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Abstract - This paper presents a phase-domain analysis of a
Sub-Sampling Phase-Locked Loop (SSPLL) that combines a
Frequency-Locked Loop (FLL) with a sub-sampling core loop.
The reported phase-noise and loop-performance results are
primarily analytical and MATLAB-based predictions rather
than hardware measurements. A condition-based frequency-
lock detector (FLD) governs the handoff between the FLL and
the sub-sampling core loop: the FLL is disabled only after the
frequency-error metric remains below a lock threshold for a
prescribed number of reference cycles, and it is re-enabled if an
upper loss-of-lock threshold is exceeded. The zero and pole
frequencies of the second-order loop filter are explicitly
defined, and a normalized time-domain illustration is added to
show frequency pulling, control-voltage settling, and FLD-
qualified handoff. A single-corner transistor-level (schematic)
simulation of the SSPLL combining an FLL and a sub-sampling
core loop is additionally provided as a preliminary circuit-level
check, confirming that the core loop maintains lock once the
FLL is disabled. The phase-domain model predicts a loop
bandwidth of approximately 5.65 MHz, a phase margin of 50.2
degrees, phase noise of -118.8 dBc/Hz at 10 kHz offset, and -
133.8 dBc/Hz at 10 MHz offset. A comparison with measured
SSPLLs is provided to position these predictions and to make
the present work's validation limits explicit.

Keywords—Sub-Sampling Phase-Locked Loop (SSPLL),
Phase-domain modeling, Loop filter analysis, Low-phase noise

1. INTRODUCTION

Next-generation UWB communication and radar systems
require frequency synthesizers that simultaneously provide a
wide frequency range of several GHz and low phase noise.
As the operating frequency increases, the phase noise of
oscillators becomes a critical factor that directly affects
signal quality, range resolution, and communication
reliability.

Frequency synthesizers based on integer-N or fractional-
N PLLs face inherent challenges at high frequencies. The
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necessity for large division ratios in these architectures
significantly lowers the phase-frequency detector gain,
which directly raises the in-band phase noise. Additionally,
integrating high-speed digital dividers and delta-sigma
modulators imposes a heavy burden on power efficiency and
design complexity. To address these challenges, the SSPLL
has been proposed as an alternative architecture that detects
phase error by directly sampling a high-frequency oscillation
signal using reference frequency. Compared to conventional
PLLs, the SSPLL provides significantly higher phase
detection gain while effectively reducing dependence on
high-speed digital frequency dividers. Previous studies have
experimentally demonstrated that detecting phase error
without a frequency divider suppresses the N? noise
scaling of the charge pump observed in conventional PLLs,
thereby achieving low phase noise performance [1].
Subsequent research has expanded the theoretical analysis
and explored the applicability of SSPLL techniques [2].
More recently, SSPLL operation in cryogenic environments
for quantum computing has demonstrated high frequency
stability and power efficiency even in advanced-process
high-frequency circuits [3].

This work focuses on a transparent phase-domain design
methodology rather than a completed transistor-level
implementation. Its contributions are: (1) an explicit phase-
domain model for the sub-sampling core loop with a second-
order loop filter; (2) closed-form expressions for the natural
frequency, damping ratio, crossover frequency, and the filter
zero and pole; (3) a practical FLD-qualified handoff rule
with hysteresis that removes dependence on a hard-coded
open-loop timer; and (4) normalized transient illustration
and literature benchmarking that distinguish model-
predicted results from measured state-of-the-art SSPLLs.
The resulting equations provide a reproducible starting point
for loop-filter selection, while transistor-level PVT/Monte
Carlo wverification and silicon measurement remain
necessary before implementation claims can be made.

The remainder of this paper is organized as follows.
Section II describes the proposed SSPLL architecture and its
operating principles. Section III presents the phase-domain
modeling and second-order loop filter analysis. Section IV
presents the simulation results and Section V concludes the

paper.
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Fig. 1. Block diagram of SSPLL

1. PROPOSED SSPLL ARCHITECTURE AND OPERATION

A. Architecture

Fig. 1 presents the block diagram of the proposed SSPLL.
The proposed SSPLL consists of a FLL for fast frequency
acquisition and a sub-sampling core loop that performs
precise phase alignment near the target frequency. The two
loops are designed to share a Voltage-Controlled Oscillator

(VCO), the Loop Filter (LF), and +2 divider, thereby

minimizing circuit area and power consumption.

The FLL is composed of Phase-Frequency Detector
(PFD), Dead-Zone (DZ) circuit, Charge Pump (CP), and +N
divider, and it is activated during the initial operation of the
SSPLL. The primary function of the FLL is to rapidly
eliminate the frequency offset between the reference
frequency and the output, thereby quickly pulling the VCO
frequency close to the target frequency. Once the output
frequency reaches the vicinity of the target frequency, the
FLL no longer contributes to phase alignment and is
therefore disabled, after which the sub-sampling core loop
becomes the dominant loop. This operation provides
appropriate initial conditions for stable sub-sampling
operation while preventing unnecessary interaction between
the two loops.

The sub-sampling core loop of the proposed SSPLL
consists of an SSPD, a transconductance-based charge pump

(gm/CP), a pulser, a loop filter, a VCO, and a +2 divider. In
this structure, the reference clock periodically samples the

+2-divided VCO output, enabling phase error extraction

without relying on a conventional high-frequency PFD. As a
result, effective phase detection is achieved while alleviating
the need for fast digital divider circuits, which leads to
improved in-band phase noise performance.

B. Operation Principle

The proposed SSPLL uses two operating regimes. During
acquisition, the FLL and the core loop operate concurrently
so that large frequency error is removed by the PFD-CP path
while the sub-sampling loop approaches its capture region.
The transition to core-loop-only operation is governed by a
frequency-lock detector rather than elapsed time. This
condition-based transition preserves the intended two-loop

ouT

13

http://www.idec.or.kr

behavior while allowing the acquisition duration to adapt to
process, supply, temperature, initial frequency error, and
loop-gain variation.

During acquisition, the PFD produces UP and DN pulses
whose accumulated pulse-width difference provides a
frequency-error metric. Let d[k] = |Typlk] — Ton[k]1/Tres
denote the normalized metric observed during the kth
reference period. The FLD asserts LOCKg when d[k] <
g, for M consecutive reference cycles. When LOCKg is
asserted, the FLL charge-pump current is disabled
synchronously at a reference edge and the sub-sampling core
loop retains control of the loop filter and VCO. The values
of er and M are implementation parameters selected so that
the residual frequency error lies inside the SSPD capture
region.

A second threshold provides loss-of-lock protection. If
d[k] > gy for K consecutive cycles, where &, > ¢,
LOCKg is cleared and the FLL is re-enabled. The two
thresholds provide hysteresis, and the consecutive-cycle
qualification suppresses chatter caused by reference-edge
jitter and charge-pump mismatch. A practical FLD can
therefore be implemented with the existing PFD outputs,
pulse-width-to-counter logic, two digital comparators, and a
small state machine; no absolute analog delay is required.

Handoff occurs only when the FLD criterion is satisfied,
rather than at a fixed elapsed time. Because the decision is
based on the observed PFD error, the acquisition interval
automatically expands or contracts with PVT conditions and
initial frequency offset. The FLL disable signal should be
synchronized to the reference clock, and the FLL charge-
pump output should enter a high-impedance state to avoid a
control-voltage step at handoff. The core loop remains
continuously active, which avoids a blind interval during the
transition.

After LOCKg disables the FLL, only the sub-sampling
core loop contributes correction current. The pulser
generates a narrow sampling pulse at every reference cycle,
the SSPD samples the divided VCO waveform, and the
gm/CP converts the sampled phase error into loop-filter
current. The loop-filter output voltage, Vtune, then provides
fine phase correction. If the FLD later detects loss of lock
through the upper threshold, the FLL is re-enabled without
requiring a power-on reset.

In the steady state, the core loop achieves sufficient loop
bandwidth owing to the high phase detection gain provided
by the sub-sampling operation. This enables effective
suppression of the VCO phase noise within the in-band
region. As a result, the proposed SSPLL achieves fast
frequency convergence through the parallel operation of the
FLL and the core loop during the initial acquisition phase,
and attains low phase noise performance through core-loop-
only operation in steady state.

11l. PHASE-DOMAIN MODELING AND LOOP FILTER ANALYSIS

To quantitatively analyze the operational characteristics of
the proposed SSPLL, the block diagram and phase-domain
model of the core loop are constructed, as shown in Fig. 2.
In phase domain analysis, the proposed SSPLL is modeled
as a feedback loop incorporating the sub-sampling phase
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detection gain f,, the loop filter transfer function F(s),
the VCO transfer function K"SC", and +2 divider.

SSPD |_|gm/CP|_| LF |—®—L—_z_|— out
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Fig. 2. SSPLL Core loop (a) Block diagram (b) Phase-domain model
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Fig. 3. Second-order loop filter

Fig. 3 presents the second-order loop filter used in the
proposed SSPLL, and its transfer function is expressed as

1+ sCR,
CICZRI).
C,+C,

Fe) = ®

s(Cy + Cy) (1 +s

Based on this loop filter, the open-loop gain of the SSPLL
can be derived as

S
6(s) = PerfEeo o,

2

s2(C,+Cy) (1 + w%)) . @

When the phase after the + 2 divider is defined as the
output, the closed-loop gain of the SSPLL is given by

G) .
H(s) = e and is expressed as

a(1+ sR,Cy)

H(s) =
() = BR.C.C, 55 (C, + C,) + SR Cia + @

®)

where a = f.,K,,/2. For the loop filter in (1), the zero
and high-frequency pole used in (2) are defined by w,
1/(R.Cy) and w, = (C; + C3)/(R,C,Cy), respectively.
The sub-sampling phase-detection gain S, which includes
the pulser and gm/CP contributions, is

Tpul

ﬂcp =2 Ayco- Im - (4)
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where A,., denotes the output amplitude of the VCO,

gm represents the transconductance of the gm/CP, t,,, is

% __SSPLL Phase Noise Calculations
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Fig. 4. Estimated phase noise of the proposed SSPLL

the pulse width generated by the pulser, and T,., is the
reference clock period. This expression indicates that the
pulser pulse width and the gm/CP design parameters directly
influence the phase detection gain and the loop bandwidth of
the SSPLL.

Assuming the condition C; > C, in the loop filter design,
the natural frequency w, and the damping ratio ¢ of the
SSPLL can be approximately expressed as

ﬁcpcho R1 Bcpclcho
w, ’ 2¢, { > ) . ®)

Furthermore, using w, = 1/(R,C;) and w, = (C; + C3)/
(R1C1Cy), and under the condition w,<< w.<< w,, the
crossover frequency w, at which the open-loop magnitude
reaches unity is approximated as

_ Bcpcho

Rlcl ~ ﬁcpchoRl
W, = 2

€1+ Cy) 2 ©)

These analytical expressions enable systematic loop filter
design by simultaneously considering the damping ratio,
natural frequency, and loop bandwidth. As a result, stable
phase margin and improved phase noise performance can be
achieved in the proposed SSPLL.

A practical design procedure follows directly from these
relationships. Inverting (6) for a target loop bandwidth w,
and combining the result with the damping-ratio expression
in (5) gives R, and C; directly in terms of the target
specification (w., ¢) and the circuit parameters g, and

KVCO:

2w 2028, K

R1= c , Cl= (BC]; vco (7)
Bcpcho (OF:

Equation (7) shows explicitly how the loop-filter

components depend on the available loop gain S, K, for
a fixed target bandwidth, a larger S, K, requires a
proportionally smaller R,, while holding the damping ratio
fixed then requires a proportionally larger C; for that same
loop gain. Under the assumption C; >> C(C, used
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throughout this analysis, C, is chosen as a small fraction of
C,, typically €,/10 to C,/20, so that the resulting high-
frequency pole w, in (2) remains well above w.. This
preserves the condition w,<< w.<< w, onwhich (6) relies
while still attenuating reference spurs and charge-pump
ripple. The resulting sequence, R, and C; from(7)and C,
from the pole-separation requirement, gives a first-pass
component set that can be refined against circuit-level
constraints such as available resistor and capacitor area,
charge-pump current, and VCO tuning range.

For the designed sub-sampling charge pump (SSCP), VCO,
and divider, the extracted circuit parameters are K,,.,= 400
MHz/V, VCO output amplitude A,.,=400 mV,and B, =
12 uA. Applying (7) for a target loop bandwidth of w,
2*1*5.65 MHz and a damping ratio of ¢ = 0.61 gives R,=
2.3 kOhm and C;= 19 pF. With C,= 1.8 pF, the resulting
zero and pole are w,=2*1*3.67 MHz and w,, =2*n*40.4
MHz, respectively. The pole is well separated from the
crossover (wp/wc = 7.6), while the zero-to-crossover ratio is
set by the damping ratio through wc/wz = 4% and is
therefore inherently modest (= 1.5) at this damping ratio.
Equation (6) and this first-pass R1 sizing rely only loosely
on wz < wc in this regime; the phase margin, phase noise,
and other reported quantities are instead computed from the
exact third-order transfer function in (3), not from the
simplified crossover approximation.

IV. SIMULATION RESULTS AND SCOPE OF VALIDATION

Unless otherwise noted, the numerical results in this
section are obtained from the phase-domain transfer
functions and MATLAB-based noise calculations rather than
transistor-level ~ circuit ~ simulations or  hardware
measurements. Subsection B additionally reports a single-
corner transistor-level (schematic) simulation used as a
preliminary check, which is distinct from the comprehensive
transistor-level verification described in Subsection D. The
commercial crystal oscillator CVSS-945-100.000 is used to
estimate reference phase noise, which dominates the
predicted SSPLL output inside the loop bandwidth. Outside
the loop bandwidth, a VCO phase-noise profile derived from
the design approaches and reported performance in [4]-[6] is
used. This separation makes the model useful for loop-filter
exploration, but it does not include device noise, reference
spurs, charge-pump mismatch, sampling kickback, nonlinear
acquisition, or PVT-dependent circuit behavior.

Fig. 4 shows the predicted phase noise from the MATLAB
phase-domain model. The predicted loop bandwidth is
approximately 5.65 MHz and the phase margin is 50.2
degrees. The predicted phase noise is -118.8 dBc/Hz at 10
kHz offset and -133.8 dBc/Hz at 10 MHz offset. These
quantities should be interpreted as model-level design
targets. They do not establish circuit-level feasibility or
measured performance; the required verification path is
stated below.

A. Normalized Time-Domain Handoff Illustration

Fig. 5 illustrates the condition-based handoff using
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normalized behavioral variables. The horizontal axis is
expressed in reference cycles, and both the frequency-error
and control-voltage traces are normalized; therefore, the plot
verifies the intended sequence rather than an absolute lock
time. The FLL remains enabled until the frequency-error
metric stays below epsilon L for M consecutive cycles. At
the qualified Dboundary, FLL EN is deasserted
synchronously and the core loop completes the residual
settling. The same state machine re-enables the FLL if the
upper threshold epsilon U is exceeded for K consecutive
cycles.

Normalized Frequency Acquisition and FLD-Qualified Handoff

08
FLD-qualified handoff

Normalized value

a 20 40 60 B0 100 120 140
Time (reference cycles, normalized)
Fig. 5. Normalized behavioral illustration of frequency pulling, Vtune

settling, and FLD-qualified handoff. The traces demonstrate sequencing
only and do not represent transistor-level or measured lock time.

B. Preliminary Transistor-Level (Schematic) Confirmation
of Core-Loop Lock

To provide a preliminary transistor-level check of the
proposed two-loop concept, a single-corner schematic-level
simulation of the SSPLL combining an FLL and a sub-
sampling core loop was performed. Fig. 6 shows the
resulting control-voltage (Vyn.) Waveform together with the
FLL enable signal (FLL_ENB). While the FLL is enabled,
Vaume rises and overshoots before settling with decaying
ringing. After the FLL is disabled, Vi, exhibits only a
minor transient and settles to a stable lock voltage,
confirming that the sub-sampling core loop alone can
maintain phase lock once the FLL is removed.

M FLL ENB

Fig. 6. Schematic-level simulation of the SSPLL control-voltage (Viyne)
waveform together with the FLL enable signal (FLL_ENB). Vi IS
pulled up while the FLL is enabled and settles to a stable lock voltage after
the FLL is disabled.

In this testbench, the FLL was disabled by an externally
applied control signal rather than by the FLD proposed in
Section I1-B. The result therefore confirms that the core loop
can sustain lock once the FLL is removed, but it does not by
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itself verify the FLD's frequency-error-based handoff
criterion. Comprehensive verification of the FLD, together
with PVT and Monte Carlo analysis, remains as described in
Section IV-D.

C. Comparison with Prior SSPLL Work

Table I compares the scope and reported metrics of this
model-level study with representative measured SSPLLs.
Offset frequencies, carrier frequencies, processes, and
integration ranges differ, so the numerical phase-noise and
jitter entries are not direct like-for-like rankings. The
comparison instead emphasizes validation level and handoff
strategy. Unlike [1], [7]-[9], the present results are
silicon

predictions and must not be

benchmarks.

interpreted as

TABLE I. Comparison with Representative SSPLL Work

Work / . .
validation Acquisition / handoff | Reported key metrics
Gaoetal. [1] Divider-based FLL with | .
0.18 um, 2.2 GHz | dead zone; FLL may be 1%61282/%5@72:215\72’

Measured disabled after lock 4P Y
. Automatic soft
Liaoetal. [7] switching between -120 dBc/Hz in-band; 209
130 nm, 2.4 GHz .
frequency and phase fsrms; 27.2 mW
Measured |
oops
Wang and . -96.6 dBc/Hz @ 1 MHz; -
Momeni [8] Subsam_pllng lock . 106.9 dBc/Hz @ 10
detector with automatic ; i
40.5 GHz dividerless reacquisition MHz; 228 s rms; 8.8
Measured q mw
lestngEQ] Fast-lock polarity- 57.9 fs rms; 1.98 us lock;
Measured reversible SSPD -249.7 dB FoM
This work Proposed PFD-output | BW 5.65 MHz; PM 50.2
Phase-domain / FLD with hysteresis | deg; -118.8 dBc/Hz @ 10
MATLAB and consecutive-cycle |kHz; -133.8 dBc/Hz @ 10
Predicted qualification MHz

D. Limitations and Required Circuit-Level Verification

The present phase-domain model does not include
transistor-level nonlinearity, device-noise conversion,
charge-pump mismatch, sampler kickback, reference spur
mechanisms, or VCO tuning-curve variation. Before
physical implementation, the complete loop should be
verified using transistor-level transient and periodic-noise
simulations across process corners, supply variation, and
temperature; Monte Carlo runs should quantify lock yield,
phase margin, spur sensitivity, and handoff robustness.
Measured validation should report acquisition time over
initial-frequency offsets, Vtune continuity at handoff,
integrated jitter, power, and spur levels. These tasks are
outside the evidence available for this analytical study and
are stated explicitly to prevent overinterpretation of Fig. 4
and Fig. 5.

V. CONCLUSION

This paper presents a phase-domain analysis of an SSPLL
combining an FLL and a sub-sampling core loop. The
handoff between the FLL and the sub-sampling core loop
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uses a frequency-lock detector with hysteresis and
consecutive-cycle qualification, allowing the acquisition
interval to adapt to PVT conditions and initial frequency
error. The second-order loop-filter zero and pole are
explicitly defined, and the resulting model provides
expressions for loop bandwidth, natural frequency, damping
ratio, and crossover frequency. MATLAB calculations
predict a loop bandwidth of approximately 5.65 MHz, phase
noise of -118.8 dBc/Hz at 10 kHz and -133.8 dBc/Hz at 10
MHz, and a phase margin of 50.2 degrees.

These results establish a model-level design methodology
and target values, not a fabricated-circuit demonstration. The
normalized handoff illustration and comparison table clarify
the proposed operating sequence and the gap between
analytical prediction and measured state-of-the-art SSPLLs.
A schematic-level simulation additionally confirms that the
sub-sampling core loop maintains lock once the FLL is
disabled. Transistor-level PVT/Monte Carlo analysis, FLD-
specific verification, and silicon measurement remain
required to validate absolute acquisition time, phase noise,
jitter, power, and spur performance.
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