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ABSTRACT. The urgent need to exploit additional usable spectrum in higher-frequency
5G bands, especially when these frequencies overlap with those used by 4G LTE, must be
addressed to ensure efficient spectrum utilization. This paper proposes a distortion cancel-
lation approach within the spectrum mask to optimize spectrum sharing while minimizing
interference in 5G and beyond applications. The method employs a Sigma Delta (XA)
structure based on a radio frequency (RF) upconverter, designed to generate the desired
signal with null-noise characteristics. The proposed architecture features a feedback filter
unit using a Cartesian upconversion technique and incorporates a noise feedback loop that
operates analogously to an analog-to-digital conversion (ADC) process. This loop itera-
tively adjusts until the quantized output matches the input signal, thereby achieving a null-
noise state. Experimental results show that the spectrum of the OFDM signal achieves a
21 dB reduction down to the noise floor after the feedback filter’s response, demonstrat-
ing both null-noise and symmetrical noise-shaping effects. Furthermore, a comparison
between first-order (MOD1) and second-order (MODZ2) A modulators indicates that
higher-order modulation and increased sampling rates can more effectively achieve null-
noise at lower frequencies.

Keywords: RF-spectrum, Cartesian-modulator, Null-noise, Noise-shaping, Sigma-Delta
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1. Introduction. Fifth-generation (5G) wireless technology, often described as Gigabit-
per-second broadband communication, marks a major transition from 4G long term evo-
lution (LTE) standards. According to the Federal Communications Commission (FCC),
the 5G spectrum extends up to 100 GHz, with individual signal bandwidths exceed-
ing 20 MHz [1-3]. However, despite this vast allocation, the rapid increase in capacity
demand continues to challenge spectrum availability [4]. Service providers must utilize
multiple frequency bands to support RF communication channels for both transmission
and reception. As noted in [5], the 5G spectrum is divided into two main ranges: Range 1
(4.1-7.125 GHz), which serves conventional cellular traffic, and Range 2 (24.25-52.6 GHz),
designated for high-data-rate, short-range applications. Consequently, optimizing the use
of higher-frequency bands remains crucial to address ongoing spectrum scarcity.

In response to these challenges, current 4G spectrum implementations [6,7] are evolving
toward integrated 4G-5G solutions. A study in [8] introduced a 60 GHz antenna-in-package
(AIP) integrating full Tx-Rx functionality, providing high throughput and directivity but
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facing packaging constraints. To overcome such issues, a digital RF transmitter based
on Sigma-Delta (¥A) modulation was proposed for 5G [9] to support low-latency IoT
connectivity [10-13]. This digital signal processing (DSP)-based approach fosters green
infrastructure and enhances reliability [14], flexibility [15], and linearity [16], as discussed
in [13].

Building upon these advances, this study adopts the RF upconverter Cartesian struc-
ture described in [16,17] and the XA filter concept introduced in [9]. The proposed model
employs polar-domain quantization to minimize spectral noise. Prior work in [18] pro-
posed an iterative subtraction of quantization errors in the feedback loop until conver-
gence, producing an error signal that separates signal and noise transfer functions (NTF)
[19]. These principles collectively aim to improve spectral efficiency and enable robust 5G
system design.

The present study specifically investigates noise-shaping behavior in the RF spectrum,
focusing on achieving a null-noise condition. The Cartesian structure [16] demonstrates
clear advantages over traditional bandpass and polar architectures, offering broader band-
width [20] and reduced switching activity [21]. Nonetheless, even with baseband tuning
methods designed to expand dynamic range, distortion issues persist in the RF spectrum
[9,18]. Channel tuning with variable offsets can partially mitigate distortion, but a high
noise floor remains when oversampling parameters are suboptimal [18].

To address these issues, this research extends previous work on ¥A-based RF transmit-
ter architectures [9,16-18], which have examined noise shaping, distortion suppression, and
bandwidth expansion. However, earlier studies often treated these aspects separately, used
oversampling methods that sustained high noise levels, and provided limited evaluation
of feedback filters for null-noise generation. Moreover, the integration of these techniques
within a Cartesian upconverter framework — particularly in comparing modulator orders
has not been extensively explored. This study closes these gaps by implementing and
analyzing a feedback filter unit within the Cartesian structure and comparing 1st- and
2nd-order ¥ A modulators (MOD1 and MOD2). The goal is to demonstrate simultaneous
null-noise generation and symmetrical noise shaping for efficient 5G spectrum sharing.
The novelty lies in the iterative feedback loop, analogous to ADC operation, which con-
verges the quantized output toward the input signal, achieving effective noise suppression
and distortion control across both MOD1 and MOD2 configurations.

This paper is structured as follows. Section 1 introduces the digital RF transmitter ar-
chitecture based on Sigma-Delta (¥A) modulation and its effectiveness in achieving noise
shaping and distortion reduction. Section 2 outlines the problem statement, theoretical
background, and proposed methodology. Section 3 details the experimental setup and
presents the main results with analysis, while Section 4 discusses the findings and their
implications for future 5G spectrum design.

2. Problem Statement and Preliminaries. This research employed MATLAB-based
simulations for signal generation and modulator modeling, allowing flexible parameter
testing. The orthogonal frequency division multiplexing (OFDM) modeling stage gener-
ated waveform inputs for the Cartesian YA structure, with a carrier frequency (f.) of
2300 MHz aligned with 5G bands [22] and a corresponding sampling frequency (fs). The
in-phase and quadrature (I/Q) outputs from the OFDM stage were processed through a
DSP module containing a XA low-pass filter (LPF) [14], quantizer, and pulse modulation
stage to produce the final RF waveform, as illustrated in Figure 1.

The ¥A-LPFs function to suppress noise floors and achieve effective noise shaping. Op-
erating as digital modulators, Y A-LPF's replace analog components, eliminating hardware-
related challenges [9]. Analog circuits such as local oscillator (LO) leakage, power amplifier
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(PA) nonlinearities, and I/Q imbalance are prone to distortion [23]. In this context, L A-
LPFs mitigate such issues and address bandwidth limitations from PA nonlinearities in
the transmitter (Tx) path [24], thus improving signal integrity and transmission efficiency.

Input I/Q signals from the DSP module pass through YA filters where X A-LPF blocks
and feedback filters remain in Cartesian format, while subsequent RF stages operate in
the polar domain [9]. Continuous subtraction of quantization errors enhances fidelity,
with XA-LPFs supporting oversampling and noise shaping. This configuration ensures
high linearity and wideband performance for 5G signal generation.

A study using a single undersampling ADC [25] reported lower normalized mean square
error (MSE) when paired with digital predistortion. Similarly, common-mode feedback
units in single-ended or differential converters enable low-power operation and efficiency
[26]. These findings highlight that ¥ A-based converters effectively balance digital correc-
tion and power optimization.

The Cartesian YA modulator redistributes quantization noise across the spectrum,
minimizing it near the target band [27]. Unlike polar ¥A modulators [28], which increase
noise through amplitude-phase separation, the Cartesian approach doubles 1/Q band-
width via oversampling [29], thus reducing quantization noise [19] and enhancing spectral
efficiency, crucial for 5G waveform fidelity.

A first-order ¥A modulator (MOD1), functioning as a A-LPF, is modeled in the
z-domain, with the quantizer (Q) integrated within the feedback loop to minimize noise
and improve signal quality. Based on MOD1, higher-order A modulators enhance noise
shaping and design stability, especially when using a single quantizer to avoid overload.
Cascaded YA-LPFs further suppress quantization noise, making them suitable for low-
frequency digital to analog converter (DAC) applications.

The second-order MOD2 structure, formed by cascading two MOD1 stages, improves
linearity, especially with a two-level DAC [30], while enabling adjustable oversampling
ratios and higher modulator orders. An infinite impulse response (IIR) feedback loop in-
creases dynamic range and improves linearity through magnitude attenuation. Prior stud-
ies [31-34] confirm that DAC-based XA structures provide effective noise shaping, better
bit error rate (BER) tolerance, and minimal error vector magnitude (EVM) degradation,
validating the proposed digital transmitter design for 5G systems.

3. Main Results. The ¥A LPFs are commonly analyzed within a linear model for
mathematical evaluations [9,27]. In this framework, the H(z) function represents the
filter (integrator) in the z-domain, with a transfer function of z=!. The system controls
(i) noise shaping E(z) through the NTF, and (ii) signal filtering via the signal transfer
function (STF) from the module 1/Q input. When the direct current (DC) gain in the
integrator approaches infinity, white noise at DC emerges. Higher-order digital filters
H(z) contribute more effectively to noise shaping within the circuit. Referring to the
modeling results for MOD1 presented in Figure 2, the feedback filter spectrum shows two
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phenomena: null-noise and noise shaping. The OFDM band of interest is visible at the
carrier frequency (f.) on the spectrum, with a 21 dB reduction in the noise floor following
the feedback filter response. Null-noise occurs when the band sits at the lowest point in
the spectrum. Additionally, the spectrum demonstrates more symmetric noise shaping
and a stronger null-noise effect around the targeted frequency band.
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Figure 3 plots the noise shaping performance between MOD1 and MOD2 corresponding
to an oversampling ratio (OSR = 16). The noise shaping of MOD1 is higher than MOD2
in the spectrum mask (near DC), however, the quantization noise power spectrum density
(PSD) of MOD1 is much lower and performs the derivative deeper about 8 dB better to
MOD?2.
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Assume f < 1 (let us set f =0), so |[NTFyop1|? = |[INTFyope|* = 0 is for normalized
frequencies. This will indicate that XA LPF characteristic has effectiveness at the lower
frequency area, in which the action of quantization noise can be shifted or removed from
the targeted signal as consequence of the noise shaping filter operation.

A study in [19] identifies two key approaches for ensuring the stability of digital filter
designs: (i) placing zeros to achieve null-noise and (ii) placing poles to facilitate noise shap-
ing, thereby minimizing potential noise enhancement while maintaining stability. This is
quantified by the modified Lee criterion, which ensures that the maximum magnitude
of the frequency response max,, |H (/)| < 1.5 for stability and filtering considerations.



ICIC EXPRESS LETTERS, PART B: APPLICATIONS, VOL.17, NO.6, 2026 627

In this context, the placement of poles and zeros in the NTF governs the effectiveness
of noise shaping. Consequently, the relationship between the STF, NTF, and the overall
transfer function H(z) is given by STF(z) = 1 — NTF(z).

Figure 4 illustrates the NTF and STF characteristics for both MOD1 and MOD2,
showing their effects on the spectrum. Theoretically, the NTF of MOD2 exhibits lower
noise levels compared to MOD1, and both STF's remain stable for DC signals. When this
approach is implemented within the Cartesian structure, the feedback filter continuously
loops the sampled bit-input signal, ensuring that the resulting quantized signal matches
the input. By increasing the OSR and applying second-order (MOD2) XA filters, it is
possible to achieve a better null-noise effect in the spectrum. In most RF upconverter
applications, the MOD2 structure is typically preferred due to its superior noise shaping
performance.
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FIiGURE 4. NTF and STF MOD1 and MOD?2 effects in the spectrum

The level amplitude size (Ny4) is calculated by OSR, so that given

OSR
Ny = I +1 (1)
where OSR is the number of phases Np, or can be written by
Np = OSR (2)

The level amplitude size of N4 describes the total number of quantization points; there-

fore,
N, = OSR ((%) + 1) (3)

The quantized phase, vy, is given by
'ﬁ@ = (Tp -+ 05)— (4)

where the position of the pulse (7,) represents the time delay, and this indicates the pulse
position modulation (PPM) delay in the clock period. 7, values 0 to (Np — 1).
Furthermore, the fundamental amplitude of the pulse wave can be defined

0,(0) = 2[|Un=1(0, 7, OSR)|] (5)

where n = 1 indicates the first frequency bin from a discrete Fourier transform (DFT),
and 0 is the pulse-wave width corresponding to the clock cycles.
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FIGURE 5. A stepped triangle wave for quantization levels of the quantized
amplitude (9,) vs input amplitude (v,)

In Figure 5, a mathematical analysis approach is employed that considers the parti-
tion between odd and even pulse widths. This means that every two sample increments
(whether odd or even) serve to separate the amplitude response from the phase response.
Each pulse width step size is designed to maintain symmetry around a central reference
point. Subsequently, the initial three-level waveform spectral components of the I/Q sig-
nals for each amplitude increment are calculated, converting to the values 1, 0, and —1.

4. Conclusions. In conclusion, the OSR strongly affects quantization levels and RF
output power. The proposed DSP-based RF upconverter efficiently manages sampling
rates, where higher rates expand the NTF bandwidth and enable null-noise targeting. The
Cartesian feedback loop accelerates quantization, minimizing small errors. These noise-
shaping effects effectively mitigate interference in frequency sharing. However, offsetting
methods may introduce distortion. Adjusting clock frequency to isolate desired bands can
help, though it increases filter design and PA complexity, indicating the need for further
optimization in future studies.
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