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Abstract—This paper presents two linearization strategies for
a custom-designed wideband push-pull (PP) power amplifier
(PA) for wired communication applications such as, for exam-
ple, cable TV. Two digital predistortion (DPD) behavioral models
are proposed to meet the in-band and out-of-band linearity
requirements when efficiently amplifying wideband DOCSIS sig-
nals with high fractional bandwidth (FBW). A radiofrequency
(RF) DPD linearizer based on a band-pass generalized memory
polynomial (BP-GMP) behavioral model and a baseband (BB)
I-Q DPD linearizer based on a harmonic distortion GMP (HD-
GMP) behavioral model are proposed. Both DPD models take
into account the harmonic distortion typical of high FBW ampli-
fication. Experimental results will show high efficient and linear
amplification of a 4 × 192 MHz composite DOCSIS signal by
properly combining a crest factor reduction (CFR) technique
and the proposed DPD strategies.

Index Terms—Digital predistortion, fractional bandwidth,
push-pull power amplifier, power efficiency.

I. INTRODUCTION

IN BOTH wireless and wired environments the need for
transmitting signals over long distances makes the power

amplifier (PA) one of the key elements in the transmitter side.
Not only because it is the main responsible for introducing
nonlinear distortion but also because its power consumption
is relevant enough to significantly impact capital expenditures
(CAPEX) and operational expenditures (OPEX).

In comparison to wireless communications systems, cable
distribution systems have their own particularities and con-
sequently, some techniques or solutions used for wireless
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systems to deal with the need for high efficient and linear
amplification have to be properly adapted. For example, in
cable communications the signal spectrum is confined in a
cable that is owned and controlled by the operator. In addition,
following the data over cable service interface specification
(DOCSIS) standard, the signal spans from a few tens or hun-
dreds MHz to about 1.2 GHz. This makes the design and
linearization of power efficient PAs very challenging.

From the linearity requirements point of view, in contrast to
wireless communications systems, the out-of-band distortion
is not a major concern in comparison to the in-band distor-
tion. In order to use high QAM modulation schemes and thus
increasing the data throughput, the in-band distortion has to
be kept significantly low. In addition, in narrowband wireless
systems, only odd distortion products are considered to be con-
tributing to the signal’s distortion at the PA output, because the
harmonic distortion associated to the even distortion products
fall significantly apart from the desired signal bandwidth and
thus it can be simply filtered out. In cable applications instead,
the fractional bandwidth (FBW) of the transmitted signals is
high, which means that even order products fall in-band and
contribute to the overall degradation.

Back-off operation is the straightforward solution to guar-
antee both out-of-band and in-band linearity requirements.
However, taking into account that the average power efficiency
dramatically drops when the PA is operated far from compres-
sion and, considering that the orthogonal frequency division
multiplexing (OFDM)-like waveforms of DOCSIS standard
present peak-to-average power ratios (PAPRs) greater than
10 dB, back-off operation leads to very low system power
efficiencies, typically below 2%.

In order to meet the stringent linearity requirements speci-
fied in the DOCSIS standard, digital predistortion linearization
(DPD) is the preferred solution due to its potential to com-
pensate for the PA memory effects (impacting the in-band
distortion) when considering ultra-wideband signals. For digi-
tal terrestrial television applications, for example, Bulusu et al.
proposed in [1] a fast convergence DPD based on the mem-
oryless Rapp model. However, only simulations results were
provided and thus, the memory effects and fractional band-
width problems were not properly addressed. There is plenty
of literature on digital predistortion (DPD) linearization for
wireless cellular communications systems [2], [3], [4], [5].
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On the contrary, there is few literature addressing the specific
linearization problems in cable systems applications. For
example, Pratt and Kearney in [6] provide a very accurate
description of the main linearization problems (in contrast
to wireless cellular communications systems) that need to be
faced in cable applications when amplifying wideband signals
with high FBW. However, no details on the behavioral models
or the DPD adaptation strategy used were detailed in [6] nor
in the patent by the same author in [7].

In this paper, for the first time to the best of the author’s
knowledge, two behavioral models for DPD linearization of
cable systems are proposed: one for radiofrequency (RF) DPD
and the other for baseband (BB) I-Q DPD. Both models are
capable to compensate for the particular in-band and out-of-
band nonlinear distortion that appears in signals with high
FBW. In addition, a wideband GaN HEMT push-pull PA has
been designed with the scope of enhancing power efficiency
over a wide bandwidth when operating with significant back-
off levels. Finally, the proposed DPD linearization is also
properly combined with the peak cancellation (PC) [8] crest
factor reduction (CFR) technique to improve the PA power
efficiency.

Therefore, the remainder of this paper is organized as fol-
lows. Section II begins with a brief explanation of the specific
challenges that need to be addressed for the linearization of
wideband DOCSIS signals with high FBW. Then, for com-
pleteness, follows a description of the PC CFR technique.
The main contribution consists in an in depth description of
the proposed RF and BB DPD behavioral models, includ-
ing a description of the greedy algorithm used to properly
select the most relevant basis functions of the proposed DPD
models. Finally, a detailed explanation of both direct and
indirect iterative learning methods used to extract the model
coefficients is also provided. Section III presents a description
of the design and implementation of the wideband push-pull
PA used in this paper as the device-under-test (DUT), as well
as the instrumentation-based experimental test bench used to
extract results. Experimental results reporting the main char-
acteristics of the designed push-pull PA and the linearization
performance of the proposed RF and BB DPD are provided
and discussed. Finally, the conclusion is given in Section IV.
As it will be proved in the paper, by properly combining
CFR and DPD techniques, it is possible to enhance the power
efficiency of the push-pull PA when operated with DOCSIS
signals expanded over 800 MHz bandwidth while meeting the
linearity specifications.

II. DIGITAL SIGNAL PROCESSING TECHNIQUES TO COPE

WITH THE PA LINEARITY-EFFICIENCY TRADE-OFF

A. Problem Statement

Digital predistortion linearization has to face several chal-
lenges that are particular from cable communication systems,
mainly due to the ultra-wideband bandwidth requirements
of the signals to be linearized. DPD has to guarantee the
required in-band and out-of-band linearity levels in a spec-
trum that starts only 54 MHz from dc and spans up to around
1.2 GHz. In addition, one of the particular challenges of cable

systems is its FBW, defined as the ratio between the signal
bandwidth (BW) and the center frequency of operation f0,

FBW = BW

f0
. (1)

Unlike in wireless system applications where the FBW is
significantly smaller than 1 (e.g., in 5G-NR band 7, consid-
ering a 40 MHz channel at 2.6 GHz center frequency gives a
FBW≈ 1.54%), in cable systems the FBW is greater than 1
(e.g., 1 GHz BW signal at 700 MHz center frequency gives
FBW≈ 143%). In such high FBW scenario, harmonic distor-
tion (HD) becomes a problem. Unlike in narrowband wireless
applications, where HD can be simply removed by filter-
ing because it does not interfere with the signal bandwidth,
in wideband cable applications, the HD may fall in-band.
Therefore, considering a polynomial behavioral model, the
DPD solution has to take into account not only odd order
terms (which are enough in narrowband wireless systems to
characterize and compensate for the dominant nonlinear distor-
tion) but also even order terms, since these terms will generate
nonlinear distortion that will also fall in-band [6].

Fig. 1 shows a simplified block diagram of the baseband
subsystems implemented to generate a DOCSIS-like signal
and compensate for the nonlinear distortion. DOCSIS-like sig-
nals of 192 MHz bandwidth were generated at baseband with
a clock rate of 204.8 MSa/s. Then, upsampling is applied to
operate at a clock rate of 3.072 GSa/s and channelize the
previously generated baseband signals (e.g., in the frequency
range from 54 MHz and up to 1.2 GHz). At this point, dif-
ferent digital signal processing compensation strategies have
been proposed to deal with the push-pull PA trade-off between
power efficiency and linearity. As it will be further detailed in
Section II-B, the peak cancellation [8] crest factor reduction
technique has been included to be properly combined with
DPD and thus try to maximize the power efficiency of the
PP PA [9]. In addition, due to the particular characteristics of
wired communications, in terms of center frequency of oper-
ation and FBW, we have considered and compared two types
of DPD linearization approaches:
• RF DPD, where real-valued band-pass signals

(uRF[n], xBB[n] ∈ R, see Fig. 1) are used for PA
linearization.

• BB I-Q DPD, where complex-valued baseband sig-
nals (uBB[n], xBB[n] ∈ C, see Fig. 1) are used PA
linearization. In wireless cellular communications sce-
narios with small FBW, I-Q DPD is the most com-
monly used solution to cope with the PA nonlinear
distortion.

As a device under test (DUT), we designed a push-pull
GaN HEMT PA with the scope of enhancing power efficiency
over a wide bandwidth when operating with significant back-
off levels. As shown in Fig. 1, both BB and RF DPD run
at a clock rate of 3.072 GSa/s. Digital upconversion (DUC)
and digital dowconversion (DDC) to and from the center
frequency are included. Further details on the design of the
push-pull GaN HEMT PA and the instrumentation used for
digital-to-analog and analog-to-digital conversion are given in
Section III-A and III-B, respectively.
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Fig. 1. Simplified block diagram of the digital subsystem including CFR, BB and RF DPD.

Fig. 2. Block diagram of a peak cancellation cell.

B. Crest Factor Reduction Technique

Among the different CFR techniques proposed in literature
to reduce the PAPR of OFDM-based signals [10], [11], [12],
we have considered the PC technique, from the family of
the clipping and filtering techniques, proposed by Kim et al.
in [8]. The main advantages of PC is its reduced compu-
tational complexity (in comparison to, for example, CFR
techniques that require convex optimization) and that no addi-
tional information nor extra signal processing is required at the
receiver side. However, the level of PAPR reduction is limited
by the amount of in-band distortion that can be tolerated when
clipping the signal peaks.

The PC techniques consists in concatenating several CFR
cells, depicted in the block diagram of Fig. 2, until reaching
the desired PAPR reduction. As shown in Fig. 2, in a first step,
a peak signal p[n] is generated as follows,

p[n] = s[n]− s[n]c[n] (2)

where s[n] is the input signal and c[n] the clipping signal
defined as,

c[n] =
{ A
|s[n]| if |s[n]| > A
1 if |s[n]| ≤ A

(3)

with A being a clipping threshold. In a second step, a filtered
or noise-shaped version of the peak signal, pf [n], is obtained.
Finally, the output signal after CFR is calculated by subtracting
a weighted version of the filtered peak signal from the original
time-aligned input signal,

u[n] = s[n− D]− αpf [n] (4)

with α being the subtraction parameter and D the required
delay to time-align both signals.

As it will be further discussed in Section III-C, by properly
tuning both A and α parameters, it is possible to trade-off
the PAPR reduction and the introduction of unwanted in-band
distortion.

C. Digital RF DPD

In cable communication applications with high FBW, it is
possible to consider the direct synthesis of the RF signal taking
into account current commercially available high-speed DACs.
For that reason, RF DPD is here proposed as a viable solution
to compensate for the PA nonlinear distortion and meet the
required in-band and out-of-band linearity specifications.

Volterra series [13] are suitable mathematical descriptors
of time-invariant nonlinear systems with fading memory, such
as the case of the PA. Considering the RF DPD input-output
notation in Fig. 1, the RF DPD output (xRF[n] ∈ R) taking
into account the discrete-time Volterra series formulation is

xRF[n] =
P∑

p=1

Qp−1∑
qp=0

· · ·
Q1−1∑
q1=0

hp
(
q1, . . . , qp

) p∏
i=1

uRF
[
n− qi

]
.

(5)

The parameter P is the number of kernels of the series
(the polynomial degree or the order of the nonlinearity), hp the
coefficient associated to the pth kernel and Q1, . . . , Qp the
memory depths (or number of delays) in each kernel. The main
problem of the Volterra series is that the number of coefficients
grows significantly when the polynomial degree and memory
depth increases. A high-order model may include unnecessary
or highly correlated basis functions that may eventually lead
to an ill-conditioned least squares (LS) solution.

For PA behavioral modeling and DPD linearization, more
simplified polynomial-based behavioral models are usually
considered [14]. The RF DPD behavioral model proposed in
this paper takes into account cross-memory products as in the
generalized memory polynomial (GMP) [15] architecture, but
taking into account band-pass signals (i.e., real-valued sig-
nals). The RF DPD output of the proposed band-pass GMP
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Fig. 3. RF modeling of the spectral regrowth at the PA output taking into
account the contribution of different harmonic and intermodulation distortion
terms.

(BP-GMP) model is described as follows,

xRF[n] =
PA∑

p=1

αp(uRF[n])p

+
LB∑
l=0

MB∑
m=0

PB∑
p=0

βpmluRF
[
n− τB

l

](
uRF

[
n− τB

l − τB
m

])p

(6)

where uRF[n] and xRF[n] are the real-valued RF DPD input and
output signals, respectively (see Fig. 1); while PA and PB are
the polynomial orders. Unlike in narrowband wireless systems,
for ultra-wideband cable systems, both even and odd terms are
considered. The order PA of the memoryless polynomial terms
in the first branch of (6) is higher than the polynomial order
PB in the second branch, since the second term of (6) is more
focused in capturing the PA dynamics (or memory effects)
by including nonlinear memory (with cross-memory products)
terms. Therefore, LB and MB are the number of considered
delays and τB

l and τB
m (with τ ∈ Z and if τB

l = 0, then τB
m �= 0)

are the most significant sparse delays of the input signal that
contribute to characterize memory effects.

Fig. 3 shows the RF modeling of the nonlinear distor-
tion (i.e., spectral regrowth) at the PA output taking into
account the contribution of different memoryless harmonic and
intermodulation distortion terms. In this case, to model the PA
nonlinear behaviour, no DPD is applied and thus xRF = uRF.
As depicted in Fig. 3, considering a signal composed by 4
channels (each one of 192 MHz bandwidth) with frequency
components ranging from 250 MHz to 1050 MHz (i.e., con-
sidering a FBW> 1), the distortion generated by both even
and odd products fall in-band, creating overlapping zones of
distortion. This has to be taken later into account to generate
the low-pass equivalent behavioral model that will be used for
I-Q DPD at baseband.

In order to improve the coefficients identification process
and facilitate the re-sampling, we have filtered the basis
functions along the observation bandwidth as indicated in
Fig. 3. Beyond the observation bandwidth it is not necessary
to compensate the signal distortion because we assume that

analog filtering will take care of eliminating the remaining
out-of-band distortion.

D. Digital BB DPD

In general, DPD is applied at baseband considering low-
pass equivalent behavioral models. In wireless communica-
tions, where the FBW is generally low, it is possible to
obviate HD and focus only in the intermodulation distor-
tion (IMD) that arises due to the nonlinear behavior of the
RF PA. Analogously, the discrete-time low-pass equivalent
Volterra series formulation considering complex-valued signals
is described as follows,

xBB[n] =
P∑

p=1

Q−1∑
q1=0

Q−1∑
q2=q1

· · ·
Q−1∑

qp=qp−1

, . . .

Q−1∑
q2p−1=q2p−2

h2p−1
(
q1, q2, . . . , q2p−1

) p∏
i=1

uBB
[
n− qi

]

2p−1∏
j=p+1

u∗BB

[
n− qj

]
. (7)

where uBB[n] ∈ C and xBB[n] ∈ C are the BB DPD input
and output signals, respectively (see Fig. 1). The series is
composed by 2P− 1 kernels of increasing dimensional order.
Again, the main drawback of using the full Volterra series is
that the number of parameters grows exponentially when con-
sidering higher order kernels. Several alternatives have been
proposed in literature to circumvent this problem in wireless
communications applications with small FBW.

As depicted in Fig. 3, in applications with high FBW how-
ever, such is the case of wideband wired communications
for CATV applications, HD can no longer be obviated since
it interferes with the signal bandwidth. As an alternative
to Volterra series, a low-pass equivalent behavioral model
is derived from (6). Following the notation in Fig. 1, the
input-output relationship of the proposed HD-GMP parallel
behavioral model is described as

xBB[n] =
PA−1

2∑
p=0

αpuBB[n]
∣∣uBB[n]

∣∣2p

+
LB∑
l=0

MB∑
m=0

PB
2∑

p=1

βpml
∣∣uBB

[
n− τB

l

]∣∣p∣∣uBB
[
n− τB

l − τB
m

]∣∣p

·
(

e−j�0n + 1

2
ej�0n

)

+
LC∑
l=0

MC∑
m=0

PC−1
2∑

p=0

γpmluBB

[
n− τC

l

] ∣∣∣uBB

[
n− τC

l − τC
m

]∣∣∣2p
,

(8)

where uBB[n] and xBB[n] are the complex-valued baseband
DPD input and output signals, respectively. �0 is defined as
�0 = 2π f0

fs
, with f0 and fs being the center and sampling

frequencies, respectively. PA, PB and PC determine the non-
linear order of the polynomials at each of the branches of the
proposed HD-GMP parallel behavioral model. PA and PC have
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Fig. 4. Baseband modeling of the spectral regrowth at the PA output tak-
ing into account the contribution of different harmonic and intermodulation
distortion terms.

to be odd numbers, while PB has to be even. The first branch
of the behavioral model in (8) describes the memoryless odd
distortion terms, while the third branch describes the odd dis-
tortion terms but including memory. MC and LC determine the
memory depth and τC

l and τC
m (if τC

l = 0, then τC
m �= 0) are

the most significant sparse delays. The second branch in (8)
instead, describes the even distortion terms (which, again, are
of relevance when considering high FBW applications) includ-
ing memory, where MB and LB determine the memory depth
and τB

l and τB
m are the most significant sparse delays. Further

details on how to find the most significant basis functions (i.e.,
parameters configuration) are given in Section II-E.

Fig. 4 shows the baseband modeling of the nonlinear dis-
tortion (i.e., spectral regrowth) at the PA output taking into
account the contribution of different memoryless harmonic and
intermodulation distortion terms. In this case, to model the PA
nonlinear behaviour, no DPD is applied and thus xBB = uBB.
In order to model the HD derived from the even order products,
the even order distortion is generated at baseband and then
shifted to −�0 and �0. Similarly to RF DPD, the basis func-
tions are filtered along the observation bandwidth, as indicated
in Fig. 4.

E. Selection of the Most Relevant Basis Functions of the
DPD Behavioral Models

In order to determine the polynomial orders and the most
relevant delays of the proposed DPD behavioral models in (6)
and (8), a greedy selection algorithm was considered. The
orthogonal matching pursuit (OMP) algorithm can be used
to perform an a priori off-line study, to properly select the
most relevant basis functions that will contribute to linearize
the PA (e.g., [16], [17]). With the OMP, by selecting the most
relevant basis, not only the number of required coefficients
can be reduced, but also minimizes the risk of having an
ill-conditioned system.

To select the most relevant basis contributing to linearize the
PA nonlinear behavior, we assume that the optimal subset of
selected basis functions of the DPD functions in (6) and (8),
will be the same as that used for PA behavioral modeling.

Algorithm 1 Orthogonal Matching Pursuit Algorithm
1: procedure OMP (y, X)
2: initialization:
3: e(0) = y− ŷ(0); with ŷ(0) = 0
4: S(0) = {}
5: for m = 1 to mmax do
6: X{i} ← X{i}

‖X{i}‖2
7: i(m)← argmax

i
|XH
{i}e(m−1)|

8: S(m)← S(m−1) ∪ i(m)

9: wS(m) ← (
X

H
S(m)XS(m)

)−1X
H
S(m)y

10: ŷ(m) = XS(m)wS(m)

11: e(m) = y− ŷ(m)

12: end for
13: return S
14: end procedure

Therefore, the objective consists on minimizing the number
of active components (i.e., �0-norm) subject to a constraint on
the �2-norm squared of the identification error,

min
w
‖w‖0

subject to ‖y− Xw‖22 ≤ ε. (9)

An approach to address this NP-hard problem, is the use
of the OMP greedy algorithm. The OMP search can be
conducted off-line, since it relies on input-output observa-
tions. The estimated PA behavioral model output ŷ[n] (for
n = 0, 1, . . . , L−1), is defined following a matrix notation as

ŷ = Xw (10)

where w = (w1, w2, . . . , wM)T is the M×1 vector of parame-
ters and X is the L×M data matrix (with L� M) containing
the basis functions or components. The data matrix can be
defined as

X =
(
φx[0],φx[1], . . . ,φx[L− 1]

)T
(11)

where φT
x [n] = (φx

1[n], φx
2[n], . . . , φx

M[n]) is the M × 1 vec-
tor of basis functions φx

j [n] (with j = 1, . . . , M) at time n.
This general equation can be particularized for any behavioral
model, such as the ones proposed in (6) and (8).

For completeness, the OMP algorithm is defined in
Algorithm 1. The support set containing the indices of the
basis functions describing the PA behavioral model is defined
as S(m). Let us consider that mmax is the number of basis
functions under study, which has to be sufficiently high to
ensure a proper exploration. At every iteration of the OMP
search, the component (i.e., basis function) that better con-
tributes to minimize the residual error is selected and added
to the support set S(m). The index i(m) is obtained by max-
imizing the absolute value of the dot product between the
normalized basis function X{i} and the residual error e(m−1)

of the previous iteration. After a complete OMP search, we
obtain a vector S(mmax) with the indices of all the original basis
functions (active components) sorted according to their rele-
vance. Then, by using some information criterion, such as the
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Fig. 5. Block diagram of both direct (red arrows) and indirect (green arrows)
learning DPD adaptation.

Akaike (AIC) or the Bayesian (BIC) [16], it is possible to
determine the optimum number of coefficients (mopt), where
mopt < mmax. Finally, the subset of selected basis functions,
XS(mopt) , is used in (12) as US(mopt) to carry out the DPD.

F. Adaptive DPD Identification

Fig. 5 shows the block diagram of the adaptive DPD sub-
system for both direct and indirect learning modes. This
general block diagram is valid for both BB and RF adap-
tation approaches. For simplicity, in the following the DPD
adaptation will be described using the notation for baseband
DPD.

In the forward path, the input-output relationship in the DPD
block can be defined following the notation in Fig. 5 as,

x = u− Uw (12)

where u is the L × 1 input vector and L is the number of
samples (i.e., n = 0, 1, L − 1), x is the L × 1 predistorted
vector and w is the M × 1 vector of coefficients. The L ×M
data matrix U containing the basis functions is defined as

U =
(
φu[0],φu[1], . . . ,φu[L− 1]

)T
(13)

where φu[n] is the M × 1 vector of basis functions φu
j [n], for

j = 1, . . . , M, at time n.

φT
u [n] =

(
φu

1[n], φu
2[n], . . . , φu

M[n]
)

(14)

These basis functions can be particularized taking into account
any behavioral model. In this paper, we have employed the
basis functions from both the BP-GMP behavioral model in (6)
for RF DPD and the HD-GMP behavioral model in (8) for BB
I-Q DPD.

Applying an iterative learning approach, the DPD
coefficients at the kth iteration can be calculated as follows,

wk+1 = wk + μ �w. (15)

with μ (0 < μ < 1) being a learning rate parameter.
Now, following a direct learning (DL) approach as proposed
in [18], [19], the least squares (LS) solution for �w is
defined as

�w = (
UHU

)−1UHeDL (16)

with eDL being the L × 1 vector of the DL residual error,
defined as

eDL = y
G0
− u (17)

where the desired linear gain is G0.

Unlike the direct learning approach, in the indirect learn-
ing (IL) approach we first estimate the inverse PA model
by postdistorting the PA output signal. This is based on the
assumption that the coefficients of the postdistorter and the
coefficients of the predistorter are equivalent. As depicted in
Fig. 5, the output of postdistorter is defined as

x̂ = y
G0
− Yw (18)

where y is the L × 1 PA output vector (i.e., the postdistorter
input). Analogously, the L×M data matrix Y, containing the
basis functions, is calculated as U in (13)-(14), but using signal

y
G0

instead of signal u,

Y =
(
φy[0],φy[1], . . . ,φy[L− 1]

)T
(19)

where φy[n] is the M × 1 vector of basis functions φ
y
j [n], for

j = 1, . . . , M, at time n.

φT
y [n] =

(
φ

y
1[n], φy

2[n], . . . , φy
M[n]

)
(20)

where again, in general, the basis functions can be partic-
ularized taking into account any of the existing behavioral
models.

The new vector of postdistorter coefficients w is updated
at the kth iteration as in (15), where the LS solution for �w
considering the IL approach is defined as

�w = (
YHY

)−1YHeIL (21)

The L × 1 IL postdistortion estimation error vector eIL is
defined as

eIL = x− x̂. (22)

As depicted in Fig. 5, once the postdistortion coefficients w
are estimated, they are copied and used in the DPD subsystem
in the forward path, as described in (12).

III. POWER AMPLIFIER, EXPERIMENTAL

TEST-BENCH AND RESULTS

A. Power Amplifier Design

A wideband PA using GaN HEMT technology was designed
and implemented to produce competitive power efficiency val-
ues in comparison to the commercial cable television (CATV)
parts currently under use. Fig. 6 shows both the schematic and
the table of components of the designed amplifier. A push-pull
architecture was chosen for exploiting its intrinsic rejection to
even-order distortion components.

The size and drain biasing voltage range of the employed
GaN HEMT devices were selected to place their high effi-
ciency load-pull contours in a region over the Smith Chart
that could facilitate synthesizing the desired drain impedance
at the fundamental over a wide frequency range. The gate bias-
ing voltage was adjusted slightly above the pinch-off value of
the process (Vp = −2.8 V) as a compromise between predis-
torsionable gain and phase profiles and a reduced degradation
of efficiency under output power back-off (OBO) condition.
A small-valued coil was selected for the drain biasing path in
order to reduce its possible contribution to memory effects.
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Fig. 6. a) Schematic and b) table of components of die-based Push-pull PA.

Fig. 7-a) shows a photograph of the implemented lab pro-
totype. Advantage was taken of components with reduced
footprints. Commercial baluns (MiniRF) and die-based GaN
HEMTs (Wolfspeed) were combined with high-Q capacitors
from ATC (100 A Series) and inductors from Coilcraft (Square
Air Core and Ceramic Core Chip Series). The banks of capac-
itors were placed close to the biasing connectors. Due to the
size of the Aluminium carrier used for the implementation,
the power density potential of the topology was not fully
exploited. In Fig. 7-b), an optimized layout is presented, show-
ing the active region area of the amplifier could be easily
reduced below 38mm×30mm.

Simulation results in Fig. 8 show the power gain and effi-
ciency evolution with output power at different frequency
values for a continuous wave (CW) excitation. Flat gain pro-
files above 20 dB may be observed, with a variation below
3 dB across such a wide frequency range for small-signal
operation, followed by the expected deep compression when
the output power saturates. The maximum efficiency reaches
69.2% at the central frequency of 700 MHz, for a peak output
power of 41.3 dBm, staying above 60% from 200 MHz up to
1100 MHz. Under a deep OBO value of 12 dB, the efficiency
remains above 7% for most part of the band to be covered,
reaching 9% at the central frequency.

B. Experimental Test-Bench

The designed wideband push-pull PA described in the
previous subsection, was experimentally evaluated with
DOCSIS signals using a MATLAB-controlled test bench that
interfaces waveform generation and acquisition instruments,

Fig. 7. a) Photograph and b) layout size detail in mm of die-based Push-
pull PA.

Fig. 8. Power gain and efficiency profiles versus output power from
simulations (CW excitation).

as shown in Fig. 9-a). In order facilitate the remote collabo-
ration between the research group located and the Universitat
Politécnica de Catalunya (UPC) and the research group located
at the Universidad de Cantabria (UC), a MATLAB client-
server waveform upload/download architecture was enabled.
This setup permitted launching multiple DPD experiments in
parallel and from different physical locations. The MATLAB
server communicated both with the remote clients running
the DPD algorithms and the laboratory hardware located at
the UC.

The direct RF generation at f0=650 MHz of approximately
800 MHz bandwidth (4 channels × 192 MHz BW, ranging
from 250 MHz and up to 1050 MHz) of 64 QAM (OFDM-
based) DOCSIS signals with a PAPR of around 11 dB, was
carried out through the arbitrary waveform generator AWG
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Fig. 9. a) Block diagram and b) photograph of the experimental test bench.

M8190A from Keysight, with a clock rate of 7.3728 GSa/s
and 14 bits. A digital storage oscilloscope (Keysight 90404A)
was used to acquire the RF output signal at 20 GSa/s with 8-bit
resolution. Averaging was required to improve the SNR of the
acquired signal (noise level around −50 dB approximately).

As depicted in Fig. 9-b), an attenuator was included at the
input of the PP PA to avoid any undesired interaction, consid-
ering the PA input matching and the driver output matching
could not be the best across the complete frequency range. The
employed pre-amplifier was the Minicircuits ZHL-20W-13+,
which may offer up to 41 dBm from 20 to 1100 MHz, allow-
ing enough margin to drive the DUT with the aforementioned
attenuation. Recommended for operation up to 1000 MHz, its
output VSWR is above 2 for a significant part this range,
with values even higher than 3 at some frequencies. Since its
gain versus frequency profile falls down 5 dB at 1200 MHz,
a reduced bandwidth signal (4 channels, 300 to 1100 MHz)
was selected for the dynamic tests.

After a first characterization of the implemented PA
shown in Fig. 7-a), the input and output matching/terminating
networks were readjusted in order to obtain a response as flat
as possible (≈ 15 dB, as shown in Fig. 10-a)) for the small
signal gain and in order to increase the efficiency at higher
frequencies, respectively. Due to the limited power handling
capability of the employed baluns, a CW large-signal charac-
terization of the PA was prohibitive. As alternative, a pulsed
RF excitation was employed with a duty cycle of 5% and a
pulse width of 50 μsec.

As depicted in Fig. 10-b), a saturated output power higher
than 40 dBm was measured from 200 to 1200 MHz. The drain
efficiency remains above 56.5% for the whole frequency band
(above 60% from 210 to 1150 MHz). A peak value higher
than 70% was also measured. The PAE is above 55% from
210 to 1130 MHz, for a 920 MHz frequency span.

Fig. 10. a) Small-signal gain together with b) efficiency, PAE and output
power profiles at saturation under pulsed RF excitation.

C. Experimental Results on DPD Linearization

Taking into account that the RF signal is band-pass filtered
after the RF PA, we assume that the out-of-band distortion
compensation has to be carried out up to a certain observation
bandwidth only. Consequently, in order to quantify the out-of-
band distortion compensation, the adjacent channel power ratio
(ACPR) was measured considering a 100 MHz offset (this
offset should be reduced to 50 MHz when the lower signal
frequency is 54 MHz) from the lowest and highest frequency
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TABLE I
COMPARISON OF WIDEBAND DPD LINEARIZATION STRATEGIES WITH

PUSH-PULL PA POLARIZATION VGG = −2.6V, VDD = 16 V

components. Beyond the lower and upper 100 MHz offset, the
signal is filtered and the ACPR values are more easily met. As
previously discussed, in wired communications systems, the
out-of-band distortion is not a major concern in comparison
to the in-band distortion requirements, where stringent error
vector magnitude (EVM) figures have to be met in order to
employ high QAM modulation schemes (that allow increasing
the data throughput).

Both BB and RF DPD run at a clock rate of 3.072 GSa/s.
Therefore, all basis functions are generated at 3.072 GSa/s
and then filtered along an observation bandwidth of 1 GHz.
We are assuming that some frequency wrapping occurs
when considering basis functions with high order nonlinear
terms. However, these unwanted effects occur mainly at high
frequencies (i.e., around fs/2 = 1.536 GHz). Thus, since
the observation bandwidth for filtering is set to 1 GHz, the
unwanted effects due to aliasing are considered to be neg-
ligeble. The reason to assume this slight degradation (but yet
meeting the linearity specifications) is to avoid the additional
computational complexity of up-sampling, filtering and down-
sampling that would be necessary to generate each nonlinear
basis function (i.e., for each nonlinear basis function, fs should
be P×BW, where P is the nonlinear order).

In a first approach, we compared the linearization
performance of the proposed RF DPD linearizer based on a
BP-GMP behavioral model and the BB I-Q DPD linearizer
based on a HD-GMP behavioral model, in terms of ACPR and
EVM. As shown in Table I, the targeted linearization speci-
fications of ACPR ≤ −40 dBc and EVM ≤ −45 dB were
met with both RF and I-Q DPD when considering a PA polar-
ization of VGG = −2.6 V and VDD =16 V. By controlling
the output back-off, it is possible to improve the out-of-band
distortion compensation (measured in terms of ACPR) at the
price of having lower output power and thus power efficiency.
This effect can be observed either without DPD (e.g., con-
figuration #0 versus configuration #1 in Table I), or after
applying DPD (e.g., configuration #2 versus configuration #3
in Table I). In addition, Fig. 11, Fig. 12, Fig. 13 and Fig. 14
show the unlinearized and linearized output power spectra, the
AM-AM and AM-PM characteristics when considering I-Q
DPD with no CFR (i.e., configuration #2 in Table I) and RF

Fig. 11. Unlinearized and linearized (configurations #0 and #2, respectively,
in Table I) PP PA output spectra when considering BB IQ DPD without CFR.

Fig. 12. AM-AM and AM-PM characteristics without and with BB IQ DPD
and no CFR (configurations #0 and #2, respectively, in Table I).

DPD with CFR (i.e., configuration #5 in Table I), respectively.
As observed, slightly better out-of-band distortion compensa-
tion in the upper band can be achieved using RF DPD. In
addition, in order to maximize the power efficiency, PC CFR
is applied and thus, as reported in Table I, it is possible to
slightly increase the mean output power and, consequently,
the PA power efficiency. On the contrary, if no CFR is consid-
ered (see for example Fig. 11 and Fig. 12) we have to operate
with higher back-off to meet the linearity specifications, which
impacts the power efficiency (as reported in Table I). The price
to pay when reducing the PAPR by using CFR techniques is
a degradation of the EVM, since additional in-band distortion
is introduced by using the PC CFR technique.

As, described in Section II-E, in order to select the most
relevant DPD basis functions we used the OMP algorithm.
Taking into account the BP-GMP behavioral model described
in (6), the number of parameters of this model can be cal-
culated as follows: M = PA + (PB + 1)(LBMB − 1). For the
OMP search, the initial configuration of the hyper-parameters
of the BP-GMP model was: PA = 13, PB = 5, LB = 51 with
τB

l = [0 : 50] and MB = 5 with τB
m = [−2 : 2], except for
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Fig. 13. Unlinearized and linearized (configurations #0 and #5, respectively,
in Table I) PP PA output spectra when considering RF DPD with PC CFR.

Fig. 14. AM-AM and AM-PM characteristics without and with RF DPD
and PC CFR (configurations #0 and #5, respectively, in Table I).

Fig. 15. Constellation of channel 4 (worst-case), without DPD (blue) and
with IQ DPD and No CFR (red, left-figure) and with RF DPD and CFR
(red, right-figure), corresponding to configurations #0, #2 and #5 in Table I,
respectively.

the case of τB
l = 0 and τB

m = 0. Therefore, the initial configu-
ration consisted of mmax = 1537 coefficients in Algorithm 1.
After the OMP search, the number of coefficients was reduced
to mopt = 391. Analogously, the number of parameters of
the HD-GMP parallel behavioral model described in (8),
can be calculated as follows: M = (PA+1

2 ) + (PB
2 )LBMB +

(
PC+1

2 )(LCMC − 1). For the OMP search, the initial config-
uration of the hyper-parameters of the HD-GMP behavioral

TABLE II
COMPARISON OF PA POLARIZATION STRATEGIES COMBINED WITH CFR

(ORIGINAL PAPR=11.1 DB) AND DPD LINEARIZATION

(ACPR≤–40 DBC EVM≤–45 DB)

model was: PA = 13, PB = 6, PC = 5, LB = 51 with
τB

l = [0 : 50], MB = 5 with τB
m = [−2 : 2], LC = 51 with

τC
l = [0 : 50], MC = 5 with τC

m = [−2 : 2], except for the
case of τC

l = 0 and τC
m = 0. Therefore, the initial configuration

consisted of mmax = 1534 coefficients in Algorithm 1. After
the OMP search, the number of coefficients were reduced to
mopt = 387.

Despite the fact that the number of DPD coefficients
(slightly less than 400 coefficients) in both RF and DPD
cases may look high when comparing it to DPD solutions
for narrowband signal in wireless systems, it is the minimum
number of required DPD coefficients to meet both in-band and
out-of-band linearity specifications when considering a wide-
band signal and high FBW. We indistinctly estimated the DPD
coefficients adaptively using both direct and indirect learn-
ing approaches. While the indirect learning approach shows
faster convergence (in around 3 iterations), the direct learn-
ing approach can achieve better in-band linearization figures
(around 1 dB better) after 8 iterations. In both cases, the learn-
ing rate parameter μ in (15), was initially set to 0.99 and then
decreased 0.1 at every iteration up to a minimum of value of
0.2, to guarantee a smooth convergence.

Although in a first approach the drian basing voltage value
of 16 V was selected for the GaN HEMTs in the power ampli-
fier, the obtained results after applying the DPD with CFR
showed there was some margin left to better adjust the power
capability of the push-pull PA to the DOCSIS signals. Table II
shows the output power values and power efficiency figures for
different configurations of the gate and drain voltages when
CFR and DPD were applied to help meeting the specifications
of ACPR of −40 dBc and EVM of −45 dB. By reducing VDD
and slightly increasing VGG, the gain and efficiency profiles
follow a similar behavior as those reported in Fig. 8, but with
enhanced peak efficiency values. That is the reason why both
biasing voltages were tuned in order to find a more efficient
configuration while meeting the linearity specifications.

As explained before, when combining CFR with DPD the
power efficiency can be improved at the price of degrading
the in-band linearity (i.e., the EVM). Fig. 16 shows the power
efficiency and the best EVM (out of 4 channels) for differ-
ent PAPR values when considering the PA polarization of
VGG = −2.45 V and VDD = 8.5 V. As observed, even without
the PA, the EVM is degraded due to the clipping and filter-
ing nature of the PC technique. In the absence of noise and
other residual distortion due to the RF PA, a PAPR reduction
of around 2.6 dB can be achieved and still being compliant
the −45 dB specifications of EVM. The ACLR specifications
were always met independently of the PAPR. For meeting the
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Fig. 16. In-band linearity measured in terms of EVM and power efficiency
vs. PAPR reduction.

in-band distortion specifications of EVM≤-45 dB, no more
than 1.6 dB of PAPR reduction (corresponding to 9.5 dB of
PAPR) was tolerated at the transmitter antenna side, i.e., when
considering the RF PA and DPD linearization. As reported in
Table II, by reducing the PAPR from 11.1 dB up to 9.5 dB, it
is possible to meet the ACPR and EVM specifications, extend-
ing the mean output power up to 27.3 dBm and obtaining a
power efficiency of 7.3%.

IV. CONCLUSION

A wideband push-pull PA on GaN HEMT technology and
with reduced footprint was specifically designed for wired
communication applications to deliver around 27 dBm of aver-
age output power with reduced even-order distortion in the
frequency range of 54-1200 MHz with the maximum power
efficiency possible. In order to meet the linearity specifications
when operating the PA with wideband signals and high FBW,
two DPD behavioral models have been proposed: a RF DPD
linearizer based on a BP-GMP behavioral model and a BB
I-Q DPD linearizer based on a HD-GMP behavioral model.
Both DPD models take into account the harmonic distortion
that appears when considering nonlinear amplification of wide-
band signal with high FBW. From a linearization performance
perspective, there are slight differences between the RF and
BB DPD approaches, since both can meet the linearity speci-
fications requiring a similar number of coefficients. However,
targeting an FPGA implementation, the RF DPD is preferable,
because it requires less hardware resources than the BB I-Q
DPD. As discussed in [20], handling real-valued signals posi-
tively impacts the number of required FPGA multipliers/adders
(e.g., Xilinx DSP48E2 blocks) to implement the DPD func-
tion in comparison to handling complex-valued signals (i.e.,
complex multipliers/adders). The FPGA implementation of the
proposed RF and BB DPD models will be addressed in future
works, where the most challenging part will be meeting the
timing closure taking into account the high sampling rates
required to handle these signal bandwidths.

In summary, high power efficient amplification of up 7.3%
(drain efficiency) was achieved with the custom-designed GaN
HEMT push-pull PA when considering a 4 × 192 MHz com-
posite DOCSIS signal (i.e., around 800 MHz instantaneous
bandwidth). The proposed RF and BB DPD strategies (using

less than 400 properly selected coefficients) were combined
with the PC CFR technique to meet the out-of-band and strin-
gent in-band linearity requirements with the best possible PA
power efficiency at a mean output power ranging from 25
to 27 dBm, in the line of the evolution of CATV amplifiers
described in [21]. The linearization performance achieved with
the proposed DPD models is expected to be valid in general,
regardless of the PA mean output power.
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