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MIMO Subband Volterra Digital Predistortion for
Concurrent Aggregated Carrier Communications

Efrain Zenteno, Member, IEEE, and Daniel Rönnow, Member, IEEE

Abstract— This paper presents a multiple-input multiple-
output (MIMO) nonlinear mitigation technique for closely spaced
concurrent aggregated carrier systems. The transmitter archi-
tecture considers band-limited sources, where the predistorter
and signal bandwidth are the same, thus reducing transmitter
hardware cost and power consumption. The technique relies on
multirate processing and linear filtering and uses the carrier fre-
quencies to isolate the contribution of linear and nonlinear basis
functions to the desired bands. This approach can be used with
any MIMO model structure. In particular, models are linear in
the parameters of low computational complexity. The technique
was evaluated using three concurrent carriers of 50 MHz each fed
to a Doherty amplifier. The results show significant reduction in
the error vector magnitude and improvements for the transmitter
efficiency using the proposed compensation technique.

Index Terms— Concurrent, digital predistortion (DPD),
memory polynomials, MIMO, multiband, multiple-input
multiple-output (MIMO) predistortion, power amplifier
linearization, power amplifiers, Volterra.

I. INTRODUCTION

THE increasing need of capacity in wireless communica-
tions is leading to the deployment of multiple signals

in the radio frequency (RF) front end. For such deploy-
ments, two distinct technologies are being considered. First,
multiple-input multiple-output (MIMO) transmitters; or
so-called, multiple antenna transmitters [1] with its corre-
sponding compensation techniques [2]. Second, concurrent
carrier systems are also a candidate technology [3]. That
is, frequency-multiplexed multiple-RF transmissions or multi-
band transmissions. This paper deals with the latter.

Multiband transmission systems can be deployed using
different hardware (HW) architectures. Considering the reuse
of HW and its power efficiency, the concurrent transmitter
architecture is favored over other possible candidates [3].
In a concurrent carrier architecture, the input is a frequency-
multiplexed (enlarged bandwidth) signal forwarded through
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a power amplifier. Concurrent transmissions are considered
in terrestrial communications, such as the long-term evo-
lution standard [4], and in satellite systems where several
carriers are frequency-multiplexed sharing the on-board satel-
lite resources [5]. Operating concurrent amplifiers at high
power efficiency produces significant levels of distortion that
deteriorates the link quality [6]. This is the background for
numerous compensation techniques, among which digital pre-
distortion (DPD) is one of the most extensively used [7].

In concurrent amplification, the nonlinear distortions
appear at frequency lines, which are linear combinations
of the input frequencies. While the traditional single-carrier
single-input single-output (SISO) DPD schemes require large
bandwidth with increased costs [8], MIMO DPD of con-
current transmitters considers independent baseband process-
ing per carrier requiring narrower individual bandwidth;
therefore, MIMO DPD reduces HW costs and processing
requirements [9].

The MIMO Volterra theory [10], [11] presents a solid the-
oretical framework for developing MIMO DPD model struc-
tures. However, the MIMO Volterra series exhibits increased
complexity that motivates its pruning for application deploy-
ment. Pruning can be made based on several approaches, i.e.,
signal processing [12], bandwidth effects [13], and sparse
sensing [14]. The MIMO Volterra series can be considered
a general form of the memory polynomial model. Among
the polynomial models, orthogonal memory polynomials offer
improved numerical robustness and were implemented in a
field programmable gate array in [15]. Besides polynomial
models, concurrent transmitters have been modeled and pre-
distorted using neural networks [16], lookup tables [17],
distortion-canceling injection methods [18], rational polyno-
mial functions [19], and spline interpolations [15], [20]. The
mentioned studies, which are for concurrent systems, consider
the case of the carriers being largely frequency spaced, so that,
nonlinear products are frequency distant and hence isolated
from each other.

Bassam et al. [21] rely on undersampling and in frequency-
distant dual carriers, with a careful choice of sampling fre-
quency, the aliasing effect created a measurement of the
two carriers not interfering within each other. In this paper,
we consider closely spaced carriers generated from multiple
source generators as foreseen in power-efficient architectures
in carrier aggregated systems [3].

In this paper, the power amplifier is cascaded by a bandpass
filter removing distortions out of the frequency-multiplexed
band. Although a filter at the transmitter output is undesirable
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Fig. 1. Concurrent triband transmitter with feedback loop for digital predistortion. Each generator is band limited to the excitation signal. A bandpass filter
removes unwanted out-of-band distortions.

from cost and size perspectives, the aid of such a filter has
appeared in contemporary RF systems in multiple contexts:
1) to reduce the data rate processing in compensation
techniques in SISO [22] and concurrent transmitters [23];
2) to reduce the bandwidth in the instrumentation (feedback
measurements) avoiding expensive ADCs [8]; and 3) to avoid
spectrum regrowth of the DPD signal given a constrained
uplink (in remote DPD systems) [24]. Furthermore, in this
paper, the analog bandwidth of each generator is constrained
to the signal bandwidth per channel. That is, each signal
is sampled at its Nyquist rate that is the same rate of the
DAC in the generator. Hence, this reduces the cost of the
DAC stage and its power consumption as noted by Walden’s
metric [25]. Although, Walden’s metric describes the metrics
of performance/energy consumption for ADCs, it applies in
the same way to DACs. This transmitter architecture is shown
in Fig. 1.

The transmitter considered in this paper aggregates K car-
rier signals with adjacent center frequencies (closely spaced
carriers). Because each generator is band limited, the con-
ventional SISO DPD methods are not feasible and the
MIMO DPD methods will not be suitable to repre-
sent nonlinear distortions because of the signal bandwidth
expansion [23].

The work in [22] developed a multirate predistortion for
a single transmission (SISO) that uses filtering to reduce
the system analog bandwidth. In [22], the system (excitation
and measurements) used smaller (analog) bandwidth and the
predistortion computation enlarged the (digital) bandwidth to
compute the basis through nonlinear operations and filtering.
Note that, [22] resembles a similar approach to that presented
in this paper although it is not suitable for multiple (multicar-
rier) transmissions. The ideas of [22] are extended in [23]
to the case of dual-band concurrent transmitter. However,

[23] considers the case of frequency-distant carriers, and
hence, the predistortion ignores the effects of closely spaced
carriers analyzed in this paper.

The nonlinear distortions under closely spaced concurrent
carriers can be mitigated with the well-studied SISO DPD
methods. These methods would form an aggregated digital
domain using a single carrier [24], [26]. SISO DPD uses a
single DAC stage with a high sample rate. This rate would be
at least the sum of the individual rates required in each carrier.
In concurrent systems with large bandwidth, such a high data
rate increases the transmitter cost dramatically, which suggests
that splitting the bandwidth before processing is more cost
effective. Furthermore, splitting the bandwidth decomposes
large dynamic effects making easier its compensation.

This paper describes a general class of nonlinear mitiga-
tion techniques that can be used for concurrent/aggregated
carrier systems. We denote the proposed scheme the
MIMO subband Volterra. In the method, the bandwidth is
divided in subbands, and the processing of each subband
includes linear and nonlinear effects. The technique is referred
to as MIMO due to its architecture and it is applied to a
concurrent carrier (multiband) scenario.

The proposed technique can be used with any MIMO
model structure, like memory polynomials and sparse models.
In particular, we used the MIMO Volterra series and explore
three forms of pruned models. As with the SISO Volterra
series, the MIMO subband Volterra is linear in the parameters
and can be identified using robust and mature linear esti-
mation techniques. This scheme is band limited similar to
as [21]–[23]. However, it generalizes the approach by intro-
ducing the nonlinear distortion of different frequency bands
in closely spaced carrier signals. The developed methodology
can be used to design mitigation techniques both in satellite
and terrestrial communications. The satellite scenario restricts
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the uplink frequency band forcing the predistorted signal
to be band limited, and the terrestrial one exhibits newer
architectures [3] that support multiple carriers closely spaced
in frequency. Discarding the effects of closely spaced carriers,
in the proposed methodology, it renders models similar to
those reported for typical concurrent terrestrial applications as
in concurrent dual carrier [27], [28] and tricarrier [29], [30].
On the other hand, including these effects, it renders
the model reported for multicarrier satellite scenarios [31].
Furthermore, the proposed technique can be used alterna-
tively in traditional single transmission systems, in which the
designer can split the overall bandwidth to reduce the costs
and to make effective signal processing. A simulation of a
subclass of the proposed DPD scheme is reported in [31],
where the DPD is applied at the symbol level. In addition
to [31], this paper evaluates the proposed DPD scheme in
a realistic implementation using band-limited generators and
a solid-state power amplifier. Furthermore, we analyze and
discuss the HW impairments and the measurement chal-
lenges encountered at the transmitter deployment. This paper
exemplifies the MIMO subband Volterra DPD technique by
mitigating the nonlinear distortions in a triband concurrent
aggregated system of large bandwidth (150 MHz of transmis-
sion bandwidth).

This paper is organized as follows. Section II describes the
transmitter model architecture, presents its HW advantages and
impairments, and makes a brief analysis of it using the MIMO
Volterra theory. Section III describes the proposed DPD algo-
rithm for such a transmitter analyzing its model complexity
and devising suitable pruning techniques. The computational
complexity is reviewed in Section IV, while the experimental
setup and instrumentation challenges are presented in Section
V. Section VI presents measurement results and comparisons
of the proposed and previously published techniques. Finally,
the discussions and the conclusions are drawn in Sections VII
and VIII, respectively.

II. SYSTEM MODEL

Consider K independent signals fed to a concurrent trans-
mitter. Let xk(n) denote the kth complex-valued baseband
sequence at the nth sampled instant. Each sequence is com-
posed of the in-phase Ik and quadrature Qk components
xk(n) = Ik(n) + j Qk(n). These sequences are converted
into the analog, continuous time signals, xk(t) using DACs.
In contrast to typical applications, where the sampling rate of
the DAC ( fDAC) is set 4 to 8 times larger than the sample
rate of the discrete signals, the architecture in Fig. 1 has
DAC sample rates without oversampling. That is, fDAC is
equal to the sampling rate of the discrete signals, i.e., the
DAC bandwidth is equal to the bandwidth of xk(t). These
band-limited generators are unsuitable to deploy classical
DPD methods, because they require more bandwidth for their
excitation signals [22].

The signal xk(t) occupies a bandwidth of Bk Hz. The
K signals are frequency multiplexed. That is, upconverted to
a different carrier frequency fk and combined. The center
frequencies are equally spaced by � f Hz. That is, fk =
f1 + (k − 1)� f . This frequency planning favors distortion

compensation, because distortions appear at the transmissions
frequencies and hence its compensation becomes feasible [32].
The frequency-multiplexed bandpass signal is denoted by

u(t) =
K∑

k=1

Re{xk(t)e
j (2π fkt+ϕk)} (1)

where ϕk is the instantaneous phase of the kth local
oscillator (LO) carrier frequency in the upconversion. The
phases ϕk affect the baseband representation and they need
to be considered for DPD.

The bandpass multicarrier signal u(t) is forwarded through
a power amplifier that produces nonlinear distortion. The
output of the power amplifier z(t) can be described by a
Volterra series [33]. That is z(t) = H {u(t)}, where H {·} is an
SISO Volterra operator. The output of the amplifier is filtered
out before feedback measurements. This filter can be well
represented by a finite impulse response (FIR) model in the
baseband equivalent domain.

The filtered signal, y(t), is measured in each frequency
band rendering yk(n). The input/output relationships of yk(n)
and xk(n) can be derived using the Volterra theory with a
frequency-multiplexed input, similar to the derivations in [30].
For the sake of clarity, we point the result directly. The
concurrent transmitter discrete baseband outputs yk(n) are
described by an MIMO Volterra series [5] as

yk(n) = y(1)k (n)+ y(3)k (n)+ . . . y(p)
k (n) (2)

with the corresponding terms

y(1)k (n) =
K∑

k1=1

∞∑

m1=0

h(k)k1
(m1)x̃k1(n − m1)

y(3)k (n) =
K∑

k1,k2,k3=1

∞∑

m1,m2,m3=0

h(k)k1,k2,k3
(m1,m2,m3)

×x̃k1 (n − m1)x̃k2(n − m2)x̃
∗
k3
(n − m3)

...

y(p)
k (n) =

K∑

k1,...,kp=1

∞∑

m1,...,m p=0

h(k)k1,...,kp
(m1, . . . ,m p)

×
�p/2�∏

i=1

x̃ki (n − mi )

�(p−1)/2�∏

j=1

x̃∗
k j
(n − m j ) (3)

where ∗ denotes the conjugate operator, p represents the
nonlinearity order of truncation, and h(k)k1,...,kp

(m1, . . . ,m p)

denotes the MIMO Volterra kernels for the kth output. x̃k is
the baseband relative to the frequency-multiplexed signal of
center frequency fc, x̃k = xke j2π( fk− fc)t . Note that the nota-
tion for summations has been simplified. The indices in the
sums represent independent summations. That is,

∑∞
m1,m2,m3

is a short for
∑∞

m1

∑∞
m2

∑∞
m3

. These summations can be
reduced, eliminating redundant terms, when considering the
symmetry of MIMO Volterra series for real [34] or complex
operators [1].

A block diagram of the considered system is shown in
Fig. 1 for K = 3 carrier signals with an MIMO DPD scheme
deployed using the indirect learning architecture [35].
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Behavioral models of concurrent amplifiers have evolved
toward the MIMO Volterra series. In dual-band concurrent
systems, earlier models [13], [27] expand the series solely
over its diagonal terms, similar to memory polynomials in
SISO systems. Posterior dual models as [28] generalize the
memory expansion as the MIMO Volterra. A similar trend is
observed in triband concurrent systems from diagonal expan-
sion of the series in [29] to an MIMO Volterra-like model
in [30].

A. Hardware Impairments

1) IQ Imbalance: The IQ impaired complex-valued base-
band signals (denoted by the underline) xk(t) can be described
by [36]

xk(t) = αk xk(t)+ βk x∗
k (t) (4)

where αk = cos(θk/2) + jγk sin(θk/2), and βk =
γk cos(θk/2) − j sin(θk/2) with real-valued γk and θk that
denote the IQ gain and phase imbalance, respectively.
No IQ imbalance is then αk = 1 and βk = 0.

This model is extended to include the relative effects
between different sources as

xk(t) = Sk
(
αk xk(t)+ βk x∗

k (t)
)
. (5)

That is, the complex-valued factors Sk model the amplitude
and phase difference of the IQ impaired basebands from
different sources. Furthermore, without the loss of generality,
we assume S1 = 1, Sk �= 1, and ∀k �= 1. That is, the first
carrier is chosen as reference.

Inserting the IQ impairments, (5), into (2) gives rise to new
linear and nonlinear distortion products. In addition to (2),
linear distortions of complex-conjugate inputs are produced.
The factors Sk have a scaling effect on the linear and non-
linear distortions. Furthermore, the nonlinear distortions are
dominated by xk|xi |2, xi

2xk
∗, and xi xkx	∗, where {k, i, 	}

are the indices of the carriers. Expanding these IQ impaired
nonlinear distortions, additional nonlinear distortions to the
MIMO Volterra series are created, e.g., xkx2

i and xkx∗
i x∗

i . The
reader is referred to Appendix A for the derivations. However,
all the added nonlinear basis compared with (2) are scaled
by a factor βk/αk , which is small number in realistic setups
and applications [37]. Hence, the dominant nonlinear effects
produced by the IQ impaired signal are included in (2).

2) Phase Noise: The kth LO introduces phase noise mod-
eled by the random variable φk . This occurs at the up and
downconversion. That is, the baseband carrier xk transforms to
xke jφk [36]. The relative effects between different LO carriers
are considered of two forms: noncoherent phase noises φ1 �=
φ2 �= φ3 and coherent phase noise φ1 = φ2 = φ3. In a
linear concurrent amplification, the distortions produced by
the phase noise can be described by xk − xke jφk . That is,
phase noise affecting solely its carrier. However, for nonlinear
(efficient) amplification, the phase noise of every oscillator
contributes to the distortions in each carrier. See Appendix B
for a brief discussion. Noncoherent LOs give an increased
level of distortions compared with coherent LOs. The latter
may, therefore, be used with simpler DPD algorithms.

Fig. 2. Frequency domain illustration of the basis of the third-order nonlinear
basis for the proposed DPD. (a) Carriers at the generators. (b) Upsampling,
nonlinear operated and filtered to corresponding carrier. (c) Downsampling to
the constrained generator bandwidth.

III. DPD ALGORITHM

A. MIMO Subband Volterra DPD

For the proposed DPD, the contribution of the basis func-
tions in (2) is decomposed into different frequency bands.
The third-order terms xk1 xk2 x∗

k3
contribute to the frequency

fk1 + fk2 − fk3 and exhibit a bandwidth of
∑3

i=1 Bki . The
fifth-order terms xk1 xk2 xk3 x∗

k4
x∗

k5
contribute to the frequency

fk1 + fk2 + fk3 − fk4 − fk5 with
∑5

i=1 Bki bandwidth. For a pth
order DPD, such bandwidth expansion needs to be considered
if the carrier spacing � f fulfills

� f ≤ p max(B1, B2, . . . , BK ) (6)

where max(·) is the maximum value operator.
The MIMO subband DPD scheme is based on multirate

processing that enables the representation of nonlinear oper-
ators by band-limited predistorted signals at reduced rate
for the generators (see Fig. 1). The band-limited baseband
signals xk(n) are upsampled by a factor q . These upsampled
sequences are forwarded through the MIMO Volterra model
and then frequency shifted in order to correctly represent the
sequences in the subband that should be mitigated. Finally,
using an antialias (band limited) filter, the sample rate is
reduced (downsampling by a factor q) to the DAC’s rate.
The frequency domain formulation of a nonlinear basis in the
MIMO subband Volterra is shown in Fig. 2.

A block diagram of the proposed MIMO subband DPD for
carrier 1 is shown in Fig. 3. This process mimics the signal
flow in a concurrent carrier system, as shown in Fig. 1. So,
the DPD scheme describes accurately the distortion effects at
the output of the transmitter and consequently has excellent
compensation ability for the considered frequency bands.
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Fig. 3. DPD block diagram of the carrier 1 (c = 1) for concurrent aggregated carrier systems.

The MIMO subband DPD in Fig. 3 has the following stages.
1) Input Upsampling and Filtering: q upsampling increases

the digital bandwidth of the signals by a factor q and
the filtering process [with gin(·)] mimics the generators
linear effects due to the constraint bandwidth.

2) MIMO Volterra and Frequency Shifting: The upsampled
and filtered signals from stage 1 propagate through
an MIMO Volterra series. Due to enlarged digital
bandwidth, nonlinear operators are faithfully described.
According to the previous discussion, the output terms
contribute to different frequency locations. So, using the
LO carrier frequencies, these terms can be aligned (fre-
quency shifted) with the cth carrier to be compensated.

3) Output Filtering and Downsampling: The distortions
contributing to the cth carrier are isolated using an
antialias filter [gout(·)]. This filter can also model linear
distortion at cth receiver. Finally, the distortions are
downsampled by a factor q to have the same bandwidth
as the input sequences.

4) Kernel Linear Combination: Each basis is multiplied by
a complex-valued Volterra kernel.

Table I summarizes the generation of the MIMO subband
predistorter basis. For the cth carrier signal, this predistorter
is formalized by

xDPD
c (n) =

M1∑

m1=0

b(c)1 (m1)D{x̄c(n
′ − m1)⊗ gout(n

′)}

+
M1∑

m1=0

bIQ(c)
1 (m1)D{x̄∗

c (n
′ − m1)⊗ gout(n

′)}

+
K∑

k1,k2,k3=1

M3∑

m1,m2,m3=0

b(c)k1,k2,k3
(m1,m2,m3)

D{x̄k1(n
′ − m1)x̄k2(n

′ − m2)x̄
∗
k3
(n′ − m3)

e j2π( fk1+ fk2 − fk3 − fc)n′ ⊗ gout(n
′)} +

... (7)

TABLE I

CONSTRUCTION OF BASIS IN THE SUBBAND DPD

where x̄k(n′) denotes the kth upsampled and filtered
[with gin(·)] discrete sequence, ⊗ denotes the convolution
operator, n′ is used to denote the different sample rates,
D{·} denotes the downsampling operator n′ → n, and

b(c)k1,...
denotes the complex-valued predistorter kernels. The

second summation compensates for the linear IQ impairments,
as discussed in Appendix A.

The filtering stages gin(·) and gout(·) (see Fig. 3) can
be chosen independently of each other. This gives an extra
degree of freedom to the DPD designer and the possibility
to use some system knowledge to enhance the compensation
abilities of the DPD scheme. Although in practice the gen-
erator and receiver responses [modeled by the filters gin(·)
and gout(·)] are generally unknown, experimental results using
band-limiting functions of linear phase provide good results
for this scheme. For carrier signals modulated with M-ary
transmissions, both filters can be chosen to be the pulse
shapers. In this way, the process emulates the transmitter and
receiver structures resulting in a simple implementation and
good performance results [31]. For a pth nonlinear order,
MIMO subband DPD, the up and downsampling factor q is
set as q = �p(� f /max(Bk))� and can be adjusted for each
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TABLE II

INDEX k1, k2, AND k3 OF THE BASIS FUNCTIONS FOR THE THIRD-ORDER
KERNEL xk1 xk2 x∗

k3
IN THREE-CARRIER SYSTEM AT THE cth CARRIER.

TOTAL # BASIS AND IN PARENTHESIS, SELF-MODULATION

AND INTERMODULATION

nonlinear order making efficient signal processing computa-
tions. For example, using q = 4 for the third-nonlinear order
and q = 6 for the fifth-nonlinear order, respectively.

Table II indicates the basis functions for the nonlinear third-
order kernel of the MIMO subband Volterra DPD in (7) at the
cth carrier. Static third-order nonlinear distortion spans equally
over adjacent carriers that make Table II cell symmetric
(shown in gray shade). The columns in Table II indicate
whether the basis is a self- modulation or intermodulation
(column 0) or it is caused by adjacent distortion
(columns ±� f ). The last column in Table II indicates
the number of contributing basis functions per carrier, in
parenthesis, the number of contributing basis if carriers were
large frequency spaced (self-modulation and intermodulation).
In case of frequency-distant carriers, the column 0 contains
the required basis for the DPD algorithm yielding similar
models to those reported in the literature [29], [30].

Table III indicates the contributing basis functions for the
fifth nonlinearity order kernel of the MIMO subband Volterra
DPD for the cth carrier. Note that the number of contributing
kernels increases fast with nonlinear order, which underlines
the need for complexity reduction. In the following, we survey
this problem in more detail.

B. Pruning

Table IV summarizes the number of contributing kernels in
the MIMO subband Volterra scheme of nonlinearity order p
with K aggregated carriers, in parenthesis, the number of
coefficients in the kernel corresponding to self-modulation and
intermodulation. By dividing the compensation bandwidth into
smaller segments, the memory effects are effectively reduced
per band. In this way, the memory depth required in the
proposed technique is lower compared with an SISO model,
which considers the whole bandwidth for processing. How-
ever, as it is pointed in Table IV, the number of coefficients
in the kernels increases dramatically both with the number of
carriers and with the nonlinear order. The number of kernels
can be reduced with effective pruning methods. This has been
an active area of research for SISO power amplifiers and it
is now for multichannel systems. For instance, [12] proposes

TABLE III

INDEX k1, k2, k3, k4, AND k5 OF THE BASIS FUNCTIONS FOR THE
FIFTH-ORDER KERNELS xk1 xk2 xk3 x∗

k4
x∗

k5
IN A

THREE-CARRIER SYSTEM AT cth CARRIER.
fDist = fk1 + fk2 + fk3 − fk4 − fk5

a pruning technique based on selecting the geometric paths
of the MIMO Volterra series that covers the best its high
dimensional space. On the other hand, [14] resources to sparse
identification methods to select the MIMO Volterra basis that
has the higher contribution to the output while discarding
others. In the following, we describe novel ways of pruning
the MIMO subband series that is suitable for concurrent
amplification of closely spaced carriers.

1) Retaining Adjacent Distortions: Due to the bandwidth
expansion of nonlinear operators, the higher the nonlinearity
order the contributing terms span largely affecting other car-
riers. This is shown in Tables II and III, where the former has
contribution from single adjacent distortion (±� f ), while the
latter has contribution from two adjacent distortions (±2� f ).

Due to the nonlinear distortion decay when shifting from its
center frequency, a form of pruning can be made by discarding
the terms from nonadjacent distortions. That is, removing all
terms corresponding to columns ±2� f from Table III. Using
this pruning technique, the number of contributing terms drops
from 42 to 27 in the outer carrier and from 44 to 30 in the
inner carrier. So, a total of 44 (out of 128) contributing terms
of the fifth order are removed.

2) Diagonal MIMO Series: This pruning form is widely
used in SISO [38] and in MIMO systems [27], [29].
It considers only equal memory depth in all basis func-
tions in the MIMO series, e.g., using m1 = m2 = m3
for the third-order terms in (7). This pruning significantly
reduces the number of terms in the MIMO series. In the
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TABLE IV

NUMBER OF STATIC CONTRIBUTING TERMS AT THE cth CARRIER IN THE pth NONLINEAR ORDER MIMO SUBBAND VOLTERRA WITH K
AGGREGATED CARRIERS (IN PARENTHESIS, SELF-MODULATION OR INTERMODULATION, e.g., COLUMN 0 IN TABLES II AND III)

Fig. 4. Predistorter computation FLOPs and data rate processing versus the
number of carrier signals.

considered scenario, using the third-order memory depth
M3 = 1 in the MIMO series gives 61 and 73 number of
terms for the outer and inner carriers, respectively. On the other
hand, using only the diagonal terms it reduces to 21 and 25
for the same carrier locations. So, a total of 128 (out of 195)
contributing terms of the third order M3 = 1 are removed.

The first pruning technique (retaining adjacent distortions)
relies on the frequency representation of the MIMO Volterra
basis selecting them accordingly to its band of influence.
It is, therefore, different to other pruning methods
as [12] and [14]. However, the second pruning technique
(diagonal MIMO series) is a subset of [12] as it retains solely
certain geometric paths in the MIMO Volterra series and
discards the rest.

Table V lists the models tested in the experiments to validate
the proposed methodology.

IV. COMPUTATIONAL COMPLEXITY

The digital computational complexity of the proposed tech-
nique was evaluated taking the methodology of [39]. The
results are presented in Fig. 4, where the total number of float-
ing point operations (FLOPs) in the predistorter computation

TABLE V

MIMO SUBBAND MODELS TESTED IN THE THREE

CONCURRENT-AGGREGATED CARRIER SYSTEMS

is seen as a function of the number of carriers (band segments)
in the proposed subband DPD. Fig. 4 shows the computational
complexity of the different models presented in Table V.
Assuming a fixed transmission band (e.g., 150 MHz as used in
this paper), Fig. 4 also plots the digital processing rate required
per carrier. That is, the processing rate reduces proportionally
with the number of subbands used. Fig. 4 shows the tradeoff
encountered by using this technique. While increasing the
number of carriers reduces the HW cost and digital processing
rate, this increase also causes the growth of the MIMO Volterra
series and the predistorter computation. The HW costs of each
ADC/DAC stage and its power consumption are technology-
dependent for the specific scenario and require a study before
gains can be claimed. However, an example in [8] found cost
savings of the order of 20 times in the ADC stage and power
consumption reductions of seven times when using reduced
bandwidths.

V. EXPERIMENT

A. DPD Instrumentation Challenges

A concurrent DPD requires control of the input excitation
signals and a synchronized measurement of the output signals.
We now describe the measurement challenges of a multiband
DPD implementation using typical IQ RF front end for upcon-
version and downconversion (see Fig. 1).

1) Signal Generation: A baseband DPD requires that all
discrete signals xk(n) are faithfully represented as they appear
in the analog domain xk(t). This requires time synchronization
between the independent basebands. That is, the digital to ana-
log conversion of every carrier starts at the same “reference”
time and preferably using the same DAC sampling rate. This
is referred to as baseband coherency. This can be achieved
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by triggering the baseband of the generators with a common
signal and setting the same sampling clock for the DACs.

The RF upconversion in (1) alters the baseband signals
by a phase shift (or phase rotation) with phase ϕk from the
LO carrier phase. Furthermore, since nonlinear distortions are
created as the products of the input baseband signals its com-
pensation requires constant LO phases in the upconversion.
This is a stringent requirement for the RF HW associated
with the phase stability of the carrier oscillators. In a DPD
implementation, the phases of the LO carriers have to remain
stable between the initial measurements required to estimate
the model and when deploying DPD. Our setup uses an
instrument specifically designed to enhance phase stability of
different LO frequencies [40].

2) Signal Measurement: Measurements are typically
obtained through a downconversion process as

r(t) = G(y(t)e− j (2π fct+ψ)) (8)

where y(t) denotes the passband frequency-multiplexed analog
output of the concurrent transmitter that is downconverted
to lower frequency, fc denotes the LO demodulation carrier
frequency, and ψ its instantaneous phase. G(·) is a linear filter
modeling the receiver response.

A measurement of the multiple carriers can be performed in
a single take when the receiver G(·) has sufficient bandwidth
or in a sequential manner for a band limited receiver by
sweeping fc through fk [32], [41]. The former requires
larger analog bandwidth and faster ADC sampling rate and
digital postprocessing to convert the signals into its baseband
domain, whereas the latter works with repetitive signals and
postprocessing using time delay estimation.

For adapting online DPDs, if several measurements are
performed, the phase of the different LOs in the demod-
ulator must be constant between each other similar to the
requirement of the signal generation. In a lab setup and for
calibration purposes, the frequency-multiplexed signal with
extended bandwidth requirements can be measured with stitch-
ing techniques [42] and pilot injections [43].

B. Measurement Setup

The measurement setup is shown in Fig. 1 and it is com-
posed of three Rohde & Schwarz SMBV100A vector signal
generators. The three generators had a master/slave configu-
ration and a trigger signal for the baseband synchronization.
The DAC sampling rate of each generator was set to 50 MHz
while the bandwidth of each excitation signal was 45 MHz.
These three independent excitation signals were random-phase
multisines with more than 5000 tones and a peak to average
power ratio (PAPR) of approximately 9 dB. The frequency-
multiplexed signal had a PAPR of around of 10.5 dB. The
RF phase coherency of the three generators was enhanced
using a Holzworth HS9003 coherent signal generator. This
generator provides phase coherent multiple-RF outputs [40]
used as LOs for up-conversion.

A 6-way splitter (Mini Circuits ZB6PD-2) with three
50 Ohm terminated paths was used to combine the excitation
signals yielding a frequency-multiplexed signal of 150 MHz
centered at 2.14 GHz. This frequency-multiplexed signal was

Fig. 5. Normalized power spectrum of the amplifier output and filter effect.

Fig. 6. Photograph of the experimental setup used to evaluate the feasi-
bility of the proposed DPD. (1) Signal generators, (2) coherent generator,
(3) combiner, (4) driver amplifier, (5) Doherty amplifier, (6) cavity filter,
(7) directional coupler, (8) wideband down-converter, (9) ADC.

fed to a Freescale Semiconductor MRF8S21120HS Doherty
amplifier through a linear driver amplifier. The out-of-band
nonlinear distortions at the amplifier output were removed
using a cavity filter. The passband of this filter is the same
as the band used in the multiplexed signal. This is depicted
in Fig. 5 where independent measurements with an spectrum
analyzer (Rohde & Schwarz FSQ 26) were performed.

The feedback measurement loop (see Fig. 1) was
assembled with a dual high-power directional coupler
(Hewlett Packard 772D) at the transmitter output. The mea-
surements were performed through a large bandwidth in-house
down-converter connected to a high-performance SP devices
ADC ADQ214 with 14-bit resolution operated at 400 MHz of
sampling rate. A photograph of the experimental measurement
setup is shown in Fig. 6.

The DPD was performed “off-line” using a PC to com-
pute the predistorted sequences sent to the signal generators.
1×105 complex-valued baseband samples were measured per
carrier and 30% of the samples were used to estimate the DPD
while the rest was used for evaluation. The filtering stages in
the proposed technique [gin(·) and gout(·)] were chosen to be
the same. These filters were modeled as an FIR with passband
equal to the upsampled input signals using 52 real-valued
coefficients. In the evaluation, only the steady state response of
gin(·) and gout(·) was used, eliminating transients [22]. Hence,
the linear phase of these filters will not affect the performance
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Fig. 7. Normalized power spectrum of the output signal with the 3-carriers
and of the error spectrum with and without DPD. The MIMO sub-band DPD
uses the “Full” model in Table V.

of the method. The proposed DPD is tested using four different
MIMO subband models described in Table V.

VI. RESULTS

Fig. 7 shows the normalized error power spectral density of
the measured frequency-multiplexed signals with and with-
out DPD. Due to the narrow transition band in the cavity
filter at the amplifier output (see Fig. 5), the uncompensated
signal shows significant levels of error (distortions) with
strong frequency-dependent effects. Despite that the concur-
rent DPD [29] was developed for frequency-distant carriers, it
was implemented for benchmarking. [29] reduces the level of
error (see Fig. 5). However, this method ignores the nonlinear
effects of closely spaced carriers (due to its design) and would
require larger generator bandwidth. Hence, [29] has limited
mitigation abilities for the scenario described. Finally, the
MIMO sub-band DPD method reduces significantly the level
of error as observed in Fig. 7.

As the proposed DPD compensates for the in-band error it
is suitable to evaluate its performance using the error vector
magnitude (EVM). The EVM of the k-th carrier EVMk is
computed using N complex-valued samples as [44]

EVMk =
√

1
N

∑N
n=1 |ek(n)|2

Prefk

100% (9)

where ek(n) is the distortion at the k-th carrier defined as the
difference between the input xk(n) and the scaled output of the
transmitter yk(n). Prefk = 1/N

∑N
n=1 |xk(n)|2 is the average

power of xk(n).
Fig. 8 shows the EVM of the different carriers when the

DPD is identified in an iterative off-line fashion. Iterative
DPDs are performed according to [44] enhancing the perfor-
mance by adapting to the device changes due to different signal
excitations when estimating and deploying DPD models [45].
Because of the larger dimension of the models in the MIMO
sub-band Volterra series they exhibit slower convergence than
its pruned forms. However, these models can reach better
EVM performances as observed in Fig. 8.

Fig. 8. EVM (in %) as a function of the number of DPD iterations. The Full
MIMO Volterra (dark), the pruned (Adj-Diag. in Table V) Volterra (light).

TABLE VI

EVM AT THE c-th CARRIER WITH AND WITHOUT DPD. THE MIMO
SUB-BAND USES ORDER p = 5 AND MEMORY M1 = 7,

M3 = 1, M5 = 0 PRUNED IN VARIOUS FORMS

Table VI shows the EVM achieved in each carrier with
and without DPD (after three iterations). A linear filter (FIR)
with 10 complex-valued taps acting as DPD in each carrier
is also included for comparison. This linear SISO DPD
compensates linear dynamics revealing the level of uncom-
pensated nonlinear effects. The proposed scheme captures
these nonlinear effects offering enhanced EVM performance.
Table VI reports the EVM for the 4 MIMO sub-band Volterra
models indicated in Table V. That is, the full MIMO sub-band
model and three pruned forms using adjacent terms (Adj.),
diagonal memory (Diag.) and the combination of both pruning
forms (Diag-Adj). As can be seen in Table VI all pruned
forms of the MIMO sub-band DPD offer enhanced levels of
EVM performance.

Fig. 9(a) presents the EVM as a function of the transmitter
output power and power added efficiency. The uncompensated
(No DPD) presents a deteriorated EVM that does not reduce at
low power levels. The linear SISO DPD combats these effects
offering improved performance at low output power levels.
However, its EVM degrades rapidly for increasing power
levels. The MIMO sub-band DPD offers enhanced EVM
performance improving significantly the output power and
the transmitter efficiency compared to the linear SISO DPD.
The EVM of the MIMO sub-band DPD slightly degrades for
higher power levels. This is a known effect caused by the
increased PAPR in the predistorted signal [44]. Combining
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Fig. 9. EVM (in a) and PAPR (in b) as a function of the transmitter
output power (in the lower x-axis) and efficiency (in the upper x-axis). The
MIMO sub-band DPD uses the “Full” model in Table V.

a PAPR reduction technique for multiband transmitters [46]
with the MIMO sub-band DPD, an increase in the output
power can be obtained without sacrificing significantly EVM
as observed in the most left points in Fig. 9(a). The PAPR
of the frequency-multiplexed signal at the amplifier input
is shown in Fig. 9(b). Both the No DPD and the linear
SISO DPD have an unchanged level of PAPR with respect
to the output power. On the other hand, the MIMO sub-
band DPD increases PAPR with increasing output power. This
increased PAPR exacerbates the amplifier compression effects
and stress the need of PAPR reduction techniques in concurrent
amplification.

VII. DISCUSSION

The presented technique uses concurrent band-limited
sources together with a digital mitigation technique to com-
pensate nonlinear effects. The same technique can be applied
(with the corresponding HW modifications) to a single-carrier
ultra-wideband system by diving the excitation band. Similarly
to single channel transmissions, this architecture presents
HW impairments. Such impairments as IQ imbalance and
phase noise may be tackled using digital compensations as
briefly covered in this paper. The HW architecture requires
baseband synchronization and the DPD performance benefits
from RF phase coherency; DPD of concurrent dual-band
transmitters for widely frequency-spaced signals would be
affected in similar ways.

The proposed technique presents the tradeoff (a degree
of freedom for designers) between computational complex-
ity versus HW costs and data rate processing per carrier.
As shown in Section IV the computational complexity
increases with increasing number of carriers though the
data rate per carrier decreases. It could make the technique
less attractive for scenarios with many carriers (sub-bands).
To mitigate this drawback, an approach similar to [32] could be

used; i.e., performing a single DPD computation in the digital
domain and relocate signal segments to different frequency
bands (by several HW stages). This reduces the computational
complexity but increases the digital rate processing of the
predistorter (as typically encountered in SISO predistortion
systems).

VIII. CONCLUSION

This paper presents a concurrent transmitter HW architec-
ture with band-limited sources and an MIMO digital nonlinear
mitigation technique designed for this HW scenario namely
MIMO sub-band Volterra. The approach divides the band to
be compensated considering linear and nonlinear effects from
different carriers. The compensation in sub-bands combats
effectively strong linear and nonlinear dynamic effects and
allows reduced sample rate of the transmitter DAC stages.
HW cost and power consumption are then reduced while
keeping the EVM low. Hence it is a feasible architecture
and DPD method for future wideband systems. The tech-
nique exploits digital multirate and filtering processes using
the frequency planning of the carriers; thus, using system
knowledge to enhance the performance of the compensation
scheme. Furthermore, the technique can be used with any
MIMO model structure, favoring those with easier estima-
tion procedure (as linear estimation) and reduced computa-
tional complexity as pruned forms. Results in a 3-concurrent
aggregated carrier transmitter using 50 MHz band-limited
sources show an EVM below 1% for each carrier with
significant gains in power efficiency and transmitted output
power.

APPENDIX A
CONCURRENT IQ IMPAIRMENTS

Consider the k-th IQ-impaired baseband signal x̃k =
xke jω( fk− fc)t with fk as the carrier LO of and fc as central
carrier for baseband reference. The IQ impairment model is
defined as xk = Sk(αk xk + βk x∗

k ). The linear distortions per
carrier will follow the form xk(n) − ∑M

m=0 hk
1(m)xk(n − m).

Thus, in addition to the FIR filtered input, the distortion
has a complex-conjugate pairs. This linear combination of
complex conjugates are required in the DPD to provide the
IQ impairment compensation ability [7], [45].

The largest nonlinear contributions can be analyzed by
feeding the IQ-impaired frequency-multiplexed signal x =
x̃1 + x̃2 + x̃3 into a third-order static nonlinear model y =
x+h3x |x |2. The nonlinear distortions are produced by h3x |x |2.
According to the MIMO Volterra series in (2), these distortions
can be grouped by its frequency contribution as E IQ

fk
=

h3(I fk + A fk ) where E IQ
fk

is the distortion centered at the fk

that can be regarded as in-band distortions I fk and injected
adjacent distortions A fk

I f1 = x1|x1|2 + 2x1|x2|2 + x2
2x3

∗ + 2x1|x3|2
I f2 = 2x2|x1|2 + x2|x2|2 + 2x1x3x2

∗ + 2x2|x3|2
I f3 = 2x3|x1|2 + 2x3|x2|2 + x2

2x1
∗ + x3|x3|2. (10)

Such distortions are caused by the IQ impaired inputs coupled
with nonlinear effects. The terms A fk denote the adjacent
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distortions injected to the fk carrier. That is,

A f1 = I f2 e jω� f t + Io1e− jω� f t

A f2 = I f1 e− jω� f t + I f3 e jω� f t

A f3 = I f2 e− jω� f t + +Io3e jω� f t (11)

Io1 = x1x1x2
∗ + x1x2x3

∗ and Io3 = x3x3x2
∗ + x3x2x1

∗. The

decomposition E IQ
fk

= h3(I fk + A fk ) it is the base of the
sub-band approach and Table II shows its contributing terms.
From (10) and (11), the nonlinear distortions are dominated
by xk |xi |2. Thus, inserting xk = Sk(αk xk + βk x∗

k ) into (10)
and (11) this distortion can be decomposed. First notice

|xi |2 = |Si |2|αi xi + βi x
∗
i |2

= |Si |2
[
αiβ

∗
i x2

i + (|αi |2| + |βi |2)|xi |2 + βiα
∗
i x∗

i x∗
i

]

≈ |Si |2
[
αiβ

∗
i x2

i + |αi |2|xi |2 + βiα
∗
i x∗

i x∗
i

]
(12)

where the last approximation removes the term |βi |2|xi |2,
because, ideally β = 0. Now, we form, xk |xi |2 and remove
the second and third-order products of βk . That is, assume
βkβi = 0. Then

xk |xi |2 ≈ Sk |Si |2
[
αiαkβ

∗
i xkx2

i + αk |αi |2xk |xi |2
+ αkβiα

∗
i xkx∗

i x∗
i + |αi |2βk x∗

k |xi |2
]
. (13)

Factorizing αk |αi |2 in (13) yields

xk|xi |2 ≈ Sk |Si |2
αk |αi |2

[
β∗

i

α∗
i

xk x2
i + xk|xi |2

+ βi

αi
xkx∗

i x∗
i + βk

αk
x∗

k |xi |2
]

(14)

the relative amplitude of the distortions in (14) depend on
the magnitude of the IQ imbalances, in particular of the
ratio βi/αi . However, numerical evaluation of this ratio for
realistic applications is lower than 1/15 [37]. This implies that
the dominant distortion in (14) is xk |xi |2.

Using the same simplifications

xi
2xk

∗ ≈ S2
i S∗

k

α2
i α

∗
k

[
x2

i x∗
k + 2

βi

αi
x∗

k |xi |2 + β∗
k

α∗
k

x2
i xk

]

xi xkx	
∗ ≈ Si Sk S∗

	

αiαkα
∗
	

[
xi xkx∗

	 + βk

αk
xi x

∗
	 x∗

k

+βi

αi
xk x∗

	 x∗
i + β∗

	

α∗
	

xi xkx	

]
. (15)

From (14) and (15), it can be seen that Sk have only scaling
effects in the distortions. Furthermore, the dominant terms
in the nonlinear IQ impaired distortions xi

2xk
∗ and xi xk x	∗

are x2
i x∗

k and xi xkx∗
	 , respectively. These distortion terms are

covered by the MIMO sub-band DPD; therefore it offers
IQ mitigation abilities for the dominant distortion effects pro-
duced by the IQ impaired inputs coupled to nonlinear effects.
Since IQ impairments are systematic then, Sk , αk and βk are
constant. By augmenting the model with the additional terms
the IQ impairments can be compensated. However, to avoid
large complexity, augmenting the model with the complex-
conjugate pairs of the linear basis can be an alternative
(as proposed in [45]).

APPENDIX B
PHASE NOISE

Consider the k-th phase noise impaired baseband signal
x̂k = xke jφk e jω( fk− fc)t and the frequency-multiplexed x =
x̂1 + x̂2 + x̂3. The phase noise in the k-th carrier is denoted
by φk . In concurrent amplification the linear distortions
are frequency-isolated and can be linearly approximated by
xk − xke jφk ≈ − j xkφk , assuming φk relatively small. Thus,
the linear distortions are proportional to the carrier and phase
noise.

Propagating the frequency-multiplexed signal x through a
nonlinear third-order model h3x |x |2 the nonlinear in-band
distortions per carrier can be frequency-isolated as

Iφf1
= h31x1e jφ1 + h3x2

2 x∗
3 e j (2φ2−φ3)

Iφf2
= h32x2e jφ2 + 2h3x1x3x∗

2 e j (φ1+φ3−φ2)

Iφf3
= h33x3e jφ3 + h3x2

2 x∗
1 e j (2φ2−φ1) (16)

where Iφfk
denotes the in-band distortions at the k-th car-

rier. k is an amplitude distortion function, 1 = |x1|2 +
2|x2|2 + 2|x3|3, 2 = 2|x1|2 + |x2|2 + 2|x3|3 and 3 =
2|x1|2 + 2|x2|2 + |x3|3. The first terms in (16) show distor-
tions of the phase noise per carrier while the second terms
point out the phase noise distortions injected from the other
carriers.

Two classes of LOs are considered: coherent and noncoher-
ent. For noncoherent systems, the phases noises of different
LOs are considered independent processes φ1 �= φ2 �= φ3,
while for coherent systems [40], the phase noise is regarded
as φ1 = φ2 = φ3 [47]. Taking the amplitude of Iφf1

distortion
in (16) yields

∣∣Iφf1

∣∣2 = |h31x1|2 + ∣∣h3x2
2 x∗

3

∣∣2

+2{|h3|21x1
(
x2

2

)∗
x3e j (φ1+φ3−2φ2)} (17)

where {·} returns the real part of its argument. The last
term in (17) depicts the effects of phase noise, for coherent
systems this term is invariant and deterministic while for non-
coherent systems this term has increased variance. Thus, for
noncoherent LOs the DPD identification degrades compared
to coherent ones. For noncoherent LOs, lower phase noise
gives better performance. Notice that the linearized system
(when DPD is used) also can be described by a Volterra
series. The h3 term is then the residual third-order term that
ideally should be zero. Using a linear approximation of the
phase noise terms e jφ ≈ 1 + jφ, the residual distortion
in (16) is then proportional to the phase noise for coherent
LOs systems.
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