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Abstract

All-digital transmitters (ADTx) synthesize radio-frequency (RF) waveforms through coor-
dinated binary switching, where delay mismatch, parasitic effects, and dynamic response
differences among switching paths introduce transient distortions with strong state- and
transition-path dependence. Conventional waveform-based digital predistortion (DPD)
treats the ADTx as an equivalent nonlinear system and lacks awareness of internal state
transitions, limiting targeted compensation of high-risk events. This paper proposes an
adaptive state-transition compensation method based on four-dimensional binary state-
vector Markov modeling and event-driven local predistortion. The four switching states
of a five-level ADTx are encoded as a binary vector, and a first-order Markov model with
16 states characterizes the state evolution. By jointly considering transition probability,
state-change magnitude, and steady-state probability, a transition-importance matrix quan-
tifies all 256 transition paths and identifies the effective ones, for which a path-specific
finite impulse response (FIR) compensation kernel library is developed. An event-driven
mechanism activates the corresponding kernel only at transition events, enabling localized
compensation of transient distortions. Simulations show an adjacent channel power ra-
tio (ACPR) improvement of 11.5 dB and an error vector magnitude (EVM) reduction of
4.8% over the uncompensated system, while only approximately 19% of transition events
require online compensation, substantially reducing real-time computational overhead.

Keywords: multi-level all-digital transmitter; state vector; Markov state-transition model;
transition-path-aware compensation; event-driven digital predistortion
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Driven by 6G communications, wide-band software-defined radio (SDR) [1], and large-
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bandwidth, high efficiency, high linearity, and high integration. All-digital transmitters
(ADTXx), which directly perform signal generation, upconversion, and power combining

Published: 26 October 2026 through digitally controlled switching stages, offer a compact, programmable, and CMOS-
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output states [11,12], Low-cost all-digital transmitter implementations have also been in-
vestigated [13], while outphasing-based implementations synthesize amplitude-varying
signals from constant-envelope branches [14-17]. The five-level RF-PWM outphasing ADTx
considered in this work coordinates multiple binary branches to achieve fine waveform
representation while retaining high switching efficiency [3,18], and thus serves as a rep-
resentative platform for investigating state- and transition-dependent nonlinearities in
multi-level ADTx.

Unlike continuous-time RF power amplifiers, a multi-level ADTx constructs its output
waveform through the coordinated evolution of multiple binary state variables. Practical
nonidealities such as propagation-delay mismatch, parasitic charging and discharging,
driver-path variations, and inter-channel timing skew introduce pulse-amplitude imbal-
ance, delay distortion, overshoot and edge distortion [18-20]. And previous studies have
shown that the transient response is dominated by the dynamic behavior of the constituent
branches. Crucially, since each output level is jointly determined by multiple binary state
combinations, the same output-level transition may arise from different underlying state
transitions with distinct transient responses [21]. The resulting distortion is therefore both
state-dependent and transition-path-dependent, which conventional global behavioral
models fail to capture. Moreover, directly modeling state histories suffers from exponen-
tial state-space growth 2"l histories for n binary variables with memory length L, and
since transient distortion is concentrated around transition events. Conventional digital
predistortion (DPD) approaches include Volterra-based, memory-polynomial, conditional-
memory, and model-switching structures [22-27]. Digital predistortion and phase predis-
tortion techniques have also been investigated for outphasing power amplifiers [14-17].
However, these approaches do not explicitly exploit the underlying multi-channel binary
state-transition paths. Finite-state Markov models provide an effective framework for char-
acterizing the statistical evolution of discrete-state sequences [28-30]. Nevertheless, their
application to transition-path-dependent transient distortion compensation in multi-level
ADTx remains insufficiently explored.

To address these challenges, this paper proposes an adaptive transition-compensation
method based on binary state-vector Markov transition awareness and event-driven local
predistortion. A first-order Markov model is established over the binary state space to
characterize the statistical evolution of the switching-state sequence. Based on this model,
a state-transition path importance matrix is constructed by jointly considering transition
probability, state-change characteristics, and state residence probability. This matrix is then
used to identify critical transition paths for transient-distortion compensation. Path-specific
FIR compensation kernels are then designed for the important paths and activated only
when the corresponding transition event is detected, concentrating compensation within
transient regions while avoiding unnecessary predistortion during steady-state intervals.
The main contributions are as follows. (1) A binary state-vector Markov modeling and
transition-path importance evaluation method for multi-level ADTx, which identifies
the transition paths most relevant to transient-distortion compensation by exploiting the
statistics of the underlying binary state sequence. (2) An event-driven local compensation
method based on a path-specific FIR kernel library, which triggers compensation only upon
state-transition events and selects the kernel according to the identified transition path,
thereby reducing real-time computational overhead.

The remainder of this paper is organized as follows. Section 2 presents the multi-level
ADTXx architecture and transition-induced distortion. Section 3 introduces the proposed
Markov state-aware adaptive transition compensation method. Section 4 evaluates its
performance in terms of error vector magnitude (EVM), adjacent channel power ratio
(ACPR) and computational complexity. Finally, Section 5 concludes the paper.
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2. Multi-Level ADTx System Model and Transition-Induced
Distortion Analysis

2.1. Multi-Level ADTx Architecture and Markov State-Transition Modeling

Multi-level ADTx directly synthesize RF waveforms through discrete combinations
of multiple binary power branches. ADTx drive switching power devices with digitally
generated PWM signals, offering high power efficiency and scalability [7,9,11].

In this paper, a five-level outphasing ADTx architecture is considered, and its sig-
nal generation process is illustrated in Figure 1. In this study, the five-level outphasing
ADTXx architecture is adopted from the established principles of RF-PWM outphasing
and multilevel transmitter techniques reported [3,11]. Figure 1 presents a schematic di-
agram independently drawn by the authors to illustrate the signal generation process
of the adopted architecture. The transmitter architecture itself is not a new contribution
of this work. Instead, the proposed method focuses on Markov state-transition-aware
event-driven compensation to mitigate transient distortions associated with the internal
switching-state transitions. The input complex baseband signal is expressed as:

x(t) = A(t)e?®), 1

where A(f) and @(t) denote the signal envelope and phase, respectively. After amplitude-
phase decomposition, the system generates four outphasing PWM control signals.

xu(t) € (0,1}, n =1,2,34. )
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Figure 1. Schematic architecture of the five-level outphasing ADTx based on existing RE-PWM and
multilevel transmitter techniques [3,18].

The four binary control signals are applied to their corresponding parallel power
branches. Under ideal conditions, the outputs of the four branches are combined through
the RF power-combining network to form a five-level discrete output waveform. For an
equal-weight configuration, the output levels can be expressed as:

1 4
s(k) = ) len(k)- (©)

Accordingly, the output level of the system is given by s(k) € {—2, —1, 0, 1, 2}. Equa-
tion (3) shows that the output level of the multi-level ADTx is jointly determined by the
discrete state combinations of multiple branches. However, unlike conventional multi-level
modulators, the actual transient response of a multi-level ADTx is not determined solely
by the output level, but is also influenced by the discrete state combination of the branches
that produces the corresponding output level. To characterize the dynamic interactions
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among the multiple power-switching branches, the state vector at the k-th discrete sampling
instant is defined as:

Xy = [x1(k), x2(k), x3(k), xa(k)]", xa (k) € {0,1}, 4)

where x;(k) denotes the binary state of the n-th branch at the k-th sampling instant. And X;
€ X represents the corresponding four-dimensional joint switching-state vector.

Since the ADTx consists of four binary switching branches, the system theoretically
has 2* = 16 possible joint states. The finite state space is denoted by X = {Xj, X», ..., Xi¢6}.
where X; represents the i-th possible switching-state configuration. Throughout this paper,
Xk denotes the joint state observed at sampling instant k, whereas X; and X; denote the
initial and final states of a transition path Tj;: X; — X;.

Although different joint switching states may correspond to the same output level,
their binary configurations and subsequent state transitions may differ. Therefore, the
output level s(k) alone cannot fully characterize the transient nonlinearities associated with
the internal switching-state variations. In contrast, the binary state vector retains the state
information of individual switching branches, enabling a more detailed characterization of
state-dependent transient behavior.

To characterize the temporal evolution of the switching states, a first-order Markov
model is adopted. The state sequence exhibits temporal correlation because the switching
operations are governed by the modulation process and the relationships among the carrier
phases. Under the first-order Markov assumption, the probability distribution of the next
state x(k + 1) depends only on the current state x(k), rather than the complete history of
preceding states [29,30]:

Pr{X(k + 1)1 X(k),X(k — 1),...,X(0)} = Pr{X(k + 1) | X(k)}. (5)

This assumption does not imply that the physical transient response of the ADTx is
inherently memoryless or lacks long-term memory. Rather, at the statistical state-modeling
level, it assumes that the current discrete state provides a sufficient representation for
predicting the next state. The dynamic effects associated with practical transient distor-
tions, including amplitude errors, delay mismatch, overshoot, and edge distortion, are
subsequently characterized by the local predistortion model.

Based on the aforementioned first-order Markov assumption, the one-step transition
probability from state X; to state X; is defined as:

Pjj = P(X1 = X1 Xi = X)), (6)

where ij € {1, 2, ..., 16}. Since Db; denotes the conditional probability of transitioning to
state X; at the next time instant given that the current state is X;, the transition matrix
satisfies P;; > 0 and }_P;; = 1. Thus, P is a row-stochastic matrix, and its i-th row completely
characterizes the possible state transitions and their corresponding probability distribution
starting from state X;.

2.2. State Transition-Dependent Transient Distortion Modeling

The aforementioned Markov model characterizes the statistical evolution of the dis-
crete state sequence in a multi-level ADTx, whereas its transient nonlinear distortions
primarily occur within localized time intervals associated with state transitions. During
PWM modulation, the branch state sequence is jointly constrained by the carrier-phase rela-
tionships and variations in the input signal. Different state transitions therefore correspond
to different binary state combinations and state-change characteristics, potentially resulting
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in different transient responses. Consequently, the state-transition probability alone is in-
sufficient to characterize the actual distortion risk associated with different state transitions.
It is therefore necessary to further establish the relationship between state transitions and
localized transient distortions, and to quantitatively evaluate the importance of different
state-transition paths by jointly considering their occurrence probabilities, state-change
characteristics, and transient distortion levels.

The state-transition process is defined as Tj;:X; — X;, where X; = Xy denotes the
current state and X; = Xy, denotes the state at the next time instant. The corresponding
state-change magnitude is defined as:

AXij=X; — X, )

where AX;; € {-1,0, 1}* denotes the change direction of each state component during
the transition from X; to X;. To quantify the magnitude of the state change [18,19], the
Hamming distance is introduced as:

4
d(Xi, Xj) = Y |xa(Xj) —xu(X;)]. (8)
n=1

For an ideal five-level outphasing PWM architecture, the fixed phase offsets among the
four carrier signals generally cause state-change events in different dimensions to occur at
different time instants. Consequently, the system state evolution is primarily characterized
by sequential state transitions involving changes in individual state components. In this
case, the state vectors at adjacent time instants typically differ in only one dimension,
satisfying the following condition.

du(X;, X)) = 1. ©)

However, the Hamming distance only quantifies the number of state components that
change during a state transition and cannot further distinguish the response differences
associated with different state components and transition directions. For example, the state
transitions [1,1, 1, 0] — [1,1,0,0]" and [0, 0,0, 1] — [0, 0, 1, 1]" both satisfy dp(X;, Xj) = 1,
but correspond to different transition directions. The former represents a 1 — 0 transition
in the third state component, whereas the latter represents a 0 — 1 transition in the third
state component. Therefore, the Hamming distance alone cannot distinguish between
these two state transitions with different transition directions. Furthermore, in practical
systems, different state components may exhibit distinct dynamic responses, resulting in
significantly different transient error characteristics for different state transitions.

Previous research on pulse-distortion modeling and compensation in all-digital trans-
mitters primarily addressed waveform distortions associated with pulse edges [18]. Al-
though this approach provided an important foundation for understanding switching-
induced nonlinearities, the transient behavior of a practical multi-level ADTx can also be
affected by propagation-delay mismatch, amplitude imbalance among switching branches,
and transient overshoot. These nonidealities may produce different error responses de-
pending on the underlying switching-state transition path.

Building upon the previously investigated ADTx architecture, the present work con-
siders four major distortion mechanisms: delay mismatch, edge distortion, amplitude
imbalance, and transient overshoot. Rather than treating these effects solely as output
waveform errors, the proposed model associates their combined transient responses with
individual state-transition paths. This formulation provides the basis for the subsequent
Markov state-transition-aware importance evaluation and selective FIR compensation.
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Therefore, the transient nonlinear distortion in a multi-level ADTx cannot be charac-
terized solely by the transition of the final output level and should instead be modeled as a
state-transition-path-dependent function.

e(k) = F(Ty). (10)

The same output-level transition may result from different combinations of underly-
ing binary switching states, while different switching-state combinations correspond to
different branch switching processes and transient responses. Consequently, the transient
distortion should be further modeled as a state-transition-dependent distortion function
associated with the specific switching-state transition.

Considering the major hardware nonidealities, including amplitude error, delay mis-
match, overshoot, and edge distortion, the total transient error associated with the state-
transition path Tj; can be expressed as:

eij(t) = eamp,ij(t) + edeluy,ij(t) + eover,ij(t) + eedge,ij(t)' (11)

Here, €amp denotes the amplitude imbalance error caused by unequal gains among
the power-amplifier branches. This error introduces amplitude deviations before and
after state transitions. The term ey, represents the delay-mismatch error resulting from
unequal propagation delays among the switching branches, which may introduce phase
perturbations. The term e, denotes transient overshoot caused by differences in the
dynamic responses of the power-amplifier branches during level switching. Finally, e,4e,
represents pulse-edge distortion associated with gate-level timing errors and the charging
and discharging effects of parasitic capacitances [18-20].

For the n-th state dimension, a unified damped-oscillatory transient response model is
established for an arbitrary state transition i — j. This model characterizes the transient
distortion caused by dynamic nonidealities during state changes and captures the error-
response characteristics associated with level switching.

Ei(]-n>(f) = AXU Al(jn)e_a’(fn)(t_tij) + Bl-(jn)e_a’(fn)(t_tij) COS(CUi(]-n)(t - tij)) M(t - tij)r (12)
where el-]-(”)(t) denotes the transient distortion response generated during the state transition
i — j,and tl-j denotes the occurrence time of the state transition. The unit-step function
u(-) ensures that the transient distortion response is activated only after the state transition
occurs. The vector AXj; represents the state-change vector associated with the transition,
characterizing different state-transition patterns and their corresponding transition di-
rections. The parameter Aij(”) is the exponentially decaying error coefficient, primarily
representing the low-frequency distortion components caused by amplitude imbalance and
equivalent delay errors. The parameter Bij(”) is the oscillatory error coefficient, characteriz-
ing high-frequency transient distortion components such as overshoot. The parameter ai]-(")
is the decay factor that determines the recovery rate of the transient distortion response.
The parameter w,-]-(”) is the oscillation angular frequency, reflecting the oscillatory charac-
teristics induced by parasitic effects, finite bandwidth and other dynamic nonidealities in
the system.

Considering the combined effects of all state dimensions on the state-transition process,
the resulting transient distortion error associated with a state transition can be expressed as:

5w
eij(t) = ;61-]- (1). (13)
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As indicated by (11) and (12), different state-transition paths are associated with
different parameter sets {Al-]-(”), Bi]-("), zx,-]-(”), wi]-(")}. Therefore, even when the Hamming
distance dy(X;, X;) = 1 is identical, the corresponding transient error responses may differ
in amplitude, duration, and spectral characteristics. Moreover, since e;;(t) occurs primarily
in the vicinity of state-transition instants, it is approximately zero during stable-level
intervals e;(t) =~ 0.

The proposed model captures transition-path-dependent distortion by incorporating
internal binary switching states and transition-specific transient-response parameters. Un-
like conventional behavioral models and the pulse-distortion approach in [18], it accounts
for the combined effects of delay mismatch, amplitude imbalance, edge distortion, and
overshoot. This formulation provides the basis for the importance evaluation and selective
FIR compensation developed in Section 3.

3. Markov State-Aware Adaptive Transition Compensation Method

The Markov State-Aware Adaptive Transition Compensation Method proposed in this
section is developed for the multi-level ADTx system illustrated in Figure 2. Specifically,
the method is applied to the internal binary switching-state transitions of the parallel power
branches. The transient distortions are generated due to amplitude mismatch, delay skew,
overshoot and edge distortion. The proposed method monitors the state evolution of the
multi-level ADTx and identifies critical transition paths using the Markov state-transition
model. Transition-specific FIR compensation kernels are then selectively activated to
directly compensate for the distortion-generation process illustrated in Figure 2.

r-———————- 777 |
I |
|
X1(K) SMPA 5 ’_(k\\ :
ll—l L { | ) : _'_ J S3L_E (k)
| x,(k) s(k) ' gt
:m SMEA TS : - FLT L s (k)
| ] | S ]
R T,
| \\ | > |—|— ;L_Z(‘r]i)
| x(B) PR sulk | D
L i M
|

Figure 2. Illustration of the major transient distortion mechanisms in the multi-level ADTX, including
propagation-delay mismatch, edge distortion, amplitude imbalance, and overshoot, based on the
transmitter architecture investigated in [18].

To provide a more intuitive understanding of how the proposed method operates
within the multi-level ADTX, a simplified implementation framework is shown in Figure 3.
As illustrated, the proposed method consists of two stages: offline training and online
compensation. In offline training, state-transition statistics are obtained, and a library
of transition-specific compensation kernels is established. During online compensation,
critical transition events are detected in real time, and the corresponding FIR kernels are
selectively activated as needed.
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Figure 3. Simplified framework of the proposed Markov state-transition-aware event-driven
compensation method applied to the five-level outphasing ADTx. (a) Offline training stage;
(b) Five-level outphasing ADTx architecture corresponding to Figure 2; and (c) Online event-
driven compensation stage.

In a multi-level ADTx, the discrete state corresponding to the output RF waveform
can be represented by a four-dimensional binary state vector. During PWM modulation,
state evolution is jointly constrained by the carrier-phase relationships and variations in
the input signal. Consequently, the states at adjacent sampling instants are not completely
independent but exhibit significant temporal correlation. Therefore, the state sequence over
consecutive sampling instants can be represented as {Xj}, and its dynamic evolution can be
characterized using a finite-state Markov model.

3.1. Markov State-Transition Prediction Model

According to the four-dimensional binary state vector defined in Section 2,
Xi = [x1(k), x2(k), x3(k), x4(k)]", the state space contains 16 possible discrete states, denoted
by X ={Xj, Xy, ..., X16}. For any two consecutive sampling instants, the state-transition
process is defined as Tj;:X; — X, where X; and X; denote the system states at the current
and next sampling instants, respectively. Under the first-order Markov assumption, the
state at the next sampling instant depends only on the current state.

p.— N 14
i = e (14)
N;;
=

Accordingly, a 16 state-transition probability matrix is constructed as:

Pip Pip - Prie
Py Pp oo Pog

=1 . . i (15)
Pigq1 Pigp .- Pisi6

The resulting matrix characterizes the statistical evolution of the discrete states
within the five-level ADTx over time. Furthermore, the steady-state distribution
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7 =[my, 7y, ..., T16] is obtained by solving Pln=n, Xm; = 1. Here, 7r; denotes the long-term
probability that the system occupies state X;.

Due to the deterministic carrier-phase relationships in the five-level outphasing PWM
architecture, not all of the 256 theoretically possible state transitions can actually occur.
Consequently, the state-transition matrix exhibits a pronounced sparse structure, with only
a limited number of transition paths having nonzero or relatively high probabilities. This
sparsity provides a theoretical basis for selectively identifying and compensating critical
state-transition paths in the subsequent design.

3.2. State-Transition Path Importance Evaluation

As discussed in Section 2.2, transition probability and Hamming distance alone are
insufficient to characterize path-dependent distortion. Therefore, a transition-importance
metric is introduced to jointly account for transition probability, state-change magnitude,
and steady-state probability.

The Hamming distance between state vectors is further introduced to characterize the
magnitude of state changes, where dy denotes the number of state dimensions that change
during the transition. A larger Hamming distance indicates that more state dimensions are
involved in a single state transition and, consequently, that the associated transient distur-
bance is generally more significant. By jointly considering the state-transition probability,
state-change magnitude, and long-term state residence probability, the state-transition path
importance metric is defined as:

du(Si, Sj)

Iij = Zl)lPl']' + w9 1

+ w37, (16)
where wy, w,, and w; are weighting coefficients. The first term reflects the occurrence
frequency of a state-transition path during the actual modulation process. The second term
characterizes the potential disturbance magnitude associated with the number of state
dimensions involved in the transition. The third term represents the importance of the
source state in the long-term operation of the system.

Based on the above definition, a 16 x 16 importance matrix I can be obtained, provid-
ing a unified evaluation of all 256 theoretically possible state-transition paths. To avoid
constructing compensation models for all theoretical state transitions, the effective transi-
tion paths are further selected according to the state-transition importance matrix [;;. Based
on the sparse transition matrix described in Section 3.1, the effective state-transition set
is defined as (2 = {T}; | P;; > 0}. This set excludes transitions that do not occur during the
observed modulation process.

3.3. Path-Specific FIR Compensation Kernel Design

Based on the path-dependent transient distortion model developed in Section 2.2,
an independent FIR compensation kernel is designed for each selected transition path.
For an arbitrary state-transition event Tj;, different transition paths may involve different
state-change dimensions, transition directions, and dynamic evolution processes. Therefore,
even when different paths produce the same output-level variation, their corresponding
transient error waveforms may exhibit significantly different amplitudes, decay rates, and
spectral characteristics. Conventional DPD methods typically employ a unified nonlinear
model to compensate for continuously sampled signals as a whole, without explicitly distin-
guishing the local dynamic characteristics associated with different state-transition events.
Consequently, they are unable to provide differentiated transient distortion compensation
for different state-transition paths.
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For a detected state-transition event T;, its occurrence time #;; is first determined. Since

ijr
the transient distortion induced by a staté: transition is mainly concentrated around the
state-change instant, only the local response within a finite time interval before and after
the transition is extracted for compensation. The state-transition observation window is
defined as [ti]' =Ty, tij + Tp], where T, denotes the transient-response observation window
and should be selected to cover the dominant duration of the transient response following
the state transition. At a sampling frequency of f;, this window corresponds to N = 2T,fs + 1,
where N denotes the number of effective transient samples associated with a single state-
transition event. The local error response corresponding to the transition path Tj; is then
extracted within this window.

Eij = [eij(O),ei]-(l),...,ei]-(N—1)} T. (17)

Since different state-transition paths exhibit distinct transient response characteristics,
an independent FIR compensation kernel is established for each effective transition path.
For a given transition path Tj;, its compensation output is defined as:

L-1

&j(n) = ) hy(Dx(n 1), (18)

1=0
where hi]-(l) denotes the FIR compensation coefficient associated with the transition path
T,
signal. In matrix form, this can be expressed as:

L is the length of the compensation kernel, and x(1) represents the input digital drive

E;; = X;Hj;,

(19)
where Hj; = [h;;(0), h;(1), ..., hj(l — 1)]T denotes the compensation kernel vector associated
with the state-transition path Tj; and X;; is the convolution matrix constructed from the
corresponding local input sequence. To mitigate overfitting during the training process, a
regularization term is introduced into the optimization objective, and the path-specific FIR
compensation kernel is obtained by minimizing the following objective function.

Y (20)

min J(Hy) = min || Ej — X;Hj|[3 + A Hy|
gl gl

where the second term represents the regularization constraint, which limits the magnitude
of the compensation kernel coefficients and improves model stability, and A denotes the reg-
ularization parameter. The effective state-transition paths are ranked in descending order

according to their importance values [;;, and the corresponding path-specific compensation

ijs
kernels are established with higher priority for more important transition paths.

K ={(T;

1]',]’11']') | Tij € O} (21)

For state-transition paths that do not occur or have extremely low occurrence prob-
abilities, no compensation kernel is constructed. Therefore, during online compensation,
the current state transition is directly identified. The corresponding compensation kernel
Hj; is indexed to perform local predistortion. Compared with conventional global DPD
methods [12,15,16], the proposed path-specific compensation mechanism does not require a
unified high-order nonlinear model. Instead, it exploits the path relationships within the fi-
nite state space to characterize transient distortion, thereby enabling targeted compensation
for different switching transition events.

The reliability of the offline transition kernel library depends on the representative-
ness of the training data and the stability of transmitter operating conditions. Insufficient
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observations for rarely occurring transition paths may reduce FIR coefficient estimation
accuracy. To mitigate this issue, regularized least-squares estimation is employed to im-
prove numerical stability, while transitions without trained kernels are left uncompen-
sated. Nevertheless, variations in temperature, supply voltage, or device characteristics
may affect kernel effectiveness, indicating the potential need for periodic retraining or
adaptive updating.

3.4. State-Transition-Detection-Based Event-Driven Local Predistortion Mechanism

The path-specific FIR compensation kernel library enables differentiated compensation
for different state-transition events. Since transient nonlinear distortion in a multi-level
ADTx is mainly concentrated around state-transition instants, continuous sample-by-sample
predistortion introduces redundant computations in steady-state regions. Therefore, an
event-driven local predistortion mechanism based on state-transition detection is proposed.

The real-time four-dimensional binary state vector Xj = [x1(k), x2(k), x3(k), x4(0)]T is
compared with its previous state. When Xy # X} _1, a state-transition event is detected, and
the corresponding transition path Tj; : X; — X; is identified. The associated FIR compensa-
tion kernel is then selected from the path-specific kernel library K as h;; = K(T}j), where h;;
denotes the FIR compensation coefficient vector associated with the state-transition path Tj;.
Once the corresponding compensation kernel is obtained, local predistortion is performed
only within the neighborhood of the detected transition event. The compensated output
can therefore be expressed as:

L—1
y(k) = x(k) + ) hyy(m)x(k —m), (22)
m=0

where L denotes the length of the compensation kernel. Unlike conventional global DPD,
the proposed method dynamically selects the compensation kernel according to the de-
tected transition path rather than applying a unified nonlinear model to all samples. The
online processing can be summarized as Xy — Tj;; — K(Tj;) = h;; — y(k). Here, the state-
transition matrix Pj; provides the prior probability information of the transition paths,
while the path-importance matrix [;; quantifies the compensation priority of different tran-
sition events. The path-specific compensation kernel library K then performs the actual
transient-error cancelation. This structure enables the proposed method to combine state-
transition awareness, path-specific compensation, and event-driven processing within a
unified predistortion framework.

By restricting FIR processing to selected transition events, the proposed method
reduces redundant computations during steady-state intervals.

4. Simulation Results and Performance Analysis
4.1. Implementation of the Markov State-Transition-Aware Event-Driven Compensation Algorithm

The online processing procedure of the proposed algorithm consists of four main
stages: state detection, path identification, compensation-kernel indexing, and local pre-
distortion. The state-transition probability matrix characterizes the statistical evolution
of the actual state sequence, while the state-transition importance metric quantifies the
relative compensation requirements of different transition paths. Based on the identified
transition paths, the path-specific FIR compensation kernel library provides differentiated
compensation for the corresponding transient errors. Conventional DPD applies a unified
nonlinear operation to the entire input sequence. In contrast, the proposed method activates
compensation only when a state-transition event is detected and selects the corresponding
kernel based on the identified transition path. Consequently, the predistortion computation
is concentrated in local time regions where transient distortion is most significant, thereby

https://doi.org/10.3390/ electronics15214948


https://doi.org/10.3390/electronics15214948

Electronics 2026, 15, 4948 12 of 21

avoiding unnecessary compensation during steady-state intervals. The complete online
implementation procedure of the proposed Markov state-transition-aware event-driven
compensation method is summarized in Algorithm 1.

This processing mechanism further enables an effective separation between offline
and online computations. The Markov state statistics, steady-state distribution, state-
transition importance evaluation, and path-specific FIR compensation kernels are all
determined offline. Once the compensation-kernel parameters are obtained, the on-
line process only requires current-state detection, state-transition path identification,
kernel indexing, and local predistortion, without repeating state statistics, importance
evaluation, or parameter training.

Algorithm 1 Event-Driven Markov State-Aware compensation With Transition
Kernel Library.

Input: Discrete-time input signal x(n), switching state sequence X

Output: Predistorted signal y(1)

Stage 1: Offline Training Stage

1: Collect training dataset x(1), corresponding switching state sequence X
2: Construct discrete state space S = {S1, Sy, .. ., S16}, according to four-channel
switching states

: Estimate Markov transition probability matrix P;; = P(Xy +1 =5; 1 X = §))

: Calculate steady-state distribution 7;

: Calculate transition switching intensity using Hamming distance dp(S;,S;)
: Evaluate importance score: [;;

: Select high-risk transition events according to Q) = {T}; | P;; > 0}

N1 O U1 = W

: For each selected event Tj; € ()
8.1 Extract local transient samples corresponding to Tj;
8.2 Obtain path-specific FIR kernel &;; by regularized least squares
9: Construct transition Kernel Library
Stage 2: Online Event-Driven Compensation Stage
10.Initialize switching state Xy
11forn=1to N do
12.Detect switching event AXn = Xn - Xn — 1
13. if AXn # 0 then

14. Identify transition event Tj;

15. Retrieve path-specific kernel i; from K
16. if corresponding kernel £;; exists then
17. Apply transition-specific FIR compensation
18. else

19. Yy~ (n) = x(n)

20. end if

21. else

22. y~(n) = x(n)

23.end if

end for

In particular, the proposed algorithm avoids performing full DPD operations at every
sampling instant during steady-state intervals. Instead, local compensation is triggered
only when state-transition events are detected. This significantly reduces redundant com-
putations and lowers the online computational complexity.
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Since the number of state-transition events Ne is much smaller than the total number
of samples N, i.e., Ne < N, the proposed event-driven scheme reduces the online FIR
computation from O(N?) to O(NeN) in Table 1.

Table 1. Computational complexity comparison.

Method Search Strategy Search Dimension Evaluations Complexity
Conventional DPD ~ 10Pal sample-by-sample N N O(N?)
processing
Proposed Method Event-drlvgn local Ne Ne O(NeN)
processing

The proposed method is fully implemented in MATLAB according to Algorithm 1,
including state-sequence statistics, Markov state modeling, state-transition importance
evaluation, path-specific compensation-kernel training, and online event-driven compensa-
tion. Figures 4 and 5 illustrate the offline state-modeling and path-specific kernel library
construction, and the online event-driven compensation process, respectively. Based on
these implementations, the next subsection compares the system performance before and
after compensation in terms of spectral characteristics, EVM, and constellation diagrams.
The results are used to evaluate the effectiveness of the proposed method in suppressing
state-transition-induced transient distortion in the multi-level ADTx.

Input n : e T : ( R oD x
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Figure 4. Workflow for offline state modeling and construction of path-specific kernel libraries.
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Figure 5. Online event-driven compensation procedure.

4.2. Simulation Platform and Parameter Settings

To validate the effectiveness of the proposed adaptive compensation algorithm based
on Markov transition analysis and the importance matrix, a multi-level ADTx simulation
platform is established in MATLAB R2024b (MathWorks, Natick, MA, USA).
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At the transmitter, a 16-QAM modulated baseband signal is generated and pulse-
shaped using a root-raised-cosine (RRC) filter, followed by five-level quantization and
mapping. The resulting signals are applied to the multi-level ADTx architecture to generate
the RF waveform, where a transition-induced transient distortion model is incorporated
into the transmission path. At the receiver, the received signal is demodulated, and the
system performance is evaluated in terms of the ACPR and EVM. The main simulation
parameters are summarized in Table 2.

Table 2. Simulation parameters.

Parameter Value
Modulation scheme 16QAM
Oversampling factor 100
Sampling frequency 1GHz

Carrier frequency 10 MHz
Compensation kernel length 25
Regularization factor A 10

To comprehensively evaluate the compensation performance, the system performance
is compared under three conditions: ideal, distorted, and compensated. To verify the
effectiveness of the proposed multi-level unified modeling method, a five-level outphasing
ADTx experimental platform based on delay line (DDL) is built. As shown in Figure 6, the
platform consists of seven main parts: PC, digital oscilloscope, vector signal analyzer, FPGA,
DDL chip, y switching power amplifier (SMPA) and coupler. The PC generates baseband
signals and sets experimental parameters. The FPGA implements digital logic control,
while the DDL chip provides multi-channel outphasing and delay. The SMPA amplifies
switching-mode signals, and the coupler realizes RF signal coupling and sampling. The
oscilloscope observes time-domain waveforms and timing distortions of each branch. The
vector signal analyzer captures RF metrics such as EVM and ACPR for hardware-based
algorithm validation.

Figure 6. Five-level outphasing ADTx hardware platform.
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In practical multi-level all-digital transmitters, multiple distortion mechanisms may
occur simultaneously. Based on the individual distortion models, a combined model that
incorporates pulse-edge distortion, overshoot, amplitude imbalance, and propagation-
delay mismatch is therefore established. In the time domain, the superposition of these
effects introduces irregular switching transients, amplitude deviations, and timing errors
into the output waveform; in the frequency domain, it generates additional harmonic and
spurious components, which further give rise to in-band spectral regrowth, an elevated
adjacent-channel leakage ratio, and discrete spurs at the harmonic frequencies. To verify
the proposed combined model, measured and simulated results for a five-level RF-PWM
output are provided in Figures 7 and 8, respectively. As shown in Figures 7a and 8a,
the constellation points of the actual output deviate from their ideal positions, and the
measured EVM RMS reaches approximately 5.15%. The fundamental-frequency spectra in
Figures 7b and 8b exhibit clear spectral regrowth and adjacent-channel leakage, while the
harmonic spectra in Figures 7c and 8c reveal pronounced spurious components extending to
the fifth harmonic near 50 MHz. The close agreement between the measured and simulated
results confirms the validity of the combined distortion model.

X speanm | x

EVM RMS
5.15%

i
|
i

j
|
I\

\ | | 1
«mﬂﬂ" LT *wm-rn.mu'm‘f ”""'wmmm“ ‘"n;; "r!ﬂﬂ'"‘M

1001 pis 1091 pts 50M6/

None
(I Fundtion
-4.03 dBm

Lover Upper
-36,86 dBc -38,03 dBc

Offset

(b)

Figure 7. Measured characteristics of the five-level RF-PWM output: (a) EVM, (b) fundamental-

frequency spectrum, and (c) fifth-harmonic spectrum.
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Figure 8. Simulation diagram of the five-level RE-PWM output: (a) EVM, (b) Fundamental frequency
spectrum, and (c) fifth-harmonic spectrum.

The simulation results indicate that combined distortions can cause more pronounced
signal degradation than individual distortion mechanisms. The hardware measurements pro-
vide experimental evidence of the resulting waveform and spectral impairments, supporting
the physical relevance of the combined distortion model for multi-level ADTx systems.
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4.3. ACPR Performance Analysis

The observed ACPR improvement can be further explained by the transition-
dependent distortion mechanisms discussed in Section 2.2. Propagation-delay mismatch
introduces timing deviations among switching branches, while pulse-edge distortion and
transient overshoot generate additional high-frequency components around switching
instants. Amplitude imbalance further modifies the combined output waveform. These
effects collectively contribute to spectral regrowth and increased adjacent-channel leakage.
Since the transient responses depend on the specific switching-state transitions, compensat-
ing different transition paths using their corresponding FIR kernels enables more targeted
suppression of these waveform deviations.

As shown in Figure 9 and Table 3, the uncompensated ACPR of —41.32 dBc represents
a degradation of 12.92 dB relative to the ideal value of —54.24 dBc. After applying the
proposed compensation method, the ACPR reaches —52.93 dBc, recovering 11.61 dB of
the original degradation, corresponding to approximately 89.86% of the ideal-to-distorted
ACPR gap expressed in decibels. Equivalently, the adjacent-channel power ratio is reduced
by approximately a factor of 14.49 compared with the uncompensated condition. The
residual difference of 1.31 dB from the ideal reference indicates that the proposed method
substantially suppresses the transition-induced spectral distortion, although complete
elimination of the nonlinear effects is not achieved.
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Figure 9. Baseband spectra under ideal, distorted, and compensated conditions

Table 3. ACPR performance comparison.

Condition ACPR (dB)
Ideal —54.24
Distorted —41.32
Compensation —52.93

This improvement is consistent with the proposed transition-path-aware compensa-
tion mechanism. By identifying important state transitions and applying path-specific FIR
kernels within the corresponding transient intervals, the method concentrates compensa-
tion on the waveform regions associated with switching-induced distortion. The results
therefore support the effectiveness of the proposed method in mitigating the combined
transient distortion mechanisms under the evaluated simulation conditions.
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4.4. EVM Performance Analysis

As shown in Figure 10, the uncompensated constellation points deviate noticeably
from their reference positions. After compensation, the points move closer to the ideal
constellation. Table 4 quantifies this change that EVM decreases from 6.02% to 1.13%, an
absolute reduction of 4.89 percentage points. The residual EVM remains 0.88 percentage
points above the ideal reference value of 0.25%.
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Figure 10. Constellation diagrams before and after compensation

Table 4. EVM performance comparison.

Condition EVM
Ideal 0.25%
Distorted 6.02%
Compensation 1.13%

The spectral and constellation results provide complementary assessments of the
proposed compensation strategy. The EVM results complement the spectral analysis in
Section 4.3, indicating improved modulation accuracy after compensation. However,
residual distortion remains relative to the ideal reference. Thus, the compensated signal
approaches, but does not fully reach, the ideal performance in either metric.

The remaining differences indicate that some distortion persists after localized com-
pensation. The event-driven strategy is intended to limit FIR processing to selected transi-
tion neighborhoods rather than continuously filter the entire sequence. Accordingly, the
reported ACPR and EVM improvements establish the signal-quality benefit under the eval-
uated MATLAB conditions; the computational advantage should be assessed separately
using measured FIR operation counts, kernel memory, and compensation-event coverage.

4.5. Comparative Performance and Complexity Analysis

To evaluate the performance and computational efficiency of the proposed method,
a comparative study is conducted against the previous pulse-distortion compensation
approach [18], global FIR, and full-path FIR compensation. All methods are evaluated under
the same transmitter configuration and distortion conditions. The comparison considers
EVM, ACPR, FIR multiply—accumulate (MAC) operations, compensation-kernel memory
requirements, and compensation-event ratios. The results are summarized in Table 5.
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Table 5. Performance and complexity comparison of different compensation methods.
Method EVM (%) ACPR (dBo) MAC Memory (B) Compensated
Events (%)
Uncompensated 6.02 —41.32 - - -

Previous work [18] 2.90 —48.36 6,400,000 1536 100
Global FIR 3.78 —49.34 3,200,000 256 100
Full path FIR 1.98 -51.31 44,798,460 5920 100

Proposed method 1.13 —52.93 2,366,700 1280 18.92

As shown in Table 5 and Figure 11, the proposed method achieves an EVM of
1.13% and an ACPR of —52.93 dBc, outperforming the previous pulse-distortion compensa-
tion method [18], which achieves 2.90% and —48.36 dBc, respectively. This corresponds to
an EVM reduction of 1.77 percentage points and an ACPR improvement of 4.57 dB. These
results suggest that transition-specific FIR kernels provide more effective correction of the
path-dependent transient distortion considered in this study.
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Figure 11. Power spectral density comparison of different compensation methods.

The comparative results further highlight the effects of transition-specific model-
ing and selective compensation. Global FIR achieves an EVM of 3.78% and an ACPR
of —49.34 dBc, while full-path FIR improves these values to 1.98% and —51.31 dBc, re-
spectively. The proposed method achieves further improvements while requiring fewer
computational and memory resources. Compared with full-path FIR, FIR MAC operations
and kernel memory requirements are reduced by 94.72% and 78.38%, respectively. Relative
to the previous work [18], these reductions are approximately 63.02% and 16.67%. More-
over, only 18.92% of transition events require compensation. These results demonstrate a
favorable balance between compensation performance and computational efficiency under
the evaluated simulation conditions.

4.6. Comprehensive Performance Analysis

The improvements in ACPR and EVM indicate that the proposed method suppresses
transition-induced transient distortion and reduces out-of-band spectral regrowth. The
compensated spectrum and constellation diagram also approach their ideal references,
confirming improvements in both spectral purity and modulation accuracy.

https://doi.org/10.3390/ electronics15214948


https://doi.org/10.3390/electronics15214948

Electronics 2026, 15, 4948

19 of 21

References

The comparative results in Table 5 demonstrate a favorable trade-off between com-
pensation performance and computational complexity. Path-specific FIR kernels enable
targeted correction of transient distortion associated with individual switching-state transi-
tions. Meanwhile, the Markov-based importance evaluation identifies critical transition
paths, allowing compensation to be concentrated on selected events rather than applied
continuously. This selective processing mechanism reduces FIR operations and kernel
memory requirements while maintaining superior compensation performance under the
evaluated conditions.

Nevertheless, the observed performance depends on the accuracy of the compensation
kernels and the selection of critical transition paths. Furthermore, the proposed method has
been evaluated primarily through MATLAB simulations, and its real-time computational
efficiency has not yet been verified through hardware implementation. Future hardware
validation is therefore required to assess its practical performance.

5. Conclusions

This paper proposes a Markov state-transition-aware event-driven compensation
method to mitigate transient nonlinear distortions in ADTx. The four binary switching
signals of the five-level ADTx are represented using a 16-state discrete model. A first-
order Markov chain is then employed to characterize the statistical evolution of the
switching states.

A transition-path importance metric is developed by jointly considering transition
probability, Hamming distance, and steady-state probability. Based on this metric, crit-
ical transition paths are identified for selective compensation. Path-specific finite im-
pulse response FIR kernels are designed to compensate for transient distortions associated
with individual switching-state transitions. During online operation, the corresponding
compensation kernels are activated according to the detected transition events, avoiding
unnecessary processing during steady-state intervals.

MATLAB simulations demonstrate that the proposed method improves ACPR from
—41.32 to —52.93 dBc and reduces EVM from 6.02% to 1.13%. Although the existing
hardware testbed supports the physical relevance of the modeled distortion mechanisms,
the proposed compensation algorithm has not yet been validated in hardware. Future
work will focus on FPGA implementation, real-time performance evaluation, and adaptive
kernel updates under varying operating conditions.
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