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Abstract

In all-digital transmitters (ADTXx), the in-band quantization noise generated by pulse coding
provides only limited clean bandwidth (CBW), significantly increasing the difficulty of
analog filter design. To address the constrained CBW of RF pulse sequences in ADTX, this
paper proposes an optimization strategy for suppressing noise across a broader frequency
domain. Distinguished from traditional schemes with limited noise suppression range,
the expansion of CBW is innovatively achieved by setting multiple groups of frequency
observation points near the carrier frequency, enabling more comprehensive constraints
of in-band noise. Meanwhile, aiming at the problems of large look-up table scale and
slow query speed, a partitioned look-up strategy is proposed. During a look-up, traver-
sal is confined only to the partition containing the input point, eliminating the need to
scan all elements. This strategy substantially reduces the number of error calculations
and comparisons, significantly improving the real-time performance of mapping look-up
and lowering the computational demands on digital processing devices. Through the
collaborative optimization of noise suppression and query efficiency, this study highlights
its breakthrough contributions and provides technical support for the optimization of RF
pulse sequences in ADTx.

Keywords: Software-Defined Radio (SDR); all-digital transmitter (ADTx); look-up table
(LUT); mapping pulse-width modulation (MPWM); clean bandwidth (CBW)

1. Introduction

Currently, wireless communication terminals are rapidly advancing toward digitaliza-
tion, miniaturization, and low power consumption. Simultaneously, they must accommo-
date an ever-growing array of emerging functions and communication standards, facing
heightened demands and challenges in bandwidth, efficiency, and configurability. In tra-
ditional analog transmitters, the parameters of analog RF components are fixed, and key
performance metrics such as efficiency, linearity, and bandwidth are theoretically mutu-
ally constrained [1], limiting improvements in efficiency, size, and reconfigurability. In
recent years, advancements in high-speed switching devices have further enhanced the
performance of switched-mode power amplifiers, enabling the development of all-digital
transmitters (ADTx) [2-5] and gradually transforming the implementation architecture
of traditional analog transmitters. Their flexible reconfigurability, programmability, and
comprehensive advantages—including high efficiency and linearity—have become one of
the most compelling features for Software-Defined Radio (SDR) [6,7]. As shown in Figure 1,
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the ADTx primarily consists of a Direct Digital Radio Frequency Modulator (DDRFM) [8],
a Switched-Mode Power Amplifier (SMPA) [9], and tuning filters. The DDRFM not only
upconverts the baseband signal but also converts it into a pulse sequence suitable for
amplification by the SMPA. This sequence consists solely of two or a finite number of
discrete quantized levels formed through specific pulse coding. Consequently, the DDRFM
directly impacts the efficiency and linearity of the ADTx [10], playing a crucial role within

the system.
|
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Figure 1. Structure diagram of the ADTx system.

Traditional pulse encoding methods include Delta-Sigma Modulation (DSM) [11-13]
and Pulse-Width Modulation (PWM) [14,15]. To further enhance DDRFM flexibility,
mapping-based PWM methods have emerged in recent years, termed Mapping Pulse-
Width Modulation (MPWM) [16,17]. Unlike traditional modulation strategies, MPWM
directly maps the amplitude and phase of the baseband modulated signal to the pulse
width and pulse position of the RF pulse sequence. This achieves a direct mapping between
modulation information and the pulse waveform, enabling the convenient, rapid, flexible,
and efficient generation of RF pulse signals. In recent years, ref. [18] proposed a hybrid
modulation method based on DSM and MPWM. Comprising a DSM module, an MPWM
module, and a pulse generator, it directly converts the baseband signal into an RF pulse
sequence through mapping, achieving direct correspondence between modulation infor-
mation and pulse waveforms. This approach significantly reduces the complexity of the
digital signal processing system. However, challenges persist in carrier frequency agility.
Furthermore, the MPWM in this reference employs only continuous pulses, limiting pulse
waveform states and potentially hindering optimal solution acquisition. Consequently,
ref. [19] proposed an improved LUT-based IF-MPWM scheme. This approach eliminates the
DSM module and implements LUT mapping at the intermediate frequency (IF), enhancing
carrier frequency flexibility.

In ADTx, CBW is a critical performance metric for DDRFM. As shown in Figure 2,
CBW is defined as the bandwidth below a noise floor of U [20]. According to different
application requirements, U has different value requirements. In ADTx, U typically ranges
around —40 dB [21]. Usually, the encoding process introduces substantial quantization
noise (QN), limiting CBW. This necessitates narrower passbands and higher filter orders in
subsequent filter designs, which not only drastically increase the structural complexity and
manufacturing cost of the filter hardware but also pose significant technical challenges for
the development of downstream filtering modules, such as aggravated insertion loss and
compromised signal transmission efficiency in practical applications [22,23].
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Figure 2. (a) Waveform before CBW extension. (b) Waveform after CBW extension.

Different encoding schemes exhibit distinct noise-shaping characteristics, and mod-
ifying these inherent characteristics represents a feasible approach to expand the CBW
of RF pulse sequences. Figure 2a depicts the signal waveform prior to CBW expansion,
while Figure 2b shows the waveform after expansion. Notably, CBW expansion effectively
mitigates the design complexity of subsequent filtering modules, which is a critical engi-
neering challenge for ADTx. Building on this principle, ref. [20] proposed an optimized
MPWM method to tackle the CBW limitation in LUT-based ADTx architectures, where the
RF pulse sequence is optimized to yield the minimum total noise factor as the output [24].
However, this method suffers from high computational complexity, which restricts its
practical implementation. To address this issue, ref. [21] extended the CBW by setting
two frequency observation points adjacent to the carrier frequency and imposing strict
quantization noise constraints at these points as well as the carrier frequency itself.

Based on the foundational work of ref. [21], this paper further extends the CBW of
RF pulse sequences in ADTx by adding an additional frequency observation point on
each side of the carrier frequency. This enhanced configuration imposes more stringent
noise constraints at the expanded set of observation points, thereby optimizing the pulse
sequence selection during LUT mapping and achieving a wider CBW. It is worth noting
that ref. [21] only adopted two-level pulse sequences, which results in low CE but limits
the overall system performance. In contrast, this work employs three-level pulse sequences
to improve comprehensive system performance; however, this optimization leads to a
substantial increase in the scale of the LUT, which would otherwise slow down the table
look-up process. To resolve this trade-off, a partitioned LUT look-up strategy is proposed
in this paper. Specifically, during the LUT mapping and query process, the search and
traversal operations are confined only to the specific partition that contains the input signal,
which drastically reduces the scope of traversal queries and significantly accelerates the
look-up efficiency [25].

2. IF-MPWM Architecture to Extend CBW Based on the LUT

Figure 3 presents the flowchart of the proposed IF-MPWM architecture, which in-
tegrates core functional modules including an interpolation module, frequency shifting
module, CORDIC (Coordinate Rotation Digital Computer) module, LUT-based quantiza-
tion mapping module, and pulse generator module [19]. The interpolation module and
frequency shifting module are responsible for modulating the signal to the intermediate
frequency; the CORDIC algorithm converts the signal from rectangular coordinates to
polar coordinates, offering the advantage of reduced computational complexity. The LUT
quantization mapper modulates the high-bit-width intermediate-frequency signal into a
one-bit radio-frequency output. It first calculates the corresponding LUT address based
on the current signal’s amplitude and phase, then maps the signal value to the pulse
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sequence stored at that LUT address. The pulse generator sequentially concatenates all
pulse sequences into the corresponding output pulse signal.
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Figure 3. I--MPWM implementation block diagram.

As shown in Figure 3, the baseband signal x((s) undergoes interpolation and frequency
shifting module to IF signal x,(m). This IF signal possesses a bandwidth of fgyw and a
sampling rate of fir. Carrier frequency f. can be expressed as fc = (ko + 6) x fir, with0 <6 < 1.
Here, ky and ¢ denote the integer part and the fractional part of the ratio of the carrier
frequency f. to the intermediate sampling frequency f;;, where ko = |fc/fi] and 8= f%f.
The signal x,(m) is generated by up-converting the interpolated baseband input signal
x1(m), where m denotes the discrete time index of the signal sampling sequence. It can be
expressed as Equation (1).

xXo(m) = xq (m)el?™m 1)

Subsequently, the CORDIC module performs a polar coordinate transformation on
the signal x;(m). This transformation process is expressed by Equation (2), where p(m) and
@(m) denote the amplitude and phase of the IF signal x,(m). Since the distribution of Q on
the coordinate axis is approximately circular, characterizing it in polar coordinates is more
efficient in saving the space overhead of data storage and representation compared with
Cartesian coordinates.

x3(m)

:p( ) e]ﬁ"(m
where p(m) = |xa(m)], @

¢(m) = arg{xz(m)}

Index the LUT with the amplitude and phase of x3(m) as the address, and map it to a
pulse sequence p(n) of length N.

p(n) = LUT (p(m), p(m)) )

The distinctions between x3(m) and p(n) are enumerated as follows: the carrier fre-
quency of p(n) lies at f; the carrier frequency of x3(m) resides at 5-fi; the sampling rate of
p(n) is N times that of x3(m), which can be expressed as f,r = N-fjs. The core of MPWM tech-
nology resides in the LUT mapping module, as illustrated in Figure 4, which aims to map
input modulation information onto output pulse waveforms. The specific implementation
method is as follows:

(1) Design two LUTs. Establish two mapping tables: the amplitude—phase mapping table
Q and the output pulse sequence table P. Here, P represents the amplitude and phase
information corresponding to all elements in P.

(2) Employ a specific look-up strategy for mapping the LUTs. First, perform a mapping
look-up in Q to find the optimal mapping point (0p_(n), @p_km)) for the input point
(p(m), (m)). Subsequently, utilizing the aforementioned one-to-one correspondence
between P and Q, the corresponding output pulse sequence py(u) for (0p_km), Pp_k(m))
is retrieved from P.
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Figure 4. Flowchart of the three-level pulse width mapping algorithm.

The process of generating the LUT to extend CBW in [21] is as follows:

(1) The set of all two-level pulse sequences of length N is denoted as P,P = {p;| k =
1,2,.. 2N}, where p; represents an individual pulse sequence. The values of g o, g 1,
and g » are then calculated according to Equation (4). We define the sets containing
all gi 0, g1, and g 2 values as Qo = {gx 0| k=1,2,.. 2N, Q = il k=12,.. 2N}, and
Q=12 k=12,.. 2Ny, respectively. Among them, fcpw is the set CBW.

N-1

qeo = L pi(i)e 2/ fis
i=0
N-1 .
qk,l — 4;0 pk(i)e*]ZHZ(fc‘f’fcgw/Z)/frf (4)
k2 = bl Pk(i)e_jzm(fc—fCBw/Z)/f,f
)

(2) Find a pulse sequence py for the amplitude p(n) and phase ¢(m) of any set of possible
IF signals x,(m), such that it satisfies Equation (5), where ¢ is the value that limits the
error, and r represents the amplitude correction value for mapping inputs and outputs:

Ko,p = {k| (‘V'Pe]@ - ®(fepw/2) —Qk,l‘ + ‘r'Pej(P - D(—fepw/2) — LIk,zD < 8} (5)

sin(Nﬂf/ frf)
sin(nf/frf)

Record all pulse sequences py and gi 1, gk 2 (k € Kp,¢) that satisfy Equation (5) and their
corresponding sets. The sets are P, ,, Q1p,p, and Q2 ,.

o(f) = LN~ oir /gy _ L iN-vf/fy 6
N=xgLe N (6)
i=0

(3) Define the bi-objective function as follows:

. pel? —
F(p) = —— e = gl )
|r - pel? - D(fepw/2) — qGra| + |7 - pel? - D(—fepw /2) — a2
The pulse sequence corresponding to any set of (o(im), ¢(m)) in LUT is as follows:
k(p, ¢) = argmin{F(p)} (8)

keKp,p

(4) Save the py(,¢) value in the corresponding address of set (p(m), ¢(m)) in LUT.

Finally, the pulse generator serially concatenates all py,, ) sequences corresponding to
the input modulated signals into the final output three-level RF pulse signal y(t).
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3. Optimization Algorithm Based on IF-MPWM for CBW Extension
3.1. CBW Extension of IF-MPWM Encoding Method

In order to further expand the CBW, the following algorithm is proposed. As shown
in Figure 5, by setting four observation points on the left and right sides of the carrier
frequency, such as obs0, obs1, obs2, obs3, and obs4, and limiting the noise power at the
observation points and the carrier frequency, the noise-shaping characteristics of the output
spectrum are changed to achieve the purpose of expanding CBW.

ZféBW
g
=
5
% Signal
:lé I
2 N
N N
Q \\ Jesw // Q

Frequency

obs3 obs? obs4

obsl obs0

Figure 5. Schematic diagram of frequency observation points.

The LUT-specific mapping process is shown in Figure 6. Compared with refer-
ences [21], two points of obs3 and obs4 are added in this algorithm. Q3 and Q4 are added to
further limit observation points’ noise during MPWM. The process of creating the LUT is
as follows:

LUT

S o L

x3(m) » 0 P FW) > P [ Pim

Figure 6. LUT-specific mapping process.

The construction process of the LUT is elaborated as follows:

(1) Firstly, generate Qg to Q4 according to obs0, obs1, obs2, obs3, and obs4. The set
composed of all three-level pulse sequences with a length of N is denoted as
PP={pl k=12,.. 3N}, and each pulse sequence is p;. Then, calculate the values of
qx,0, k.1, Gk,2, 9k 3, and gy 4 according to Equation (9), and denote them separately as

Qo, Q1, Q2, Q3, and Q4.
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(2) Secondly, calculate the average noise power of the observation points W,.

Wi, = |rP€]:(P — qro]

Wops1 = }Vpeftpq’(—fCBw/z) — k1|
Wops2 = }VPE{‘P‘I’(fCBW/z) — k2|
Wopss = |r0e/9®(—fepw) — 3]

Wopss = |10e/9D(fepw) — qial
I/\’])L — Win+Wobsl+wulé52+wob53+wnbs4

(10)

(3)  Furthermore, look for g, according to Equation (12). In Equation (11), a is the weight
coefficient, which is used to balance the optimization priority of in-band noise and
observation-point noise.

Win + a(Wobsl + Wosz + Wobs3 + Wobs4)

F(Wi) = W,

(11)

qi(m) = argmin{F(Wy) } (12)

(4) Subsequently, save the py,,) according to g, in the corresponding address of set
(p(m), p(m)) in LUT.

Finally, the pulse generator serially concatenates all pyp,) sequences corresponding to
the input modulated signals into the final output three-level RF pulse signal y(t).

3.2. Mapping Look-Up Strategy

In practical applications, the mapping look-up process typically employs an exhaustive
search strategy. This involves calculating the error between the input amplitude—phase
information (o(m), ¢(m)) and all (o, ;, ¢y ;) in Q, then comparing to obtain the minimum
error &. Each look-up requires M computations and M — 1 comparisons, where M = LN,
Specifically, M refers to the total number of calculations, N represents the length of the
pulse sequence, and L stands for the number of levels. While the exhaustive search method
guarantees retrieval of the optimal mapping g; within Q, the extensive computational
comparison process significantly increases the real-time performance of MPWM. As pulse
sequence length N and the level number L increase, the corresponding M value grows,
prolonging the mapping look-up time and imposing higher demands on the computational
capabilities of digital processing devices.

However, the size of LUT Q in the above algorithm is five times larger, which not only
elevates the total number of calculations considerably but also results in slower traversal
speed in a progressive manner. In response to this series of problems, a partition query
strategy is proposed. The mapping flow chart is shown in Figure 7. The colored triangle
represents the mapping input point, and the star represents the mapping output point.
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Figure 7. Partition query strategy schematic.

Firstly, P is reconstructed according to the phase value to obtain P;. All amplitude-
phase information corresponding to possible pulse sequences is divided into N zones based
on phase. Subsequently, the phase of the modulated input signal serves as an index to
locate the partition corresponding to that phase. Within this partition, the input signal
is mapped to Q. This approach substantially reduces the scale of traversal queries and
improves the real-time performance of MPWM.

4. Simulation and Analysis

To validate the proposed optimization algorithm and partitioned search strategy, this
section first conducts optimization simulations for the noise power weighting coefficient a
in Equation (11). Subsequently, optimization simulations are performed for the amplitude
correction value r in Equation (10). Finally, the algorithm in this paper is compared with
the SI algorithm from [19] and the SII algorithm from [21], confirming the effectiveness of
this proposed approach.

4.1. Optimization of Noise Power Weighting in Objective Function

The proposed algorithm optimizes the weighting of noise power across different
frequency observation points when selecting the objective function. Table 1 below compares
the system performance metrics at different a. It is evident that variations in a are insensitive
to CE and Pt, where Pt denotes the fundamental power of the output signal, but significantly
impact ACPR and CBW.

Table 1. Comparison of system performance indexes at different a.

a CE (%) ACPR (dBc)  CBW_,, 45 (MHz) Pt (dBm)
1/4 30.15 —414 98 ~7.26
1/3 29.79 —43.14 91.5 ~7.39
1/2 29.82 —44.12 93 —743
3/4 29.40 ~39.13 96.5 —7.43

Figure 8 illustrates the trends of ACPR and CBW as a varies. It can be seen that ACPR
has the best performance when a = 1/2. At the same time, CBW performance is equivalent.
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Figure 8. Performance comparison of output signals at different a.

4.2. MPWM Input-Output Mapping MATCHING Optimization

The parameter r is an amplitude scaling factor used to adjust the amplitude distribution
of the input signal to better match the amplitude range of the output points in the look-up
table Q. Within the mapping space of Q, a mapping matching issue exists between inputs
and outputs. Should the range of mapping input points far exceed that of mapping output
points, input points lying outside the mapping output points inevitably face substantial
mapping errors. Conversely, should the range of mapping input points be significantly
smaller than Q’s space, the utilization rate of Q’s mapping space becomes excessively low,
resulting in a low CE for the modulation scheme. Therefore, by optimizing the configuration
of relevant parameters influencing the distribution of mapping inputs and outputs, the
mapping input points and output points of Q are made to align as closely as possible within
the mapping space.

As illustrated in Figure 9, the plot depicts the variation in the distribution of input
signals and elements within the Q matrix for different values of the parameter r. It is
evident that r exerts a significant influence on the positional distribution of input signals
and acts as a critical parameter governing the amplitude distribution of input signals. When
r takes a small value, the overall amplitude of the input signal is reduced, which leads to a
general decrease in the magnitude of the output points selected via LUT mapping. This
consequently results in low useful signal power and poor CE performance. In contrast, a
large value of r enables the input signal to be mapped to output signals with a larger ampli-
tude, thereby improving the CE performance. However, this improvement is accompanied
by an increased mapping error and degraded modulation linearity.

-1 08 06 04 02 0 02 04 06 08 1 B
I

(@)r=05 (b)r=0.9

Figure 9. Different distributions of the input signal with Q for different r.
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Figure 10 depicts the effect of parameter r on fundamental power, which serves as a
measure of the signal’s effective component and directly determines the system’s trans-
mission quality and efficiency. Greater fundamental power enables longer transmission
distances and stronger interference resistance.

-5

Pt (dBm)

-10 : : : :
0.7 0.8 0.9 1 11 1.2

r

Figure 10. The influence of r on fundamental wave power.

Figure 11 depicts the influence of parameter r on CE and ACPR. Specifically, CE
exhibits a positive correlation with ». However, this correlation does not indicate that larger
values of r will yield better overall system performance. As r increases, the ACPR of the
signal first reaches an optimal value before deteriorating rapidly, which is accompanied by
a sharp increase in noise levels in the vicinity of the carrier frequency. When r = 0.8, the
system achieves better linear performance, but at the cost of poorer CE. In contrast, when
r =1, the system exhibits improved CE performance, while its linearity is compromised.
Therefore, the appropriate value of  must be selected based on specific application scenarios.
Based on comprehensive simulation analyses and parameter comparisons, to maximize CE
performance while ensuring satisfactory linearity, the mapping parameter in this work is

settor =0.9.
45 3 o= ‘ ‘ -35
20 ,\' - © -ACPR(L) 136
' N -9-ACPRR) y
L \, _
351 % N 4# 37
v 4

CE (%)
NN
o o
4
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4 -’
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L
’ 4
™,
W,
\\Q\
A b
S ©
ACPR (dBc¢)

15 wh 4 -41
R 2
10 NP 4 42
5 ' -43
0.4 0.6 0.8 1 1.2

Figure 11. CE and ACPR of the output pulse sequence under different r.

4.3. Simulation Comparison of Different Modulation Schemes

To validate the clean bandwidth expansion method proposed above, simulation ex-
periments were conducted using MATLAB R2023b simulation software to compare the
algorithm SI from ref. [19], the strategy SII from ref. [21], and the optimized algorithm SIII
proposed herein. Table 2 lists the simulation parameters.
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Table 2. Simulation parameters.

Input

Signal BW fe Jt
16QAM 5 MHz 345 MHz 1.2 GHz
64QAM 20 MHz 1645 MHz 12 GHz

Figure 12 illustrates the spectral comparison of SIII with SI and SII under different
bandwidths. It is evident that the proposed algorithm achieves a significant expansion of
the clean bandwidth compared to SI and SII, while simultaneously reducing filter loss and
enhancing system efficiency.

Power (dB)
Power (dB)

100 200 300 400 500 600 336 338 340 342 344 346 348 350 352 354
Frequency (MHz) Frequency (MHz)

(a) BW =5 MHz
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Frequency(GHz) %10°

(b) BW =20 MHz

Figure 12. Spectrogram comparison of algorithm SI with SII and SIII under different bandwidths.

Table 3 presents the specific performance metrics for three distinct CBW extension al-
gorithms. The proposed optimized CBW algorithm demonstrates significant improvements
over both SII and the approach described in [20]. Crucially, it achieves a CE exceeding 30%
without noticeable deterioration in linear metrics, substantially outperforming both SI and
SII. This validates the effectiveness and innovative nature of this modulation scheme.

To validate the efficiency of the partitioned look-up strategy, simulations were con-
ducted under identical parameters to compare it with the exhaustive search approach.
Table 4 presents the key modulation performance metrics and look-up process comparisons
for both schemes. Both approaches exhibit fundamentally identical performance metrics,
indicating that the partitioned look-up strategy produces virtually identical mapping out-
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puts to the mapping look-up strategy. However, it substantially reduces the scale and
duration of exhaustive queries, thereby validating the strategy’s efficiency.

Table 3. Comparison of different algorithms.

SI SII [20] SIII
Amplitude level 2 2 3 5 3 3
CF (MHz) 345 345 3450 1450 345 1645
Sampling rate (GHz) 1.2 1.2 16 10 12 12
Input signal 16QAM  16QAM  64QAM  64QAM  16QAM  64QAM
BW (MHz) 5 5 20 20 5 20
ACPR (dBc) —36.3 —42 >47 >45 —41.9 —46.2
CBW_49 (MHz) 60 99
CBW_45 (MHz) 800 700 900
CE (%) 14.2 18.9 31.1 35.89

Table 4. Look-up strategy comparison.

Partitioned Look-Up Exhaustive Search
Strategy Approach
ACPR (dBc) —41.9 —42

CBW (MHz) 99 99
CE (%) 31.1 31
Number of calculations M/N M

Number of comparisons M/N -1 M-1
Simulation time (s) 14.36 74

5. Conclusions

In this paper, an optimization algorithm based on IF-MPWM is proposed to solve
the problem of limited CBW of RF pulse sequence in ADTx. The ADTx is limited by
quantization noise and in-band noise, resulting in a narrow CBW, which increases the
difficulty of filter design and reduces the system efficiency. Therefore, the proposed
algorithm sets observation points near the carrier frequency and extends the CBW by
minimizing the weighted power of multiple observation points to suppress noise in a wider
frequency domain. However, as observation points are added, the size of Q increases
dramatically, and the search process is slow. In addition, this article uses a three-level
system for better system performance. Concurrently, this approach leads to a significant
increase in the size of the look-up table. Therefore, a partition look-up strategy is proposed
to greatly reduce the scale of calculation and query.

Simulation results validate that the proposed scheme outperforms the SII method
in CBW expansion, with significantly improved CE. Notably, the selection of an optimal
parameter 7 is a key design consideration that enables a trade-off between CBW extension
and signal quality to meet specific system requirements.

Future research will focus on the optimization of LUT construction, with the core ob-
jective of further reducing the table scale and lowering the storage overhead of the system.
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