. may be able to

produce a completely linear response. Specifically, by setting all ¢; ; = 1 (or any other
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constant) for 0 < i < N; and 0 < j < N,, f5(xq,x,) may generate a flat horizontal surface

over the entire domain. Specifically, setting ¢; ; = 1 in Equation (//) yields

f‘f‘ (xli xz)

_ _151) (1_x2 _j62)
8,
(1+ —(1—1)61> (1 _j52)
8,
(1 161) )( N X, — (]6:— 1)62>
(1--
1

+

+

+
=
+

— (L + 1)61> (1 N Xy — (g+ 1)62>

1— )+(1+xf_%+1wﬁ

(18)

which holds for each inner rectangular region i6; < x; < (i + 1)6; and j§, < x, <

G+ Db,overall 0 <i<N;,—2and0<j<N,—2.

[0046] Accordingly, fz(x1,x,) as defined above for the bilinear interpolation region may
be well-suited for input points (x4, x,) to DPD circuits 304a and 304b that fall within 0 <
X < (N; —1)8_1 and 0 < x, < (N, — 1)8,. However, in particular due to the potential
scaling effects of gain circuits 302a and 302b, x; and x, may not be strictly bound to within
such domains. Similarly to as detailed above regarding the 1D LUT case, DPD circuits 304a
and 304b may additionally employ lincar extrapolation to generate fg (x4, x,) for inputs that
fall outside of the bilinear interpolation region.

[0047] Specifically, the overall LUT function fg(x;,x,) for all x; > 0 and x, > 0 may be

given as
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N{—1N,—-1 (19)
falx,xy) = Z Z (pi,jrg(i,Nl),(j,NZ)(xl — 161, %, — j63)
i=0 j=0
where
Iy (21, x2) = Ai(xl)Aj (x2) (20)

with A;(x) and g(i, N) defined in Equations (2) to (7).

[0048] The 2D LUT basis functions I} ;(x1, x;) of fg (x1,x;) may therefore be derived as
the product the of 1D basis functions A; (x), thus providing nine possible 2D basis functions.
The 3D mesh and contour plots for basis functions [ ;(xy, x, ) are depicted in FIGs. 8 and 9,
respectively.

[0049] The application of 2D LUT output f5 (x4, x,) to a 2D LUT may thus produce a basis
function assignment as previously introduced in FIG. §, where the basis functions yield
f&(x1,x,) as a bilinear interpolation inside of the rectangular interpolation region and a linear
extrapolation in the x; and/or x, direction in the surrounding extrapolation region. As also
depicted in FIG. 10, the specific interpolation and extrapolation regions may be further

defined into four distinct regions as follows:

a. 0<x; <6;(N; —1)and 0 < x, < §,(N, — 1): interpolation in both the x; and
x, directions

b. 0<x; <6;(N; —1)and x, = §,(N, — 1): interpolation in the x; direction,
extrapolation in the x, direction

c. x;=26;(N;—1)and 0 < x, < §,(N, — 1): extrapolation in the x; direction,
interpolation in the x, direction

d. x; = 6;(N; — 1) and x, > §,(N, — 1): extrapolation in both the x; and x,

directions
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[0050] Accordingly, the interpolation and extrapolation capabilities f g (xq, x,) may
dramatically extend the effective domain of DPD circuits 304a and 304b, as the contained 2D
LUTs may be able to produce output f(|x; ], |x,|) for all x; and x, via extrapolation.

[0051] Each of DPD circuits 304a and 304b may thus receive complex baseband samples x;
and x, and respectively produce complex outputs y; and y, based on the interpolation and
extrapolation provided by the LUT output function fz(|x1], |x2|) for each 2D LUT. As
previously indicated, DPD circuits 304a and 304b may apply the LUT output given by
f&(|x1], |x2]) for each of the 2D LUTSs as a complex gain to the corresponding function of
input samples x; and x, and sum the resulting samples to obtain complex DPD outputs y; and
v,, respectively. The respective DPD outputs y; and y, for the 2D LUT model may be
derived from the wideband generalized memory polynomial (GMP) DPD model with even-
only polynomial powers. As detailed in D. R. Morgan, Z. Ma, J. Kim, M. G. Zierdt, and J.
Pastalan, “A generalized memory polynomial model for digital predistortion of RF power
amplifiers”, IEEE Trans. Signal Process., vol. 54, pp. 3852-3860, Oct. 2006, the wideband

GMP model operating on wideband input x(n) may be expressed as

M (K-1)/2
Your ) = ) x(n=m)| > bymlx(n —m)*
m=0 k=0
M (K-1)/2
+Z Z x(n—-m-=10 Z by milx(n — m)|?¥
1#0 m=0 k=1

21)

[0052] Wideband input x(n) may thus be expressed as the sum of the first and second band

signals baseband x; (n) and x, (n) as follows
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x(n) = x;(n)e/%1™ + x,(n)e/%2" (22)

where the baseband signals x; (n) and x,(n) are modulated by two carrier with respective
frequencies 6, /(2rTy) and 0, /(2nT,) with sampling period T.

[0053] Wideband GMP output yspp(n) may thus be expressed as ygpp(n) =

Yomp,1 (1)e7" + yaup ,(n)e/%2™ + w(n) where yopp 1 (n) and yeup 2 (1) are the
components of yqpp(n) at carrier frequencies 6, /(2nT;) and 8, /(2nT) and w(n) gives the

components of ysyp(n) at the other inter-modulation products of the carrier frequencies.

[0054] The final dual-band GMP model may thus be given as

(K-1)/2

yGMP,l(n)—le(n m) z byme ’91’"2 k+1 |x1(n—m)|2r|x2(n_m)|z(k_r)

(k=172 x(n—m = 1) Z (’r‘) s (n = m) ||y (1 — )| D8 D

Tomse k= x(n = m)x3(n — mx(n —m — ”Z K (= m)lPlxy(n = m)| 0D Jbstemitim
=0
M (K-1)/2 k
y ky (k +1 .
Youra@ = > (=) Y bme % () (KT D), (0 — )y (0 - ) 26
m=0 k=0 r=0
M (K-1)/2 x(n—m— DZ |x2(n m)|27|x,(n — m)| 2k gJO20mAD) 4
+ Z Z bim,i ke
1#0 m=0 k=0 xz(n—m)xf(n—m)xl(n—m Z |x2(n m)|25|x1(n m)lZ(k 5=1) o= Jb1lp—j62m
s=0
(23)

[0055] The dual-band GMP model of Equation (23) may be adapted to two-dimensional
polynomial functions to allow odd polynomial powers and separate model parameters for

each band as
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M

Yemp—201(n) = z X1 (n —m)

m=0

1

K-
x;(n—m—

%) &

1#0 m=0

Yemp-2pD,2 (n) = z X(n—m)

x,(n—m —

+ i k=t

1#0 m=0

[0056]

expressed as

3y

3y

x1(n —m)xj;(n —m)x,(n —m—1)

x(n—m)xj(n —m)x,(n —m—10)

x,(n—m
*
et £ X,(n —m)x;(n —m)x;(n—m

PCT/EP2016/056810

K-1

k
D bl (2 = m) G m)
k=071=0

k
IO brimaala (= ml g (n = m)| 7 +
=0

k-2

x
H

brimuzl X —m)|"|xz(n — m)| <772

&
1l
=

=0
K-1

k
Z Crjom b = I [y (0 = ) 7
=0

K-1 k
Z Crimaalta(n = M)y (n = m)| 47+
"~ K-1k-2
> il = ml g (n = m)[=2
k=17r=0
24)
The final 2D LUT dual-band DPD outputs y; and y, of DPD circuits 304a and 304b
may then be obtained by replacing the 2D polynomial functions of Equation (24) with the 2D
LUT output function f5 (|x; ()], |x2(*)]) for cach of the respective 2D LUTSs of DPD circuits
304a and 304b as detailed above. The full 2D LUT dual-band DPD outputs may thus be
M
Yomir-202 () = Y 11l =mfa, o, (s (1 = ), It (= m)])
m=0
x(n—m-— l)f51'm'l'1(|x1 (m—m)|, lxo2(n—m)|) +
£ Lo\ xy(n — m)x;(n — mxp(n —m — l)f51,m,l,2(|x1 (n—m)|,|x;(n—m)|)
M
Yomwr-202(0 = ) x(0=m)fs, (%00 = m|, Lx; (= m)])
m=0
- l)fgz'm'l'qul(n —m)|,lxs(n—m)|) +
Dfs,, ,(x1(=m)||x2(n—m)])
(25)
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where each LUT fg,(|x; ()], |2, (-)|) may be expressed as

fa(x,x;) =T, x2)® (26)

where I'(x;,x,) is a row vector containing all the I; j(x1,x,) 2D LUT basis functions and )
is a column vector containing the corresponding ¢; ; coefficients.

[0057] DPD circuits 304a and 304 may thus generate DPD outputs y; and y, where each
respective DPD output sample yeuur—2p,1 (1) and Yepiur—2p,2 is the product of a plurality of
terms. As defined in Equation (25), each of the terms may be expressed as the product of a function of
current and/or past input samples of x; and/or x, and a 2D LUT output, where each 2D LUT output is
a function of the magnitude of the current and/or past input samples of x; and x,. DPD outputs y; and
vy, may thus include the cross-terms expressed in the double —sum operators. DPD circuits
304a and 304b may be structurally embodied as either hardware or software according to the
arithmetic logic associated with a particular DPD output generation scheme, such as e.g.
according to the logic defined in Equation (25). Accordingly, DPD circuits 304a and 304b
may thus be realized as a processor configured to execute program code corresponding to the
arithmetic logic (e.g. of Equation (25), such as in a software-implemented Digital Front End
(DFE) or “soft DFE”), an FPGA configured according to the arithmetic logic of Equation
(25), or an ASIC configured according to the arithmetic logic of Equation (25). DPD circuits
304a and 304b may additionally include a respective memory component configured to store
the respective 2D LUT coefficient vectors @, and ®,.

[0058] As previously indicated, DPD adaptation circuits 318a and 318b may be configured
to dynamically adapt the LUT cocfficients @, ; of @4 and ®,, respectively, based on the
complex baseband PA output samples z; and z, provided by feedback process circuits 316a

and 316b. DPD adaptation circuits 318a and 318b may apply either direct learning (as
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detailed in R. N. Braithwaite, “Wide bandwidth adaptive digital predistortion of power
amplifiers using reduced order memory correction,” in IEEE MTT-S Int. Microw. Symp.
Dig., Jun. 2008, pp. 1517-1520.) or indirect learning (as detailed in D. R. Morgan, Z. Ma, J.
Kim, M. G. Zierdt, and J. Pastalan, “A generalized memory polynomial model for digital
predistortion of RF power amplifiers”, IEEE Trans. Signal Process., vol. 54, pp. 3852-3860,
Oct. 2006.).

[0059] Both direct and indirect learning may utilize an identical DPD mathematical
reference model, where a single-band output y; of DPD circuit 304a or 304b may be

expressed as

yi) = giCey (), (M)B; i ={1,2} 27)

where g;(x;(n), x,(n)) is a row vector of G basis functions and f; is a column vector of G
complex-valued coefficients.
[0060] The basis and coefficient vectors for the complete 2D LUT DPD model in (25) for

the first band may thus be given as

g_l(xl (n), x, (n)) = [91,0 () "-gl,G—l(xn)]

gr0(x: (M), x2(n)) = 2, (MT (I (W], Iz (W)

91,6—1(x1(n); X3 (n)) =x1(n—Mx;(n—M)x,(n—M —lopq)

Tl (n = M), ez (n — M))

ﬁ_l = [q_){,0,0,0 "'CT){,M,lend,Z] (28)

where the basis and coefficients vectors for the second band may be analogously derived. f;
may thus represent the LUT coefficient vectors @ for the 2D LUTs of each of DPD circuits

304a and 304b.
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[0061] Output vectors y; = [y;(n) ...v;(n + M — 1)]7 of M outputs y;(n) from Equation
(27) can thus be represented as a function of input vectors %; = [x;(n) ...x;(n + M — 1)]7 of

M inputs x;(n) as

iy (), ,(m)

Vi = :
gi(xl(n +M—-1),x,(n+ M — 1))

=G; (fl:fz)gi (29)

[0062] For indirect learning, DPD adaptation circuits 318a and 318b may adapt the LUT

cocfficients f; and f,, respectively, using least squares as follows:
— _ _ -1 _ _
Bi = (G(lez)HG(Z122)) G(Z1zz)HJ’i (30)

where z;(n) = [z;(n) ...z;(n + m — 1)]7 is a vector of PA outputs z; (as provided by
feedback process circuit 316) that is time-aligned to x;(n) and scaled by the inverse of the
nominal transmit gain.

[0063] DPD adaptation circuits 318a and 318b may alternatively apply direct learning to
adapt @; ; for each of the 2D LUTs. FIG. 12 depicts a block diagram illustrating the cascade
of DPD circuits 304a and 304b and PA 312 where PA 312 produces w; given an input of y;
according to transfer functions F; and F,. The dual-band models for DPD circuits 304a and

304b and PA 312 may be expressed as

w; = Fi(y1¥2)

¥, = Gi(%, %) B (31)
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[0064] DPD adaptation circuits 318a and 318b may update the LUT coefficients ¢; ; for

each 2D LUT by estimating Ap;, i.c. the increments to DPD coefficients Ei(k) at each iteration
k, so that the magnitude squared of the error of the combined signal of the output of PA 312 is
minimized.

[0065] Defining Gp4 as the gain of PA 312, the error vectors at each band may be written as
€ = X;Gpy —W; (32)
[0066] Let O, = f;/(2nT), where f; are the band center frequency offsets and T is the
sampling period. Accordingly, if f, — f; is sufficiently larger than the signal bandwidth,
minimizing the squared error of the combined signal is equivalent to minimizing the squared

error of the individual bands, i.e.

E{le?|} = E{(eje %™ + eje %21 )(e;e 1™ + e,e%m)} (33)
= E{le1|*} + E{le,|*}

[0067] The (x;, x,) indices may be dropped from G; and F; for clarity. The difference

between the output of PA 312 from iteration k to k + 1 may be expressed as

R (6 (A + 88.). (B + 85.)) - R (0 (A0) 6 (5)) 49

[0068] The optimization problem may then be stated as follows:
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|72 (G (5% + 81, 6a(359 + 882)) — £ (6 (), 6a(5)) ~ &) §°

min

i | |, ( G(B +83,), 6, (5 + Aﬁl)) —F, (Gz( 599),64( }k))) - ||

[0069] As detailedin Y. Ma, Y. Yamao, Y. Akaiwa and K. Ishibashi "Wideband digital
predistortion using spectral extrapolation of band-limited feedback signal”, IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 61, no. 7, pp.2088 -2097 2014, F; may be approximated as
the linear functions F;Gp,y;. Such may serve as an effective approximation for the purpose of
deriving an error signal that drives f8; in the direction of the MSSE solution as PA 314 may

be dominated by the linear component. The minimization thus becomes

_ _ _ 2
(|Gra G(BY + B) — GraGa(B) - &1 (36)
AU _ _ _ 2
BB (4 || GoaGa(B5° + 8B2) — GraGa(B2) — &||
[0070] Equation (36) may be restated as two independent minimization problems as
(37

in{||G,AB, — (&, — w, G5 D)
mjn (16,08, - 5~ w6z

in{||G,AB, — (%, — W65 D)||”
min {16.08. - (5, - w6z’

[0071] Defining Z; = w;Gp}, the LS solution may be obtained by setting G;AB; — (%; — Z;)

orthogonal to G; thus yielding

AB; = (G (1, ®)"G,(%1, %)) Gy(%y, ) (%, — 7) (3%)

~(k ~(Je— -
ﬁi( ) — ﬁl( 1) +.UABi
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where 0 < u < 1 is a constant and sub-index k is the iteration index.

[0072] DPD adaptation circuits 318a and 318b may perform the inverse operation using the
pseudo-inverse function with given tolerance in order to control the rank of the basis matrix
and the number of eigenvectors used in the solution. DPD adaptation circuits 318a and 318b
may additionally apply QR LS and sparse matrix techniques, which are well-established for
wide-band cases and available for analogous application in the dual-band case detailed herein.
[0073] Accordingly, DPD adaptation circuits 318a and 318b may receive the time-aligned
and gain-scaled PA output samples z;(n) and adapt the LUT coefficients f; and f3, (as
defined above in Equation (28)) of DPD circuits 304a and 304b, respectively. DPD circuits
304a and 304b may thus apply the updated LUT coefficients to new baseband input samples
x1 and x, for predistortion application to linearize the output of PA 312.

[0074] Returning to FIG. 5, DPD circuits 304a and 304b may cach apply interpolation and
extrapolation dependent on the location of a given input point (x;, x,) relative to the LUT
points of the respective 2D LUT. As shown in FIGs. §, the bilinear interpolation region may
be rectangular with dimensions according to N; and N, and may be surrounded by mixed
interpolation and extrapolation regions and a bilinear extrapolation region as shown in FIG.
10.

[0075] As the LUT coefficients are directly estimated (by DPD adaptation circuits 318a and
318b) from input samples x;, some coefficients may be based on more “observations”, i.e.
input signals falling within the influenced region of the coefficient, than others. As previously
detailed, each LUT coefficient point (i61, J62 @ j) may provide a contribution to [ (x1,x2)
in the four neighboring regions defined in Equations (/2)-(15). Accordingly, LUT coefficient
points that are repeatedly adapted as a result of input points (x4, x,) falling within the
neighboring regions may be considered “high reliability” compared to LUT coefficient points

that do not have many input points (x4, x,) falling within the neighboring regions. The
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reliability of the LUT coefficients may thus be a product of the distribution of the input points
(x1,x3), where regions of the 2D LUT that have a high concentration of input points may
produce better estimates for the LUT coefficient (high reliability) and thus provide more
effective predistortion than regions of the 2D LUT have a low concentration of input points
(low reliability).

[0076] FIGs. 12A and 12B show a histogram and contour plot for a dual-band CFR output
signal composed of two 20 MHz LTE signals with a carrier separation of 100 MHz. Dual-
band CFR may seck to ensure a certain PAPR for the combined signal. Accordingly, even
though the combined signal PAPR may be ¢.g. 7.1 dB in the case of FIGs. 12A and 12B, the
PAPRs of the individual bands may be larger, ¢.g. 8.79 dB and 9.04 dB.

[0077] Given the relatively high PAPRs for the individual band signals, the distribution of
input points (x4, x,) may be clustered towards the lower-left corner of the 2D LUT as shown
in FIG. 12B. Accordingly, the probability of having peak values on both x; and x, (i.e. an
input point in the upper-right corner of the 2D LUT) may be close to zero, while the
probability of having lower values on both x; and x, (i.c. an input point in the lower-left
corner of the 2D LUT) may be appreciably higher. Given this high expected concentration of
input points in the lower-left corner, the LUT coefficients in this region may be considered of
significantly higher reliability than the LUT coefficients in the upper-right corner in addition
to the right extreme and upper extreme of the 2D LUT (i.e. where one of x; and x, is a peak
value).

[0078] Accordingly, the 2D LUT coefficients used for extrapolation (i.c. in the outer and
exterior regions of the 2D LUT) may be markedly less reliable, which may lead to adaptation
stability issues if DPD system 300 exclusively utilizes the extrapolation strategy expressed in
Equation (79). In order to address such issues, DPD system 300 may utilize a flexible
interpolation/extrapolation (I/E) boundary as opposed to the rectangular I/E boundary shown

in FIG. 5. In other words, DPD system 300 may adaptively assign individual regions as an
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interpolation region or extrapolation region based on the reliability of the neighboring LUT
coefficients. As a result, DPD circuits 304a and 304b may apply extrapolation to certain
regions using higher-reliability LUT coefficients from non-directly neighboring regions as
opposed to the low reliability LUT coefficients from the directly neighboring regions. DPD
circuits 304a and 304b may continue to apply interpolation in regions having LUT
coefficients with sufficient reliability. DPD system 300 may accomplish this by assigning
specific basis functions, i.e. either interpolation basis functions or extrapolation basis
functions, to each the LUT coefficient points to assign each region for interpolation or
extrapolation.

[0079] This problem may be stated as follows: given a 2D signal with a known Probability
Distribution Function (PDF) and a grid of points (i6;,{8,), define a set of
interpolation/extrapolation basis functions located at a subset of these points. Each location
may be selected so that the value of the PDF is high enough to ensure the associated DPD
coefficient has sufficient accuracy. Additionally, it should be possible to generate a flat
horizontal surface over the entire region x; = 0,x, > 0 as a linear combination of the basis
functions, thus ensuring that the 2D LUT is able to implement a constant linear gain without
error (see Equation (/8) for the interpolation case). At each point in the domain, fg(x, x,)
should be a piecewise bilinear function of four basis functions only. DPD system 300 may
thus be adapted accordingly to facilitate the adaptation implementation.

[0080] By selectively assigning each LUT coefficient point a basis function I ;, i,/ €
{0,1,2}, DPD system 300 may individually assign each “region” of the 2D LUT as an
interpolation or extrapolation region, i.¢. bilinear interpolation (interpolation in both the x;
and x, directions), mixed interpolation/extrapolation (extrapolation in only one of the x; or x,
direction), or bilinear extrapolation (extrapolation in both the x; and x, directions). While the

following description may detail implementing this selective I/E region assignment in DPD
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circuits 304a and 304b, DPD adaptation circuits 318a and 318b may alternatively be
configured to realize this functionality without departing from the scope of the present
disclosure.

[0081] FIG. 13 shows an exemplary I/E region assignment in accordance with the following
description. Each region (i.e. rectangular region bound at each of its four corners by a point on
grid formed with grid spacings &; and §,) of the 2D LUT may be expressed as a region R;;
delimited by (i8;,j6,), ((i + 1)64,j65), (i6,, G + 1)8,), and ((i + 1)6;, (j + 1)6,). DPD
circuits 304a and 304b may mark each R;; region of their respective 2D LUTS as either an
interpolation or extrapolation region as shown in FIG. 13, where each the four vertices of each
interpolation region are included in the subset of basis functions locations (shown as block
dots in FIG. 13). As DPD adaptation circuits 318a and 318b perform direct estimation of the
LUT coefficients based on actual observations of input points (xy, x,), DPD circuits 304a and
304b may identify regions with a high concentration of observed input points (i.e. input points
(%1, x,) that fall within the boundaries given above for a given region R;;) as high reliability
regions (higher confidence in the associated LUT coefficients), which are thus suitable for
interpolation. In contrast, DPD circuits 304a and 304b may identify regions with low
concentrations of observed input points as low reliability regions (lower confidence in the
associated LUT coefficients), which may thus be better suited for extrapolation using higher-
reliability LUT coefficients from other regions than interpolation using the lower-reliability
LUT coefficients directly associated with the region. Exterior regions to the LUT, i.e. for

x; = (N; —1)8; and x, > (N, — 1)§, may remain extrapolation regions due to the finite size
of the 2D LUT as bound by N, and N,; accordingly, the I/E assignment may be directed
towards assigning the interior regions as either interpolation or extrapolation.

[0082] DPD circuits 304a and 304b may dynamically perform this I/E region assignment

based on the number of observed input points out of the total number of observed input points
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that fall within each region. In other words, DPD circuits 304a and 304b may assign regions
with a high number (or percentage) of the total observations as interpolation regions while
assigning regions with a lower number (or percentage) of the total observations as
extrapolation regions, such as by comparing the number of observed input samples in each
region to a normalized threshold and assigning each region to interpolation or extrapolation
based on whether the number of observed input samples exceeds or falls below the threshold.
DPD circuits 304a and 304b may additionally correct for “bubble” regions, i.e. where an
extrapolation region is assigned between two interpolation regions in a given row or column.

Such may be mathematically expressed as follows:

1) Given M input sample points (xq, x,), let M; ; be the number of samples that fall
within each R;;
2) Compare M, ; to normalized threshold Thr to assign interpolation regions: R;; = I if
(M;; = Thr - M/(N{N,))
3) Remove potential “bubble” regions by adding more interpolation regions:
a. Letr(i) be the highest value of j for which R;; =1
b. Let ¢(j) be the highest value of i for which R;; =1

c. Foreach columni € {0..N; — 1}, setR;; = [ for j € {0...7 (i)}

d. Foreachrowj € {0..N, —1},set R;; = I fori € {0...c(j)}

[0083] Accordingly, DPD circuits 304a and 304b may create a continuous interpolation
region (absent of “bubble” regions) dependent on the number of input signal points observed
for each region of each 2D LUT. The mechanism detailed above may ensure that the

interpolation region is an orthogonal convex hull.
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[0084] As there is a basis function at the corner of each interpolation region, the locations of
the basis functions will be (i6;,j6,) where i € {0 ... it and j € {0 ... jinax (D} With i, =
c(0) + 1, jpax (D) =r({i —1) + 1 and assuming r(—1) = 0. Such can be seen the placement
of basis functions in FIG. 13 as represented by black dots. LUT coefficients ¢; ; with 0 < i <
imax and 0 < j < .4 (D) may thus be considered “active” LUT coefficients and/or as having
“active” basis functions as these LUT coefficients and corresponding basis functions will
contribute to f, (x1, ;) (as one or both of interpolation or extrapolation depending on the
specifically assigned basis function Ty 4(; jy). Conversely, LUT coefficients ¢; ; with i >
imax and/or j > j... (1) may be considered “inactive” LUT coefficients and/or as having
“inactive” basis functions as these LUT coefficients and corresponding basis functions will
not contribute to f, (xq, x3).

[0085] This flexible extrapolation scheme can be expressed as overall LUT function

f&(x1,x,) as defined for x; > 0 and x, > 0 as

imax ]max(l)

falx,x,) = Z Z ©i,iTp g, (1 — 881, x5, — jb,)
i—0 j=0
0 i<ipge—1
p(i)zil [ =limax—1

2 [ = imax
0 ] <jmax(i) -1

q(i,j)=41 j :jmax(i) -1
2 J = Jmax (D) (39)

[0086] The basis functions of Equation (39) are shown in the examples of FIG. 13. As

illustrated in FIG. 13, the 2D basis functions are assigned as follows:
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1. For any given column, the first index of T ,, is constant and depends on the column
position: for the last two non-empty columns, the x indices are 1 and 2 and 0 for the

other columns

2. For any given column, the second index of T, ,, is O for all rows except for the last two

rows of that column, for which the y indices are 1 and 2

[0087] The particular assignment of T ,, as detailed above for the outer basis functions of

the interpolation region are essential in order to generate the linear gain case, in which
f&(x1,x,) produces a horizontal flat surface for x; = 0 and x, = 0 (as shown for the bilinear

interpolation region in Equation (/8)). Setting ¢, ; = 1 gives as follows

fa(x,x) = fleft + fright (40)

imax—z ]max(l)

fleft = Z Z Fp(i),q(i,j)(xl — 184, x5 — j&3)

i=0  j=0

imax—z ]max(l)

= Z Z FO,q(i,j)(xl_i611x2 —Jj&2)
i=0  j=0
imax—z ]max(l)

= D ola =18 ) Agip(a — j8)
i=0 j=0
imax—z

= Z Ao (x1 —i6y) 1)

i=0

imax jmax (l)

fright = Z Z Lo(i)qe,j) (x1 — i85, x5 — j63)

i=imax-1 J=0

jmax(imax—l)

= Ay (%1 — (bnax-1)61) Z Aq(imax_l,j)(xz —j63)
j=0

jmax(imax)
+A5 (%1 — Imax61) Z Aglimand) (x; —j62)
7=0
= A1 (%1 — (imax—-1)61) + Az (X1 — lmax61)
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(42)
imax—z
fo(xy,x) = Z Ao(xg —i61) + A1 (%1 — (max—1)61) + Ap (X1 — imax61)
i=0
=1 (43)

[0088] The flexible extrapolation assignment shown above is not unique, and other basis
assignment schemes may be produced to similarly satisfy the linear gain condition to generate
a horizontal flat surface over fg(x1,x,). For example, the roles of i and j in Equation (39)
may be swapped to produce a “transposed” interpolation region. Equation (39) additionally
satisfies the criteria that any point in the domain of fg (x, x,) is a linear combination of four
basis functions only.

[0089] Accordingly, DPD system 300 may utilize the flexible extrapolation scheme detailed
above to ensure that interpolation is performed with high-reliability LUT coefficients for each
2D LUT, where coefficient reliability is determined by examining the relative distribution of
observed input points within the domain of the 2D LUT. DPD system 300 may assign one or
more “internal” regions of each 2D LUT as extrapolation regions if DPD system 300
determines that the associated LUT coefficients of the internal regions have low reliability,
i.c. have a low distribution of observed input points (x;, x,) which may lead to inaccurate
coefficient adaptation and estimation. DPD system 300 may assign these regions as
extrapolation regions by assigning extrapolation basis functions as expressed above in
Equation (39), thus causing f& (x;, x,) to produce an output obtained via extrapolation with
LUT coefficients from other regions for the assigned extrapolation regions. As the LUT
coefficients from other regions are identified as having sufficiently high reliability, the
resulting outputs of fg(xy, x,) generated via extrapolation may produce more accurate LUT
outputs and accordingly produce more effective predistortion for linearizing the output of PA

312.
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[0090] DPD system 300 may be configured to dynamically adapt the flexible extrapolation
assignment during runtime, and accordingly may re-assign a given region R;; as interpolation
or extrapolation regions based on the comparison of M;; to the normalized threshold Thr.
Accordingly, DPD system 300 may adapt the flexible extrapolation assignment based on the
actual observed distribution of x; and x, over time.

[0091] Such may be particularly advantageous when considering the effects of gain circuits
302 and AGC circuit 320. As previously detailed regarding FIGs. 12A and 12B, DPD system
300 may assign the flexible extrapolation regions based on the distribution of x; and x,, i.e.
the magnitudes of the first and second bands. Accordingly, an increase in gain by AGC circuit
320 of the applied gain at gain circuits 302a and 302b may appreciably shift the distribution
towards values of x; and x, with higher magnitude, i.e. away from the lower left corner
towards the outer regions of the 2D LUT (depending on AGC circuit 320 increases the gain
for one or more both of the first band and second), and vice versa for decreases in the gain by
AGC circuit 320. As a result of an increased gain, DPD system 300 may observe a higher
concentration of input points at outer regions of the 2D LUT, thus producing higher reliability
LUT coefficients for such regions and allowing for DPD system 300 to accurately apply
interpolation in such regions. The flexible extrapolation scheme may thus allow DPD system
300 to adjust the extrapolation regions according to input point distribution shifts caused by
AGC adjustments and analogous scenarios affecting the distribution of observed input points.
Alternatively, DPD system 300 may utilize static interpolation and extrapolation regions that
remain constant throughout runtime and may be initiated based on known probability
information for x; and x,, such as ¢.g. a PDF for x; and x,. In such a scenario, DPD system
300 may utilize static interpolation and extrapolation regions where the interpolation and
extrapolation regions are assigned based on whether the multivariate PDF for x; and x,

exceeds a threshold in each region, i.e. where regions where an average of the multivariate

-37-



WO 2017/167354 PCT/EP2016/056810

PDF exceeding the threshold are assigned as interpolation regions and regions where the
average of the multivariate PDF does not exceed the threshold are assigned as extrapolation
regions.

[0092] In terms of LUT initialization, DPD circuits 304a and 304b may be configured to
utilize initial LUT coefficients prior to the start of runtime operations. For simplicity, DPD
circuits 304a and 304b may be initialized by setting the LUT coefficients of the “main tap”
(i.e. the DPD term in which the LUT multiplies the input associated with the DPD delay) for a
constant gain, i.¢. by assigning all LUT coefficients of the respective 2D LUT to an arbitrary
constant value, e.g. 1, and the LUT coefficients of all the other LUTs to zero. Alternatively,
DPD circuits 304a and 304b may be initialized to other predefined LUT coefficients, such as
LUT coefficients based on a polynomial or other DPD model. DPD adaptation circuits 318a
and 318b may then subsequently adapt the LUT coefficients upon start of runtime as detailed
above. Alternatively, DPD adaptation circuits 318a and 318b may execute a calibration or
learning stage in order to initialize the LUT coefficients of DPD circuits 304a and 304b.
[0093] The 2D LUT extrapolation scheme in addition to the flexible extrapolation scheme
detailed herein may be applied to various other technologies other than DPD, in particular for
computer and digital graphic applications. Furthermore, while detailed above regarding dual-
band DPD the 2D LUT schemes may additionally be applicable to single-band or wideband
DPD applications that utilize respective real and imaginary signal parts as two-dimensional
inputs to a 2D LUT. While particularly applicable for radio transmitters such as base stations,
RRHSs, and point-to-point backhaul links, the 2D LUT DPD system may be readily applied for
predistortion in any system to linearize the response of an electrical component.

[0094] Additionally, the 2D LUTSs depicted in FIGs. § and 13 utilize two positive real inputs
(x1 and x, as the respective magnitude of complex baseband samples from the first band and
second band), and accordingly result in the 2D LUT being defined in the first quadrant (x; >

0 and x, = 0) using the basis functions I, ,, shown in FIGs. 8 and 9. The 2D LUTs detailed
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herein may be readily adapted to one or more of the additional three quadrants (x; = 0 and
x, <0,x; <0and x, >0, x; < 0and x, < 0), such as a four-quadrant solution defined for
all x; and all x, with 25 total basis functions as opposed to the 9 total basis functions depicted
in FIGs. 8 and 9. Such solutions may additionally utilize 2D LUT interpolation and
extrapolation in addition to flexible extrapolation assignment in an analogous manner as
detailed herein for the first quadrant.

[0095] The individual components of DPD system 300 (DPD circuits 304a and 304b,
interpolation and upconversion circuits 306a and 306b, combining circuit 308, feedback chain
314, feedback process circuit 316, and DPD adaptation circuits 318a and 318b) may be
realized as hardware circuits or software circuits. The detailed functionality may thus be
structurally embodied as dedicated hardware, such as one or more discrete ASICs or FPGAs
configured to implement the functionality of one or more of the individual components of
DPD system 300. The detailed functionality may alternatively be structurally embodied as
dedicated software, such as one or more processors configured to retrieve program code
(defined as arithmetic, logical, control, and input/output (I/O) operations) that when executed
by the one or more processors directs the processor to implement the functionality of one or
more individual components of DPD system 300. Alternatively, a mixture of such dedicated
hardware and software components may be utilized to realize the individual components of
DPD system 300.

[0096] Although FIG. 3 depicts various counterpart components (e.g. for the first band and
second band) separately, such is merely intended to illustrate the functional distinct between
cach bock (e.g. primary association with the first band or second band). Accordingly, such
components may be structurally embodied as separate components as depicted or as a single
integrated component, such as a single dual-band processing component that is able to

perform the related processing for each band in parallel.
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[0097] FIG. 14 shows method 1400 of operating an amplifier. As shown in FIG. 14, method
1400 may include mapping a first dimension input and a second dimension input to a first
subset of a plurality of lookup table coefficients of a two-dimensional (2D) lookup table
(1410), wherein the first dimension input and the second dimension input each represent a
signal level of one or more input signals, extrapolating from the first subset of the plurality of
lookup table coefficients to generate a lookup table output (1420), and applying the lookup
table output to the one or more input signals to generate a predistorted input signal for an
amplifier (1430).

[0098] FIG. 15 shows method 1500 of operating an amplifier. As shown in FIG. 15, method
1500 may include mapping a first dimension input and a second dimension input to one or
more first two-dimensional (2D) lookup tables (1510), wherein the first dimension input
represents a signal level of a first input signal and the second dimension input represents a
signal level of a second input signal, mapping the first dimension input and the second
dimension input to one or more second 2D lookup tables (1520), extrapolating from lookup
table coefficients of a first 2D lookup table of the one or more first 2D lookup tables to obtain
a first intermediate signal (1530), interpolating or extrapolating with lookup table coefficients
of the one or more second 2D lookup tables to obtain a second intermediate signal (1540), and
combining the first intermediate signal and the second intermediate signal to obtain a
predistorted input signal for an amplifier (1550).

[0099] In one or more further exemplary aspects of the disclosure, one or more of the
features described above in reference to FIGS. 1-13 may be further incorporated into method
1400 and/or method 1500. In particular, method 1400 and/or method 1500 may be configured
to perform further and/or alternate processes as detailed regarding DPD system 300, TX chain
310, or PA 312.

[0100] The terms “user equipment”, “UE”, “mobile terminal”, “user terminal”, etc., may

apply to any wireless communication device, including cellular phones, tablets, laptops,
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personal computers, wearables, multimedia playback devices, consumer/home appliances,
vehicles, etc., and any number of additional electronic devices capable of wireless
communications.

[0101] While the above descriptions and connected figures may depict electronic device
components as separate elements, skilled persons will appreciate the various possibilities to
combine or integrate discrete elements into a single element. Such may include combining
two or more circuits for form a single circuit, mounting two or more circuits onto a common
chip or chassis to form an integrated element, executing discrete software components on a
common processor core, etc. Conversely, skilled persons will recognize the possibility to
separate a single element into two or more discrete elements, such as splitting a single circuit
into two or more separate circuits, separating a chip or chassis into discrete elements
originally provided thereon, separating a software component into two or more sections and
executing each on a separate processor core, etc. Given the well-established parallels between
hardware logic and software logic, skilled persons will recognize the ability to realize the
logic-implementing components detailed herein as either hardware logic as software logic.
Furthermore, skilled persons will recognize the possibility to translate hardware logic into
functionally equivalent logic embodied as program code for execution on a processor and
conversely translate software logic into functionally equivalent digital hardware logic
embodied as a digital logic circuit.

[0102] It is appreciated that implementations of methods detailed herein are demonstrative
in nature, and are thus understood as capable of being implemented in a corresponding device.
Likewise, it is appreciated that implementations of devices detailed herein are understood as
capable of being implemented as a corresponding method. It is thus understood that a device
corresponding to a method detailed herein may include a one or more components configured
to perform each aspect of the related method.

[0103] The following examples pertain to further aspects of the disclosure:
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[0104] Example 1 is a method of preprocessing amplifier input signals, the method
including mapping a first dimension input and a second dimension input to a first subset of a
plurality of lookup table coefficients of a two-dimensional (2D) lookup table, wherein the first
dimension input and the second dimension input each represent a signal level of one or more
input signals, extrapolating from the first subset of the plurality of lookup table coefficients to
generate a lookup table output, and applying the lookup table output to the one or more input
signals to generate a predistorted input signal for an amplifier.

[0105] In Example 2, the subject matter of Example 1 can optionally include wherein the
first dimension input represents a real part of a first complex sample of a first input signal of
the one or more input signals and the second dimension input represents an imaginary part of
the first complex sample of the first input signal.

[0106] In Example 3, the subject matter of Example 1 can optionally include wherein the
first dimension input represents a signal level of a first input signal of the one or more input
signals and the second dimension input represents a signal level of a second input signal of
the one or more input signals.

[0107] In Example 4, the subject matter of any one of Examples 1 to 3 can optionally
include wherein applying the lookup table output to the one or more input signals to generate
the predistorted input signal for the amplifier includes identifying one or more input samples
of the one or more input signals, evaluating a function of the one or more input samples to
obtain a function output, and generating the predistorted input signal as the product of the
function output and the lookup table output.

[0108] In Example 5, the subject matter of any one of Examples 1 to 3 can optionally
further include generating one or more additional lookup table outputs from one or more
additional 2D lookup tables.

[0109] In Example 6, the subject matter of Example 5 can optionally include wherein

applying the lookup table output to the one or more input signals to generate the predistorted
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input signal for the amplifier includes identifying one or more input samples of the one or
more input signals, evaluating one or more functions of the one or more input samples to
obtain one or more function outputs, and determining one or more intermediate products by
multiplying each of the one or more function outputs by a respective lookup table output of
the one or more additional lookup table outputs, and generating the predistorted input signal
for the amplifier as a sum of the one or more intermediate products.

[0110] In Example 7, the subject matter of Example 6 can optionally include wherein the
first dimension input and the second dimension input correspond to a current input sample of
the one or more input signals, and wherein at least one of the one or more input samples is a
past input sample of the one or more input signals.

[0111] In Example 8, the subject matter of Example 6 can optionally include wherein the
first dimension input and the second dimension input correspond to a current input sample of
the one or more input signals, and wherein each of the one or more input samples occur at the
same point in time as the current input sample.

[0112] In Example 9, the subject matter of any one of Examples 6 to 8 can optionally
include wherein each of the one or more input samples are samples of a first input signal of
the one or more input signals.

[0113] In Example 10, the subject matter of any one of Examples 6 to 8 can optionally
include wherein the one or more input samples include input samples of a first input signal
and a second input signal of the one or more input signals.

[0114] In Example 11, the subject matter of Example 10 can optionally include wherein the
amplifier is a dual-band amplifier, and wherein the first input signal corresponds to a first
band of the dual-band amplifier and the second input signal corresponds to a second band of
the dual-band amplifier.

[0115] In Example 12, the subject matter of Example 1 can optionally further include

calculating a magnitude of a sample of a first input signal of the one or more input signals to
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obtain the first dimension input, and calculating a magnitude of a sample of a second input
signal of the one or more input signals to obtain the second dimension input.

[0116] In Example 13, the subject matter of Example 1 can optionally further include
calculating a squared magnitude of a first input signal of the one or more input signals to
obtain the first dimension input, and calculating a squared magnitude of a second input signal
of the one or more input signals to obtain the second dimension input.

[0117] In Example 14, the subject matter of any one of Examples 1 to 13 can optionally
further include amplifying the predistorted input signal with the amplifier.

[0118] In Example 15, the subject matter of any one of Examples 1 to 14 can optionally
further include modulating the predistorted input signal with a radio frequency signal to
obtain a modulated predistorted input signal, and amplifying the modulated predistorted input
signal with the amplifier.

[0119] In Example 16, the subject matter of any one of Examples 1 to 15 can optionally
further include mapping an additional first dimension input and an additional second
dimension input to a second subset of the plurality of lookup table coefficients of the 2D
lookup table, interpolating from the second subset of the plurality of lookup table coefficients
to generate an additional lookup table output, and applying the additional lookup table output
to the one or more input signals to generate an additional predistorted input signal for the
amplifier.

[0120] In Example 17, the subject matter of any one of Examples 1 to 15 can optionally
further include mapping the first dimension input and the second dimension input to one or
more additional 2D lookup tables, interpolating or extrapolating with the one or more
additional 2D lookup tables to generate one or more additional lookup table outputs, wherein
applying the lookup table output to the one or more input signals to generate the predistorted
input signal for the amplifier includes combining the lookup table output and the one or more

additional lookup table outputs to generate the predistorted input signal.
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[0121] In Example 18, the subject matter of Example 17 can optionally include wherein
combining the lookup table output and the one or more additional lookup table outputs to
generate the predistorted input signal includes identifying one or more samples of the one or
more input signals, evaluating one or more functions of the one or more samples to obtain one
or more function outputs, determining one or more intermediate products by multiplying each
of the one or more function outputs by one of the lookup table output or a respective lookup
table output of the one or more lookup table outputs, and generating the predistorted input
signal by summing the one or more intermediate products.

[0122] In Example 19, the subject matter of any one of Examples 1 to 18 can optionally
further include monitoring an output signal of the amplifier, and adapting the plurality of
lookup table coefficients based on the output signal of the amplifier.

[0123] In Example 20, the subject matter of any one of Examples 1 to 19 can optionally
further include assigning each of a plurality of predefined regions of the 2D lookup table as an
interpolation region or an extrapolation region, and reassigning at least one of the plurality of
predefined regions of the 2D lookup table.

[0124] In Example 21, the subject matter of Example 20 can optionally include wherein a
point formed by the first dimension input and the second dimension input falls within an
extrapolation region.

[0125] In Example 22, the subject matter of Example 20 or 21 can optionally include
wherein reassigning the at least one of the plurality of predefined regions of the 2D lookup
table includes monitoring a plurality of pairs of first dimension inputs and second dimension
inputs received for the 2D lookup table, and reassigning a first region of the plurality of
predefined regions as an interpolation region if more than a predefined quantity of the
plurality of pairs fall within the first region and reassigning the first region as an extrapolation

region if less than the predefined quantity of the plurality of pairs fall within the first region.
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[0126] Example 23 is a digital predistortion circuit configured to perform the method of any
one of Examples 1 to 22.

[0127] Example 24 is a non-transitory computer readable medium storing instructions that
when executed by a processor direct the processor to perform the method of any one of
Examples 1 to 22.

[0128] Example 25 is a method of preprocessing amplifier input signals, the method
including mapping a first dimension input and a second dimension input to one or more first
two-dimensional (2D) lookup tables, wherein the first dimension input represents a signal
level of a first input signal and the second dimension input represents a signal level of a
second input signal, mapping the first dimension input and the second dimension input to one
or more second 2D lookup tables, extrapolating from lookup table coefficients of a first 2D
lookup table of the one or more first 2D lookup tables to obtain a first intermediate signal,
interpolating or extrapolating with lookup table coefficients of the one or more second 2D
lookup tables to obtain a second intermediate signal, and combining the first intermediate
signal and the second intermediate signal to obtain a predistorted input signal for an amplifier.
[0129] In Example 26, the subject matter of Example 25 can optionally include wherein
interpolating or extrapolating with lookup table coefficients of the one or more second 2D
lookup tables to obtain a second intermediate signal includes interpolating with a first set of
lookup table coefficients of a first 2D lookup table of the one or more second 2D lookup
tables to obtain a first lookup table output, extrapolating with a second set of lookup table
coefficients of a second 2D lookup table of the one or more second 2D lookup tables to obtain
a second lookup table output, and combining the first lookup table output and the second
lookup table output to obtain the second intermediate signal.

[0130] In Example 27, the subject matter of Example 25 or 26 can optionally include
wherein extrapolating from the lookup table coefficients of the first 2D lookup table of the

one or more first 2D lookup tables to obtain the first intermediate signal includes selecting a
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first set of lookup table coefficients from the at least one of the one or more first 2D lookup
tables according to the first dimension input and the second dimension input, and
extrapolating from the first set of lookup table coefficients.

[0131] In Example 28, the subject matter of any one of Examples 25 to 27 can optionally
further include mapping an additional first dimension input and an additional second
dimension input to the at least one of the one or more first 2D lookup tables, and interpolating
between lookup table coefficients of the at least one of the one or more first 2D lookup tables
to obtain an additional first intermediate signal.

[0132] In Example 29, the subject matter of any one of Examples 25 to 28 can optionally
include wherein extrapolating from the lookup table coefficients of the at least one of the one
or more first 2D lookup tables to obtain the first intermediate signal includes extrapolating
from the lookup table coefficients of the first 2D lookup table of the one or more first 2D
lookup tables to obtain a first lookup table output, interpolating between lookup table
coefficients of a second 2D lookup table of the one or more first 2D lookup tables to obtain a
second lookup table output, and combining the first lookup table output and the second
lookup table output to obtain the first intermediate signal.

[0133] In Example 30, the subject matter of any one of Examples 25 to 29 can optionally
include wherein interpolating or extrapolating with the lookup table coefficients of the one or
more second 2D lookup tables to obtain the second intermediate signal includes selecting a
first set of lookup table coefficients from a first 2D lookup table of the one or more second 2D
lookup tables according to the first dimension input and the second dimension input, and
interpolating between the first set of lookup table coefficients.

[0134] In Example 31, the subject matter of any one of Examples 25 to 29 can optionally
include wherein interpolating or extrapolating with the lookup table coefficients of the one or
more second 2D lookup tables to obtain the second intermediate signal includes selecting a

second set of lookup table coefficients from a first 2D lookup table of the one or more second
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2D lookup tables according to the first dimension input and the second dimension input, and
extrapolating from the second set of lookup table coefficients.

[0135] In Example 32, the subject matter of any one of Examples 25 to 31 can optionally
include wherein the first dimension input is a magnitude of a complex sample of the first
input signal and the second dimension input is a magnitude of a complex sample of the
second input signal.

[0136] In Example 33, the subject matter of any one of Examples 25 to 32 can optionally
further include calculating a magnitude of a complex sample of the first input signal to obtain
the first dimension input and calculating a magnitude of a complex sample of the second input
signal to obtain the second dimension input.

[0137] In Example 34, the subject matter of any one of Examples 25 to 31 can optionally
further include calculating a squared magnitude of a complex sample of the first input signal
to obtain the first dimension input and calculating a squared magnitude of a complex sample
of the second input signal to obtain the second dimension input.

[0138] In Example 35, the subject matter of Example 25 can optionally include wherein
extrapolating from the lookup table coefficients of the first 2D lookup table of the one or
more first 2D lookup tables to obtain the first intermediate signal includes extrapolating from
lookup table coefficients of the first 2D lookup table of the one or more first 2D lookup
tables, and interpolating or extrapolating with lookup table coefficients of one or more
additional 2D lookup tables of the one or more first 2D lookup tables.

[0139] In Example 36, the subject matter of Example 25 can optionally include wherein
extrapolating from the lookup table coefficients of the first 2D lookup table of the one or
more first 2D lookup tables to obtain the first intermediate signal includes generating a lookup
table output from each of the one or more first 2D lookup tables to obtain one or more lookup
table outputs, identifying one or more samples of the first input signal and the second input

signal, evaluating one or more functions of the one or more samples to obtain one or more
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function outputs, determining one or more intermediate products by multiplying each of the
one or more function outputs by a respective lookup table output of the one or more lookup
table outputs, generating the first intermediate signal as a sum of the one or more intermediate
products.

[0140] In Example 37, the subject matter of Example 25 can optionally include wherein
interpolating or extrapolating with the lookup table coefficients of the one or more second 2D
lookup tables to obtain the second intermediate signal includes generating a lookup table
output from each of the one or more second 2D lookup tables to obtain one or more lookup
table outputs, identifying one or more samples of the first input signal and the second input
signal, evaluating one or more functions of the one or more samples to obtain one or more
function outputs, determining one or more intermediate products by multiplying each of the
one or more function outputs by a respective lookup table output of the one or more lookup
table outputs, generating the second intermediate signal as a sum of the one or more
intermediate products.

[0141] In Example 38, the subject matter of any one of Examples 25 to 37 can optionally
include wherein combining the first intermediate signal and the second intermediate signal to
obtain a predistorted input signal for the amplifier includes upsampling and upconverting the
first intermediate signal and the second intermediate signal, and summing the first
intermediate signal and the second intermediate signal to obtain the predistorted input signal.
[0142] In Example 39, the subject matter of Example 38 can optionally further include
amplifying the predistorted input signal with the amplifier.

[0143] In Example 40, the subject matter of any one of Examples 25 to 38 can optionally
further include modulating the predistorted input signal with a radio carrier signal to obtain a
modulated predistorted input signal, and amplifying the modulated predistorted input signal

with the amplifier.
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[0144] In Example 41, the subject matter of any one of Examples 25 to 40 can optionally
include wherein the amplifier is a dual-band radio amplifier and the first input signal
corresponds to a first band of the amplifier and the second input signal corresponds to a
second band of the amplifier.

[0145] In Example 42, the subject matter of any one of Examples 25 to 41 can optionally
further include monitoring an output signal of the amplifier, and adapting one or more lookup
table coefficients of the one or more first 2D lookup tables or the one or more second 2D
lookup tables based on the output signal of the amplifier.

[0146] In Example 43, the subject matter of any one of Examples 25 to 42 can optionally
further include assigning each of a plurality of regions of a first 2D lookup table of the one or
more first 2D lookup tables as an interpolation region or an extrapolation region, and
reassigning at least one of the plurality of predefined regions of the first 2D lookup table.
[0147] In Example 44, the subject matter of Example 43 can optionally include wherein
reassigning at least one of the plurality of predefined regions of the first 2D lookup table
includes monitoring a plurality of pairs of first dimension inputs and second dimension inputs
for the first 2D lookup table, and reassigning a first region of the plurality of predefined
regions of the first 2D lookup table as an interpolation region if more than a predefined
quantity of the plurality of pairs fall within the first region and reassigning the first region as
an extrapolation region if less than the predefined quantity of the plurality of pairs fall within
the first region.

[0148] Example 45 is a digital predistortion circuit configured to perform the method of any
one of Examples 25 to 44.

[0149] Example 46 is a non-transitory computer readable medium storing instructions that
when executed by a processor direct the processor to perform the method of any one of

Examples 25 to 44.
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[0150] Example 47 is a signal processing circuit arrangement including a preamplifier
circuit configured to map a first dimension input and a second dimension input to a first
subset of a plurality of lookup table coefficients of a two-dimensional (2D) lookup table,
wherein the first dimension input and the second dimension input each represent a signal level
of one or more input signals, extrapolate from the first subset of the plurality of lookup table
coefficients to generate a lookup table output, and apply the lookup table output to the one or
more input signals to generate a predistorted input signal for an amplifier.

[0151] In Example 48, the subject matter of Example 47 can optionally further include the
amplifier.

[0152] In Example 49, the subject matter of Example 48 can optionally further include a
mixing circuit configured to modulate the predistorted input signal with a radio frequency
signal to obtain a modulated predistorted input signal, wherein the amplifier configured is
configured to amplify the predistorted input signal.

[0153] In Example 50, the subject matter of any one of Examples 47 to 49 can optionally
include wherein the first dimension input represents a real part of a first complex sample of a
first input signal of the one or more input signals and the second dimension input represents
an imaginary part of the first complex sample of the first input signal.

[0154] In Example 51, the subject matter of any one of Examples 47 to 49 can optionally
include wherein the first dimension input represents a signal level of a first input signal of the
one or more input signals and the second dimension input represents a signal level of a second
input signal of the one or more input signals.

[0155] In Example 52, the subject matter of any one of Examples 47 to 51 can optionally
include wherein the preamplifier circuit is configured to apply the lookup table output to the
one or more input signals to generate the predistorted input signal for the amplifier by

identifying one or more input samples of the one or more input signals, evaluating a function
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of the one or more input samples to obtain a function output, and generating the predistorted
input signal as the product of the function output and the lookup table output.

[0156] In Example 53, the subject matter of any one of Examples 47 to 51 can optionally
include wherein the preamplifier circuit is further configured to generate one or more
additional lookup table outputs from one or more additional 2D lookup tables.

[0157] In Example 54, the subject matter of Example 53 can optionally include wherein the
preamplifier circuit is configured to apply the lookup table output to the one or more input
signals to generate the predistorted input signal for the amplifier by identifying one or more
input samples of the one or more input signals, evaluating one or more functions of the one or
more input samples to obtain one or more function outputs, and determining one or more
intermediate products by multiplying each of the one or more function outputs by a respective
lookup table output of the one or more additional lookup table outputs, and generating the
predistorted input signal for the amplifier as a sum of the one or more intermediate products.
[0158] In Example 55, the subject matter of Example 54 can optionally include wherein the
first dimension input and the second dimension input correspond to a current input sample of
the one or more input signals, and wherein at least one of the one or more input samples is a
past input sample of the one or more input signals.

[0159] In Example 56, the subject matter of Example 54 can optionally include wherein the
first dimension input and the second dimension input correspond to a current input sample of
the one or more input signals, and wherein each of the one or more input samples occur at the
same point in time as the current input sample.

[0160] In Example 57, the subject matter of any one of Examples 54 to 56 can optionally
include wherein each of the one or more input samples are samples of a first input signal of

the one or more input signals.
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[0161] In Example 58, the subject matter of any one of Examples 54 to 56 can optionally
include wherein the one or more input samples include input samples of a first input signal of
the one or more input signals and a second input signal of the one or more input signals.
[0162] In Example 59, the subject matter of Example 58 can optionally include wherein the
amplifier is a dual-band amplifier, and wherein the first input signal corresponds to a first
band of the dual-band amplifier and the second input signal corresponds to a second band of
the dual-band amplifier.

[0163] In Example 60, the subject matter of any one of Examples 47 to 49 can optionally
include wherein the preamplifier circuit is further configured to calculate a magnitude of a
sample of a first input signal of the one or more input signals to obtain the first dimension
input, and calculate a magnitude of a sample of a second input signal of the one or more input
signals to obtain the second dimension input.

[0164] In Example 61, the subject matter of any one of Examples 47 to 49 can optionally
include wherein the preamplifier circuit is further configured to calculate a squared magnitude
of a sample of a first input signal of the one or more input signals to obtain the first dimension
input, and calculate a squared magnitude of a sample of a second input signal of the one or
more input signals to obtain the second dimension input.

[0165] In Example 62, the subject matter of any one of Examples 47 to 61 can optionally
include wherein the preamplifier circuit is further configured to map an additional first
dimension input and an additional second dimension input to a second subset of the plurality
of lookup table coefficients of the 2D lookup table, interpolate from the second subset of the
plurality of lookup table coefficients to generate an additional lookup table output, and apply
the additional lookup table output to the one or more input signals to generate an additional
predistorted input signal for the amplifier.

[0166] In Example 63, the subject matter of any one of Examples 47 to 62 can optionally

include wherein the preamplifier circuit is further configured to map the first dimension input
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and the second dimension input to one or more additional 2D lookup tables, interpolate or
extrapolate with the one or more additional 2D lookup tables to generate one or more
additional lookup table outputs, wherein the preamplifier circuit is configured to apply the
lookup table output to the one or more input signals to generate the predistorted input signal
for the amplifier by combining the lookup table output and the one or more additional lookup
table outputs to generate the predistorted input signal.

[0167] In Example 64, the subject matter of Example 63 can optionally include wherein the
preamplifier circuit is configured to combine the lookup table output and the one or more
additional lookup table outputs to generate the predistorted input signal by identifying one or
more samples of the one or more input signals, evaluating one or more functions of the one or
more samples to obtain one or more function outputs, determining one or more intermediate
products by multiplying each of the one or more function outputs by one of the lookup table
output or a respective lookup table output of the one or more lookup table outputs, and
generating the predistorted input signal by summing the one or more intermediate products.
[0168] In Example 65, the subject matter of any one of Examples 47 to 64 can optionally
further include a feedback circuit configured to monitor an output signal of the amplifier, and
an adaptation circuit configured to adapt the plurality of lookup table coefficients based on the
output signal of the amplifier.

[0169] In Example 66, the subject matter of Example 65 can optionally include wherein the
preamplifier circuit is further configured to assign each of a plurality of predefined regions of
the 2D lookup table as an interpolation region or an extrapolation region, and reassign at least
one of the plurality of predefined regions of the 2D lookup table.

[0170] In Example 67, the subject matter of Example 66 can optionally include wherein a
point formed by the first dimension input and the second dimension input falls within an

extrapolation region.
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[0171] In Example 68, the subject matter of Example 66 or 67 can optionally include
wherein the preamplifier circuit is configured to reassign the at least one of the plurality of
predefined regions of the 2D lookup table by monitoring a plurality of pairs of first dimension
inputs and second dimension inputs received for the 2D lookup table, and reassigning a first
region of the plurality of predefined regions as an interpolation region if more than a
predefined quantity of the plurality of pairs fall within the first region and reassigning the first
region as an extrapolation region if less than the predefined quantity of the plurality of pairs
fall within the first region.

[0172] Example 69 is a radio communication device including the signal processing circuit
arrangement of any one of Examples 47 to 68.

[0173] Example 70 is a signal processing circuit arrangement including a first DPD circuit
configured to to map a first dimension input and a second dimension input to one or more first
two-dimensional (2D) lookup tables, wherein the first dimension input represents a signal
level of a first input signal and the second dimension input represents a signal level of a
second input signal, and to extrapolate from lookup table coefficients of a first 2D lookup
table of the one or more first 2D lookup tables to obtain a first intermediate signal, a second
DPD circuit configured to map the first dimension input and the second dimension input to
one or more second 2D lookup tables, and to interpolate or extrapolate with lookup table
coefficients of the one or more second 2D lookup tables to obtain a second intermediate
signal, and a combination circuit configured to combine the first intermediate signal and the
second intermediate signal to obtain a predistorted input signal for an amplifier.

[0174] In Example 71, the subject matter of Example 70 can optionally further include the
amplifier.

[0175] In Example 72, the subject matter of Example 71 can optionally further include a

mixing circuit configured to modulate the predistorted input signal with a radio frequency
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signal to obtain a modulated predistorted input signal, wherein the amplifier is configured to
amplify the modulated predistorted input signal.

[0176] In Example 73, the subject matter of any one of Examples 70 to 72 can optionally
include wherein the combination circuit is configured to combine the first intermediate signal
and the second intermediate signal to obtain the predistorted input signal by upsampling and
upconverting the first intermediate signal and the second intermediate signal, and summing
the first intermediate signal and the second intermediate signal to obtain the predistorted input
signal.

[0177] In Example 74, the subject matter of any one of Examples 70 to 73 can optionally
include wherein the second DPD circuit is configured to interpolate or extrapolate with the
lookup table coefficients of the one or more second 2D lookup tables to obtain the second
intermediate signal by interpolating with a first set of lookup table coefficients of a first 2D
lookup table of the one or more second 2D lookup tables to obtain a first lookup table output,
extrapolating with a second set of lookup table coefficients of a second 2D lookup table of the
one or more second 2D lookup tables to obtain a second lookup table output, and combining
the first lookup table output and the second lookup table output to obtain the second
intermediate signal.

[0178] In Example 75, the subject matter of any one of Examples 70 to 74 can optionally
include wherein the first DPD circuit is configured to extrapolate from the lookup table
coefficients of the first 2D lookup table of the one or more first 2D lookup tables to obtain the
first intermediate signal by selecting a first set of lookup table coefficients from the first 2D
lookup table of the one or more first 2D lookup tables according to the first dimension input
and the second dimension input, and extrapolating from the first set of lookup table
coefficients.

[0179] In Example 76, the subject matter of any one of Examples 70 to 75, wherein the first

DPD circuit is further configured to map an additional first dimension input and an additional
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second dimension input to the first 2D lookup table of the one or more first 2D lookup tables,
and interpolate between lookup table coefficients of the first 2D lookup table of the one or
more first 2D lookup tables to obtain an additional first intermediate signal.

[0180] In Example 77, the subject matter of any one of Examples 70 to 76 can optionally
include wherein the first DPD circuit is configured to extrapolate from the lookup table
coefficients of the first 2D lookup table of the one or more first 2D lookup tables to obtain the
first intermediate signal by extrapolating from the lookup table coefficients of the first 2D
lookup table of the one or more first 2D lookup table to obtain a first lookup table output,
interpolating between lookup table coefficients of a second 2D lookup output of the one or
more first 2D lookup tables to obtain a second lookup table output, and combining the first
lookup table output and the second lookup table output to obtain the first intermediate signal.
[0181] In Example 78, the subject matter of any one of Examples 70 to 77 can optionally
include wherein the second DPD circuit is configured to interpolate or extrapolate with the
lookup table coefficients of the one or more second 2D lookup tables to obtain the second
intermediate signal by selecting a first set of lookup table coefficients from a first 2D lookup
table of the one or more second 2D lookup tables according to the first dimension input and
the second dimension input, and interpolating between the first set of lookup table
coefficients.

[0182] In Example 79, the subject matter of any one of Examples 70 to 77 can optionally
include wherein the second DPD circuit is configured to interpolate or extrapolate with the
lookup table coefficients of the one or more second 2D lookup tables to obtain the second
intermediate signal by selecting a second set of lookup table coefficients from a first 2D
lookup table of the one or more second 2D lookup tables according to the first dimension
input and the second dimension input, and extrapolating from the second set of lookup table

coefficients.
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[0183] In Example 80, the subject matter of any one of Examples 70 to 79 can optionally
include wherein the first dimension input is a magnitude of a complex sample of the first
input signal and the second dimension input is a magnitude of a complex sample of the
second input signal.

[0184] In Example 81, the subject matter of any one of Examples 70 to 79 can optionally
include wherein the first dimension input is a squared magnitude of a complex sample of the
first input signal and the second dimension input is a squared magnitude of a complex sample
of the second input signal.

[0185] In Example 82, the subject matter of Example 70 or 71 can optionally include
wherein the first DPD circuit is configured to extrapolate from the lookup table coefficients of
the first 2D lookup table of the one or more first 2D lookup tables to obtain the first
intermediate signal by extrapolating from lookup table coefficients of the first 2D lookup
table of the one or more first 2D lookup tables, and interpolating or extrapolating with lookup
table coefficients of one or more additional 2D lookup tables of the one or more first 2D
lookup tables.

[0186] In Example 83, the subject matter of Example 70 or 71 can optionally include
wherein the first DPD circuit is configured to extrapolate from the lookup table coefficients of
the first 2D lookup table of the one or more first 2D lookup tables to obtain the first
intermediate signal by generating a lookup table output from each of the one or more first 2D
lookup tables to obtain one or more lookup table outputs, identifying one or more samples of
the first input signal and the second input signal, evaluating one or more functions of the one
or more samples to obtain one or more function outputs, determining one or more
intermediate products by multiplying each of the one or more function outputs by a respective
lookup table output of the one or more lookup table outputs, generating the first intermediate

signal as a sum of the one or more intermediate products.
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[0187] In Example 84, the subject matter of Example 70 or 71 can optionally include
wherein the second DPD circuit is configured to interpolate or extrapolate with the lookup
table coefficients of the one or more second 2D lookup tables to obtain the second
intermediate signal by generating a lookup table output from each of the one or more second
2D lookup tables to obtain one or more lookup table outputs, identifying one or more samples
of the first input signal and the second input signal, evaluating one or more functions of the
one or more samples to obtain one or more function outputs, determining one or more
intermediate products by multiplying each of the one or more function outputs by a respective
lookup table output of the one or more lookup table outputs, generating the second
intermediate signal as a sum of the one or more intermediate products.

[0188] In Example 85, the subject matter of any one of Examples 70 to 84 can optionally
include wherein the amplifier is a dual-band radio amplifier and the first input signal
corresponds to a first band of the amplifier and the second input signal corresponds to a
second band of the amplifier.

[0189] In Example 86, the subject matter of any one of Examples 70 to 85 can optionally
further include a feedback circuit configured to monitor an output signal of the amplifier, and
an adaptation circuit configured to adapt one or more lookup table coefficients of the one or
more first 2D lookup tables or the one or more second 2D lookup tables based on the output
signal of the amplifier.

[0190] In Example 87, the subject matter of any one of Examples 70 to 86 can optionally
include wherein the first DPD circuit is further configured to assign each of a plurality of
regions of a first 2D lookup table of the one or more first 2D lookup tables as an interpolation
region or an extrapolation region, and reassigning at least one of the plurality of predefined
regions of the first 2D lookup table.

[0191] In Example 88, the subject matter of Example 87 can optionally include wherein the

first DPD circuit is configured to reassign the at least one of the plurality of predefined
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regions of the first 2D lookup table by monitoring a plurality of pairs of first dimension inputs
and second dimension inputs for the first 2D lookup table, and reassigning a first region of the
plurality of predefined regions of the first 2D lookup table as an interpolation region if more
than a predefined quantity of the plurality of pairs fall within the first region and reassigning
the first region as an extrapolation region if less than the predefined quantity of the plurality
of pairs fall within the first region.

[0192] Example 89 is a radio communication device including the signal processing circuit
arrangement of any one of Examples 70 to §8.

[0193] All acronyms defined in the above description additionally hold in all claims
included herein.

[0194] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes
in form and detail may be made therein without departing from the spirit and scope of the
invention as defined by the appended claims. The scope of the invention is thus indicated by
the appended claims and all changes which come within the meaning and range of

equivalency of the claims are therefore intended to be embraced.
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Claims

What 1s claimed is:

1. A signal processing circuit arrangement comprising:

a preamplifier circuit configured to:

map a first dimension input and a second dimension input to a first subset of a
plurality of lookup table coefficients of a two-dimensional (2D) lookup table, wherein the first
dimension input and the second dimension input each represent a signal level of one or more
input signals;

extrapolate from the first subset of the plurality of lookup table coefficients to generate
a lookup table output; and

apply the lookup table output to the one or more input signals to generate a

predistorted input signal for an amplifier.

2. The signal processing circuit arrangement of claim 1, further comprising the amplifier.

3. The signal processing circuit arrangement of claim 2, further comprising a mixing
circuit configured to modulate the predistorted input signal with a radio frequency signal to
obtain a modulated predistorted input signal,

wherein the amplifier configured is configured to amplify the predistorted input signal.

4. The signal processing circuit arrangement of any one of claims 1 to 3, wherein the first
dimension input represents a real part of a first complex sample of a first input signal of the
one or more input signals and the second dimension input represents an imaginary part of the

first complex sample of the first input signal.
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5. The signal processing circuit arrangement of any one of claims 1 to 3, wherein the first
dimension input represents a signal level of a first input signal of the one or more input
signals and the second dimension input represents a signal level of a second input signal of

the one or more input signals.

6. The signal processing circuit arrangement of any one of claims 1 to 3, wherein the
preamplifier circuit is further configured to generate one or more additional lookup table

outputs from one or more additional 2D lookup tables.

7. The signal processing circuit arrangement of claim 6, wherein the preamplifier circuit
is configured to apply the lookup table output to the one or more input signals to generate the
predistorted input signal for the amplifier by:

identifying one or more input samples of the one or more input signals;

evaluating one or more functions of the one or more input samples to obtain one or
more function outputs; and

determining one or more intermediate products by multiplying each of the one or more
function outputs by a respective lookup table output of the one or more additional lookup
table outputs; and

generating the predistorted input signal for the amplifier as a sum of the one or more

intermediate products.

8. The signal processing circuit arrangement of claim 7, wherein each of the one or more

input samples are samples of a first input signal of the one or more input signals.
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9. The signal processing circuit arrangement of claim 7, wherein the one or more input
samples comprise input samples of a first input signal of the one or more input signals and a

second input signal of the one or more input signals.

10.  The signal processing circuit arrangement of claim 9, wherein the amplifier is a dual-
band amplifier, and wherein the first input signal corresponds to a first band of the dual-band

amplifier and the second input signal corresponds to a second band of the dual-band amplifier.

11.  The signal processing circuit arrangement of any one of claims 1 to 3, wherein the
preamplifier circuit is further configured to:

map the first dimension input and the second dimension input to one or more
additional 2D lookup tables;

interpolate or extrapolate with the one or more additional 2D lookup tables to generate
one or more additional lookup table outputs,

wherein the preamplifier circuit is configured to apply the lookup table output to the
one or more input signals to generate the predistorted input signal for the amplifier by:

combining the lookup table output and the one or more additional lookup table outputs

to generate the predistorted input signal.

12.  The signal processing circuit arrangement of any one of claims 1 to 3, further
comprising:

a feedback circuit configured to monitor an output signal of the amplifier; and

an adaptation circuit configured to adapt the plurality of lookup table coefficients

based on the output signal of the amplifier.
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13.  The signal processing circuit arrangement of claim 12, wherein the preamplifier circuit
is further configured to:

assign ecach of a plurality of predefined regions of the 2D lookup table as an
interpolation region or an extrapolation region; and

reassign at least one of the plurality of predefined regions of the 2D lookup table.

14.  The signal processing circuit arrangement of claim 13, wherein a point formed by the

first dimension input and the second dimension input falls within an extrapolation region.

15.  The signal processing circuit arrangement of claim 13, wherein the preamplifier circuit
is configured to reassign the at least one of the plurality of predefined regions of the 2D
lookup table by:

monitoring a plurality of pairs of first dimension inputs and second dimension inputs
received for the 2D lookup table; and

reassigning a first region of the plurality of predefined regions as an interpolation
region if more than a predefined quantity of the plurality of pairs fall within the first region
and reassigning the first region as an extrapolation region if less than the predefined quantity

of the plurality of pairs fall within the first region.

16. A signal processing circuit arrangement comprising:

a first DPD circuit configured to:

to map a first dimension input and a second dimension input to one or more first two-
dimensional (2D) lookup tables, wherein the first dimension input represents a signal level of
a first input signal and the second dimension input represents a signal level of a second input
signal, and to extrapolate from lookup table coefficients of a first 2D lookup table of the one

or more first 2D lookup tables to obtain a first intermediate signal;
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a second DPD circuit configured to:

map the first dimension input and the second dimension input to one or more second
2D lookup tables, and to interpolate or extrapolate with lookup table coefficients of the one or
more second 2D lookup tables to obtain a second intermediate signal; and

a combination circuit configured to combine the first intermediate signal and the

second intermediate signal to obtain a predistorted input signal for an amplifier.

17.  The signal processing circuit arrangement of claim 16, further comprising the
amplifier.
18. The signal processing circuit arrangement of claim 16 or 17, wherein the combination

circuit is configured to combine the first intermediate signal and the second intermediate
signal to obtain the predistorted input signal by:

upsampling and upconverting the first intermediate signal and the second intermediate
signal; and

summing the first intermediate signal and the second intermediate signal to obtain the

predistorted input signal.

19.  The signal processing circuit arrangement of claim 16 or 17, wherein the first DPD
circuit is configured to extrapolate from the lookup table coefficients of the first 2D lookup
table of the one or more first 2D lookup tables to obtain the first intermediate signal by:
generating a lookup table output from each of the one or more first 2D lookup tables
to obtain one or more lookup table outputs;
identifying one or more samples of the first input signal and the second input signal;
evaluating one or more functions of the one or more samples to obtain one or more

function outputs;
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determining one or more intermediate products by multiplying each of the one or more
function outputs by a respective lookup table output of the one or more lookup table outputs;
generating the first intermediate signal as a sum of the one or more intermediate

products.

20.  The signal processing circuit arrangement of claim 16 or 17, wherein the second DPD
circuit is configured to interpolate or extrapolate with the lookup table coefficients of the one
or more second 2D lookup tables to obtain the second intermediate signal by:

generating a lookup table output from each of the one or more second 2D lookup
tables to obtain one or more lookup table outputs;

identifying one or more samples of the first input signal and the second input signal;

evaluating one or more functions of the one or more samples to obtain one or more
function outputs;

determining one or more intermediate products by multiplying each of the one or more
function outputs by a respective lookup table output of the one or more lookup table outputs;

generating the second intermediate signal as a sum of the one or more intermediate

products.

21.  The signal processing circuit arrangement of any one of claims 16 or 17, wherein the
amplifier is a dual-band radio amplifier and the first input signal corresponds to a first band of

the amplifier and the second input signal corresponds to a second band of the amplifier.

22. A method of preprocessing amplifier input signals, the method comprising:
mapping a first dimension input and a second dimension input to a first subset of a

plurality of lookup table coefficients of a two-dimensional (2D) lookup table, wherein the first
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dimension input and the second dimension input each represent a signal level of one or more
input signals;

extrapolating from the first subset of the plurality of lookup table coefficients to
generate a lookup table output; and

applying the lookup table output to the one or more input signals to generate a

predistorted input signal for an amplifier.

23.  The method of claim 22, further comprising:
generating one or more additional lookup table outputs from one or more additional

2D lookup tables.

24.  The method of claim 23, wherein applying the lookup table output to the one or more
input signals to generate the predistorted input signal for the amplifier comprises:

identifying one or more input samples of the one or more input signals;

evaluating one or more functions of the one or more input samples to obtain one or
more function outputs; and

determining one or more intermediate products by multiplying each of the one or more
function outputs by a respective lookup table output of the one or more additional lookup
table outputs; and

generating the predistorted input signal for the amplifier as a sum of the one or more

intermediate products.

25. A non-transitory computer readable medium storing instructions that when executed

by a processor direct the processor to perform the method of any one of claims 22 to 24.
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