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Abstract

This paper presents an all-digital fractional-N phase-locked loop (ADPLL) operating in the 2.86-3.2
GHz range, optimized for IoT and high-frequency RF transceiver applications demanding stringent
phase noise performance, fast settling time, and high integration capability. The key innovation lies
in the introduction of a bandpass delta-sigma time-to-digital converter (BPDSTDC) that achieves
high-resolution phase detection, an extended detection range of ± 2π, and superior noise-shaping
characteristics, completely eliminating the complex calibration procedures typically required in con-
ventional TDC designs. The proposed architecture synergistically combines the BPDSTDC with
digital down-conversion blocks to extract phase error at baseband, a divider chain integrated with
phase interpolators achieving 1/4 fractional resolution to suppress in-band quantization noise, and
a wide-bandwidth digital loop filter (>1 MHz) ensuring fast dynamic response and robust stability.
The bandpass delta-sigma modulator is implemented with compact resonator structures and a flash
quantizer, achieving an optimal balance among resolution, power consumption, and silicon area. The
incorporation of highly linear phase interpolators extends fractional frequency synthesis capability
without requiring complex digital-to-time converters (DTCs), significantly reducing design complexity
and calibration overhead. Fabricated in a 180-nm CMOS technology, the proposed chip demonstrates
robust measured performance. The band-pass delta-sigma TDC achieves a low integrated rms timing
noise of 183 fs within a 1-MHz bandwidth. Leveraging this low TDC noise, the complete ADPLL
exhibits a measured in-band phase noise of -120 dBc/Hz at a 1-MHz offset for a 3.2-GHz output
frequency while operating with a loop bandwidth exceeding 1 MHz. This corresponds to a normalized
phase noise of -216 dBc/Hz. The system operates from a 1.8-V supply and consumes 10 mW, achieving
competitive performance compared with prior noise-shaping TDC-based all-digital PLLs.

Keywords: all-digital fractional-N phase-locked loop (ADPLL); time-to-digital converter; bandpass
delta-sigma time-to-digital converter; phase interpolators: quantization noise; phase noise

1. Introduction
Phase-locked loops (PLLs) operating in the multi-gigahertz frequency range with low reference

frequencies are essential building blocks in modern Internet-of-Things (IoT) and highly integrated RF
transceiver systems [1,2]. Such applications impose increasingly stringent requirements on phase noise,
settling time, power consumption, and scalability under advanced CMOS processes. In particular,
the combination of low reference frequencies and wide output tuning ranges results in large division
ratios, which significantly magnify the impact of phase detector and quantization noise on in-band
phase noise performance. Therefore, the design of the phase detector block plays a crucial role in
ensuring low phase jitter for the frequency synthesizer, especially when adhering to strict power and
area constraints [3].

All-digital phase-locked loops (ADPLLs) have emerged as attractive alternatives to conventional
analog PLLs due to their superior portability, programmability, and compatibility with digital CMOS
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scaling [4,5]. In ADPLLs, time-to-digital converters (TDCs) replace conventional phase-frequency
detectors and charge pumps, enabling fully digital loop implementation. However, the finite resolution
and limited detection range of conventional TDC architectures, typically based on delay lines or
Vernier structures [6,7], introduce substantial quantization noise and nonlinearity within the PLL
loop bandwidth. These effects become increasingly pronounced as the loop bandwidth is widened to
achieve fast settling time, often necessitating complex background calibration schemes to mitigate PVT
variations, mismatch, and nonlinearity [8]. Such calibration overheads increase design complexity,
power consumption, and verification effort, undermining the scalability advantages of ADPLLs.

Delta-sigma noise-shaping techniques have been widely explored to relax the intrinsic resolution
requirements of TDCs by redistributing quantization noise outside the PLL loop bandwidth [9,10].
Prior work has predominantly focused on low-pass delta-sigma TDC architectures, which shape
quantization noise toward higher frequencies [11,12]. While effective in systems with sufficiently high
reference frequencies and narrow loop bandwidths, low-pass noise shaping becomes less effective
when the reference frequency is limited to tens of megahertz and the loop bandwidth must be expanded
to meet fast locking requirements [13,14]. Under these conditions, the available out-of-band spectral
region for noise shaping is constrained, leading to noise folding, elevated in-band phase noise, and
increased susceptibility to fractional spurious tones.

To overcome these limitations, bandpass noise-shaping techniques offer a fundamentally differ-
ent approach by placing the zeros of the quantization noise transfer function around the PLL loop
bandwidth rather than at DC [15,16]. By actively suppressing quantization noise within the frequency
region where the PLL is most sensitive, bandpass delta-sigma architectures provide an opportunity
to simultaneously support wide loop bandwidths and low in-band phase noise without resorting to
excessively fine TDC resolution or aggressive calibration [17,18]. Nevertheless, the integration of band-
pass delta-sigma TDCs into high-performance ADPLLs presents several challenges, including loop
stability under nested feedback, quantization-induced spurious tones, and practical implementation
trade-offs among resolution, power, and silicon area [19,20].

This paper presents an all-digital fractional-N PLL architecture incorporating a bandpass delta-
sigma time-to-digital converter (BPDSTDC) to address these challenges in low-reference, multi-
gigahertz frequency synthesis. The proposed BPDSTDC achieves high-resolution phase detection
over an extended ±2π detection range while eliminating the need for complex calibration procedures
commonly required in conventional TDC designs. By combining bandpass delta-sigma noise shaping
with digital down-conversion, the phase error is extracted at baseband, enabling effective suppression
of in-band quantization noise even with a wide loop bandwidth exceeding 1 MHz.

The proposed ADPLL further integrates a fractional divider chain with phase interpolators
providing 1/4 fractional resolution, significantly reducing in-band quantization noise without relying
on digital-to-time converters or calibration-intensive linearization techniques [21,22]. The bandpass
delta-sigma modulator is implemented using compact resonator structures and a flash quantizer,
achieving a balanced trade-off among resolution, power consumption, and area. Through co-design of
the phase detection, fractional synthesis, and digital loop filter, the proposed architecture achieves fast
dynamic response, robust loop stability, and low phase noise [23,24].

FFabricated in a 180-nm CMOS technology, the chip demonstrates robust measured performance.
The proposed band-pass delta-sigma TDC achieves an integrated rms timing jitter of 183 f srms within a
1-MHz bandwidth. Leveraging this low TDC noise, the complete ADPLL exhibits a measured in-band
phase noise of -120 dBc/Hz at a 1-MHz offset for a 3.2-GHz output frequency, while operating with a
loop bandwidth exceeding 1 MHz. This corresponds to a normalized phase noise of -216 dBc/Hz. The
entire system operates from a 1.8-V supply and consumes 10 mW, achieving competitive performance
compared to prior noise-shaping TDC-based all-digital PLL implementations.
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2. System Architecture
Figure 1 illustrates the overall architecture of the proposed all-digital fractional-N phase-locked

loop (ADPLL). The system is designed to operate with a low reference frequency while achieving a
multi-gigahertz output frequency range, wide loop bandwidth, and low in-band phase noise, making
it suitable for highly integrated RF transceivers and frequency-modulated applications.

The phase detection path of the ADPLL employs a band-pass delta-sigma time-to-digital converter
(BPDSTDC), which measures the time difference between the reference clock edge and the feedback
signal, while shaping the quantization noise away from low frequencies through a band-pass noise
transfer function. Since the output of the BPDSTDC is not located at baseband, a digital down-
conversion (DDC) block is inserted immediately after the TDC to translate the band-pass-shaped signal
to baseband and to suppress out-of-band components through digital low-pass filtering. As a result,
the useful phase error component is accurately recovered before being processed by the loop filter.
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The baseband phase error is processed by a type-II digital loop filter, which enables a
loop bandwidth exceeding 1 MHz to achieve fast dynamic response and reduced settling
time. The output of the loop filter is then applied to a delta-sigma modulator used for
fractional control, which shapes the quantization noise associated with the fractional control
word before it affects the phase feedback path. This delta-sigma modulator is functionally
distinct from the BPDSTDC and is dedicated to reducing in-band quantization noise and
fractional spurs during frequency synthesis.

In the feedback path, a CML divide-by-4 divider generates four evenly spaced clock
phases at 0o, 90o, 180o, and 270o. These phases are fed into a multi-stage pipelined phase
interpolator with 3-bit resolution. The phase interpolator generates intermediate phase
steps with fine resolution, enabling fractional-N frequency synthesis without the use of a
digital-to-time converter (DTC). By reducing the effective phase step size during fractional
operation, the phase interpolator significantly suppresses in-band quantization noise and
fractional spurious tones.

Figure 1. The proposed BPDSTDC Architecture.

The baseband phase error is processed by a type-II digital loop filter, which enables a loop
bandwidth exceeding 1 MHz to achieve fast dynamic response and reduced settling time. The output
of the loop filter is then applied to a delta-sigma modulator used for fractional control, which shapes
the quantization noise associated with the fractional control word before it affects the phase feedback
path. This delta-sigma modulator is functionally distinct from the BPDSTDC and is dedicated to
reducing in-band quantization noise and fractional spurs during frequency synthesis.

In the feedback path, a CML divide-by-4 divider generates four evenly spaced clock phases at 0o,
90o, 180o, and 270o. These phases are fed into a multi-stage pipelined phase interpolator with 3-bit
resolution. The phase interpolator generates intermediate phase steps with fine resolution, enabling
fractional-N frequency synthesis without the use of a digital-to-time converter (DTC). By reducing the
effective phase step size during fractional operation, the phase interpolator significantly suppresses
in-band quantization noise and fractional spurious tones.

A waveform generator, together with a dedicated delta-sigma modulator, provides control codes
for the phase interpolator, enabling accurate frequency modulation and chirp generation. This modu-
lation path operates in parallel with the main PLL loop and does not compromise loop stability.

The final frequency control signal drives a digitally controlled ring oscillator (DCO), in which the
digital control word directly adjusts the delay elements or current control within the oscillator. This
approach enables a fully digital PLL implementation with high integration density, while avoiding the
complex calibration procedures commonly required in analog-intensive architectures. The oscillator
output is buffered and delivered as the output signal, and is simultaneously fed back to the divider to
close the PLL loop.

3. System Modeling and Analysis
3.1. Discrete-Time Phase Domain Modeling and Analysis

Figure 2 presents the discrete-time phase-domain model of the proposed ADPLL incorporating
a BPDSTDC, DDC, a digital loop filter, and a phase-interpolator-based fractional feedback path. All
signals are analyzed in the phase domain and sampled at the reference clock period TREF, which is
consistent with the fully digital nature of the proposed architecture.
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A waveform generator, together with a dedicated delta-sigma modulator, provides
control codes for the phase interpolator, enabling accurate frequency modulation and chirp
generation. This modulation path operates in parallel with the main PLL loop and does not
compromise loop stability.

The final frequency control signal drives a digitally controlled ring oscillator (DCO),
in which the digital control word directly adjusts the delay elements or current control
within the oscillator. This approach enables a fully digital PLL implementation with high
integration density, while avoiding the complex calibration procedures commonly required
in analog-intensive architectures. The oscillator output is buffered and delivered as the
output signal, and is simultaneously fed back to the divider to close the PLL loop.

3. System Modeling and Analysis
3.1. Discrete-Time Phase Domain Modeling and Analysis

Figure 2 presents the discrete-time phase-domain model of the proposed ADPLL
incorporating a BPDSTDC, DDC, a digital loop filter, and a phase-interpolator-based
fractional feedback path. All signals are analyzed in the phase domain and sampled at the
reference clock period TREF, which is consistent with the fully digital nature of the proposed
architecture.

Figure 2. The discrete-time phase-domain model of the proposed

The reference phase is given by ΦREF(n), and the phase error is formed as Φe(n) =
ΦREF(n)− ΦDIV(n). The BPDSTDC digitizes the phase error with a signal transfer function
approximately equal to unity, while shaping the quantization noise by a band-pass noise
transfer function NTFBP(z). Since the TDC output is band-pass in nature, a DDC block
translates the signal to baseband prior to loop filtering.

The baseband phase error is processed by a digital loop filter F(z) and accumulated
by a discrete-time integrator. The DCO is modeled as a phase integrator (in Eq. 1) with gain
KDCO and U(n) denotes the digital control word applied to the DCO.

ΦOUT(n) =
KDCO

1 − z−1 · U(n) (1)

In the feedback path, the output phase is divided by the integer division ratio as shown in
Eq. 2.

N0 =
fOUT

fREF
(2)

Fractional-N operation is realized through phase interpolation rather than divider modula-
tion or digital-to-time conversion. Specifically, a fractional phase term ΦPI(n) is injected
into the feedback phase that using in Eq. 3.

ΦDIV(n) =
ΦOUT(n)

N0
+ ΦPI(n) (3)

Figure 2. The discrete-time phase-domain model of the proposed.

The reference phase is given by ΦREF(n), and the phase error is formed as Φe(n) = ΦREF(n)−
ΦDIV(n). The BPDSTDC digitizes the phase error with a signal transfer function approximately equal
to unity, while shaping the quantization noise by a band-pass noise transfer function NTFBP(z). Since
the TDC output is band-pass in nature, a DDC block translates the signal to baseband prior to loop
filtering.

The baseband phase error is processed by a digital loop filter F(z) and accumulated by a discrete-
time integrator. The DCO is modeled as a phase integrator (in Equation 1) with gain KDCO and U(n)
denotes the digital control word applied to the DCO.

ΦOUT(n) =
KDCO

1 − z−1 · U(n) (1)

In the feedback path, the output phase is divided by the integer division ratio as shown in Equation 2.

N0 =
fOUT

fREF
(2)

Fractional-N operation is realized through phase interpolation rather than divider modulation or
digital-to-time conversion. Specifically, a fractional phase term ΦPI(n) is injected into the feedback
phase that using in Equation 3.

ΦDIV(n) =
ΦOUT(n)

N0
+ ΦPI(n) (3)

The fractional phase ΦPI(n) is generated by phase-rotation logic driven by a dedicated fractional
delta-sigma modulator ∆Σfrac and a waveform generator. This fractional path operates in parallel with
the main PLL loop and provides fine phase resolution by selecting or interpolating among multiple
evenly spaced clock phases. The associated quantization noise is spectrally shaped by ∆Σfrac, thereby
significantly reducing in-band fractional spurs.

Combining the above relations, the closed-loop phase transfer function from the reference phase
to the output phase can be expressed as Equation 4.

ΦOUT(z)
ΦREF(z)

=
KDCO · F(z) · z−1

(1 − z−1) · [1 + KDCO · F(z) · z−1

N0 · (1 − z−1)
]

(4)

3.2. Phase Noise and Quantization Noise Analysis

Based on the discrete-time phase-domain model in Figure 2, the output phase noise of the
proposed ADPLL can be expressed as the superposition of several independent noise sources, including
the reference phase noise, BPDSTDC quantization noise, fractional phase interpolation noise, and DCO
noise.
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3.2.1. Reference Phase Noise

The reference phase noise ΦREF(z) is transferred to the output through the closed-loop phase
transfer function in Equation 5.

HREF(z) =
ΦOUT(z)
ΦREF(z)

=
KDCO · F(z) · z−1

(1 − z−1) · [1 + KDCO · F(z) · z−1

N0 · (1 − z−1)
]

(5)

Within the loop bandwidth, the reference phase noise is multiplied by approximately N2
0 , as expected

in integer- or fractional-N PLLs. Outside the loop bandwidth, the reference contribution is strongly
attenuated by the loop dynamics.

3.2.2. BPDSTDC Quantization Noise

The BPDSTDC quantization noise QTDC(z) is shaped by a band-pass noise transfer function
NTFBP(z), resulting in Equation 6.

ΦTDC(z) = NTFBP(z) · QTDC(z) (6)

Unlike conventional TDCs that shape noise toward high frequencies or DC, the band-pass charac-
teristic pushes most of the quantization noise away from baseband. After digital down-conversion, only
the residual noise within the loop bandwidth contributes to the output phase noise. The corresponding
transfer function to the output is Equation 7.

HTDC(z) =
KDCO · F(z) · z−1

(1 − z−1) · [1 + KDCO · F(z) · z−1

N0 · (1 − z−1)
]

(7)

3.2.3. Fractional Phase Interpolation Noise

Fractional-N operation is realized through phase interpolation rather than divider modulation.
The fractional phase ΦPI(n) is generated by a phase rotation logic controlled by a delta-sigma modula-
tor ∆Σfrac. According to Equation 8, the quantization noise of ∆Σfrac, denoted as Qfrac(z), is spectrally
shaped toward high frequencies.

ΦPI(z) = NTFfrac(z) · Qfrac(z) (8)

This fractional phase is injected additively into the feedback path, and therefore experiences the same
closed-loop attenuation as other feedback-related disturbances. Due to the noise shaping of ∆Σfrac and
the fine phase resolution of the pipelined phase interpolator, fractional spurs and in-band noise are
effectively suppressed that is shown in Equation 9.

ΦDIV(z) =
ΦOUT(z)

N0
+ ΦPI(z) (9)

3.2.4. DCO Noise

The intrinsic phase noise of the digitally controlled oscillator, denoted as ΦDCO(z), is injected
directly at the output and shaped by the complementary sensitivity function that is shown in Equa-
tion 10.

HDCO(z) =
1

1 +
KDCO · F(z) · z−1

N0 · (1 − z−1)

(10)
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Consequently, DCO noise dominates outside the loop bandwidth, while being suppressed inside the
loop. The wide loop bandwidth enabled by the digital implementation (> 1 MHz) allows effective
suppression of close-in DCO phase noise.

4. Circuit Implementation
This section 4 presents the circuit level implementation of the key building blocks in this proposed

ADPLL, including the BPDSM modulator used in the TDC, the DCO, the high-speed frequency divider
and the pipelined phase interpolator. With the design choices focused on achieving low in-band phase
noise, wide loop bandwidth and robust operation under practical implementation constraints.

4.1. Bandpass Delta-Sigma Modulator TDC

The proposed band-pass delta-sigma time-to-digital converter is designed to directly process the
time/phase error between the reference clock and the feedback signal while shaping the quantization
noise away from low frequencies. As illustrated in the Figure 3, the TDC consists of an active band-pass
loop filter, a trans-impedance amplifier (TIA), and a multi-bit flash quantizer, which together form a
continuous-time band-pass delta-sigma modulator operating in the time domain.
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The proposed band-pass delta-sigma time-to-digital converter is designed to directly
process the time/phase error between the reference clock and the feedback signal while
shaping the quantization noise away from low frequencies. As illustrated in the Figure 3,
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a multi-bit flash quantizer, which together form a continuous-time band-pass delta-sigma
modulator operating in the time domain.

Figure 3. Block-level circuit implementation of the proposed band-pass delta-sigma TDC.Figure 3. Block-level circuit implementation of the proposed band-pass delta-sigma TDC.

The differential input signals VIN and VIP represent the instantaneous phase or time difference
between the reference edge and the feedback edge, encoded as a differential voltage through the
preceding time-to-voltage conversion mechanism as shown in Figure 4a). These signals are first
applied to the active band-pass filter implemented using the operational amplifier (OA1) and its
surrounding RC network. The band-pass filter is realized by appropriately combining resistive and
capacitive feedback paths, as indicated by the components R11 and C11, such that a pair of complex
conjugate poles is introduced at the desired center frequency. This center frequency is chosen to
coincide with the offset frequency at which the phase error information is expected to reside, thereby
suppressing low-frequency components while amplifying the desired band-pass signal.

At the transistor level, OA1 is implemented as a fully differential amplifier with cross-coupled
loads and carefully biased current sources, as shown in the detailed schematic. The bias voltages VB11,
VB12, VB13 and VB14 define the operating point of the amplifier, while the common-mode control nodes
VCM1 and VCM2 stabilize the output common-mode levels atVON1 and VOP1. This fully differential
implementation improves linearity, enhances common-mode noise rejection, and ensures robust
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operation under supply and substrate noise, which is critical for time-domain signal processing in a
PLL environment.

Electronics 2026, 1, 0 7 of 15

(a)

(b) (c)

Figure 4. Circuit schematic of the active band-pass filter (a), Transistor-level implementation of the
transimpedance amplifier (TIA) (b), Multi-bit flash quantizer with thermometer-to-binary encod-
ing(c).

The differential input signals VIN and VIP represent the instantaneous phase or time
difference between the reference edge and the feedback edge, encoded as a differential
voltage through the preceding time-to-voltage conversion mechanism as shown in Fig. 4a).
These signals are first applied to the active band-pass filter implemented using the opera-
tional amplifier (OA1) and its surrounding RC network. The band-pass filter is realized
by appropriately combining resistive and capacitive feedback paths, as indicated by the
components R11 and C11, such that a pair of complex conjugate poles is introduced at
the desired center frequency. This center frequency is chosen to coincide with the offset
frequency at which the phase error information is expected to reside, thereby suppressing
low-frequency components while amplifying the desired band-pass signal.

At the transistor level, OA1 is implemented as a fully differential amplifier with cross-
coupled loads and carefully biased current sources, as shown in the detailed schematic.

Figure 4. Circuit schematic of the active band-pass filter (a), Transistor-level implementation of the transimpedance
amplifier (TIA) (b), Multi-bit flash quantizer with thermometer-to-binary encoding(c).

The band-pass filtered differential signal is then fed into a TIA in Figure 4b), which converts
the filter output current into a voltage signal with sufficient gain to drive the subsequent quantizer.
The TIA also provides additional isolation between the loop filter and the quantizer, reducing the
direct loading effect of the quantizer input and improving overall loop stability. The feedback resistors
around the TIA, as indicated in the figure, define the effective transimpedance gain and contribute to
the overall noise transfer function of the delta-sigma loop.

Following the TIA, the signal is digitized by a 5-bit flash quantizer as shown in Figure 4c). The
quantizer consists of a resistive ladder generating evenly spaced reference voltages between VDD
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and VSS, and a bank of comparators whose outputs B1-B5 are encoded into a thermometer code and
subsequently converted to a binary output word DOUT. The use of a multi-bit quantizer reduces the
quantization step size and lowers the in-band quantization noise, which is particularly beneficial for
suppressing fractional spurs and improving the effective resolution of the phase detection.

The digital output DOUT is fed back through a unit-delay element z−1 and a set of DACs that
reconstruct an analog feedback signal applied to the active band-pass filter input. This feedback path
closes the delta-sigma loop and shapes the quantization noise according to a band-pass noise transfer
function, pushing most of the quantization noise away from the low-frequency region of interest. As
a result, the BPDSTDC achieves high time-resolution phase detection over a wide dynamic range
without requiring fine delay elements or calibration-intensive delay lines.

4.2. Voltage Controlled Oscillator

The proposed oscillator that is shown in Figure 5 is implemented as a fully differential ring-based
digitally controlled oscillator (DCO), in which an odd number of identical delay cells are connected in
a closed-loop configuration to sustain oscillation. Oscillation occurs when the total phase shift around
the loop equals 2π at the oscillation frequency and the loop gain is sufficient to compensate for losses.
In this architecture, the oscillation frequency is directly determined by the total propagation delay of
the delay cells; therefore, adjusting the delay characteristics of each cell provides effective frequency
control.

Electronics 2026, 1, 0 8 of 15
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and the quantizer, reducing the direct loading effect of the quantizer input and improving
overall loop stability. The feedback resistors around the TIA, as indicated in the figure,
define the effective transimpedance gain and contribute to the overall noise transfer function
of the delta-sigma loop.

Following the TIA, the signal is digitized by a 5-bit flash quantizer as shown in Fig. 4c).
The quantizer consists of a resistive ladder generating evenly spaced reference voltages
between VDD and VSS, and a bank of comparators whose outputs B1-B5 are encoded into a
thermometer code and subsequently converted to a binary output word DOUT. The use of a
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As shown in the Figure 5, each delay cell adopts a differential topology with cross-coupled loads to
provide regenerative gain and ensure reliable oscillation startup. The differential output nodes VOP and
VON generate balanced clock waveforms with improved duty-cycle symmetry and reduced sensitivity
to supply and substrate noise. These differential outputs are directly connected to the subsequent CML
divider stages in the feedback path, allowing low-jitter signal transfer at multi-gigahertz frequencies.

Frequency tuning is realized through two separate control paths, labeled Vcoarse and Vfine in the
figure. The coarse control voltage Vcoarse adjusts the biasing condition or effective load strength of the
delay cells, thereby shifting the overall operating point of the oscillator. This path provides a wide
tuning range and is mainly used to compensate for process, voltage, and temperature variations and
to place the free-running frequency within the desired operating range of the PLL. Due to its coarse
resolution, Vcoarse is primarily employed for frequency centering rather than dynamic loop correction.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 January 2026 doi:10.20944/preprints202601.1302.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.1302.v1
http://creativecommons.org/licenses/by/4.0/


9 of 15

The fine control voltage Vfine introduces small variations in the effective delay of the delay cells
by modulating the corresponding current or control nodes, as indicated in the figure. This path
enables high-resolution frequency adjustment and is driven by the noise-shaped digital control word
generated by the loop filter and the delta-sigma modulator. As a result, fine frequency tuning can
be achieved with reduced in-band quantization noise. The clear separation between coarse tuning
through Vcoarse and fine tuning through Vfine allows the oscillator to achieve both a wide tuning range
and fine frequency resolution without requiring a high-resolution digital-to-analog interface.

Although ring-based oscillators inherently exhibit higher phase noise than LC-based oscillators
due to their lower effective quality factor, this limitation is mitigated in the proposed architecture by
employing a wide PLL loop bandwidth. The large loop bandwidth effectively suppresses the in-band
phase noise contribution of the oscillator, while the ring-based topology offers fast frequency tuning,
short settling time, and high integration capability. These characteristics make the proposed DCO
well suited for all-digital fractional-N PLLs targeting wideband frequency synthesis and frequency-
modulated applications.

4.3. High Speed Frequency Divider

The high-speed frequency divider employed in the proposed ADPLL (in Figure 6) is imple-
mented using a current-mode logic (CML) architecture to ensure robust operation at multi-gigahertz
frequencies with low timing uncertainty. The divider is constructed by cascading two identical CML
divide-by-2 stages, resulting in an overall divide-by-4 operation. Each divide-by-2 stage is realized
using a master–slave latch configuration, where two differential latches driven by complementary
clock phases are connected in a regenerative feedback loop. This topology enables reliable toggling
behavior at very high input frequencies, while maintaining precise phase relationships among the
output signals.

Electronics 2026, 1, 0 10 of 15

(a) (b)

(c)

Figure 6. CML Divider (a), Schematic of Div-by-2 (b), CML Latch(c).

At the transistor level, each CML divide-by-2 stage consists of a differential input pair
driven by the input signals (IN and IP), a clock-controlled sampling network governed
by the complementary clock signals CLKN and CLKP, and a cross-coupled load structure
that provides positive feedback for bistable latch operation. The constant bias current
characteristic of the CML topology minimizes voltage swing and supply current variations
during switching, thereby reducing sensitivity to supply noise and lowering output jitter.
The differential output nodes, labeled OP and ON, generate complementary clock signals
that inherently preserve duty-cycle symmetry and enable accurate phase generation.

By cascading two such CML divide-by-2 stages, the divider produces four evenly
spaced clock phases at the output, namely 0o, 90o, 180o, and 270o, at one-quarter of the
input frequency. The careful selection and routing of intermediate phase signals between
the two stages, as indicated in the figure, ensures that the quadrature phase relationship is
preserved across the full operating frequency range. This quadrature output is essential
for the subsequent phase rotation logic and the multi-stage pipelined phase interpolator,
which rely on well-defined phase spacing to achieve fine phase resolution and accurate
fractional-N operation.

From a system perspective, the use of a CML-based divider is critical in the proposed
architecture, as the divider directly interfaces with the output of the ring-based DCO
operating in the 2–3 GHz range. Compared to conventional CMOS dividers, the CML
implementation offers superior high-frequency capability, reduced duty-cycle distortion,
and lower additive jitter, all of which are crucial for maintaining low in-band phase noise
in the PLL feedback path. Moreover, by generating quadrature phases directly at the
divided frequency, the proposed divider eliminates the need for additional phase generation
circuitry, thereby reducing complexity and avoiding extra noise sources.

4.4. Piplelined-Phase Interpolator

The 3-bit pipelined phase interpolator shown in Fig. 7 is placed in the feedback path
after the CML divide-by-4 block to generate finely resolved feedback phases for fractional-
N synthesis. The CML divide-by-4 generates four evenly spaced reference phases, denoted
as and OUT_270°, at a frequency of fDCO/4. These phases are first applied to the Phase
Rotation Logic, which selects the appropriate pair of adjacent phases according to the active
quadrant and ensures phase continuity when the fractional control code changes. The

Figure 6. CML Divider (a), Schematic of Div-by-2 (b), CML Latch(c).

At the transistor level, each CML divide-by-2 stage consists of a differential input pair driven by
the input signals (IN and IP), a clock-controlled sampling network governed by the complementary
clock signals CLKN and CLKP, and a cross-coupled load structure that provides positive feedback
for bistable latch operation. The constant bias current characteristic of the CML topology minimizes
voltage swing and supply current variations during switching, thereby reducing sensitivity to supply
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noise and lowering output jitter. The differential output nodes, labeled OP and ON, generate com-
plementary clock signals that inherently preserve duty-cycle symmetry and enable accurate phase
generation.

By cascading two such CML divide-by-2 stages, the divider produces four evenly spaced clock
phases at the output, namely 0o, 90o, 180o, and 270o, at one-quarter of the input frequency. The
careful selection and routing of intermediate phase signals between the two stages, as indicated in the
figure, ensures that the quadrature phase relationship is preserved across the full operating frequency
range. This quadrature output is essential for the subsequent phase rotation logic and the multi-stage
pipelined phase interpolator, which rely on well-defined phase spacing to achieve fine phase resolution
and accurate fractional-N operation.

From a system perspective, the use of a CML-based divider is critical in the proposed architecture,
as the divider directly interfaces with the output of the ring-based DCO operating in the 2–3 GHz
range. Compared to conventional CMOS dividers, the CML implementation offers superior high-
frequency capability, reduced duty-cycle distortion, and lower additive jitter, all of which are crucial for
maintaining low in-band phase noise in the PLL feedback path. Moreover, by generating quadrature
phases directly at the divided frequency, the proposed divider eliminates the need for additional phase
generation circuitry, thereby reducing complexity and avoiding extra noise sources.

4.4. Piplelined-Phase Interpolator

The 3-bit pipelined phase interpolator shown in Figure 7 is placed in the feedback path after
the CML divide-by-4 block to generate finely resolved feedback phases for fractional-N synthesis.
The CML divide-by-4 generates four evenly spaced reference phases, denoted as and OUT_270°, at
a frequency of fDCO/4. These phases are first applied to the Phase Rotation Logic, which selects the
appropriate pair of adjacent phases according to the active quadrant and ensures phase continuity
when the fractional control code changes. The selected phase pair, labeled Φi1 and Φi2 as shown in
the figure, is then applied to the first interpolation stage (Stage1). Within Stage 1, the interpolation
cells PI1-PI3 generate three candidate output phases, denoted as ΦO1, ΦO2 and ΦO3. One of these
phases is selected, based on the control code, and forwarded to Stage 2 as a new input phase pair Φi1

and Φi2. The same operation is repeated in Stage 2 and Stage 3, where each stage performs partial
interpolation and passes a selected intermediate phase to the next stage. Through this pipelined
operation, the desired overall phase shift is accumulated progressively rather than being generated in
a single interpolation step.

At the circuit level, each PI is implemented using a differential interpolation structure in which
the two input phases Φ1 and Φ2, as labeled in the transistor-level schematic, control weighted current
or load paths to generate the interpolated output phase ΦOUT. The interpolation weights are driven by
digital control codes originating from the Waveform Generator and the associated ∆Σfrac modulator,
which provide the fractional control inputs to the Phase Rotation Logic and the selection logic within
each stage. The three-stage pipelined architecture (Stage 1-Satge 3) reduces the interpolation range
handled by each individual stage, thereby lowering sensitivity to device mismatch and weight non-
linearity in each PI1-PI3, and limiting jitter accumulation compared to a single-stage high-resolution
phase interpolator. More importantly, by generating fine phase steps directly in the feedback path,
the pipelined phase interpolator effectively reduces the phase step size observed at the input of the
BPDSM-TDC, leading to reduced in-band quantization noise and fractional spurs without the need for
a digital-to-time converter.
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selected phase pair, labeled Φi1 and Φi2 as shown in the figure, is then applied to the first
interpolation stage (Stage1). Within Stage 1, the interpolation cells PI1-PI3 generate three
candidate output phases, denoted as ΦO1, ΦO2 and ΦO3. One of these phases is selected,
based on the control code, and forwarded to Stage 2 as a new input phase pair Φi1 and
Φi2. The same operation is repeated in Stage 2 and Stage 3, where each stage performs
partial interpolation and passes a selected intermediate phase to the next stage. Through
this pipelined operation, the desired overall phase shift is accumulated progressively rather
than being generated in a single interpolation step.

At the circuit level, each PI is implemented using a differential interpolation structure
in which the two input phases Φ1 and Φ2, as labeled in the transistor-level schematic,
control weighted current or load paths to generate the interpolated output phase ΦOUT.
The interpolation weights are driven by digital control codes originating from the Waveform
Generator and the associated ∆Σfrac modulator, which provide the fractional control inputs
to the Phase Rotation Logic and the selection logic within each stage. The three-stage
pipelined architecture (Stage 1-Satge 3) reduces the interpolation range handled by each
individual stage, thereby lowering sensitivity to device mismatch and weight nonlinearity
in each PI1-PI3, and limiting jitter accumulation compared to a single-stage high-resolution
phase interpolator. More importantly, by generating fine phase steps directly in the feedback
path, the pipelined phase interpolator effectively reduces the phase step size observed at
the input of the BPDSM-TDC, leading to reduced in-band quantization noise and fractional
spurs without the need for a digital-to-time converter.

Figure 7. Pipelined phase interpolator.

5. Experimental Results
The prototype IC was fabricated in a 180-nm CMOS process, as shown in Fig.8. The

proposed BPDSTDC occupies an active area of 0.05 mm2 and consumes 10 mW from a 1.8-V
supply. Stand-alone measurements of the BPDSTDC were performed using a 100-MHz

Figure 7. Pipelined phase interpolator.

5. Experimental Results
The prototype IC was fabricated in a 180-nm CMOS process, as shown in Figure 8. The proposed

BPDSTDC occupies an active area of 0.05 mm2 and consumes 10 mW from a 1.8-V supply. Stand-alone
measurements of the BPDSTDC were performed using a 100-MHz input signal and an external 400-
MHz clock. The measured SNDR reaches 63 dB over a 5-MHz bandwidth, corresponding to an ENOB
of 10.03 bits, as illustrated in Figure 9.
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input signal and an external 400-MHz clock. The measured SNDR reaches 63 dB over a
5-MHz bandwidth, corresponding to an ENOB of 10.03 bits, as illustrated in Fig.9.

Figure 8. Die micrograph.

The proposed BPDSTDS achieves a low measured integrated rms timing noise of 183
f srms within a 1-MHz signal bandwidth, placing it among the lowest-noise noise-shaping
TDCs reported to date, as summarized in Fig.10. Benefiting from this low TDC noise, the
complete PLL exhibits a measured in-band phase noise of -120 dBc/Hz at a 1-MHz offset
for a 3.2-GHz output frequency, while operating with a loop bandwidth exceeding 1 MHz
(Fig.11). This performance corresponds to a normalized phase noise of -216 dBc/Hz.

A moderate phase-noise peaking observed around a 1-MHz offset originates from the
loop transfer-function peaking, as the loop dynamics are intentionally designed to favor fast
settling and wide bandwidth at the expense of reduced phase margin. A comparison with
prior art is provided in Table 1. After normalization to a 28-nm CMOS process following
the methodology in [28], the proposed PLL ranks among the best reported mm-wave
all-digital PLLs. This normalization enables a fair, technology-independent comparison
by de-embedding process-related limitations and highlighting the intrinsic architectural
advantages of the proposed design.

Figure 9. BPDSM output spectrum at fIN=100 MHz

Figure 8. Die micrograph.

The proposed BPDSTDS achieves a low measured integrated rms timing noise of 183 f srms within
a 1-MHz signal bandwidth, placing it among the lowest-noise noise-shaping TDCs reported to date, as
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summarized in Figure 10. Benefiting from this low TDC noise, the complete PLL exhibits a measured
in-band phase noise of -120 dBc/Hz at a 1-MHz offset for a 3.2-GHz output frequency, while operating
with a loop bandwidth exceeding 1 MHz (Figure 11). This performance corresponds to a normalized
phase noise of -216 dBc/Hz.

A moderate phase-noise peaking observed around a 1-MHz offset originates from the loop
transfer-function peaking, as the loop dynamics are intentionally designed to favor fast settling and
wide bandwidth at the expense of reduced phase margin. A comparison with prior art is provided in
Table 1. After normalization to a 28-nm CMOS process following the methodology in [28], the proposed
PLL ranks among the best reported mm-wave all-digital PLLs. This normalization enables a fair,
technology-independent comparison by de-embedding process-related limitations and highlighting
the intrinsic architectural advantages of the proposed design.
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Table 1. Comparison Table.

Ref [25] [26] [27] This work
Tech. (nm) 65 28 40 180

Architecture ADPLL BBPLL ADPLL ADPLL
Ref. Freq (MHz) 26×2 250 40 50
Out. Freq (GHz) 2 - 2.6 8.5 - 10 2.56 - 4.1 18.4 - 20.6

FOM* (dB) -246 -250.3 -249.4 -240
Ref. Spur (dBc) -72 -70.2 0.043 -56

Phase Noise (dBc/Hz) -112.2 -120.2 -119.76 -136
Power (mW) 0.98 20 3.48 3.1
Area (mm2) 0.23 0.23 0.31 0.0012

FOM∗ = 10log10

[(
Jitter

1s

)2

×
(

Power
1mW

)]
Scaled to 28 nm process following [28].

6. Conclusions
This paper presented an all-digital fractional-N phase-locked loop operating from

2.86 to 3.2 GHz, targeting low integrated jitter, low in-band phase noise, and fast settling
for highly integrated RF transceivers. A band-pass delta-sigma time-to-digital converter
combined with digital down-conversion was introduced to enable high-resolution phase

Figure 10. Output spectrum at 3.2 GHz.
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Ref [25] [26] [27] This work
Tech. (nm) 65 28 40 180

Architecture ADPLL BBPLL ADPLL ADPLL
Ref. Freq (MHz) 26×2 250 40 50
Out. Freq (GHz) 2 - 2.6 8.5 - 10 2.56 - 4.1 18.4 - 20.6

FOM* (dB) -246 -250.3 -249.4 -240
Ref. Spur (dBc) -72 -70.2 0.043 -56

Phase Noise (dBc/Hz) -112.2 -120.2 -119.76 -136
Power (mW) 0.98 20 3.48 3.1
Area (mm2) 0.23 0.23 0.31 0.0012

FOM∗ = 10log10

[(
Jitter

1s
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×
(

Power
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)]
Scaled to 28 nm process following [28].

6. Conclusions
This paper presented an all-digital fractional-N phase-locked loop operating from 2.86 to 3.2

GHz, targeting low integrated jitter, low in-band phase noise, and fast settling for highly integrated
RF transceivers. A band-pass delta-sigma time-to-digital converter combined with digital down-
conversion was introduced to enable high-resolution phase detection over an extended ±2π range
while shaping quantization noise away from low frequencies without delay-line–based calibration.
The recovered baseband phase error allows the use of a wideband type-II digital loop filter, enabling a
loop bandwidth exceeding 1 MHz and effective suppression of oscillator phase noise.

Fractional-N synthesis is realized using a CML-based divide-by-4 quadrature divider followed
by a 3-bit pipelined phase interpolator in the feedback path. This phase-domain fractional approach
significantly reduces the effective phase step size observed by the TDC, suppressing in-band quantiza-
tion noise and fractional spurs without requiring a digital-to-time converter. A ring-based digitally
controlled oscillator with separate coarse and fine tuning paths provides wide tuning range and
supports fast frequency modulation.

Fabricated in a 180-nm CMOS technology, the proposed ADPLL achieves an integrated rms timing
jitter of 183 fs within a 1-MHz bandwidth. The measured in-band phase noise reaches -120 dBc/Hz at
a 1-MHz offset for a 3.2-GHz output frequency while operating with a loop bandwidth exceeding 1
MHz. This performance corresponds to a normalized phase noise of -216 dBc/Hz. The entire system
operates from a 1.8-V supply and consumes 10 mW. These results validate the effectiveness of the
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proposed band-pass delta-sigma phase detection combined with phase-interpolator-based fractional
synthesis for low-noise, wideband all-digital PLL implementations.
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