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Abstract—Motivated by advanced-generation signals and cor-
responding trends for multiband, broadband, and ultra-wideband
transmitters, several models have recently been proposed for dig-
ital predistortion in a dual-band concurrent transmission. These
state-of-the-art models assume that two frequencies of operation
are uncorrelated and harmonic products can be filtered out. How-
ever, when the harmonic of one signal falls on the frequency band
of another signal, it cannot be removed with filters. This paper
proposes a 3-D harmonic memory polynomial based model for the
dual-band concurrent transmission in the presence of harmonic
interferences. The model is extracted and predistortion is imple-
mented using a low-cost field-programmable gate-array-based
system including a transmitter and a feedback receiver. Using
the proposed model, a performance improvement up to 22 dB
in terms of normalized mean square error and performance
improvement up to 20 dB in terms of the adjacent channel power
ratio is achieved compared to a conventional dual-band memory
polynomial model not including harmonics.

Index Terms—Digital predistortion (DPD), dual band, har-
monic, modeling, power amplifiers (PAs).

I. INTRODUCTION

D UE TO the ever-increasing number of data users, there is
a strong motivation in developing multiband and wide-

band devices for transmitters and receivers to accommodate
multiple frequencies in one transceiver system. The multiband
and multi-standard radio architectures [1], [2] also allow for
seamless transition from the older standard [e.g., third gener-
ation (3G)] to new standards [e.g., fourth generation (4G)] with
backward compatibility. This has motivated the deployment of
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commercial dual-band base stations. Moreover, the upcoming
generation of wireless communication signals [e.g., fifth gener-
ation (5G)], which are promoting schemes such as carrier ag-
gregation techniques [3], requiring concurrent transmission of
signals at more than one frequency band, has renewed interest
in the design of dual-band [4], [5] and broadband [6] power am-
plifiers (PAs).
The concurrent operation of such dual-band PAs with enve-

lope exhibiting high PAPR signals gives rise to new in-band
and out-of-band nonlinear distortions when the different non-
linear cross-products of the two signals interact with the bands
of interest [7]–[21]. Therefore, within the past five years, lin-
earization of concurrent multiband PA has been a topic of in-
terest in software-defined radio (SDR) and digital predistortion
(DPD) research communities. In [7], a concurrent dual-band
predistortion technique at IF is conducted in a simulated en-
vironment. However, when two bands are widely spaced, to-
gether they create a very broadband signal, which imposes strin-
gent requirements on high-sampling-rate digital-to-analog con-
verters (DACs) and analog-to-digital converters (ADCs). As
most of the frequency range between the two bands is not used
for transmission, this requirement for costly high-speed DACs
and ADCs is spectrally inefficient and impractical. In [8]–[10],
a frequency-selective algorithm is proposed to provide a dig-
ital solution, which allows processing of each band individually
eventually allowing for the use of two medium speed DACs and
ADCs in each path. However, the original real-time lineariza-
tion setup did not include demodulation capability in the ob-
servation path, and the predistorter coefficients in the field pro-
grammable gate array (FPGA) were tuned based on spectrum
observations. In [11] and [12], the frequency-selective method
was demonstrated for a three-band excitation.
In [13] and [14], a feedback receiver (vector signal analyzer)

is employed to access the demodulated concurrent PA outputs
and the frequency-selective linearization concept of [8] is ex-
tended to include time-selective memory effects, and is denoted
as 2-D digital predistortion (2-D DPD).
Other research efforts has been focused towards improving

stability, performance, and reducing application and algorithm
complexity of the 2-D-DPD algorithm. A cubic-spline-based
model is proposed to replace polynomials in 2-D DPD due to
its better extrapolation properties in [15]. A rational-function-
based two-step approach for better modeling performance is
proposed in [16]. A variable-memory-depth lookup-table-based
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implementation is proposed in [17]. A subsampling solution for
feedback loop is proposed in [18] to simplify and reduce the
complexity of the dual-band linearization architecture, which
requires only one observation path for both bands. A 2-D aug-
mented Hammerstein (2-D-AH) model [19] and 2-D modified
memory polynomial (2-D-MMP)model [20] are proposed to re-
duce the complexity of the 2-D-DPD model. Similarly, in [21],
a pruning method is applied to 2-D DPD with the aim to reduce
the needed number of coefficient while achieving similar distor-
tion cancellation results. To provide better numerical stability to
the solution of 2-D DPD, 2-D orthogonal memory polynomials
are introduced in [22], which also discusses time multiplexing
method to reduce the implementation complexity in a FPGA
testbed.
Some other research attempts have focused on the joint mit-

igation of modulator imbalance along with distortion arising
from nonlinear concurrent dual-band operation. In [23], real-
valued neural networks are used as such a solution, while [24]
and [25] used dual-input truncated Volterra-model-based modi-
fied solutions.
Most of these models are variations of the same 2-D-DPD

model, which is based on the frequency-selective assumption
that the two bands of interest, their intermodulation, and har-
monics by-products lie on separate frequencies. This assump-
tion had been valid based on the practical bandwidth of most
of the designed high-power PAs, which provides bands up to
100–500 MHz apart while communication frequencies are in
the gigahertz range. Fig. 1(a) shows the output of a nonlinear
transmitter in dual-band concurrent operation in a commonly
assumed scenario where the two bands lie on uncorrelated fre-
quencies. Due to the interaction of signals at two bands, inter-
modulation and cross-modulation products are generated. The
terms that fall outside the band-of-interest can be easily elim-
inated using a filter. Similarly, due to the imposed assumption
of separate frequencies, the harmonics generated due to the sig-
nals also seem to fall outside the band of interest, and there-
fore, researchers sought to remove the distortions due to only
the PA nonlinearities, which affect the in-band signals via dis-
tortion and cross-modulation [14]–[20].
However, recently, research in PA design is pushing towards

ultra-wideband application [26], which, in turn, raised concern
of interference from harmonics, which might fall within the
working range of ultra-wideband power. Keeping this futuristic
trend in mind, there had been very few recent attempts to model
PA harmonics [27]. Harmonic cancellation feedforward tech-
niques are proposed in [28] by injecting an uncorrelated signal
at harmonic frequency, whereas [29] proposed a tunable third
harmonic elimination technique for envelope-tracking ampli-
fiers. However, to the best of the authors’ knowledge, the in-
terference of harmonics has not been studied in dual-band con-
current transmitters. Therefore, this paper proposes a 2D-HMP
model for modeling and DPD for the practical scenario shown
in Fig. 1(b) when one of the harmonics of the signal interferes
with the upper band and cannot be removed using RF filters as
proposed in concurrent DPD literature.
This paper is organized as follows. Section II describes

the harmonic 2-D memory polynomial (2D-MP) model.
Section III explains the measurement setup and demonstrates

Fig. 1. (a) Commonly studied scenario, where two frequencies of dual-band
operation are uncorrelated. (b) Scenario studied in this paper, where the har-
monic of one signal interferes with the second band signal.

the effect of an harmonic interference for the example case of a
second harmonic. Section IV reports the modeling performance
of proposed models as compared to 2-D memory polynomial
(2D-MP) model. Section V reports on the measurement results
and their analysis. Section VI concludes this paper with a
summary of the results achieved.

II. DUAL-BAND MODEL WITH HARMONIC FREQUENCIES

A. State-of-the-Art Two-Band Fundamental Envelope
PA Model

Before developing a two-band model for a PA, it is useful to
first consider the case where a two-tone input excitation
and at frequency and , respectively, is applied at
the input port of the PA.
It can be verified that the resulting odd-order intermodula-

tion terms of the output below can be described with a
Volterra system [12] as

(1)

with being an odd integer.
Explicit equations for the above terms up to seventh order are

given by

(2)

(3)

(4)

(5)

Similarly the resulting odd-order intermodulation terms
above at the PA output can be described with a Volterra
system [12] as

(6)
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with the explicit expansion of the terms up to seventh order
given by

(7)

(8)

(9)

(10)

where the Volterra functions
are a function of the two envelopes. It can be noted from
(1)–(10) that the various output components, which generally
take the form ,
lie on the same frequency location as ,
and therefore a Volterra function comprised of absolute terms
models the higher order terms at each intermodulation fre-
quency location. This two-tone analysis assumes that the
separation between the two tones verifies

. This allows for the capture and mitigation of each of the
inband and interband [intermodulation distortion (IMD)] signal
components using a single receiver. It is also worth noticing
that due to the small , only odd-order intermodulations terms
(third-order intermodulation distortion (IMD3), fifth-order
intermodulation distortion (IMD5), ) are the near-band terms
of interest, while even-order terms (second-order intermodula-
tion distortion (IMD2), fourth-order intermodulation distortion
(IMD4), ) such as are far
enough in the frequency domain to be easily filtered out.
Subsequent dual-band literature based on the above theory

[13]–[25] included a second assumption that the frequency sep-
aration was sufficiently large to allow for the filtering of all in-
termodulation terms. Therefore, most of the DPD efforts deals
with the in-band distortion for the two-band case. However, this
paper investigates the dual-band concurrent scenario shown in
Fig. 1(b), where the two bands are separated by frequency sep-
aration equal or nearly equal to the harmonic of the first-band
center frequency. In this scenario, none of the above assump-
tions hold, and therefore a new model is required for the accu-
rate modeling of this concurrent ultra-wideband PA operation.

B. Two-Tone Excitation With Harmonic Frequency Separation

Consider the case of two modulated input signals and
at the frequencies and with .
To identify the output intermodulation terms resulting near the
two bands in concurrent operation, it is convenient to first con-
sider the case of a narrowband two-tone signal at these center
frequencies.
After performing a Volterra-series expansion for the

near-band signal components, it is observed that both even
and odd intermodulation components fall near the first and
second bands. These terms can also be practically observed
in Figs. 2 and 3, which show the intermodulation by-prod-
ucts generated near the bands of interest at the output of an
ultra-wideband PA from Mini-Circuits (ZX60-14012L) when
excited by a two-tone signal. The lower band single-tone signal

is at MHz MHz MHz,
while the upper band single-tone is as 1956.8 MHz.
The corresponding terms in the frequency and time domains,
along with their respective calculated amplitudes, are given in

Fig. 2. Intermodulation terms interfering with the lower band .

Fig. 3. Intermodulation terms interfering with the upper band .

Table I where use is made of the notation
and . From the intermodulation terms calcu-
lated at the output of the nonlinear system (as summarized in
Table I), a trend can be observed for even and odd intermod-
ulation terms. These terms can be summarized in four groups
containing both even- and odd-order intermodulation terms.
For , the lower band lower frequency side
components [(a), (b), and (c) in Fig. 2] are given as

(11)

The lower band upper frequency side components [(d) and
(e) in Fig. 2] are given as

(12)

The upper band lower frequency side components [(l), (m),
and (n) in Fig. 3] are given as

(13)

The upper band, upper frequency side components [(i), (j),
and (k) in Fig. 3] are given as

(14)
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TABLE I
INTERMODULATION TERMS INTERFERING WITH BANDS OF INTEREST

Note that the Volterra functions are a function of the
envelope of both bands

(15)

The above IMD2 and IMD3 components and harmonic of the
lower band signals can be differentiated in the frequency do-
main in a two-tone test as these are narrowband signals. How-
ever, when a modulated signal with a wider bandwidth is used,
then some of these nonlinear components superimpose with the
signal of interest, and therefore the effect of these terms have
to be included in the model to correctly represent the PA be-
havioral model when excited by two signals with harmonic fre-
quency separation. It is also to be noted that for the case,
all the IMD terms completely superimpose with the signals of
interest so that they cannot be filtered and need to be digitally
corrected. The salient point of this work is that whenever two
signals are used concurrently with near harmonic frequency sep-
aration, the IMD terms cannot be filtered out, and therefore the
model should include the effective IMD and harmonic terms
interfering with the signal. Note also that power back-off does
not provide for an efficient distortion mitigation in the presence
of harmonic interferences due to the dominance of the IMD2
terms. Indeed a 20-dB reduction in IMD2 calls for a 20-dB in-
crease in the P1 dB of the PA unlike for IMD3 where a 10-dB
increase is sufficient.
This paper concentrates on a second harmonic interference

case because the frequency range of current communication
components mostly cover only the fundamental and second har-
monic and this, therefore, is more practical for a demonstra-
tion study. However, using similar analysis, the interfering IMD
terms for signals at and center frequency bands can be
calculated. For the case of a second harmonic interference with

, the Volterra model for the system can be compactly rep-
resented using

(16)

(17)

where each of the Volterra functions (see [10]) is a function
of four baseband terms beside the operating point

(18)

Note that inserting (18) into (16) and (17) provides all higher
power terms at and frequencies. This compact formula-
tion is also applicable to the case by using

and . For example the terms (a)–(c)

are obtained from the product of times a power
of . The terms (d) and (e) are obtained from the
product of times a power of . The terms
(i)–(k) are obtained from the product of times a power
of . The terms (l) and (m) are obtained from the
product of times a power of .
It should be noted that for a nonlinear system with no

singularity, the functions must be analytic. Thus, this
requires using an expansion in terms of both the baseband term

and its conjugate like in the poly-
harmonic model (PHD, also referred as -parameters) [30].
Alternatively, the real and imaginary parts of
could be used. Finally, another approach like in the Cardiff
model [31] is to use the amplitude and phase

. Given that we can rewrite the amplitude
, it then becomes

computationally desirable to replace the 4-D dependence of
by the following 3-D dependence:

(19)

The use of , which is nonanalytic (does not admit a power
series expansion in terms of ), yields actually a more general
formulation than the analytic Volterra model using since
its includes it as a subset. It has been demonstrated that a non-
analytic formulation using is more suited to represent sys-
tems exhibiting discontinuities [32]. Note that quasi-slope dis-
continuities originate in a field-effect transistor (FET) PA from
the voltage or current clipping when the FET saturates (drain
current in the triode region) or in the substhreshold region (gate
voltage below the threshold voltage).

C. 2-D Harmonic Memory Polynomial (2D-HMP) Model

Considering and , the two input and output
baseband signals, respectively, at the two carrier frequencies,
the generalized complex-baseband input/output relationship of
the state-of-the-art 2D-MPmodel for concurrent dual band, with
th nonlinearity order, is expressed as [14]

(20)

where , ; and represents the first band
of interest and the second band , respectively, are the
coefficients of the model and represents the memory depth.
This model captures the in-band cross-modulation between the
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two-band signals. However, when the two carrier frequencies
are and , respectively, then due to the presence of the
new four IMD terms of (11)–(14), shown in Section II-B, the
2D-MP model is not sufficient. Accounting for these terms, a
new 2D-HMPmodel is given as follows for the lower and upper
band signals:

(21)

(22)

where are functions of the form

(23)

When using a polynomial expansion, we have

(24)

It can be observed from (21), (22), and (24) that for a captured
input–output measurement data set, the model is linear with re-
spect to its coefficients.
In (21) and (22), and represent the intermodulation

product orders. Similar to 2-D DPD [14], the coefficients
for the lower and upper bands can be

calculated using the least square (LS) method. In this paper, the
LS extraction has been implemented according to the singular
value decomposition (SVD) method.
Alternately, following (16) and (17), a time-selectivememory

implementation of the 3-D model can be obtained using

(25)

(26)

Fig. 4. Testbed setup to capture dual-band concurrent signal at harmonic dis-
tance.

where are functions of the form

(27)

with . With this 3-D implementa-
tion, the summation over in (21) and (22) is eliminated, but
the dependence of the Volterra functions over the phase

is added.
This alternative presentation can be implemented using poly-

nomial or spline implementation. In this paper, results for alter-
native harmonic 3-D volterra (H3D-V) model is implemented
using splines [15].

III. MEASUREMENT SETUP

The measurement setup used for the concurrent dual-band
operation is depicted in Fig. 4. A dual-channel transmitter
(TSW30SH84) from Texas Instruments Incorporated is used
for the concurrent dual-band transmission. The RF frequency
range of each of the transmission channels is from 300 MHz to
4 GHz. The dual-channel transmitter incorporates two 16-bit
DACs, which share the same clock. The input data is stored in
pre-allocated FPGA memories using MATLAB and Quartus
software. The data from the Arria-V (GT series) FPGA used
can be sent to TSW30SH84 board at the sampling rate of
307.2 MHz. The DAC in the transmit path is programmed with
a sampling frequency of 1228.8 MHz, i.e., with an interpolation
factor of 4. The signal is upconverted using a TRF3705 quadra-
ture modulator within the TSW30SH84 board and sent to an
ultra-wideband PA. The output of the PA is downconverted and
demodulated using a 500-MHz bandwidth TSW1266 receiver
board from Texas Instruments Incorporated with a sampling
rate of 614.4 MHz. The clock shared by the two DACs is also
provided to the receiver ADCs.
A 10-MHz reference clock (Ref. clk) is used for the synchro-

nization between the receiver and transmitter local oscillators
(LOs). The signal is down-converted, digitized, and stored in the
FPGA memory. The receiver board accepts an RF signal in the
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Fig. 5. Transceiver used for setup.

Fig. 6. DUTs. (a) 10-W peak-power PA fromNXP. (b) ZX60-V82+ fromMini-
circuits.

frequency range of 1880–2390 MHz, therefore the second har-
monic signal can be captured directly at the receiver. An input
matching network was developed to extend the receiver opera-
tion in the fundamental band. An RF switch matrix from Mini-
Circuits is used before the receiver to select either the harmonic
or fundamental frequency signal. The receiver of the feedback
observation path captures one band at a time during the concur-
rent operation using a switch to select the proper LO and the RF
input matching networks for the in-phase/quadrature (IQ) de-
modulator.
Fig. 5 shows a photograph of the testbed used for themeasure-

ment and Fig. 6 shows a photograph of the devices-under-test
(DUTs).

A. Devices and Signals Under Test

Three different PAs are used for establishing the proof
of concept, which are: 1) a ZX60-V82+ from Minicircuits
with 20–6000-MHz frequency operational range and 20-dBm
output at 1-dB gain compression; 2) a ZX60-14012L+ from
Minicircuits with 0.4–14000-MHz frequency operational range
and 12.5-dBm output at 1-dB gain compression; and 3) a
10-W peak-output-power PA from NXP with 500–2500-MHz
frequency operational range and 36-dBm output at 1-dB gain
compression.
The PA is driven with a single-carrier WCDMA signal with a

peak-to-average power ratio of 9.5 dB at 978.4 MHz (940 MHz
38.4-MHz IF shift) and 10-MHz long-term evolution (LTE)

signal at 1956.8 MHz (1880 MHz 76.8 IF shift).

Fig. 7. Effect of concurrent operation at harmonic frequencies for lower band
.

B. Time-Delay Alignment

The time-delay alignment is done using a frequency-domain
cross-correlation technique described in [27] and referenced
therein.
The received signal contains nonlinear distortion and IMD

terms. However, the PA is linear in the lower power ranges
and the contribution from the signal power is dominant in the
in-band signal component as compared to the distortions, there-
fore the linear correlation method is effective for the in-band
data when both channels are active.
It is to be noted that the two signals used in concurrent oper-

ation are uncorrelated, and therefore the harmonic interference
from the lower band signal is uncorrelated to the signal from the
upper band. Moreover, the two signals are synchronized at the
baseband level in the transmitter. Therefore, the cross-correla-
tion method can be used individually in each band to calculate
the time delay between the various transmitted and received sig-
nals. About the same group delays were observed between the
transmitter and receiver in each channel. However, a relative
group delay of four clocks was observed for the second har-
monic propagating from the lower band to the upper band under
some PA operation.

IV. EFFECT OF IMD TERMS AND MODELING PERFORMANCE

Figs. 7 and 8 show the effect of the interference of the IMD
and cross-modulation terms for a single-carrierWCDMA signal
in the lower band at 978.4 MHz and a 10-MHz LTE signal
at the upper band at 1916.8 MHz, respectively, while used
in concurrent operation with the Zx60-14012-L+PA. The PA
output for the upper band signal exhibits a gain compression
of 0.6 dB, while the lower band is compressed by 2.1 dB. These
figures show the power spectrum density (PSD) of the received
output when each band is used individually (single-band oper-
ation, blue circle in online version) and when both bands are
used concurrently (triangle, red in online version). In each case,
the respective PSD of the transmission error is also plotted to
observe the in-band and out-of-band effect of such terms; the
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Fig. 8. Effect of concurrent operation at harmonic frequencies for upper band
.

transmission error is defined as the difference between the trans-
mitted and received data.
Both the bands show a significant decrease in adjacent

channel power ratio (ACPR) over the individual single-band
transmission case. Moreover, the transmission error exhibits
2–5-dBc performance degradation in-band, while 5–18-dBc
performance degradation out-of-band due to the concurrent
operation. From the two-tone analysis shown in Figs. 2 and
3, it can be observed that for higher order IMD terms, the
power of IMD components keep decreasing, and therefore it
can be deduced that as in (11)–(14) for the two-tone system,
and and in the modulated dual-band system given in
(21) and (22) keep increasing, the corresponding IMD terms
will have less impact on the received signal distortion. While
Figs. 7 and 8 shows the case when two signals are at an exact
harmonic separation, Figs. 9 and 10 show the output spectrum
of the concurrent PA when the two frequencies are almost
at an harmonic separation. The lower band frequency is at
( MHz), while the upper band frequency is
at . As in the two-tone analysis, the IMD terms can
be identified. However, only the and terms for lower
band frequency and only the term for the upper band
frequency can be considered to make a significant contribution.
The other terms, which are more than 50 dBc below the main
power, can be considered to have a minimal interference on the
main signal. This observation helps in intuitively selecting the
appropriate and ranges in the proposed model.
Table II shows the contribution of the different distortion

terms (with ) in terms of normalized mean square
error (NMSE) reduction for ZX60-14012L+ PA. Equations (21)
and (22) show that the proposed model includes the cross-mod-
ulation terms of the 2D-MP model, as well as the first- and
second-order IMD terms. Table II shows that in keeping with
our observation, the first-order terms (l) in Fig. 2 and (a) in
Fig. 3 provide the most significant NMSE improvement of
7–11 dB, however, as we keep going to higher IMD terms, the
NMSE improvement decreases.

Fig. 9. Effect of concurrent operation at near harmonic frequencies for the
lower band .

Fig. 10. Effect of concurrent operation at near harmonic frequencies for upper
band .

Table III shows the modeling performances of the 2D-MP
model, the H2D-MP model, and its alternative presentation,
the H3D-V model, for measured concurrent output data for
different PAs and different nonlinearity conditions. The corre-
sponding AM/AM (Gain) characteristics of these PA are shown
in Figs. 11 and 12, respectively. In Table III,
and for each model is denoted for the
H2D-MP model using the notations given in Section II. Based
on observation of Table II, and values are taken to be 1,
except for the 10-W NXP PA when driven in saturation where
a value of 2 is used. For the H3D-V model, represents
the number of nodes for each dimension. Please note that, in
both of the harmonic models, the number of coefficients can
be further reduced by choosing different and . It
can be observed that the proposed H2D-MP model and its al-
ternative representation provides almost similar performances,
however, the number of coefficients needed vary for both the
models according to the different PA characteristics. It is also
noted that the H2D-MP model and H3D-V model provides
20–30-dB improvement in the NMSE as compared to the
2D-MP model. Increasing the number of coefficients for the
2D-MP model from 180 to 720 for only improves the
NMSE by, at most, 1 dB, indicating that this model has reached
its performance saturation. On the other hand, the computer
burden associated by the large number of coefficients required
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TABLE II
NMSE PERFORMANCE (IN DECIBELS) OF DIFFERENT DISTORTION TERM INCLUSION IN H2D-MP

TABLE III
NMSE PERFORMANCE (IN DECIBELS) ALONG WITH THE NUMBER OF COEFFICIENTS (IN PARENTHESES) USED FOR

PROPOSED HARMONIC MODELS, AS COMPARED TO THE 2D-DPD MODEL

Fig. 11. Gain compression and distortion profile for three PAs used in
Table III at lower band.

by the H2D-MP and H3D-V models is alleviated by the use
of the SVD matrix inversion approach, which retains only the
dominant SVD singular values.
Figs. 13 and 14 shows the PSD of the proposed H2D-MP

model error compared to the PSD of the 2D-MP model error
[14].

V. MEASUREMENT RESULTS FOR DPD APPLICATION

The DPD for the proposed model is implemented according
to the indirect learning architecture (ILA). Fig. 15 shows the

Fig. 12. Gain compression and distortion profile for three PAs used in
Table III at upper band.

ILA for DPD. The input signal is passed through the predistorter
with parameters , creating the predistorted signal . This

predistorted signal is passed through the PA to provide
output . Output of the PA is provided as input to the pre-
distorter to create . The required condition for linear PA
operation is . The ILA works on the principle
that, when , then .
For the first iteration, , and DPD is a model that

maps , where represents the predistorter
nonlinear function. The modeling of the complex input, with
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Fig. 13. Comparison of 2D-MP and H2D-MP model errors for lower band.

Fig. 14. Comparison of 2D-MP and H2D-MP model errors for upper band.

Fig. 15. Indirect learning architecture.

respect to the normalized PA output, is the inverse of the PA be-
havioral model; therefore, DPD modeling is also known as in-
verse modeling. This inverse modeling is the foremost require-

Fig. 16. PA inverse modeling performance with proposed 2D-HMP model
shown for NXP PA for lower band.

Fig. 17. PA inverse modeling performance with 2D-MPmodel shown for NXP
PA for lower band.

ment for the successful application of a DPD model. The ILA
architecture is applied to both the bands individually [17]–[19],
[27] to achieve linearized output at both the bands.
Figs. 16 and 17 shows the PA inverse characteristics

(AM/AM and AM/PM) modeled at the upper band for the
proposed H2D-MP model, as well as the 2D-MP model in
the presence of the second harmonic. It is to be noted that
according to the ILA for DPD, any model providing a more
accurate inverse model should be able to provide better DPD.
It is evident that the 2D-MP model does not provide as good a
performance as the proposed model due to the absence of har-
monic and intermodulation terms and that it is anticipated that
the H2D-MP model should provide better linearization results
for concurrent transmission at frequency spacing corresponding
to an harmonic tone. The proposed model is applied now for
DPD application and the signal quality in the transmission is
judged using two main figures of merits, ACPR, and NMSE.
The ACPR used is the mean of the ACPR for the lower and
upper channels, which is calculated as follows:

(28)
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Fig. 18. DPD performance in terms of ACPR with the proposed H2D-MP
model for lower band.

TABLE IV
TRANSMISSION ERROR REDUCTION PERFORMANCE

Fig. 19. DPD performance in terms of output power for H2D-MP model at
lower band.

where represents the PSD of the signal, and repre-
sent, respectively, the center frequencies of lower and upper ad-
jacent channel bands, and represents the radial bandwidth
of the adjacent channel used for ACPR calculation. represents
the center frequency of the signal. Figs. 18 and 22 show the
out-of-band distortion cancellation for the lower and upper band
for the Zx60-82+ PA using the 2D-MP and H2D-MP models
with and .
The second important figure-of-merit is the transmission

error, which is defined by the error between the transmitted and
received signals. For OFDM-based signals, the error vector
magnitude (EVM) provides a metric to judge the in-band
transmission error, however, for WCDMA-like signals, the

Fig. 20. DPD performance in terms of gain for H2D-MP model at lower band.

Fig. 21. DPD performance in terms of phasewith the proposed 2D-HMPmodel
at lower band.

Fig. 22. DPD performance in terms of ACPR with the proposed 2D-HMP
model for upper band.

constellation points are not defined and the NMSE is used
as a metric to define the in-band transmission error [22].
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Fig. 23. DPD performance in terms of output power with the proposed
2D-HMP model for upper band.

Fig. 24. DPD performance in terms of gain with the proposed 2D-HMP model
for upper band.

Fig. 25. DPD performance in terms of phasewith the proposed 2D-HMPmodel
for upper band.

Table IV shows the transmission error in terms of NMSE
before and after DPD application to the two bands. For both
bands, more than 22-dB improvement in terms of transmission

NMSE is observed. It is to be noted that the proposed model
provides up to 11-dB reduction in-band transmission error
as compared to state-of-the-art 2D-MP-model-based DPD.
Table IV also shows more than 10-dB improvement in the
ACPR as compared to 2D-MP-model-based DPD. To visually
observe the linearization results, Figs. 18–21 show the DPD
performances in terms of output power, gain, and phase plots
for the lower band signal. Likewise, Figs. 22–25 shows the
DPD performances in terms of output power, gain, and phase
plots for the upper band signal; a significant reduction in signal
distortion can be observed.
It is to be noted that the H2D-MP model can be implemented

in a FPGA according to the time-mutiplexing method given
in [26], where additional IMD terms have to be included in
memory space calculation apart from 2D-MP terms.

VI. CONCLUSION

This paper has discussed the effect of concurrent dual-band
transmission when the harmonic of the lower band signal di-
rectly interferes with the signal in the upper band such that it
cannot be removed with an RF filter. As a proof-of-concept,
the paper is focused on the case where the upper band signal
is at the second harmonic of the lower band signal. This paper
has proposed a 2D-MP model based on intermode analysis of
a nonlinear PA for the dual-band concurrent transmission in
the presence of harmonic interferences. Moreover, it is shown
that similar IMD2 and IMD3 terms can also be achieved by a
Volterra model synthesis and an alternative H3D-V model was
proposed and implemented using splines. The effectiveness of
the proposedmodels has been verified for different PAs and non-
linearity conditions. The proposed model has been utilized for
the inverse modeling, and as a proof-of-concept, the DPD has
been implemented using a low-cost FPGA-based system fea-
turing a dual-channel transmitter and a single-feedback receiver.
By taking the unavoidable intermodulation interference into ac-
count, the proposed model provides an NMSE improvement at
the transmitter output of approximately 10–12 dB and an ACPR
improvement up to 10–13 dB as compared to the state-of-the-art
2D-DPD model.
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