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Abstract—The power amplifiers (PAs) often suffer from load
mismatch in mobile terminals due to the complicated working
environments, making linearizing those PAs a challenging task.
This article proposes a novel load-mismatch tracking digital pre-
distortion (LMT-DPD) technique for linearizing mobile-terminal
PAs under varying load-mismatch conditions. The time-domain
polyharmonic distortion (TD-PHD) model is discussed first for
the behavioral modeling and linearization of PA under mismatch,
followed by a practical model construction method. Then, the
proposed LMT-DPD technique is derived based on the superpo-
sition principle. According to the real-time load reflection coeffi-
cients, the LMT-DPD enables automatic and fast adjustments
of the predistorter to adapt to the PA’s nonlinear distortion
under different load-mismatch conditions without coefficient
recalibration. Experimental validations are carried out on a
mobile-terminal PA module at 4.6 GHz with a 100-MHz 5G new
radio (NR) signal. The test results show that the proposed LMT-
DPD technique can significantly reduce the update frequency of
predistorter while realizing excellent linearization performance.

Index Terms—Digital predistortion, load mismatch, mobile
terminal, power amplifiers (PAs), time-domain polyharmonic
distortion (TD-PHD) model.

I. INTRODUCTION

ODERN communication systems are continuously
evolving to fulfill the growing users’ demand for faster
transmission rate and data capacity, leading to broader signal
bandwidth, high-order modulations, and high peak-to-average
power ratio (PAPR). The requirements for the linearity of
the transmission signal are more stringent, and higher energy
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Fig. 1. Block diagram of the typical DPD system.
efficiency of transmitters is essential for the designers to
achieve green communication [1].

The power amplifiers (PAs) are the most power-hungry
components in radio frequency (RF) front ends, and their
efficiency will directly affect the performance of the trans-
mitters [2]. However, the PAs will suffer from strong non-
linear distortion when delivering high efficiency. Additional
linearization techniques are usually adopted in transmitters to
address the PAs’ conflict between efficiency and linearity [3].
Currently, digital predistortion (DPD) is one of the most popu-
lar linearization techniques in modern wireless communication
systems [4], [5].

Based on accurate behavioral modeling, DPD can predict
the nonlinear distortion of the PA and eliminate it by adding
a proper predistorted signal [5], [6], [7], [8]. Fig. 1 shows
the structure of a typical DPD system, which contains a
predistorter, a model identification module, and a feedback
loop [9]. The predistorter will generate the DPD signal in real
time, and its coefficients should be updated to adapt to the
amplifier’s operating status. Therefore, a model identification
module is necessary, which will be activated frequently to
extract the model’s coefficients with the PA’s input and output
signals.

Traditional DPD studies mainly focus on its application
in high-power base stations [10], [11], [12], [13]. In base
station equipment, an isolator is inserted between the PA
and the antenna to stabilize the amplifier’s output impedance.
However, limited by the hardware cost and volume bud-
get, the bulky isolators are usually removed in 5G mobile
handsets [14]. Therefore, mobile-terminal PAs are sensitive
to the variation of the antenna impedance, which frequently
occurs since the reflection objects close to the antenna change
quickly as the terminal device moves around [15]. When the
impedance of the antenna derivates from 50 Q, the PA will
suffer from load mismatch [16]. This mismatch will induce
an unexpected reflective wave at the PA’s output, resulting
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in overall performance degradation, including more severe
nonlinear distortions, reduced output power and efficiency, and
poorer stability [17], [18], [19], [20]. The PA’s working status
and nonlinear characteristics will change with the variation of
its load impedance, making it complicated to linearize such a
PA. Recently, dealing with the load mismatch of PAs in mobile
terminals has become a common concern for researchers in
both industry and academia [21], [22], [23], [24], [25].

In wireless mobile terminals, linearization for PAs involves
several unique challenges. Specifically, the DPD technique has
to track more severe environmental variations than those found
in base stations [26]. First, the nonlinear distortions of PA
under load mismatch with high-voltage standing wave ratio
(VSWR) are different, and DPD is expected to compensate for
these “unusual” distortions effectively. Second, since the load
impedance may change quickly in mobile terminals, the DPD
model must be frequently updated to track the PA’s nonlinear
behavior in real time.

Behavioral models for PAs under load mismatch have been
studied in the literature [27], [28], [29], [30], [31], [32], [33],
[34]. Dual-input models considering reflection wave are inves-
tigated in [27], [28], [29], [30], [31], and [32]. Zargar et al. [27]
derived a double-input—double-output (DIDO) model from the
dual-input Volterra series and proposed to extract the model
coefficients with the PA’s input and output signals under
different load conditions. Although the modeling accuracy
is satisfied, the complexity is unaffordable for the handsets
since the DIDO model contains abundant nonlinear basis
functions. Then, Cai et al. [28] simplified the DIDO model
and proposed the D-quasi-polyharmonic distortion (QPHD)
model. The dc response is also introduced into the dual-input
behavioral model in [29] and [30] to enable the prediction of
PA’s efficiency under load mismatch. In [33], an impedance-
dependent MP model (IDMP) is developed by including the
load reflection coefficients in the memory polynomial (MP)
model. Then, for test conditions, the model coefficients are
interpolated from the training sets. Recently, Wang et al. [34]
proposed an extended magnitude selective affine (EMAS)
model for the behavioral modeling and linearization of the
PA under load mismatch, which can achieve significant com-
plexity reduction compared to the conventional generalized
MP (GMP) model. Furthermore, a reflection-aware behavioral
modeling and DPD method is proposed in [16], which extracts
and saves multiple sets of model coefficients for different
training load conditions.

Among the literature, we can find that most of the DPD
schemes are mainly concerned with the steady-state modeling
performance, i.e., which accuracy a model will achieve under
a specific mismatch condition. In such a case, the adaption
of the DPD model must be triggered repeatedly to track
the variation of load mismatch, making the identification
complexity unaffordable in mobile terminals.

To resolve this issue, this article proposes a load-mismatch
tracking DPD (LMT-DPD) technique. Based on the time-
domain polyharmonic distortion (TD-PHD) model, the LMT-
DPD technique is derived with the superposition principle.
Compared to the conventional adaptive DPD method that
recalibrates the DPD coefficients as the load impedance
changes, the proposed LMT-DPD technique enables fast and
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Fig. 2. Behavioral model schematics for PA under (a) load match and (b) load
mismatch.

automatic adaption of its coefficients according to the real-time
load reflection coefficient without performance degradation.
To validate the performance of the LMT-DPD against other
DPD update strategies, experimental tests are carried out on a
Skyworks sky58255-11 PA module with a 100-MHz 5G new
radio (NR) signal.

In this article, based on the DPD technique reported in
the conference paper [35], more details about the theoretical
analysis and methodology of the TD-PHD model and LMT-
DPD are presented, as well as a brief discussion about
the complexity of the LMT-DPD. The descriptions of the
structure of the LMT-DPD are provided in detail, including
the actual implementation of the load-mismatch evaluator.
In addition, more measurement results, including simulation
and experimental results under different PA load conditions,
are demonstrated and compared with previous works.

The rest of this article is structured as follows. The
TD-PHD model and its construction method are introduced
in Section II. Section III provides the details of the proposed
LMT-DPD model, including the principle analysis, coefficients
extraction method, and working procedures. Section IV gives
the simulation and experimental measurement results. A sum-
mary will be presented in Section V.

II. TD-PHD MODEL

Fig. 2 shows the schematics of signal flows when the PA
connects to the matched and mismatched load. The input and
the output signal are denoted as a(f) and b,(¢), respectively.
When the PA suffers from load mismatch, a backward incident
wave ay(t) will occur at the output of the amplifier, resulting
in more complicated nonlinear distortions. In such a case,
the mismatched PA is equivalent to a dual-input nonlinear
system, and both the input signal a;(¢) and the reflection signal
a»(t) contribute to the output signal b,(¢), as in the following
equation:

by (1) = G(a(t), ax(1)) (1

where G(-) denotes the nonlinear transfer function of the PA.
Note that a;(t), ax(t), and by(t) only have the fundamental
component and memory effect being ignored here. To accu-
rately describe and compensate for the nonlinear distortion of
the amplifier under load mismatch, we need to construct a
suitable nonlinear transfer function G(-).

The derivation of some basic principles and assumptions
in polyharmonic distortion (PHD) modeling theory may be
helpful in solving the function G (a;(t), a»(¢)). The PHD mod-
eling is a black-box frequency-domain modeling technique,
and it is a natural extension of S-parameters under large-signal
conditions [36], [37]. In the derivation of PHD modeling,
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an assumption is made that there is only one dominant large-
signal input component, while all other input components are
relatively small. It is worth noting that the gain normalization
of the measured signals is a necessary procedure in the DPD
process such that the contributions of the reflection signal
a>(t) on the PA’s output is relatively smaller than that of
the original input signal a;(¢), though the absolute power
of a,(t) may be larger than the power of a;(f). Then, the
superposition principle can be applied, which assumes that
the output response is the superposition of each individual
response. From the perspective of behavioral modeling, we
can assume that the nonlinear transfer function G(-) is a
superposition of three nonlinear functions, as in the following
equation:

G(ai(1), ax(1)) = g1(a1(1)) + p2(a2(?)) + 3(ai (1), ax(1))
2

where ¢ (a;()) and ¢, (ax (1)) denote the response imposed by
ay(t) and ay(t), respectively, while @3(a;(t), ax(t)) represents
the intermodulation response caused by both a;(z) and a;(t).

Since the original input signal @ (¢) is the dominant com-
ponent that determines the nonlinear response of the amplifier,
while the reflection signal a; () is the subordinate component
that will impose a small perturbation to the operation of the
amplifier around the main operating point [29], [30], it is
reasonable to assume that nonlinear responses induced by
high-order terms of a,(t) could be ignored, leading to a
simplified ¢;(ax(t)) and @3(a;(t), ax(t)) as

pa(ax(t)) ~ grax(t) ©)
p3(ai(t), ax(t)) ~ aa(r) - pa(ai(?)) “4)

where g is a constant coefficient and ¢4(a(¢)) is a nonlinear
function dependent on a(¢).

Suppose that the nonlinear functions ¢ (a;(t)) and @4(a;(¢))
can be approximated by the polynomials, which is also
the common case in behavioral modeling, and the function
G(ay(t), ay(t)) has the form (5) when considering the third-
order nonlinearity

by(1) = G(ai(1), ax(1))
~ crai(t) + caai(t) + czai (1) + g1aa(t)
—_———
pi(a (1)) p2(ax(1))
+ ax(t) (lai (1) + haai (1)) (5)
p3(ai(1),ax(t))

where ¢y, ¢, ¢3, hy, and h, denote the coefficients of the
polynomial.

Assuming that the equivalent complex baseband signals of
ay(t) and ay(t) are denoted as d;(r) and a,(¢), respectively,
then a;(r) and a,(t) are expressed as

ay (el +ag(t)e !

ai(r) = > (6)
wo(ry = 2O +2 a; (r)e ! -

where f. = w./2x is the carrier frequency. Substituting (6)
and (7) into (5), we can directly obtain (8) with some
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Then, if we look at the terms that are proportional to e/“,
the equivalent complex baseband signal of b,(¢) is given as

- 1 1 3
by(t) = 501511(1) + Eglflz(f) + gc‘3é~11(f)|fll(f)|2
1 1
+ Zh2&2(1)|al(t)|2 + ghz&f(t)az ). )

In actual applications, if the operating point is close to
the saturation region, the PA will suffer from severe gain
compression and even more complicated nonlinear distortions
in broadband scenarios. Hence, (9) should be extended with
high-order nonlinearity and memory effect terms, leading to
the TD-PHD model in the discrete form [32], [37], as in the
following equation:

K, M,

= Z z oxm@)(n —m)la;(n — m)ll‘_l

k=1 m=0

P

+ > pra(n — p)
p=0
K, M, P,

+ D DD Brpla(n — p)lar(n — m)[!

k=2 m=0 p=0

Ky M; P
+ D mplr (n—m)a3 (n—p)lar (n — m)|*!

k=1 m=0 p=0

by (n)

(10)

where axm, ), ,[)’fmp, and yimp represent the model coeffi-
cients. Notably, according to [36] and [37], high-order nonlin-
earities in (10) can be introduced sufficiently by polynomials
of the amplitude of the dominant component, i.e., the input
signal a;(n).

The TD-PHD model is a dual-input model, and both input
signal a;(n) and reflection signal d,(n) are needed when
applying the TD-PHD model. In most existing techniques,
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the reflection signal a,(n) is obtained by direct measure-
ment at the PA’s output, which is practically infeasible in
mobile handsets. Here, an alternative method will be intro-
duced in Section III-B to construct d,(n) without a real-time
measurement.

III. LOAD-MISMATCH TRACKING DPD TECHNIQUE

In the DPD technique, the model coefficients of the pre-
distorter should be updated using adaptive identification algo-
rithms such as least squares (LSs) when the PA’s nonlinear
distortions change obviously. This process will consume a
lot of computational resources, especially in mobile terminals
where frequent updates of the predistorter are required, while
the power budget for the DPD system is limited. In such a
case, we propose the LMT-DPD technique to achieve a fast
update of the predistorter with low complexity.

A. Methodology

For legibility, the memory terms in the TD-PHD model are
ignored in the following derivations.

Fig. 3 shows the diagram of signal flow direction at PA’s
input and output ports when the load impedance changes.
When the PA connects to a matched load, the output signal
of PA can be expressed with a memoryless polynomial, as in
the following equation:

K,

Ba-maten(n) = D oy (m)|ay (m) |~ (11)
k=1

where o; is the model coefficient. We can find that the
TD-PHD model in (10) will also degrade to (11) without the
excitation of a,(n), i.e., dx(n) = 0. Therefore, (11) describes
the nonlinear behavior of PA with the excitation of only an
input signal a;(n).

As mentioned in Section II, the superposition principle is
also applicable [36] such that the output signal can be regarded
as the superposition of the nonlinear responses caused by a; (n)
and d,(n). If the PA connects to a mismatched load with a load
reflection coefficient of I', the nonlinear response generated by
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Schematic of signal flow direction at PA’s input and output ports when the load impedance changes.

the excitation of @, (n) will be involved in (11), leading to the
memoryless TD-PHD model in (10) with M} = M, = M3 =
P, = P, = P; = 0. The model coefficients in this case are
denoted as oy, B, and yy.

Since the nonlinear response is determined mainly by the
input signal a;(n), while the reflection signal a,(n) will
impose a small perturbation to the operation of the amplifier
around the main operating point, we can assume that the
PA’s response induced only by the input signal d;(n), i.e.,
the first summations in (10), will barely be affected by the
variation of the reflection signal @, (n). Then, when the PA’s
load coefficient changes to I', while the average power, PAPR,
and other characteristics of the original input signal d;(n)
remain unchanged, the PA’s output signal with load reflection
coefficient I', has the form as follows:

K| K>
= > aaa M + > prasnyla ()]

k=1 k=1

bl (n)

K3
+ > plaimamla @ (12)
k=1

where 55 (n) and a}(n) denote the output signal and reflection
signal of PA with load reflection coefficient I',, respectively;
and oy, B, and y; denote the model coefficients. In this
case, we can notice that the coefficients of basis functions
as(n)la; (n)|*~" and a?(n)ay*(n)la (n)|*~! change from B and
yr to B and y/ for the sake of load variation, while the
coefficients a; of functions &, (n)|a;(n)|*~" are supposed to
be unchanged.
The load reflection coefficient I' is defined in narrowband
scenarios as follows:
a
= % (13)
Then, the reflection signal d,(n) and @5(n) can be repre-
sented by the output signal by(n) and bj(n), ie., d(n) =
I - by(n) and as(n) = T, - E;(n). Usually, the nonlinear
components of the amplifier are much smaller than the lin-
ear components. Then, high-order terms in b(n) and b5(n)
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can be ignored to represent d»(n) and aj(n), as in the
following equation:

ay(n) =T -by(n) = T - (a1d,(n) + P1a>(n))
as(n)y =T, -b5(n) ~ T, - (aldl(n) +ﬁf&£(n)).

dr(n) and aj(n) can be expressed in a concise form by
recombining (14) and (15), as in the following equation:

(14)
15)

ar(n) = aiai(n) (16)

r
=T

ay(n) = oqa(n). (17)

T,
Then, we can find the relationship between a,(n) and a5 (n),
as shown in the following:

I, 1-T-p

6~12(”) =

R (18)

. Elz(n).

Substituting (18) into (12), the output signal Eg (n) with load
condition I', will be expressed by the original input signal
ai(n) and the reflection signal d,(n) before load variation,
as shown in the following:

K,
By(n) = > ol (m)las (n)[*~!

k=1
K>

+> B
k=1
K3

+> -
k=1

% ()i (m) [

r\* _
?) a3 matmlam=" (19)

/4N

where

1= ’(1_Fﬁ‘)*. (20)

By —ﬁkm, =1\ T

In (19), ag, ;- (I',/T), and y/-(T',/ T')* form the new model
coefficients. It can be seen that the output signals b,(n) and
b5 (n) are modeled with the same basis functions composed
of the reflection signal a,(n) with load condition I' and the
original input signal a; (n). In such a case, if we can find a set
of model coefficients dy, [?k, and 7, that satisfies the following
equation:

Yeer (1) ~ b () @
yr(n) ~ by (n)
where
K K>
Vet () = Dl (m)|a () 4+ D Braa(m)lan ()
k=1K3 k=1
+ D feas(mya; (n)la (0! (22)
k=1

K, K>
2 = Y awdn )l @+ f L aaa )
k=1 k=1

K3 T, *
+ D Tk (?) -az(ma; (n)la (n)*~". (23)
k=1
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Then, when the load reflection coefficient changes from I'
to I, the expressions of the PA’s output signal with both
load conditions have the same basis functions but the different
model coefficients, which are modified from (&, B,7) to
(&, (T,/T)B, (T,/T)*p]. This favorable phenomenon indi-
cates that, if such a set of appropriate model coefficients
(&, B, 7) can be obtained, we only need to adjust the model
coefficients according to the real-time load reflection coef-
ficient when the PA’s load conditions change, rather than
recalibrating its coefficients through the adaptive identification
algorithm. In this way, frequent calibrations of the model
coefficients are avoided. At the same time, it enables fast
adaption of the DPD system to track the variation of the PA’s
nonlinear behavior in mobile terminals.

Fig. 4 shows the structure of the proposed LMT-DPD
technique. Compared to the typical DPD system, a microwave
reflectometer is needed to provide the load reflection coeffi-
cient. Fortunately, adaptive antenna impedance matching tech-
niques are widely employed in commercial mobile handsets
for bringing the load impedance from the extreme scenarios
where high VSWRs such as 8:1 or more are experienced
to an acceptable level of VSWR within 3:1 [38]. A typical
closed-loop antenna impedance tuning module comprises a
reflectometer (RF sensor) to detect the impedance mismatch,
an impedance tuner to stabilize the input impedance of the
antenna, and a controller running the tuning algorithm based
on the real-time measured impedance value from the RF sensor
[39], [40]. Therefore, since the adaptive antenna impedance
tuning module is necessary for commercial mobile handsets,
the expected reflection coefficients in the proposed LMT-
DPD method can be obtained from the involved reflectometers
directly.

The update of the predistorter’s model includes two major
steps. The fixed coefficients (&, B, ) are suitable within a
wide load variation range, where the predistorter’s coefficients
will be modified as [é&, (I',/T)B, (I,/ T')*#] according to the
real-time load reflection coefficient when the variations of
the load conditions occur. Then, if the working state of the
amplifier changes significantly due to temperature, average
power, load mismatch, and so on, the coefficients (&, B, )
should be recalibrated with the LS algorithm.
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B. Coefficients Extraction Method

According to the above analysis, the LMT-DPD technique
must obtain the appropriate fixed model coefficients (&, B, }7).
In this section, the extraction method of the fixed coefficients
will be introduced in detail. Note that the load match condition
is excluded in the following derivations, i.e., the reflection
coefficient is nonzero.

1) Calculation of the Reflection Signal a»(n): First, we will
introduce the construction method for the reflection signal
ay(n). Considering that the reflection coefficient is dynamic
within a relatively wide signal bandwidth, a,(n) can be
modeled as follows:

0
ar(n) =D Agba(n —q) (24)
q=0
where /, is the coefficient. Then, we can simplify the expres-
sion of @, (n) by ignoring high-order terms in b, (n), resulting
in the following:

0 0
dr(n) ~ D o1kl (n—q) + D Prigix(n — q)

that although (26) is an approximate representation of a,(n),
the effectiveness of the proposed LMT-DPD technique and
TD-PHD model will not be influenced too much, as analyzed
in the Appendix.

2) Extraction of the Fixed Model Coefficients: The coef-
ficient extraction module is supposed to identify the fixed
coefficients (&, B, #) using multiple sets of PA input and
output signals under different load-mismatch conditions to
cover a sufficient load variation range. Fig. 5 presents the block
diagram of the coefficient extraction module. Multiple sets of
data are used to calibrate the coefficients (&, B, #), including
the input, output, and load reflection coefficients of PA under
different load conditions. The reflectometer in the adaptive
antenna impedance tuning module can provide the requirement
of the load reflection coefficients [I'y,I2,..., [, ..., 'g].
Notably, each “Data #” block in Fig. 5 contains the PA’s input
and output information at the corresponding load condition.

Considering the memory effect, the output signal y¢(n) of
PA with load coefficient I'e is described with the TD-PHD
model in (10). Equation (10) can be written in the matrix form
as

q=0 q=0

a
Q _ [ Aref Aref Aref] B (27)

= D> dyai(n—q) (25) I

q=0 ¥
where d,; denotes the recombined model coefficients. Note that ~ where & = [d10, d11,..., 05,017, B = [Bos--s l[?},l s B3oos
this assumption to derive (25) has been used in prior literature | ﬁ%z M, PZ]T, and ¥ = [7100, 71015 - - -» Tk;.115.p,]7 are the
[41], [42]. coefficients’ vectors; Yret = [Yret (1), Yret (n + 1), ..., Yrer(n +

From (25), we can find that the calculation of d,(n) still
requires Q complex multipliers since each d, can be normal-
ized with the first coefficient dy. Moreover, the identification
of coefficients d, will also consume a certain amount of com-
putation resources. Therefore, considering that the application
scenarios of this DPD technique are mobile terminals with
stringent complexity limitations, we might assume that the
recombined coefficients d, are equal to 1. Then, the estimated
d;(n) has the form as follows:

Q
laes(n) ~ D a1 (n — q). (26)
q=0
With (26), one can calculate the reflection signal a;(n)
directly from the original input signal &, (n), rather than mea-
suring d,(n) at the PA output in real time. It is worth noticing
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N — 1)]” denotes the column vector composed of the output
signal samples, with N the number of samples; and A", A%,
and AL are the basis function matrixes composed of the input
signal @™ (n) and reflection signals @\ (n) of PA with load
coefficient I' ¢, as in (28)—(30), shown at the bottom of the
next page, where

S = @0 —m+ Dm0

fR0) =a" - p+i)
fomp @) = a5 (0 — p +1)
Somp (D) = (&Seﬂm —p+ i))*(af‘e”(n —m+ i))2

k-1
x‘&fref)(n —m +i)‘ .

; k—1
a"™n—m+1i)
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When the PA’s load reflection coefficient changes to I',, the
corresponding input and output signal samples are denoted as
sz’) (n) and y,(n), respectively, where sz’) (n) and Zz{reﬂ (n) are
supposed to have similar characteristics such as average power
and PAPR. According to (23), the PA’s output signal samples
can be estimated in the matrix form as follows:

o
yr=[A] Ay AL]| [/Twr-B (31
U7/ Tiee - 7

Then, (31) can now be rewritten by embedding the adjust-
ment factors I',/ T and (I, /)™ into the basis function
matrixes, as in the following equation:

I AL F;k AL
1—‘ref : I ?

ref

v, = [A’l (32)

<> R

Finally, if the input and the output information of PA with
load conditions of [['wf, I2, ..., s, ..., I'g] are sampled, the
simultaneous equations describing all output signals will be
given by

Yief Arlef ATZef Agef ~

y2 A% rz/ 1—‘refA% FT/ F:efA.% (}
| A | : Bl 63
: : : : y

Yr A{e FR/rrefA§ FZ/F:etAée

Then, the fixed coefficients @, B, and p can be estimated
using the LS solver, as in the following equation:

Yeet

y2

Y=|".

Yr
It is worth noting that the fixed coefficients of the pre-
distorter can be identified by swapping the input and output
in (34). Then, when the PA’s load reflection coefficients vary
within the identification load range, the real-time predistorter’s
coefficients are obtained by embedding the corresponding
adjustment factors into the fixed coefficients, as already intro-
duced in Section III-A. In addition, the fixed coefficients will

be recalibrated if the load conditions of the PA change widely
beyond [[yef, Iz, ..., Iy oot TR]L

C. Discussion on Complexity

In mobile handsets, the load impedance of PA often changes
quickly as the equipment moves around. Since recalibrating
the coefficients is time-consuming, the conventional DPD
technique will extract and save multiple sets of coefficients
for different load conditions to achieve a fast update of the
predistorter’s coefficients. The first advantage of the proposed
technique is that it occupies less storage space in the termi-
nals to save the coefficients since only a few sets of fixed
coefficients are required in the proposed LMT-DPD, while the
conventional DPD needs to save much more sets of coefficients
corresponding to different load conditions. However, to extract
the appropriate fixed model coefficients (&, B, and 7), the
LMT-DPD technique needs multiple sets of PA’s input and out-
put signals under different load-mismatch conditions, which
may lead to an increase in computation resources. Therefore,

_ (vHxw\ " 'wvH
V= (X X) X7y G the complexity of identifying the fixed model coefficients is
h evaluated in terms of real-number multiplication and addition.
where Table I summarizes the times of real-number addition and
Aref AL Ar;f multiplication of each operation required in the identification
a A2 To/TwrA3  T3/T5 A2 procedure [43]. Assuming that .Hl, Hz, and H; d?,note the
v=|B|, X= . . ) number of columns of the matrices A7, A%, and A7, respec-
y " ok ek tively, then H denotes the total number of columns of the
Al Tr/TwerAy  Ty/TAS processed matrix, i.e., H = H| + Hx+ Hj.
[ fio(0) f0) Tk, 0)
fio(D) S T, (D
A= : . . (28)
_f110(N - 1) f111(N - 1) félle (N - 1)
f3(0) 5,0 F00(0) o, ©)
fo 7,0 Fioo(D) ot r, ()
A = : : : : (29)
| fg(N=1) fo (N =1 fig(N = 1) fortp,(N = 1)
fi00(0) fi610) P
Fioo(D) fir () Fiomy, (D)
Az = : . : (30)
L fio(N =1 fipg (VN = 1) féomnp (N =1
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TABLE I
REAL-NUMBER ADDITIONS AND MULTIPLICATIONS OF EACH OPERATION

Operations Additions Multiplications
A 0 2HN
A"A H’N 2H*N
(A"A)! J2a 0
Aflx 2HN 2HN
(A”A)'(A"x) AH? 4H?

According to (33) and (34), the size of the processed basis
function matrix X for the LMT-DPD is RN x H. On the other
hand, the processed matrix for the conventional DPD has the
size of N x H. Assuming that the identification procedure
will repeat R, times to extract the dedicated set of coefficients
for different load-mismatch conditions, the total quantities of
the conventional DPD with adaption and the proposed LMT-
DPD, represented by the times of real-number multiplication
and addition, are shown as follows:

O prp = R1(2NH +H} 4+ NH? +4H2) (35)
OFwopp = RIQNH? +4NH + H® +4H?)  (36)
Ofvir—ppp = 2RNH + H? + RNH? + 4H?
+2N(R — 1)(H — H)) 37)
Ovr—ppp = 2RNH? + 4RNH + H> + 4H?
+4N(R - 1)(H — H)) (38)

where O and O* represent the computational quantities of
addition and multiplication, respectively. Usually, the sample
length N is far larger than H, leading to the ratio between the
proposed LMT-DPD and the conventional adaptive DPD as

oy, R H+4
lim tMrpeo K S (39)
N—o00 OConv.DPD R1 H+2

oy R H+4
i Zivr-pep R H A4 (40)
N—>oo OF R, H+2

conv.DPD

Equations (39) and (40) can roughly reveal the increase or
decrease in computation resources of the proposed LMT-DPD
method against conventional DPD. If the ratio R to R;
exceeds 1, the proposed technique will consume more com-
putational resources and vice versa. By carefully selecting the
training sets to identify the fixed coefficients, the computa-
tional complexity of the LMT-DPD can be comparable to or
even less than the conventional DPD method.

IV. MEASUREMENTS RESULTS
A. Experimental Setups

An experimental platform is set up to validate the perfor-
mance of the proposed DPD technique, as shown in Fig. 6.
The measurements are applied on the PA in a Skyworks
sky58255-11 front-end module (FEM), operating at the center
frequency of 4.6 GHz. The input signal is a 100-MHz band-
width 5G NR signal with 256-QAM modulation and a 14-dB
PAPR. The sampling rate of the input signal is 491.52 Msps.
A vector signal transceiver (TRx) NI PxLe-5840 will generate
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Fig. 6.

Tuner

MPT-1807 Load

Block diagram of the test bench.

the RF signal from baseband samples. An MPT-1807 tuner is
inserted between the FEM and the antenna to control the load
impedance of the amplifier. The coupler collects the feedback
signals, which are then converted to baseband samples and
uploaded to the personal computer (PC) by the TRx. All
measured signals and DPD programs are processed in the PC
running MATLAB.

B. Validation on the TD-PHD Model

First, we will introduce the experimental results of the
TD-PHD model to demonstrate its superiority in the behavioral
modeling and linearization of PA with load mismatch. The
measurements are also carried out using a conventional GMP
model for comparison, as in the following equation [44]:

K M
Ez(n) = Z Z wlimle(n —m)la;(n — m)Iki1

k=1 m=0
K M P
2 - ~ k—1
+ DT whpdi (0 — m)la(n —m — p)|
k=2 m=0 p=1
K M P
3 . - k-1
+ DD whpdi (0 — m)la(n —m + p)|
k=2 m=0 p=1
41
where w! , w? . and w? __ are the model coefficients. In the
km kmp kmp

measurement, the parameters of the GMP model are set as
K =7, P=2,and M = 3, leading to total 124 coefficients.
The TD-PHD in (10) has total 123 coefficients with Q = 4,
K1 :K2:7,K3:5,M1 :M2 :M3:2,and
P,=P; =2.

The modeling accuracy of the TD-PHD model and GMP
model is evaluated in the forward modeling process by sweep-
ing the load conditions of the PA. In this evaluation, the coef-
ficients of TD-PHD model and GMP model are reextracted for
each load condition. Fig. 7 presents the measured normalized
mean square errors (NMSEs) of the PA’s original input and
output signal under different load conditions and the forward
modeling NMSEs achieved by the TD-PHD and GMP models.
The NMSE values between the original input and output signal
are from —27 to —17 dB. The nonlinear characteristics of the PA
change obviously according to the load conditions, revealing
that the PA’s nonlinear behaviors are very sensitive to its load
conditions. As it can be seen, the modeling accuracy of the
GMP model is only —34 dB, while the TD-PHD model real-
izes approaching —37-dB NMSE performance among a wide
load impedance range. By introducing the phase differences
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Fig. 7. Forward modeling NMSEs of the TD-PHD and GMP models with
different load conditions.

between the input and reflection signal, the TD-PHD model
can characterize the nonlinear distortion of a load-mismatch
PA more accurately than the conventional DPD models, such
as GMP.

Furthermore, the TD-PHD and GMP models are also used
for DPD linearization. Fig. 8 shows the PSDs of the PA’s
outputs with different load conditions. When connecting a
mismatched load, the PA will demonstrate “unusual’” nonlinear
characteristics such as in-band spectral tilting and severe
asymmetry out-of-band spectral regrowth. In such cases, the
TD-PHD model achieves much better and more stable lin-
earization performance than the conventional GMP model; it
can significantly improve the modeling accuracy under load-
mismatch scenarios.

C. Validations on the LMT-DPD Technique

The performance of the proposed LMT-DPD technique is
validated based on the test bench shown in Fig. 6, along with
the reference DPD, single-point (SP), and multipoint (MTP)
coefficient extraction strategies for comparison. The reference
DPD represents the ideal case where the DPD coefficients
are reextracted at the same load condition as the validation.
In the SP-DPD method, the predistorter’s coefficients are
extracted with the input and output data of PA under a refer-
ence load condition, while in the MTP-DPD, the coefficients
are extracted with multiple input and output signals of PA
under different load conditions. Accordingly, the coefficients
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TABLE 11
TRAINING SETS OF SP-DPD, MTP-DPD, AND LMT-DPD TECHNIQUES

Training

sets LMT-DPD & MTP-DPD SP-DPD
VSWR =2, B e
@ phase = [80° 100° 120° 140°] ¥ SWR =2, phase =100
VSWR =3, B e
@ phase = [20° 40° 60°] VSWR = 3, phase = 40
WR =[1.72.02.3
® VS [ 1 VSWR =2, phase = 90°

phase =90°

PSD (dBm/Hz)
PSD (dBm/Hz)

-200-150-100 -50 0 50 100 150 200
Frequency (MHz)

(@) (b)

-200-150-100 -50 0 50 100 150 200
Frequency (MHz)

-50 -50
-60 —TD-PHD -60
-70
-80
90 \\ -90
-100 -100
-200-150-100 -50 0 50 100 150 200
Frequency (MHz)

© (d)

PSD(dBm/Hz)
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A
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Frequency (MHz)

Fig. 8.  Spectral plots of the PA’s output with and without DPDs under
different load conditions of (a) VSWR = 2.5 and reflection phase = 10°,
(b) VSWR = 2.5 and reflection phase = 90°, (c) VSWR = 3.5 and reflection
phase = 190°, and (d) VSWR = 3.5 and reflection phase = 290°.

in SP-DPD and MTP-DPD can be extracted as follows:

vsp_ppp = [ATT AFT ALS ]Tyref (42)
AFTAFT AFT [y
Aj A5 A3 Y2
VMTP-DPD = . . ) (43)

Al AT AT | Lye
where AT is the Moore—Penrose pseudoinverse given by A" =
(A A)_IAH . Then, we reuse the coefficients vsp_ppp and
vmtpP—ppp Of SP-DPD and MTP-DPD for the linearization of
PA during load impedance variations.

The experimental validations are carried out among a rel-
atively wide load impedance range. Table II summarizes the
training sets of SP-DPD, MTP-DPD, and the proposed LMT-
DPD technique. Since both the MTP-DPD and LMT-DPD
need multiple PA’s input and output signals under different
load conditions to identify the coefficients, they share the same
training sets for a fair comparison.

The NMSE, error vector magnitude (EVM), adjacent chan-
nel power ratios (ACPRs), and power spectral densities (PSDs)
of different DPD schemes under various load conditions are
observed for evaluations of linearity. The linearization results
of the above DPD techniques with training sets @, @, and ®
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LINEARIZATION RESULTS OF DIFFERENT DPD TECHNIQUES WITH TRAINING SET @

Load conditions Metrics w/o DPD Ref. DPD SP-DPD MTP-DPD LMT-DPD
ACPR -36.2/-38.8 dBc -46.3/-46.0 dBc -42.6/-41.7 dBc -43.1/-41.4 dBc -44.9/-45.1 dBc
VSWR =2
Reflection phase = 70° NMSE -25.12dB -34.11 dB -27.85 dB -27.49 dB -32.14dB
EVM 2.73 % 0.74 % 1.10 % 1.20 % 0.84 %
ACPR -37.0/-36.6 dBc -45.7/-45.4 dBc -45.0/-44.5 dBc -44.4/-43.4 dBc -45.8/-45.3 dBc
VSWR =2
Reflection phase = 90° NMSE -26.72 dB -33.46 dB -32.37dB -31.82dB -33.06 dB
EVM 3.04 % 0.78 % 0.84 % 0.97 % 0.77 %
ACPR -37.5/-34.6 dBc -45.2/-45.0 dBc -44.5/-44.9 dBc -44.7/-44.4 dBc -45.4/-44.7 dBc
VSWR =2
Reflection phase = 110° NMSE -26.80 dB -33.31dB -32.82dB -33.15dB -33.55dB
EVM 3.35% 0.82 % 0.81 % 0.86 % 0.79 %
ACPR -37.2/-33.5 dBc -45.3/-45.0 dBc -43.6/-43.0 dBc -43.5/-43.5 dBc -45.4/-44.6 dBc
VSWR =2
Reflection phase = 130° NMSE -26.21 dB -33.09 dB -31.27 dB -31.66 dB -33.00 dB
EVM 3.57 % 0.79 % 0.98 % 0.98 % 0.80 %
ACPR -36.7/-33.1 dBc -45.0/-45.0 dBc -41.2/-41.2 dBc -42.4/-42.6 dBc -44.6/-44.0 dBc
VSWR =2
Reflection phase = 150° NMSE -25.84 dB -33.38dB -30.08 dB -30.84 dB -32.41dB
EVM 3.66 % 0.83 % 1.16 % 1.12% 0.95 %
ACPR -36.7/-32.7 dBc -44.3/-44.7 dBc -40.3/-39.8 dBc -41.5/-42.0 dBc -43.4/-43.2 dBc
VSWR =2
Reflection phase = 160° NMSE -25.27dB -32.92dB -28.36 dB -29.09 dB -31.73 dB
EVM 3.69 % 091 % 1.28 % 1.22 % 1.07 %
TABLE IV
LINEARIZATION RESULTS OF DIFFERENT DPD TECHNIQUES WITH TRAINING SET @
Load conditions Metrics w/o DPD Ref. DPD SP-DPD MTP-DPD LMT-DPD
ACPR -35.6/-42.2 dBc -45.8/-44.7 dBc -44.2/-42.1 dBc -43.4/-41.4 dBc -46.4/-44.0 dBc
VSWR =3
Reflection phase = 10° NMSE -22.70 dB -32.96 dB -30.82 dB -30.68 dB -31.68 dB
EVM 2.24 % 0.81 % 1.45 % 1.28 % 0.94 %
ACPR -35.2/-41.2 dBc -45.0/-43.6 dBc -45.2/-44.3 dBc -43.8/-42.7 dBc -45.7/-44.3 dBc
VSWR =3
Reflection phase = 30° NMSE -21.91 dB -32.23 dB -31.91 dB -30.98 dB -31.93 dB
EVM 227 % 0.85% 0.97 % 0.92 % 0.86 %
ACPR -35.5/-40.2 dBc -45.4/-44.1 dBc -45.0/-44.5 dBc -43.7/-43.0 dBc -45.5/-44.6 dBc
VSWR =3
Reflection phase = 50° NMSE -23.26 dB -32.55dB -31.63 dB -31.72 dB -32.36 dB
EVM 2.37% 0.79 % 0.94 % 0.97 % 0.84 %
ACPR -35.6/-39.3 dBc -45.3/-44.7 dBc -41.3/-41.7 dBc -40.9/-41.5 dBc -44.5/-44.3 dBc
VSWR =3
Reflection phase = 70° NMSE -23.59 dB -32.32.dB -28.55 dB -28.93 dB -30.41 dB
EVM 2.77 % 0.82 % 1.58 % 1.58 % 0.97 %
ACPR -36.5/-37.6 dBc -45.4/-45.2 dBc -39.9/-39.2 dBc -39.8/-39.3 dBc -43.2/-42.2 dBc
VSWR =3
Reflection phase = 80° NMSE -25.41 dB -32.82 dB -25.72 dB -26.39 dB -30.21 dB
EVM 3.03 % 0.79 % 1.94 % 1.93 % 1.17 %

167

are shown in Figs. 9-11, respectively, and training sets @ impedance varies, indicating that the DPD coefficients should
and @ in Tables III and IV, respectively. These results show be updated more frequently to achieve satisfying accuracy.
that the SP-DPD and MTP-DPD disperse quickly as the load The reference DPD technique achieves the best linearization

Downloaded for personal academic use. All rights reserved. https://papernode.online/


https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9

168

3
D -33 D
38 35 27
-©-wio DPD q
o —¥-Ref. DPD 53 -S-wio DPD 5 ivRv/Of IIE)F;DD
% -40 SP-DPD % -¥-Ref. DPD o-29 S: ‘DPD
° -O-MTP-DPD 3 SP-DPD w ,
& 4 -LMT-DPD & - MTP-DPD 2 Qm?g:é)
o o4 S LMT-DPD %-31 LM
< < g
44 -43 y
f 33
-46 “ 1
L L : : 47 L L : : -35 L : : :
70 90 110 130 150 160 70 90 110 130 150 160 70 90 110 130 150 160
Reflection phase (°) Reflection phase (°) Reflection phase (°)
(a) (®) (©)
4 Reflection phase = 70° Reflection phase = 150°
-50 : r : r -50 . T : .
D
3.5 1
60 -60
3(' -©-wio DPD ’:yg E
£ 25l Ret o g 70 wio DPD g 70 wio DPD
2 9-1TP-0PD g LMT-DPD / g LMT-DPD
oo2r SLMT-DPD a -80 . i o 8 ;
15} { 2 ¥ < MTP-DPD 2 Ref. DPD 3 _MTP-DPD
; g # -90 -90f e '-._‘ :
05 -100 -100 b/
70 90 110 130 150 160 250  -150 -50 50 150 250 250  -150 -50 50 150 250
Reflection phase (°) Frequency (MHz) Frequency (MHz)
(d () ®
Fig. 9. Linearization results of different DPD techniques with training set @: (a) lower band ACPR (-100 MHz), (b) upper band ACPR (+100 MHz),

(c) NMSE, (d) EVM, (e) spectral plots of PA’s output with reflection phase = 70° and VSWR = 2, and (f) spectral plots of PA’s output with reflection
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phase = 150° and VSWR = 2.
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Fig. 10. Linearization results of different DPD techniques with training set @: (a) lower band ACPR (-100 MHz), (b) upper band ACPR (4100 MHz),

(¢) NMSE, (d) EVM, (e) spectral plots of PA’s output with reflection phase = 30° and VSWR = 3, and (f) spectral plots of PA’s output with reflection

phase = 80° and VSWR = 3.

performance in most load-mismatch conditions. However,
it does need to recalibrate the predistorter’s coefficients every
time the VSWR or reflection phase changes. On the contrary,
by embedding the load reflection coefficients and simply
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adjusting the model coefficients, the proposed LMT-DPD
provides a suboptimal linearization performance comparable
with the reference DPD and outperforms the SP-DPD and
MTP-DPD obviously.
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Fig. 11. Linearization results of different DPD techniques with training set @: (a) lower band ACPR (-100 MHz), (b) upper band ACPR (4100 MHz),

(c) NMSE, (d) EVM, (e) spectral plots of PA’s output with reflection phase = 90° and VSWR = 1.9, and (f) spectral plots of PA’s output with reflection

phase = 90° and VSWR = 2.2.

Furthermore, the proposed LMT-DPD technique will be
effective among a wide range of load impedances. For exam-
ple, with training set @, the linearization performance of the
LMT-DPD is satisfying when the load reflection phase varies
from 70° to 160°, giving the ACPR, NMSE, and EVM results
of below —43 dBc, -31 dB, and 1.3%, respectively. In the
second and third tests based on training sets @ and @, similar
results are obtained where the proposed LMT-DPD shows
more stable linearization ability for different load-mismatch
conditions than the SP-DPD and MTP-DPD techniques.

Among the above coefficient extraction techniques, the
SP-DPD has the lowest identification complexity, yet its lin-
earization performance is also poorer than the other methods.
The MTP-DPD and LMT-DPD demonstrate comparable iden-
tification complexity for the model coefficients since they
share the same training sets. However, the linearization per-
formance of the LMT-DPD is better than the MTP-DPD.
Furthermore, compared to the reference DPD, the LMT-DPD
technique enables a faster update of its coefficients to track
the variation of the PA’s nonlinearity without losing much lin-
earization accuracy. Based on the above experimental results,
we can conclude that the proposed LMT-DPD technique is
highly suitable for linearizing mobile-terminal PAs due to
its faster update frequency, reduced complexity, and superior
linearization performance.

V. CONCLUSION

The PA will suffer from severe nonlinear distortions in
wireless mobile terminals due to the load-mismatch phe-
nomenon. Linearization of a terminal PA involves unique

challenges. Specifically, the DPD technique is supposed to
track the nonlinearity variation of PA operating in complicated
environments. To resolve this issue, a load-mismatch tracking
DPD technique is proposed in this article to linearize mobile-
terminal PAs. First, the TD-PHD model is introduced to
compensate for the nonlinear distortions of PA under load-
mismatch conditions. Based on the superposition principle
and the TD-PHD model, the LMT-DPD technique is derived.
By embedding the real-time load reflection coefficient in the
fixed coefficients, the LMT-DPD enables fast and automatic
adjustment of the predistorter’s coefficients to adapt to the
PA’s nonlinearities without recalibration. Measurement results
on a mobile-terminal PA at 4.6 GHz with 100-MHz bandwidth
5G NR signal are presented to benchmark the proposed DPD
technique against the existing coefficients update strategies.
The experimental results indicate that the proposed LMT-DPD
technique can achieve excellent linearization performance for
mobile-terminal PAs with varying load impedances.

APPENDIX

Considering that each coefficient d, in (25) can be normal-
ized with dy, the reflection signal a,(n) can be expressed as

0
a(n) = ay(n) + qu/dofll(n -q)
g=1

= Goest(n) +£(n) (44)

where dpeq (1) denotes the estimated signal obtained by (26)
and e(n) = Z(,Q:1 (dq/do — 1)&1(n — ¢) denotes the construc-
tion error signal.
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Substituting (44) into (10) and recombining the basis func-
tions, the actual output signal b,(n) is expressed by the
TD-PHD model as

Ky, M,

by(n) = ZZakmEll(n —m)la,(n — m)Ik_1

k=1 m=0

Py
+ Z ﬁ,l;aZesl(n - P)

p=0

K, M, P,

+ D DD Brplesi(n — p)lar(n —m) !

k=2 m=0 p=0

Ky M; Ps

+ Z Z Z ykmpa%(n - m)&é‘esl(n - p)

k=1 m=0 p=0

x |ai(n —m)|*! + e(n) (45)

where

P
e(n) = D Bre(n — p)

p=0

K, M, P,

+D2° D Biwpen = pllar(n — m)F!

k=2 m=0 p=0

Ky M Ps

+ Z Z Z Vkmpdi (n — m)e* (n— p)lar(n — m)|F~".

k=1 m=0 p=0
(46)
Considering that &(n) = ZqQ=1 (dq/do — 1)&1(n —q), then,

(45) can be expressed with only the input signal a;(n), as in
the following equation:

P+0Q

e(n) = Z (9;}11&1(’1 _ml)

myp=1

Ky M, P>+0Q

+Z Z Z Hf,m,mﬁl(n —mp)|a;(n — m)|k’1

k=2 m=0 mp=1

Ky M; P340

+ D DD 01— M) (n— m3)

k=1 m=0 m3=1

x |ai (n — m)|*! (47)
where 6, , 67, .., and 67 denote the recombined coeffi-
cients, which have the form as

P Q
O, = DD Bpldg/do—1), st mi=p+gq

p=0 g=1
P Q

sz,m,mz = Z Zﬂlgmp(dq/do - 1)’ s.t. my = p + q
p=0 g=1
P Q

9]?,}",}"3 = ZZVkmp(dq/do - 1) , St m3=p+gq.
p=0 g=1
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As it can be seen, the polynomial terms with aligned
memory index can be absorbed in the first term group in (45)
by altering the memory depth M; and model coefficients
oxm- As for the remaining nonlinear terms with cross-memory
index, their contributions to the nonlinearity of the output sig-
nal by, (n) are usually less significant compared to the aligned
memory and static nonlinear terms. Considering the tradeoff
between the complexity and modeling accuracy, the perfor-
mance degradation would be acceptable if we ignore these
terms in application scenarios for mobile handsets where
power consumption budgets for DPD resources are limited.

In such a case, although the reflection signal a,(n) is
approximated by (26), the form and composition of the
TD-PHD model remain unchanged, and the LMT-DPD tech-
nique will still be effective. Note that the estimation in (26)
is valid only if parameter Q is within an appropriate range.
For example, parameter Q is selected within 2-5 in our
measurements for both stability and accuracy.
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