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Abstract

This thesis studies a runtime frequency feedback method for low-power
digital systems. Conventional low-power designs usually reserve ex-
tra voltage and timing margins to ensure stable chip operation un-
der process, voltage, temperature, and aging variations. However,
fixed margins can also lead to unnecessary power consumption. To
address this problem, this thesis proposes and implements a Runtime
Frequency Feedback system. The system observes the current silicon
speed through a VCRO-based frequency sensing path and provides this
information to later low-power feedback control logic. The thesis cov-
ers behavioral modeling, system design, RTL circuit implementation,
and functional verification. The results show that the proposed design
can provide a practical hardware basis for sensing runtime timing ca-
pability, reducing conservative design margins, and supporting more
adaptive low-power management.
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Popular Science Summary

Chips are used in phones, computers, cameras, cars, and many smart
devices. People expect chips to be fast, stable, and energy efficient. To
prevent errors caused by temperature changes, manufacturing differ-
ences, or aging, engineers usually keep a large safety margin in chip
design. This is similar to keeping a long safety distance when driving.
It is safer, but it can also waste energy when the margin is larger than
needed.

This thesis asks whether a chip can observe its own condition while
it is running, instead of always working under the most conservative
assumption. To do this, the thesis designs a Runtime Frequency Feed-
back system. In simple terms, it works like a small speed sensor inside
the chip. It helps the system estimate how fast the chip can currently
operate. If the chip is in a good condition, there may be room to reduce
unnecessary power use. If the condition becomes worse, the system
can detect the risk earlier.

This thesis includes modeling, hardware design, and simulation-
based verification. The work studies how to calibrate this “speed sen-
sor,” how to measure its output, and how to provide the measured re-
sult to later low-power control logic. Overall, this thesis aims to provide
a practical hardware basis for smarter and more adaptive low-power
management in future chip systems.
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Chapter 1

Introduction

1.1 Power Challenges in Modern SoCs

For decades, semiconductor scaling following Moore’s Law delivered
exponential growth in transistor density, while Dennard scaling en-
sured that power density remained approximately constant as feature
sizes shrank. This favorable trend ended around the 130-90 nm tech-
nology node in the early 2000s: as gate oxide thickness approached
atomic dimensions and threshold voltages could no longer be reduced
proportionally, supply voltage scaling stalled and power density be-
gan to rise with each new generation [1]. The breakdown of Dennard
scaling fundamentally changed the landscape of integrated circuit de-
sign, making power dissipation rather than transistor count the pri-
mary constraint on system performance. As illustrated in Figure 1.1,
although transistor counts have continued to grow exponentially, clock
frequency and typical power dissipation have plateaued since the mid-
2000s, forcing the industry to shift toward multi-core architectures and
power-aware design methodologies.

The practical consequences of this power challenge are visible
across all market segments. In data centers, electricity for comput-
ing and cooling accounts for a substantial fraction of total operating
cost; global data center energy consumption was estimated at 200-
250 TWh per year in 2020, with projections of continued rapid growth
driven by cloud computing and artificial intelligence workloads [3]. In
mobile devices, the thermal design power of an application proces-
sor is constrained to 3-5W by the absence of active cooling, forcing
designers to trade peak performance for energy efficiency. Even in
high-performance processors, power budgets have plateaued: modern
server CPUs operate at TDPs of 200-350 W, a range that has remained
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Figure 1.1: 50 years of microprocessor trend data. Tran-
sistor count continues to grow exponentially, while
clock frequency and typical power have stagnated
since the mid-2000s due to the breakdown of Den-
nard scaling, driving the shift to multi-core designs.
Data compiled by K. Rupp [2].

largely flat over recent generations despite significant increases in
core count and transistor budget. In all these domains, the ability to
deliver higher performance within a fixed power envelope depends crit-
ically on the efficiency of on-chip power management.

1.1.1 CMOS Power Dissipation

The total power consumption Py of a CMOS circuit can be decom-
posed into three components [4]:

Piotal = P dynamic + Pshort-circuit T Pleakage~ (1 . 1)

The dominant term in most digital circuits is the dynamic (switch-
ing) power, consumed when load capacitances are charged and dis-
charged during logic transitions:

denamic = O‘CV[%Dfa (1.2)

where « is the switching activity factor, C is the total switched capac-
itance, Vpp is the supply voltage, and f is the clock frequency. The
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quadratic dependence on Vpp makes voltage reduction the single most
effective lever for power savings.

However, reducing Vpp has a direct impact on circuit speed. The
propagation delay of a CMOS gate is approximated by

C-Vpp

(Vbp — Van)"’ (13

tq X
where V}, is the threshold voltage and ~ is a technology-dependent pa-
rameter typically between 1 and 2 [4]. As Vpp approaches V;,, the
delay increases sharply, placing a practical lower bound on the supply
voltage for a given target frequency.

Short-circuit power arises during input transitions when both
PMOS and NMOS transistors conduct simultaneously, creating a mo-
mentary path from Vpp to ground. It can be approximated as [4]:

Pshort-circuit = 5 “tsc - VDD - f7 (1-4)

where 3 is a factor related to transistor sizing, and ¢,. is the duration
of the short-circuit current pulse during each transition. This compo-
nent is typically 10-15% of Pjynamic in well-designed circuits and is min-
imized by matching input and output transition times.

Leakage power is the static dissipation that flows even when a cir-
cuit is idle and no switching occurs. It is modeled as:

Pleakage = VDD ' (Isub + Igate), (1-5)

where I}, is the subthreshold conduction current that flows between
source and drain when the transistor is nominally off, and Igate is the
gate oxide tunneling current that penetrates the thin insulator between
gate and channel.

1.1.2 The Dark Silicon Challenge

Together, the combined pressure of dynamic and static power has led to
the phenomenon known as dark silicon: at each new technology node,
the fraction of transistors that can be simultaneously active within the
thermal design power envelope decreases [5]. Projections have indi-
cated that at 8 nm, more than 50% of the chip area may need to re-
main powered off at any given time. This fundamental scaling barrier
has motivated a broad range of power management techniques, from
circuit-level optimizations to system-level adaptive strategies.
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1.2 Power Reduction Techniques

The power equations introduced above reveal several avenues for re-
ducing consumption. From Equation 1.2, the dynamic power P =
aCV3p f can be lowered by reducing any of its four factors. Each ap-
proach operates at a different level of the design hierarchy and carries
distinct tradeoffs:

* Reducing switching activity (o) — Clock gating: Disabling the
clock to idle functional units eliminates their switching power en-
tirely. This is the most widely used power optimization in syn-
chronous digital design: modern synthesis tools can insert clock
gating automatically, achieving significant dynamic power reduc-
tion with minimal area overhead [6]. However, clock gating does
not address leakage power, since all transistors remain powered
on.

* Reducing capacitance (C) — Architecture and physical de-
sign: Choosing smaller transistors, shorter interconnects, and
more efficient architectures reduces the total switched capaci-
tance. While fundamental, this approach is largely determined at
design time and offers limited runtime flexibility.

* Reducing voltage (Vpp) — Voltage scaling: Voltage reduction
benefits all three power components. Dynamic power decreases
quadratically (Paynamic < V3p), s0 @ 10% reduction in Vp translates
to approximately 19% less dynamic power. Short-circuit power and
leakage power also decreases according to Equation 1.4 and Equa-
tion 1.5. This makes voltage scaling the single most effective lever
for total power reduction. Modern SoC design exploits this method:
multi-voltage domain is designed to split the SoC into independent
voltage island, each operating at a supply matched to its perfor-
mance requirement [7].

* Reducing frequency (f) — Frequency scaling: Lowering the
clock frequency reduces dynamic power linearly. In practice, fre-
quency reduction is almost always combined with voltage reduc-
tion, since a lower frequency relaxes timing constraints and per-
mits a lower supply voltage.

For leakage power, the primary technique is power gating: com-
pletely disconnecting idle blocks from the supply rail using high-V;,
header or footer switches [8]. This can reduce leakage by orders of
magnitude, but introduces wake-up latency and requires isolation and
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state-retention logic, adding design complexity.

Nowadays, Dynamic Voltage and Frequency Scaling (DVFS)
has emerged as the most impactful runtime power management tech-
nique. By adjusting both Vpp and f together based on workload
demand, DVFS exploits the cubic relationship between power and
voltage-frequency to deliver significant energy savings while maintain-
ing throughput when needed. However, as will be discussed in the fol-
lowing section, conventional DVFS requires substantial voltage guard-
bands that limit the achievable savings, motivating the adaptive closed-
loop approaches that are the focus of this thesis.

1.3 From DVFS to Adaptive Voltage Scaling

1.3.1 DVFS Mechanism

As established in the previous section, simultaneously reducing the sup-
ply voltage and clock frequency is the most effective runtime strategy
for power savings. Dynamic Voltage and Frequency Scaling (DVFS) for-
malizes this idea by defining a set of discrete Operating Performance
Points (OPPs), each specifying a validated (Vpp, f) pair. A hardware
or software controller monitors the current workload and thermal con-
ditions and selects an appropriate OPP: high-performance points for
demanding tasks and low-power points during idle or light-load peri-
ods.

The transition between OPPs must follow a strict protocol to avoid
timing violations. When scaling up to a higher performance point, the
voltage must be raised before the frequency is increased, ensuring that
the supply is sufficient for the faster clock. Conversely, when scaling
down, the frequency is reduced first, and the voltage is lowered after-
ward. The cooperation between the clock generator and the voltage
regulator, is the fundamental of DVFS implementation, which makes
fast and accurate observation of the circuit state essential.

DVFS is widely deployed in modern processors and system. For
example, Intel’s Enhanced SpeedStep and Turbo Boost technologies
rely on DVFS to balance performance and power across cores [9]. At
the system level, operating systems such as Linux implement DVFS
governors (e.g., ondemand, performance, and powersave) that adjust
CPU frequency, or equivalently the operating performance point (OPP),
in response to CPU utilization [10].
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1.3.2 The Voltage Guardband Problem

Despite its effectiveness, conventional DVFS has a fundamental limi-
tation: the voltage assigned to each OPP must guarantee correct op-
eration under worst-case conditions. Chip designers insert a voltage
guardband — an additional margin above the minimum Vpp required at
the target frequency — to account for multiple sources of uncertainty:

* Process variation: Die-to-die and within-die variations in thresh-
old voltage, channel length, and interconnect resistance lead to
variations in circuit delay. Consequently, chips from different pro-
cess corners may require different supply voltages to sustain the
same operating frequency.

* Voltage droop: Transient current demand from switching logic
can cause voltage fluctuations in the power delivery network, tem-
porarily lowering the effective supply voltage at the logic gates.

* Temperature variation: Changes in junction temperature affect
circuit delay and therefore the minimum voltage needed to sustain
a target frequency. Because thermal conditions vary during op-
eration, extra voltage margin is often required to maintain timing
safety.

* Aging: Bias Temperature Instability (BTI) and Hot Carrier Injec-
tion (HCI) progressively degrade transistor performance over the
product lifetime, requiring additional margin to guarantee end-of-
life operation [11].

Conventional worst-case design often requires a substantial cu-
mulative voltage guardband to ensure correct operation under unfa-
vorable conditions [12]. In practice, the cumulative guardband can
reach 10-20% of the nominal supply voltage [13]. Since power scales
quadratically with voltage, this margin alone accounts for 20-35%
of excess dynamic power consumption. Critically, this guardband is
static: it is designed for the worst-case combination of all the above
factors, which rarely occurs simultaneously during normal operation.
A typical chip under nominal conditions has far more timing margin
than the guardband assumes, representing a substantial waste of en-
ergy.

Furthermore, because DVFS operates on discrete OPPs, it cannot
track continuous variations within a single operating point. For in-
stance, if the junction temperature drops during a lightly loaded pe-
riod, the actual silicon speed increases, and the current OPP voltage
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becomes unnecessarily high — but a conventional DVFS governor has
no mechanism to exploit this opportunity.

1.3.3 Adaptive Voltage and Frequency Scaling

The limitations of static guardbands and discrete OPPs motivate a
closed-loop approach. Adaptive Voltage Scaling (AVS) incorporates on-
chip sensors that continuously estimate the actual timing margin or
silicon speed, allowing the system to reduce the supply voltage until
the margin reaches a target threshold. The guardband is no longer a
fixed worst-case value but a dynamically tracked quantity that adapts
to the current process, voltage, and temperature (PVT) conditions [13].

Adaptive Voltage and Frequency Scaling (AVFS) extends AVS fur-
ther by simultaneously adjusting both voltage and frequency in the
closed loop. Instead of merely trimming the voltage at a fixed OPP,
an AVFS system continuously tracks the voltage-frequency relationship
and makes fine-grained adjustments within an operating point, as well
as informing OPP transitions [14, 15]. This enables the system to re-
claim the majority of the static guardband, which translates directly to
significant power savings across the chip.

The key enabler of any AVFS system is a reliable on-chip mecha-
nism that can observe the actual silicon speed in real time and feed it
back into the operating-point decision. This is the role of the on-chip
Runtime Frequency Feedback (RFF) closed-loop scheme studied in this
thesis: by combining a Voltage-Controlled Ring Oscillator (VCRO), a
digital frequency measurement engine, and dedicated configuration
and reporting paths, the RFF scheme produces a continuous feedback
signal that closes the AVFS control loop.

1.4 The Runtime Frequency Feedback
Scheme

To accurately observe the relationship between supply voltage and cir-
cuit speed in a given voltage domain, several monitoring approaches
have been proposed in the previous study:

* Critical path replicas and Razor-style monitors detect timing
errors or near-errors on actual or synthetic critical paths, provid-
ing direct feedback on timing margin [12]. While highly accu-
rate, these approaches introduce design complexity and potential
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metastability issues.

* Ring oscillator-based monitors use a VCRO whose frequency
is a direct physical function of the local PVT conditions. By mea-
suring the oscillation frequency, the system obtains a digital proxy
for the current silicon speed in the monitored voltage domain [16].
This approach is simpler to integrate and provides a continuous,
averaged measurement over the local region.

The Runtime Frequency Feedback (RFF) closed-loop scheme stud-
ied in this thesis adopts the second approach. Rather than replicat-
ing an existing critical path, the RFF scheme converts the local silicon
speed into a digital code through a VCRO and a windowed frequency
meter, and feeds this code into a programmable feedback path that ad-
justs the operating point. Within an SoC voltage domain, the scheme
is intentionally scoped to four digital, register-mapped, and verifiable
paths that together constitute the on-chip portion of the feedback loop:

1. Configuration path: Through the Advanced Peripheral Bus (APB),
the host CPU programs the measurement window, the target fre-
quency, the calibration policy, and the reporting content, and reads
back the run-time status of the subsystem.

2. Calibration path: Before the VCRO output can be monitored, the
VCRO frequency must be locked to the target frequency. This is
accomplished through a feedback loop that feeds the VCRO output
back to the control circuitry.

3. Observation path: the VCRO together with the windowed fre-
quency meter, which counts edges over a programmable reference
window and produces a frequency code with a quantifiable error
budget.

4. Reporting path: the State-Interface-Communication (SIC) trans-
mitter that exports the latched frequency code and run-time status
to an upstream consumer through a back-pressure-tolerant hand-
shake, isolating the inner control loop from external timing.

It is also important to clarify the scope of this thesis. This work
does not include a complete on-chip power management unit, does not
implement the full DVFS or AVFS policy stack, and does not by itself
produce a post-silicon power figure. Instead, within a larger AVFS sys-
tem, the RFF scheme functions as an observation-and-reporting node
that provides a calibrated frequency code to an upstream adaptive
controller. The controller combines this frequency information with
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readings from other on-chip sensors and generates a unified voltage-
adjustment request. This request is then processed by upstream cir-
cuitry, which analyzes all incoming requests and converts them into
an analog control signal to change the power supply.

1.5 Thesis Scope

This thesis focuses on the behavior-level pre-evaluation, digital RTL
implementation, and functional verification of the on-chip RFF closed-
loop scheme:

1. Scheme definition and behavior-level pre-evaluation: A
unified Baseline-versus-Feedback comparison framework is con-
structed at the behavior level under a single set of distur-
bances, statistical windows, and modeling assumptions. The pre-
evaluation analyses error convergence, cumulative energy trend,
and the parameter window in which the feedback scheme remains
stable, and is used to decide whether the scheme is worth carrying
into RTL implementation.

2. Hardware design and implementation: A practical hardware
implementation of the on-chip digital paths of the RFF scheme,
comprising the VCRO calibration engine, the windowed frequency
meter, the SIC transmitter, the APB slave/master pair that exposes
the register file and exports the latched frequency code, and the
clock-domain-crossing synchronizers between the high-speed mea-
surement domains (wclk / vcro clk) and the bus domain (pclk).

3. UVM functional verification: A Universal Verification Methodol-
ogy (UVM) testbench environment for the integrated RFF subsys-
tem, including stimulus generation, reference-model-based check-
ing, scenario-based coverage of the configuration, measurement,
calibration, reporting, CDC, and reset paths, and explicit pass/fail
criteria expressed as waveform-level assertions.

1.6 Main Contributions

The main contributions of this thesis are summarized as follows:

1. It defines the role of Runtime Frequency Feedback in a low-power
management context. RFF is treated as a runtime frequency-
capability observation and reporting node. Here, frequency capa-
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bility refers to the maximum safe operating speed that the chip
can support under the current runtime condition. RFF serves in
this role rather than as the workload operating clock itself.

2. It builds a controlled Baseline-versus-Feedback behavioral model.
The comparison uses the same target, disturbance profile, evalua-
tion window, metric, and initial condition, so that the energy trend
can be traced to the feedback mechanism.

3. It implements the digital RTL paths of the RFF subsystem, includ-
ing APB configuration, VCRO calibration support, frequency mea-
surement, status readback, and SIC payload reporting.

4. Tt verifies the implemented RTL at module level through directed
cases, monitors, checkers, waveform evidence, coverage analysis,
and explicit waiver reasoning.

1.7 Thesis Structure

The remainder of this thesis is organized as follows:

* Chapter 2, System-Level Development and Behavioral Model-
ing of RFF: Establishes the behavioral-level model used to project
the power reduction contributed by the proposed system, and de-
scribes the top-level composition of the RFF subsystem and the
data and control flow between its blocks.

* Chapter 3, Hardware Design and RTL Implementation of
RFF: Presents the design of each sub-module of the RFF subsys-
tem in turn: the VCRO, the calibration engine that locks it to a
programmable reference, the windowed frequency meter, the SIC
transmitter responsible for reporting, and the APB slave/master
pair that connects the subsystem to the host bus.

* Chapter 4, Functional Verification of RFF: Details the UVM
testbench architecture, test plan, coverage strategy, and simula-
tion results obtained for the top-level RFF subsystem.

* Chapter 5, Conclusion: Summarizes the contributions of this
work and identifies directions for future work.



Chapter 2

System-Level Development
and Behavioral Modeling of RFF

2.1 Introduction to RFF System

As established in Chapter 1, the core idea behind AVFS/AVS power re-
duction is to dynamically tighten the voltage guardband at run time
rather than fixing it at the worst-case value, thereby lowering power
consumption. To achieve this, three elements are required: an on-
chip proxy quantity that reflects the current silicon speed, a system
that analyses the proxy and gives voltage adjustment command, and a
closed loop that converts the command into an actual voltage adjust-
ment action. The RFF subsystem is the component in the AVFS control
loop responsible for the first of these three elements. It does not ad-
just the voltage itself; instead, it observes silicon speed in real time and
provides the basis on which voltage regulation decisions are made.

VCRO as the silicon-speed proxy. At the heart of the RFF sub-
system is a VCRO. The oscillation frequency of the VCRO is a composite
physical function of Vpp, temperature, and process corner of the chip.
First, the VCRO is calibrated to a reference frequency. As environmen-
tal conditions vary, the VCRO frequency may drift from its calibrated
value, and this drift can be used to estimate the available guardband
in the current voltage domain.

* high voltage, low temperature, and a fast process corner cause the
VCRO to oscillate faster, indicating sufficient guardband margin
for the monitored voltage domain;

* low voltage, high temperature, and a slow process corner cause the

11
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VCRO to oscillate slower, indicating insufficient guardband margin
for the monitored voltage domain.

Therefore, the VCRO frequency itself serves as the physical proxy
for silicon speed. However, the AVSC controller cannot consume a raw
high-speed clock directly. It requires a digital value that can be stored
in a register and transmitted over a bus.

From analog frequency to digital code. The RFF subsystem is
precisely the mechanism that converts the VCRO frequency into such
a digital quantity. This conversion proceeds in three stages:

1. Calibration. At SoC initial power-up, the VCRO control word is cali-
brated to a software-specified target, establishing a known operat-
ing point for all subsequent measurements. Without this step the
VCRO frequency would be an arbitrary number mainly reflecting
uncontrolled PVT variation.

2. Measurement. Within each measurement window controlled by
the CPU, edges of vcro clk are counted, producing a 32-bit
freq_code.

3. Reporting. The freq_code together with run-time status informa-
tion is packed and delivered to the AVSC through the reporting
interface.

Upon receiving freq code, the AVSC compares it against the target
silicon speed required by the current OPP:

» if freq code is above the target, the silicon is running faster than
necessary and the guardband margin is comfortable; the AVSC re-
quests a Vpp decrease;

* if freq code is below the target, the silicon speed is tight and
the guardband margin is insufficient; the AVSC requests a Vpp in-
crease.

The adjustment request is consumed by other units in the AVFS sys-
tem, which physically change the chip supply voltage. The new voltage
feeds back to the VCRO, causing its frequency to change accordingly.
On the next measurement window the RFF subsystem produces a fresh
freq_code, and the closed loop continues to operate in this manner.



System-Level Development and Behavioral Modeling of RFF 13
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Figure 2.1: Top-level block diagram of the RFF subsys-
tem showing the five sub-modules, and data/control
paths.

2.2 Architecture of RFF System

The on-chip RFF subsystem consists of five modules and registers, as
illustrated in Figure 2.1: a VCRO, a calibration engine, a frequency
meter, a SIC transmitter, and an APB interface. They cooperate across
three asynchronous clock domains and exchange information through
dedicated cross-domain synchronizers. This section introduces all the
modules and the data/control flows between them; Chapter 3 then re-
visits each block in implementation detail.

2.2.1 Sub-modules

* VCRO. Although the VCRO is a mixed-signal circuit in practical im-
plementations, the focus of this work is on the implementation of
the digital path of RFF rather than on the influence of PVT vari-
ations on VCRO performance. So the VCRO is modeled as a dig-
itally programmable voltage-sensitive clock source that provides
the high-speed clock vcro clk.

* Calibration engine (vcro_calib). A digital frequency-locked
loop that compares the edge count of vcro clk over a pro-
grammable measurement window against a software-supplied tar-
get and adjusts the VCRO control word until convergence.
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* Frequency meter (fregm). A windowed-measurement engine
that measures the calibrated vcro clk in a stable clock domain
pclk, counting vcro clk edges over a programmable number of
pclk cycles to produce a 32-bit frequency code together with a
valid flag.

* APB slave / master (rff_apb_slv / apb_mst). Two cooperat-
ing APB3 modules sharing the pclk domain. The slave exposes
the complete register file of the subsystem to the host CPU and
services both writes (configuration) and reads (status). The mas-
ter, under firmware-configured policy, autonomously issues APB3
write transactions carrying the latched frequency code or inner
states towards SIC transmitter.

* SIC transmitter.The reporting block. It receives the latched fre-
quency code or inner states from APB master, exports it to an ex-
ternal consumer through a valid-ready handshake; The reporting
policy can be modified by host CPU.

The mapping from these five blocks to the four functional paths
is direct: the configuration path is the APB slave together with the
register file; the observation path is the VCRO and the frequency meter;
the feedback path is the calibration engine; and the reporting path is
the SIC transmitter.

2.2.2 Clock domains and cross-domain handling
Three mutually asynchronous clock domains are present:

* pclk — the APB bus clock, slow and stable. Firmware configura-
tion, the register file, the APB master state machine, and the SIC
transmitter handshake all live in this domain.

* wclk — a high-speed clock used by the calibration engine for edge
counting and lock-completion sequencing.

* vcro clk — the VCRO output itself, the measurand of the fre-
quency meter, asynchronous to both of the above.

Because the high-speed domains are mutually asynchronous to
pclk, two cross-domain crossings are required, and they are handled
in dedicated synchronizers. Single-cycle completion events — the lock
pulse from the calibration engine and the measurement-done pulse
from the frequency meter — cross from wclk or vcro clk into pclk
through a toggle-based pulse synchronizer. Multi-bit payloads such
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as freq code and the captured calibration registers are sampled in
the destination domain only after the corresponding completion pulse
has been observed there, so that the data lines are guaranteed to
be static when they are read. In the opposite direction, level-stable
software-driven controls (target, window length, enables) are picked
up by two-flop synchronizers; the small number of edge-sensitive soft-
ware actions (manual start, auto-recalibration request) are converted
into single-cycle pulses on the destination side.

2.2.3 Data and control flow

Figure 2.1 also shows the data and control flow of RFF system. In the
steady state the system operates as a single closed-loop pipeline:

1. The host CPU writes the calibration/measurement start, target ref-
erence, calibration limits, and reporting policy into register file
(configuration path) by APB interface;

2. the calibration engine drives the VCRO control word to the pro-
grammed target through the feedback loop and asserts the write
the calibration state to the register (calibration path);

3. After VCRO frequency is locked, CPU can send start command to
APB interface, then write it to register. Then the frequency meter
starts to measure the vcro clk and produces a fresh freq code
together with a measurement-completion flag (observation path);

4. The freq_code is also stored in register. The APB interface,
based on the configuration field in the register, autonomously send
freq _code or other register bits to the SIC transmitter, the SIC
transmitter sends the information to the upstream AVFS block and
waits for the external consumer to acknowledge it (report path).

The inner control loop never depends on the timing of the external
consumer. If upstream consumer (AVFS) is busy and cannot receive
information from RFF, SIC transmitter stalls the reporting path: the
calibration engine and the frequency meter continue and send the data
out. SIC transmitter handles the back-pressure and acts as a barrier
between RFF and AVFS. Chapter 3 gives more detailed implementation
of the modules above.
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2.3 Modeling Purpose and Analysis Object

A fixed-margin strategy in low-power management usually sets the volt-
age or frequency safety margin according to the worst operating condi-
tion. This method is simple to implement. It can cover a certain range
of PVT variation, temperature disturbance, and aging effect. However,
in most discrete time steps, it keeps more margin than the actual re-
quirement. For a large SoC voltage/frequency domain, this excessive
margin leads to extra power consumption. This chapter builds a behav-
ioral model to evaluate runtime frequency feedback under controlled
conditions. The main question is whether feedback can release the
fixed margin and reduce system-level energy after feedback hardware
overhead is included.

The explicit inputs in this chapter—including the disturbance pro-
file in Equation (2.1), the parameter values in Table 2.1, and the ac-
companying simulation waveforms—are behavioral constructs for con-
trolled comparison. They are not fitted from measured silicon data,
and they are not used to claim post-layout sign-off or absolute power
numbers for a specific technology node. The purpose is to connect
frequency feedback, frequency capability, disturbance degradation,
power variation, and hardware overhead in a reproducible form. To
avoid a gap between simulation figures and equations, this chapter fol-
lows a clear sequence. It first defines the disturbance and frequency
capability model. It then gives the baseline fixed-margin strategy and
the behavioral feedback margin trajectory. After that, it introduces
the power and cumulative energy models. Finally, it uses a hardware-
overhead sweep to show the boundary under which net energy saving
is achieved.

The analysis object in this chapter is a SoC voltage/frequency do-
main with an RFF loop. The baseline represents a fixed-margin control
method. The feedback case uses a time-varying equivalent margin se-
quence ug, ;, taken from the same behavioral time-domain simulation as
the figures. The two schemes use the same disturbance profile, target
frequency, time-step horizon, and initial condition. The only difference
is the control margin trajectory. This setting makes the simulation a
controlled comparison. It also avoids treating differences caused by dif-
ferent disturbance conditions or different workloads as feedback ben-
efits.
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2.4 Parameter Setting and Value Justifica-
tion

This chapter uses normalized parameters for behavioral simulation.
The parameters are selected to preserve basic circuit-level monotonic
relationships. When the equivalent control margin increases, the fre-
quency capability improves. When the disturbance increases, the fre-
quency capability decreases. When the control margin is reduced, the
controlled-domain power decreases. The added feedback circuit also
introduces extra overhead. The values in Table 2.1 should be read as
known inputs, engineering estimates, and sweep variables in this be-
havioral model.

Table 2.1: Parameter settings and value justification in
the behavioral model

Parameter Value Justification

k 0-1000 This represents simulation time steps.
This length is enough to cover initial
margin release, mid-stage disturbance
increase, and late-stage compensation.

frarget 1.000 This is the normalized target frequency
boundary. All frequency capabilities are
expressed as relative values around this
target.

Kyt 0.75 This is the equivalent gain from control
input to frequency capability. It represents
the positive effect of voltage or margin
adjustment on frequency capability. It is a
normalized sensitivity parameter.

K, 1.00 This is the degradation coefficient from
disturbance to frequency capability. The
value 1.00 allows the disturbance value to
directly represent frequency capability
loss. This makes the equations and figure
trends easier to explain.
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Parameter Value Justification

Ufixed 0.17 This is the fixed conservative margin used
by the baseline. The value is selected to
cover the worst stage of the disturbance
profile in this chapter. Therefore, the
baseline can keep frequency safety, but it
also keeps excessive margin in most time
steps.

Umin, Ymax 0.00, These are the allowed limits of the control
0.20 input. They model the upper and lower
bounds of configurable margin in real
hardware. umax is slightly higher than
ufixed, SO late-stage disturbance
compensation is allowed.

Viom 0.80 This is the normalized nominal voltage
reference. The power model only uses
relative voltage variation, so no specific
voltage unit is introduced.

Ko typ 0.020 This is an engineering estimate for the
feedback hardware overhead. It means
that the added control logic consumes
about 2% of the reference
controlled-domain power. This value
represents a small control IP in a larger
SoC domain. The conclusion is checked by
sweeping K., not by this single value.

The parameters above can be divided into three groups. The first
group contains normalization parameters, such as fiarget and Viom.
They build a common scale. The second group contains behavioral sen-
sitivity and margin limits, such as Ky, K4, Ufixed, Umin, aNd umax. They
keep the frequency and power trends easy to interpret. The third group
is the hardware overhead parameter K,,. This chapter does not use
one fixed absolute overhead value. The value Ky, 1y, = 2% is used as an
engineering estimate for a small monitoring and control IP in a larger
controlled domain. The conclusion is not based only on this value. A
Ko, sweep is used to find the maximum overhead that the feedback
benefit can tolerate. The equation structure and break-even judgment
remain unchanged.
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It is important to distinguish K¢ from K. Kyr enters the frequency
model. It represents the gain from control input to frequency capabil-
ity. Ko, enters the power model. It represents the additional power
ratio introduced by the feedback hardware. They cannot be mixed.
Otherwise, one parameter would carry two meanings: frequency gain
and hardware overhead.

2.5 Disturbance Profile and Frequency Capa-
bility Model

The runtime disturbance is denoted by d;, where k is the discrete time
step index. This chapter uses a deterministic and monotonically in-
creasing disturbance profile to represent gradually increasing timing
degradation:

0.018 0.030
1+ exp|—(k —250)/20] | 1+ exp|—(k — 620)/25]'
2.1)

dy, = 0.018 4- 0.000035k +

Equation (2.1) defines a reproducible two-stage degradation input.
The first part represents slow drift. The two logistic terms create
smooth changes in mild and strong disturbance regions. This setting
helps show how excess timing margin is consumed as d; grows. Fig-
ure 2.2 shows this disturbance profile. Since d, increases monoton-
ically, the theoretical required control input that is directly derived
from the disturbance should also increase monotonically.
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Runtime disturbance profile
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Figure 2.2: Normalized runtime disturbance profile. dy
represents timing degradation that increases with
the time step index k.

The frequency capability model is defined as:

fr =14 Kypup — Kady,. (2.2)

Here, the constant 1 denotes the normalized reference frequency ca-
pability when u; = 0 and d;, = 0. f, denotes the normalized frequency
capability under the current runtime condition. It does not represent
the workload operating clock frequency. Instead, it represents the
maximum normalized frequency that the current runtime condition can
safely support in this model. The workload operating frequency fop is
treated as fixed in this behavioral model. When f;, > fop, timing margin
still exists. When fk < fop, the current condition can no longer safely
support the workload frequency.

The variable v, is the normalized equivalent control margin. It is not
the absolute supply voltage. This chapter defines an effective margin
variable as:

Vett, e = Vaom + g (2.3)

A smaller u; means that more conservative margin is released. A
larger u;, means that more margin is added to compensate for distur-
bance. Equation (2.2) expresses two opposite effects:

upt= fi 1 dt= fi . (2.4)
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This model allows the effects of control input and disturbance to be
observed separately. A larger disturbance reduces the frequency ca-
pability. The feedback branch offsets part of this degradation through
a different margin sequence u;. The difference between the baseline
and feedback schemes comes from the way u; is generated.

2.6 Baseline and Feedback Control Strate-
gies

2.6.1 Baseline Fixed-Margin Strategy
The baseline strategy uses a fixed control input:

bas

up*® = Ufixed- (2.5)

Substituting it into Equation (2.2) gives the baseline frequency ca-
pability:
22 = 1 4 Kyfuixed — Kady. (2.6)
Since ufyeq does not change with runtime status, the baseline fre-
quency capability is mainly determined by the disturbance profile. As
dy increases, f}g“se gradually decreases. The fixed-margin strategy is
simple and can cover the preset disturbance range. However, when
the disturbance has not reached the worst condition, the system still
keeps a high margin. This causes unnecessary power consumption.

2.6.2 Theoretical Required Control Input

To avoid confusion between different control quantities, this chapter
first defines the theoretical required control input ureq,x. The frequency
target used for this derivation is fiarget. From Equation (2.2), the re-
quired control input can be derived as:

ftarget -1+ Kddk

Ureq,k = Kor (2.7)
Vi

ureq,x Means the control margin that is theoretically needed at time
step k if the frequency capability is directly kept at fiarget. Since dj
increases monotonically, and both K; and K,f are positive constants,
ureq,r Should also increase monotonically. Therefore, if a curve repre-
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sents the required control input, its trend should follow the disturbance
trend.

2.6.3 Feedback Closed-Loop Control Strategy

In the feedback strategy, the control input is not given directly by Equa-
tion (2.7). It is updated step by step by a behavioral controller accord-
ing to the frequency error. The error is defined as

er = forr — f° (2.8)

where [ is the feedback regulation set-point. In the simulation be-
hind Figure 2.3, fcin is set slightly above the nominal target fiarget in
Table 2.1 so that the loop does not dwell below the plotted target line.
This offset is a behavioral safety margin for trend comparison, not a
post-silicon sign-off statement.

The control input uses a discrete feedback update with saturation:

Ufh g+1 = Sat[Ufbyk + Kp(ek — ek_l) + K,’Tsek] , (2.9)

where sat[-] keeps ug, ;, Within [umin, umax] from Table 2.1, T, is the nor-
malized control-window period (one step in the £ axis), and K, and K;
are the proportional and integral gains used in the accompanying sim-
ulation (K, =0.32, K; = 0.03, Ts = 1).
The frequency capability under feedback remains the affine plant
model
fI" =14 Kypug j, — Kady. (2.10)

When the initial fixed margin is higher than the actual requirement,
f,{b > fen @nd ey, < 0, so the controller reduces ug, , and releases the re-
dundant conservative margin. As the disturbance d, keeps increasing,
the frequency capability approaches the control target and the con-
troller increases ug, , to compensate for degradation. Therefore ug,
does not increase monotonically with d,. The non-monotonic trend is
not caused by a decrease in disturbance. It reflects closed-loop be-
havior: the controller first gives back excess margin and then actively
compensates for external stress.

Figure 2.3 compares three control inputs under the same distur-
bance profile. The baseline stays at ufyeq. The required input ureq,x
from Equation (2.7) increases monotonically with d; because it only re-
flects how much margin is needed to hold fiarget. The feedback output
ugp 1, 1S the actual feedback controller trajectory from Equations (2.8)-
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(2.9). It decreases in the early stage and rises in the later stage. Re-
quired control and feedback output must therefore be separated when
the control-input trend is explained: the former tracks disturbance im-
pact on margin demand, whereas the latter tracks the dynamic process
of margin release and compensation.

Equivalent control input: fixed, required, and feedback
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0.14 4

0.12 4
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0.08

Equivalent control input u(k)

—— Baseline fixed margin
-7 ——- Reauired control from taraet
—— Feedback output
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Step index k

Figure 2.3: Comparison of fixed margin, theoretical re-
quired control input, and actual feedback control out-
put. ureqr iNCreases monotonically with the distur-
bance, while ug,;, shows closed-loop behavior that
first releases the conservative margin and then com-
pensates for the disturbance.

2.7 Power and Cumulative Energy Model

The controlled SoC-domain power uses a normalized voltage-power re-
lationship:

Psoc,k = A(Vnom + Uk)2f0p~ (2-11)

Here, A is a scaling coefficient. fop is the workload operating factor.
It is the same in the baseline and feedback schemes. The feedback loop
changes the available frequency capability and the equivalent control
margin. It does not change the workload in this behavioral comparison.
Therefore, fk and fop have different meanings. fk is the available fre-
quency capability. fop is the same workload factor used in the power
model.

The baseline power is:
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Pbase,k = A(Vnom + Ufixed)Qfop- (2.12)

The feedback controlled-domain power is:

be,domain,k = A(Vnmn + ufb,k)2f0p~ (2.13)

It is not enough to compare only Equation (2.12) and Equa-
tion (2.13). The feedback closed loop itself needs additional hard-
ware, including frequency monitoring, calibration logic, control regis-
ters, and a state machine. Therefore, system-level power must include
the feedback hardware overhead. This chapter defines:

Ko — lijF, (2.14)
ref

where Pgrgr is the average power of the added feedback hardware,
and P, is the reference power of the controlled domain under the base-
line fixed margin:

Pref = A(‘/nom + Uﬁxed)2fop- (215)

After feedback hardware overhead is included, the feedback net
power becomes:

be,net,k = A(er’m + ufb,k)ZfOD + KohPref- (216)

Equation (2.16) avoids the idealized assumption of zero-cost feed-
back hardware. If K, Pyr is ignored, then power reduction almost nec-
essarily holds as long as feedback reduces u,. After K, is included,
the model can further judge whether the power of the added control
circuit cancels the benefit from voltage-margin reduction in the con-
trolled domain.

The cumulative energy is defined as:

N—-1
E(N) = Z P,. (2.17)
k=0

Each time step is assigned unit normalized duration, so cumulative
energy is the sum of per-step power.
The energy saving ratio is defined as:

_ Epase — Em

ne = (2.18)

Ebase
By setting Fp, = Epace, the critical value of the feedback hardware
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overhead can be obtained:

N—-1
K(C)ﬁit _ k=0 [Pbase,k - be,domain,k] (2.19)

NPref .

When K, < K&, the feedback net energy is lower than the base-
line energy. When K., = KZ, the energy saved in the controlled
domain is exactly cancelled by the added hardware overhead. When
Kon > K g{ft, the feedback scheme no longer provides net energy benefit

under this set of conditions.

2.8 Simulation Result Analysis

2.8.1 Frequency Response

Figure 2.4 shows the normalized frequency capability of the baseline
and feedback schemes. The baseline uses a fixed margin, so its curve
is mainly determined by Equation (2.6). As d; increases, the baseline
frequency capability gradually decreases, but it remains above the tar-
get value. This means that the fixed margin can cover the disturbance
range used in this chapter. It also means that the system keeps more
frequency capability than required in most time steps.

The feedback curve is obtained by inserting ug, into Equa-
tion (2.10). Relative to the baseline, the feedback trajectory spends
more time with a smaller equivalent margin when the disturbance is
mild, and it increases the margin when the disturbance strengthens.
The same static power map is then applied pointwise in time.
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Figure 2.4: Normalized frequency capability response of
the baseline and feedback schemes under the same
disturbance. The dashed gray line marks the nomi-
nal target, and the dotted orange line marks the feed-
back set-point. The baseline keeps a fixed margin.
The feedback curve uses ug, ;, in Equation (2.10).

2.8.2 Instantaneous Power

Figure 2.5 shows the instantaneous power comparison. Since ufyeq
does not change, the baseline power in Equation (2.12) stays es-
sentially constant. The feedback controlled-domain power in Equa-
tion (2.13) follows ug, ;, from Section 2.6.3. In the initial stage, ugm,
decreases and the controlled-domain power drops. In the later stage,
as the disturbance strengthens, ug, rises again and the controlled-
domain power gradually recovers. After the typical feedback hardware
overhead K typ = 2% from Table 2.1 is added through Equation (2.16),
the feedback net power is higher than the controlled-domain power
alone, but it remains lower than the baseline fixed-margin power.

The power benefit of feedback comes from releasing the fixed mar-
gin, not from changing the workload f,,. The added feedback circuit
consumes extra power, so the system-level benefit depends on whether
the controlled-domain power reduction is larger than the overhead
term K,,Pr. For a large SoC voltage/frequency domain, the relative
overhead of a small control IP is usually low, and the gain from margin
release can more easily cover Koy, typ. If the controlled object itself is
very small, K,, must be re-evaluated because it may become too large
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relative to the domain being controlled.

Instantaneous normalized power comparison
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Figure 2.5: Baseline power, feedback controlled-domain
power, and feedback net power after feedback hard-
ware overhead is considered (Kop typ = 2%).

2.8.3 Cumulative Energy

Figure 2.6 shows the cumulative energy result. Under the current
normalized parameters, the final cumulative energy of the baseline is
940.90. The final cumulative energy of the feedback scheme is 818.13
if only the controlled domain is considered. After K, yp = 2% is added,
the feedback net cumulative energy is 836.94. The controlled-domain
energy reduction is about 13.05%. The net energy reduction after feed-
back hardware overhead is considered is about 11.05%.

This result should not be interpreted as the final power reduction
ratio of a specific chip implementation. It should be interpreted as a
behavioral trend under this set of normalized parameters. Its meaning
is that, under the same disturbance and the same time-step horizon,
feedback can reduce the controlled-domain energy by lowering exces-
sive control margin. When the added feedback hardware overhead
remains at a low ratio, the system-level net energy is still lower than
the fixed-margin baseline.
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Cumulative energy comparison
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Figure 2.6: Cumulative energy comparison between the
baseline and feedback schemes. The feedback net
energy includes the typical feedback hardware over-
head.

2.8.4 Hardware Overhead Sensitivity

Figure 2.7 shows the variation of the net energy saving ratio ng with the
feedback hardware overhead ratio K,,. As K., increases, the feedback
net energy benefit gradually decreases. When K, reaches the critical
value, the energy saved in the controlled domain is exactly cancelled
by the added hardware overhead, and the net benefit becomes zero.
From Equation (2.19), the critical value under this set of parameters
is:

Kt~ 0.1305. (2.20)

This means that, under the current disturbance profile, behavioral
margin trajectory, and power model, feedback still provides net energy
benefit as long as the average feedback hardware power is lower than
about 13.05% of the baseline reference controlled-domain power. If
the overhead is larger than this ratio, the voltage-reduction benefit in
the controlled domain is cancelled by the additional hardware power.

This figure gives the applicable range of the scheme. The be-
havioral comparison is more representative for a large SoC volt-
age/frequency domain. In this case, the added control logic usually
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takes a low power ratio compared with the whole controlled domain.
If the same control logic is used for a very small module, K, may be-
come large, and the net energy-saving conclusion cannot be directly
applied. Therefore, sweeping K, is more meaningful than giving only
one energy-saving percentage. It shows the benefit boundary of the
feedback scheme under different hardware overhead conditions.

Hardware overhead sensitivity

Net energy saving ratio (%)

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
Feedback hardware overhead ratio K_oh

Figure 2.7: Sensitivity of the net energy saving ratio
to the feedback hardware overhead ratio K,,. The

crossing point corresponds to the break-even over-
head.

2.9 Model Scope and Summary

The conclusion of this behavioral model is based on three assumptions.
First, the baseline and feedback schemes use the same disturbance,
target, time-step horizon, and initial condition. Therefore, the result
reflects the difference between control strategies, not the difference
between simulation conditions. Second, the parameters are normal-
ized. They are used to describe the trend relationship among frequency
capability, disturbance, control input, and power. Third, the feedback
hardware overhead is not ignored. Itis included in the net power model
through the parameter K,,. A sensitivity analysis is used to give the
break-even condition.

The simulation results show that the fixed-margin baseline can keep
the frequency capability above the target. However, it also keeps
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a high control margin in most time steps. The feedback trajectory
lowers the average equivalent margin relative to the baseline under
the same d;, which reduces the controlled-domain energy through the
static power map. The non-monotonic gap between ug, , and ureq,, iS
a bookkeeping consequence of comparing a fixed conservative margin
with a time-varying behavioral margin trace, not a claim about a spe-
cific inner hardware implementation.

Under the current parameters, after the feedback hardware over-
head Koy typ = 2% is considered, the feedback scheme shows a net en-
ergy reduction trend of about 11.05%. The hardware-overhead sensi-
tivity analysis gives a break-even overhead of about 13.05%. The RFF
closed loop does not reduce power under every scale and every over-
head condition. It is more suitable for a large SoC voltage/frequency
domain. When the relative overhead of the added feedback hardware
is lower than the critical value in Equation (2.19), the energy saved by
fixed-margin release can cover the extra power of the control circuit.
In this case, the system-level net energy is lower than the fixed-margin
baseline.



Chapter 3

Hardware Design and RTL
Implementation of RFF

3.1 RFF Hardware Architecture Overview

The RFF RTL implementation is organized around a configurable sens-
ing and reporting path. The top-level module contains an APB register
interface, configuration registers, VCRO control outputs, calibration
logic, a frequency measurement unit, status generation logic, and a
payload output path. These blocks allow the system to configure the
RFF module, start calibration, observe frequency-related information,
and read back the result.

The design separates system configuration from runtime observa-
tion. The APB path programs mode and control fields. The VCRO-
related path produces observable timing or frequency behavior. The
calibration path searches and locks a delay code. The frequency meter
converts a clock-like observation into a digital count. The status and
payload paths make the result visible to software or an upper monitor-
ing block.

3.2 Register Interface and Configuration
Path

The register interface provides the control boundary of the RFF mod-
ule. The main configuration fields include module enable, mode selec-
tion, calibration start, measurement period, VCRO range/coarse/fine
control, threshold or reference value, soft-read address, payload send

31
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period, and status clear. The status fields include busy, done, valid,
calibration counter result, frequency measurement result, error indi-
cation, and selected debug readback values.

Reserved fields are kept stable and are not used for functional deci-
sions. Undefined address holes must not corrupt valid registers. This
rule is also checked in the verification chapter. The configuration path
therefore has two purposes. It drives the functional blocks during
operation, and it provides a clear verification boundary for register
read/write behavior.

3.3 APB Interface

3.3.1 General introduction to APB protocol

APB is a low-bandwidth, low-complexity control bus introduced by ARM
as part of the AMBA family of on-chip interconnect specifications [17].
It is intended for register-level access to peripheral blocks — timers,
UARTs, GPIO controllers, configuration spaces of larger accelerators.
Although the throughput of APB is modest, its simple protocol keeps
the control-plane area and power overhead low. APB transactions are
unpipelined and follow a simple two-phase access pattern (a setup
phase followed by an access phase), with no burst, no out-of-order com-
pletion, and no transaction identifiers. A single master drives paddr,
pwrite, pwdata, psel and penable towards a slave, and the slave re-
sponds with prdata, pready (which may extend the access phase into
wait states) and the optional pslverr.

3.3.2 Function in the RFF system

The preceding sections describe modules that produce or consume in-
formation internally to the RFF subsystem, but none of these modules
is addressable from the host CPU. The APB interface described in this
section is the missing link: it is the register-level control plane through
which CPU configures the subsystem and through which run-time inner
state is returned to the host CPU and upstream module.

In this work the APB interface carries traffic in both directions and
is therefore split into two cooperating modules rather than a single
slave. When RFF acts as the slave, the register files of the RFF sub-
system must be reachable for writing and status readback by the CPU;
When acting as the master, the latched frequency code and inner state
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produced by the frequency meter and calibration module must be ex-
ported to the upstream AVFS consumer. So the APB interface is split
into apb_slv and apb_mst sharing the same pclk domain:

* apb_slv — an APB3 slave that exposes the complete register file of
the RFF subsystem to a host bus, servicing both writes and reads
(status / result observation).

* apb_mst — a small APB3 master that, under firmware-configured
policy, autonomously issues write transactions carrying
freqm_code towards an upstream target on the same bus fabric.

3.3.3 Bus protocol

Master: apb_mst

The master apb_mst is responsible for issuing APB write transac-
tions whose payload is fregm code and inner state produced by RFF.
The master exposes the standard set of APB3 master-side signals —
m_paddr, m psel, m penable, m pwrite and m pwdata as outputs, and
m_pready as the only input from the upstream target. The write-only
nature of the path means m pwrite istied to logic one for every transac-
tion, and the read-data line m_prdata is not consumed. First, the CPU
configures the reporting policy by writing values in some configuration
registers: periodic reporting or event-triggered reporting. Periodic re-
porting refers to reporting at set intervals, while event-triggered re-
porting refers to reporting immediately when a new value is written to
a specific register (e.g., freqm code).When reporting starts, necessary
internal states of the RFF (also configured by CPU) is sent to the SIC
transmitter via the apb_mst.

As illustrated in Figure 3.1: IDLE is the default state. Upon a new
request (fire req), the FSM transitions to SETUP, driving the data.
One clock cycle later, it moves into the ACCESS state. In this state,
the FSM stays in ACCESS until m_pready is asserted, signaling the
completion of the transaction and returning to IDLE.

A representative write transaction is shown in Figure 3.2. In the
T1 cycle the master drives m_paddr and m_pwdata with the destination
address and the latched freqm code, holds m_pwrite high (write-only
path), and asserts m_psel; m_penable is still low. On the next edge the
FSM enters ACCESS and the master raises m_penable; if the upstream
target accepts the transaction on the same edge by sampling m pready
high, the access phase ends and the FSM returns to IDLE on the follow-
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idle -m_pready

fire req

next cycle
IDLE SETUP ACCESS

m_pready

Figure 3.1: Master finite-state machine.

ing edge, but the waveform illustrates the wait-state case: m_pready
stays low for one extra cycle, during which m_paddr, m_pwdata, m psel
and m penable remain bit-identical, and the transaction commits as
soon as m_pready rises.

TO T1 T2 T3 T4 T5
pck LT L1 LI LT LT 1

psel

penable

paddr Y ADDR
|

pwrite

DATA

pwdata

pready

Figure 3.2: APB3 write transaction

Slave: apb_slv

The apb_slv in the RFF system is designed to enable the host CPU to
read from and write to the internal register file. Through the APB bus,
the CPU can perform read operations to monitor the internal status of
the RFF system, while also controlling its operation by writing values to
specific registers; for example, initiating the frequency measurement
module is achieved by writing a 1 to the freqm start register. There
are two simplifications:

* pready is tied to logic one, declaring zero wait states for both reads
and writes;
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* pslverr is tied to logic zero, so no transaction is ever reported as
an error to the host.

The register file is implemented as a flat array of 32bit registers,
and there is no shared resource for which a host might have to wait.
Returning a wait state would only introduce a path that could mask a
downstream stall; returning an error response would require the host
to implement a recovery sequence that is unnecessary at this level of
the design. The address space is sparsely populated, but unmapped
reads return zero and unmapped writes are silently dropped, which
keeps the protocol predictable without needing a slave-error path.

For a write transaction, the waveform is the same as Figure 3.2.For
a read transaction, a typical waveform is shown in Figure 3.3. In TO,
the host drives paddr with the target offset, deasserts pwrite to indi-
cate a read, and asserts psel; penable is still low, so rd_en stays low
and prdata reads as zero. On the next edge the host raises penable,
entering the access phase: rd_en is now high, the address decoder se-
lects the addressed register, and its contents appear combinationally
on prdata. Because the slave ties pready to one, the access phase lasts
exactly one cycle and the host samples the data on the same edge that
ends the transaction; on the following cycle psel and penable return
low and prdata falls back to zero.

TO T1 T2 T3

paddr addr

pwrite

psel __|

penable

pready

prdata

Figure 3.3: APB3 read transaction

3.4 VCRO Behavioral Model and Interface

The VCRO is the tunable timing element in the RFF system. Its main
function is to provide a controllable delay or clock path for calibra-
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tion and frequency observation. In calibration mode, WCLK is injected
into the VCRO delay path. The digital control fields, including Range,
Coarse, and Fine, are adjusted until the delay of this path is close to half
of the WCLK period. This gives the RFF system a locked timing config-
uration. In normal mode, the locked configuration is used to generate
the VCRO output clock. This output is then measured by the frequency
meter and used by the later RFF feedback path.

This chapter defines the digital behavioral model of the VCRO struc-
ture used in the RFF system. It also defines the interface boundary
between this model and the later calibration module, frequency meter,
and CDC/report path. The chapter does not sign off the transistor-level
analog VCRO macro. Its focus is narrower. It explains how the VCRO
is represented in RTL as a configurable, observable, and calibratable
timing object.

From the RTL modeling view, the VCRO structure in RFF can be
written as an abstract mapping:

Mycro @ (2w (t), w,&,m) = (24(t), Yeats Veik, S), (3.1)

where z,(t) is the input reference clock waveform, and u = [R,C, F]7 is
the control vector. The three entries represent the range, coarse, and
fine control fields. The variable £ denotes an equivalent environmental
disturbance in the behavioral model, such as PVT shift, temperature
change, or aging. The variable m denotes the operating mode.

The outputs also have fixed meanings. The signal z,(¢) is the delay-
line observation output in calibration mode. The signal y.,; is the cali-
bration decision signal. The signal v, is the output clock observed by
the frequency meter in normal mode. The status variable s includes
done, error, locked code, and other reportable states.

This chapter only defines the external behavior needed by the digi-
tal model. The detailed window statistics, search rule, lock condition,
and failure handling belong to the calibration chapter.

3.4.1 Analog VCRO and Digital Modeling Boundary

The VCRO macro is an analog or mixed-signal clock block. Its real out-
put frequency, edge jitter, phase noise, PVT sensitivity, aging response,
and delay-cell behavior depend on the circuit design, layout parasitics,
and process conditions. These properties must be checked by analog
simulation, mixed-signal verification, and silicon test.

The model used in this chapter is not a replacement for that analog
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sign-off. It is a behavioral abstraction for the digital RFF control path.
It lets the calibration module, frequency meter, CDC capture logic, and
report/readback path run in an RTL simulation. The supported conclu-
sion is therefore limited: under the defined behavioral model, the digi-
tal logic can be checked for correct configuration, observation, locking,
and reporting.

3.4.2 VCRO Circuit Structure and Delay-Line Abstrac-
tion in Calibration Mode

Figure 3.4 shows the VCRO circuit structure. The figure contains in-
put selection logic, Range Delay, Coarse Delay, Fine Delay, calibration
decision logic, and configuration control logic. The main timing path
has a clear staged structure. This is why the VCRO structure can be
abstracted as a configurable delay line in calibration mode.

ext_clk ext_ck ext_clk
DQ ]’ DaQ calib_out
L‘

Range Delay Coarse Delay

Fine Delay

>— dc_o

Sel

coarse_dfe_n I

fine_dfe_en b8

sync_dff
o]  Yec
o o [ 5D+ 0
I R Da
R
fine_dfe

Figure 3.4: VCRO circuit structure

coarse_dfe

dly >8to 1 MUX

A delay line is a signal propagation path made of delay cells, buffers,
inverters, or equivalent gate-level elements. It does not generate a
new clock by itself. It delays an input transition. After the input signal
passes through several delay stages, the output becomes a delayed
version of the input.

In calibration mode, the external reference clock z,(t) enters the
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internal delay path through the MUX. This clock is the ext clk in the
figure, or WCLK in the system description. In this mode, the ring oscil-
lator feedback loop is not closed. The VCRO is therefore not used as a
free-running oscillator. Still, an output can be observed. The external
clock transitions travel through the Range Delay, Coarse Delay, and
Fine Delay stages. They then appear at the observation node after a
controlled delay.

The calibration-mode behavior can be written as

za(t;u, &) = Ty (t — Dsum(u,§)), (3.2)

where Dy, is the equivalent total delay under the current control vec-
tor and environmental condition.

The decision logic at the top of Figure 3.4 generates calib out.
This signal does not give a continuous-time delay value. It gives binary
information about the delay state relative to the WCLK half-period tar-
get. The later calibration counter counts the high and low values of
calib out in a measurement window. The counter result is then used
to decide whether the delay should be increased, decreased, or locked.

3.4.3 R/C/F Total Delay Model

The main path in Figure 3.4 passes through Range Delay, Coarse Delay,
and Fine Delay. The total delay is therefore controlled by three fields
and a fixed path delay. The control vector is defined as

w=[R,C,F|', Re{0,1}, Ce{l1,2,...,15}, Fe{1,2,...,36}. (3.3)

Let Dgr be the range delay unit, Do be the coarse-related delay unit,
Dr be the fine delay unit, and Dy;, be the fixed path delay. The digital
behavioral model uses

Dsumz(7R+C)DR+(R—I—C)Dc—‘rFDF—I—Dfm. (3.4)

This equation captures the three-level adjustment. Range Delay
selects a large delay region. Coarse Delay moves the delay closer to the
target with a medium step. Fine Delay makes small corrections near
the target. The term Dy;, covers the non-tunable delay from MUXes,
buffers, and fixed gate paths.

When environmental disturbance is included, the delay can be writ-
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ten as
Dsum(§) = (TR + C)Dg(&) + (R+ C)Dc(§) + FDp(§) + Dyia(§).  (3.5)
For RTL trend simulation, a first-order approximation is enough:
Dy (&) = Dgym/(0) + ADg, AD¢ ~ ap&Dsyum(0). (3.6)

This approximation is only used for behavioral trend modeling. It is not
used as a replacement for an analog PVT frequency curve.

3.4.4 Output Clock Abstraction in Normal Mode

This section defines the output clock meaning in normal mode. It does
not repeat the calibration search algorithm. The direct result of cal-
ibration is not the final working clock. The direct result is a locked
control vector:

Wioek = [Riock, Clock Flock] " - (3.7)

This vector makes the configurable delay in calibration mode close to
one half of the WCLK period:

1
Dlock: = Dsum(ulocku£)7 Dlock: ~ iTwclk% (38)

The remaining half-period error is

ep = Dipek — %Twcllv (3.9)
When |ep| is within the allowed range, the current control vector is
stored as the locked configuration.

After the system enters normal mode, u;,.; becomes the active con-
figuration. The delay path that was observed in open-loop form during
calibration is now used in the normal output path. In behavioral terms,
calibration first tunes one propagation delay to about %Twcm- In normal
mode, one full output period is formed by two equivalent propagation
intervals, one related to the rising edge and one related to the falling
edge:

Toetk = D1 jock + Dy lock- (3.10)

If the two intervals are treated as approximately symmetric,

D1 1ock = Dy 1ock = Diock, (3.11)
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then
T’uclk ~ 2Dlock ~ Twclkn fvclk: ~ fwclk- (312)

This is the key meaning of the normal-mode abstraction. Calibra-
tion locks a half-period delay. Normal mode uses that locked delay to
form a full output clock period. As a result, the internal output clock is
close to WCLK in period and frequency at the behavioral level. Here,
“locked” means that the R/C/F control vector is held and used by the
normal output path. It does not prove the dynamic lock behavior of an
analog PLL.

If the rising and falling paths are not fully symmetric, or if the nor-
mal output path adds fixed loop delay, the period error can be written
as

er = Tyeik — Twelk = 2ep + €asym + €loops (3.13)

where e,y is the residual error from rising/falling path mismatch, and
eloop 18 the residual error from extra fixed loop delay or model mismatch.

The active control vector in different stages is

Useed;, ~ Pre-calibration,

Usearch, Calibration running,
Uqactive = (314)
Wiock post-lock / normal mode,

Usafes error state.

Here, uge.q is the initial configuration. wseq.cn is the temporary config-
uration during search. wu,,y. is the safe configuration used in the error
state. The error state means that calibration did not produce a reliable
locked code under the current condition. For example, the search may
hit the maximum iteration count, the control code may reach its bound-
ary, or WCLK may be abnormal. In that case, the system should not
use the temporary search code. It should switch to u,. . and report
calib _error, max_iter hit, or an equivalent status.

3.4.5 Model Assumptions, Interface Boundary, and
Limitations

The model uses five assumptions for RTL verification.
First, a change in the control vector can cause an observable delay
change:
Au # 0= ADgym # 0. (3.15)
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This follows the three tunable stages in Figure 3.4. It is the basic con-
dition for calibration search.

Second, within the valid code range, the delay control has a clear
direction:
increase delay = Dsum,n+1 > Dsum,n, (3.16)

decrease delay = Dsym.nt1 < Dsum.n- (3.17)

This supports the search direction. It does not require the real analog
VCRO to be perfectly linear under all conditions.

Third, the decision output in calibration mode reflects the relative
position between the current delay and the WCLK half-period target:

Yeal = o (Dsum - ;Twclk> 5 (318)
where ®(-) is the binary decision relation formed by sampling and com-
binational logic. The RTL does not calculate a continuous-time delay
error. It uses the statistics of calib out to judge the delay state.

Fourth, the input clock, control vector, and equivalent environmen-
tal disturbance are assumed to be nearly stable within one measure-
ment window:

’Ll,[k] ~ Up, Twclk[k] %Twclka f[k] zgna k:OaL---aN_ 1. (319)

This assumption makes the high/low count in one window correspond
to one working condition.

Fifth, the model is a behavioral abstraction. It keeps only the input
and output relations needed by the digital system:

Mprrr = {u, Tw, Yeal; Veik, S} (3.20)

Jitter, phase noise, layout parasitics, transistor-level nonlinearity, and
real PVT frequency curves are not included in this RTL behavioral
model.

Based on these assumptions, the interface boundary between the
VCRO model in RFF and the downstream modules is shown in Table 3.1.
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Table 3.1: Interface boundary between the VCRO model
and downstream modules
Interface Model responsibility Downstream responsi-

bility

VCRO model —
Calibration

VCRO model —
Frequency meter

VCRO model —
CDC/report

Provide the delay-line
observation output con-
trolled by = and the
calib_out decision sig-
nal.

Provide the measur-
able output clock vy
in normal mode under

Ujock -

Provide the locked
code, done flag, error
flag, and related status
information.

Count the window
statistics, choose the
search direction, check
the lock condition, and
handle failure.

Count the output clock
in a measurement
window and generate
freq code.

Capture cross-domain
status and generate
the software-visible
report.

Thus, this chapter can verify one point only: under the defined be-
havioral abstraction, the RFF digital control path can be checked for
configuration, observation, locking, frequency measurement, and re-
porting. The real VCRO jitter, PVI-corner behavior, silicon frequency
accuracy, and aging response remain part of analog verification and
silicon test.

3.5 RFF Calibration Module

The main purpose of the RFF calibration module is to find a proper
control code before the RFF enters normal operation. This control code
is used to align the VCRO delay line inside the RFF system with the
external reference clock wclk.

The VCRO delay line inside the RFF system is controlled by three
fields: range, coarse, and fine. Different code combinations produce
different delay values. During calibration, the module searches for a
suitable range, coarse, and fine code. The target is to make the delay
of the VCRO delay line close to one half of the wclk period. When this
condition is met, the delay path is considered to be matched with the
reference clock.

This calibration code is not only a normal configuration value. It de-
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fines the working point of the VCRO delay path inside the RFF system.
After calibration is finished, the locked range, coarse, and fine code is
used as the active RFF configuration in normal mode. With this setting,
the VCRO can generate an output clock that is close to the reference
clock period, and the following frequency measurement and runtime
feedback logic can work from a stable starting point.

In simple terms, the calibration module first uses wclk as a refer-
ence. It then adjusts the VCRO delay line inside the RFF system to a
proper position. Finally, it locks the selected control code and provides
this code to the normal RFF operation.

RTL port names in Figure 3.5 keep the implementation prefix
AVTS VCRO_*. In this thesis, this path is discussed as the RFF calibra-
tion path.

3.5.1 Inputs, Outputs, and Operating Modes

At hardware level, the calibration path contains input selection, a con-
figurable delay line, combinational decision logic, level counters, lock
registers, and readback registers. The same delay-line hardware is
used in two modes. In calibration mode, the MUX selects the external
calibration clock path. In normal mode, the MUX selects the feedback
path, and the delay line forms the oscillation loop.
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Table 3.2: Main inputs and outputs of the RFF calibration
module

Category Signal / field Function

Input ext clk/wclk Reference clock for calibration
and half-period matching.
Input calib start / Starts calibration and selects
cal sel the calibration path or the feed-
back path.
Input R/C/F seed code Initial delay code for the
search.
Input window size, Set the observation-window
match threshold length and the allowed count
imbalance.
Output rff calib out Binary decision signal gener-

ated by combinational logic.
Output R lock, C lock, R/C/F delay code locked after

F lock calibration.
Output high count, Counts of rff calib out =1
low count or rff calib out = 0 inside
the observation window.
Output calib done, Status signals for completion,
calib error failure, or out-of-range search.

3.5.2 Calibration Path and Delay-Line Reuse

Figure 3.5 shows the main calibration path. AVTS VCRO EXT CLK is
the external reference clock. Node a is the main reference-clock path.
Node b is the sampled node after CA. Node d is the retimed node before
the combinational gate. Node e is the combinational decision node
before CB. The output of CB is AVTS VCRO CALIB OUT.

Node c is the reference path sent to the MUX in calibration mode.
The MUX selects whether the delay line receives the calibration clock
path or the feedback path. After the MUX, the signal passes through
Range Delay, Coarse Delay, and Fine Delay. Range Delay selects a
large delay region. Coarse Delay moves the delay with a larger step.
Fine Delay gives the final tuning step. The output after Fine Delay is
buffered as AVTS VCRO OUT. The same output also returns to the MUX
and closes the loop in normal mode.
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Figure 3.5: RFF calibration path and delay-line reuse
structure

This structure does not measure d,,,, as a continuous time value.
It converts the delay-line phase relation into a digital decision signal.
The search logic only needs to know whether rff calib out is more
often high or more often low inside the observation window.

3.5.3 Combinational Meaning of rff calib out

rff calib out is generated by combinational logic. It is not produced
by separately counting rising edges and falling edges. The logic uses
the relation among the reference path, the retimed path, and the de-
layed observation path. The result is a binary signal that indicates
which side of the half-period target the current delay is closer to.

Figure 3.6 shows two cases. In the left case, d,,,, is smaller than
half of Tex;, cix, SO the delay path is short. In the right case, d,.., is larger
than half of Ty i, S0 the delay path is long. Signals a-f correspond to
the key nodes shown in Figure 3.5 and to their derived timing relations.
The red and blue dashed markers show the timing positions used by the
combinational decision path.



46 Hardware Design and RTL Implementation of RFF

0 Q0 T Q
o

dsum < %2 Tiext_clky dsum > % Tient_cik

Figure 3.6: Calibration decision timing for different d,,,
values

The polarity is defined as follows. When dom < 3Text ciks
rff calib out is more likely to be low in the observation window.
When dgum > 3Text ok, Fff_calib_out is more likely to be high. When
dsum 1S close to %Texticlk, high and low samples become close in number.

3.5.4 Definition of high count and low count

The counters sample the level of rff calib out during an observation
window with N sample cycles. high count is the number of samples
with rff calib out = 1. low count is the number of samples with
rff calib out = 0.

Hy = count(rff_calib out=1), Ly = count(rff_calib_out =0),
(3.21)

high count and low count are level counts. high count incre-
ments when sample en is active and rff calib out is 1. low count
increments when sample en is active and rff _calib out is 0. They
are not transition counters.

Hy+Ly = N.
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Table 3.3: Hardware actions for high count and
low count results

Window result Delay state Hardware ac-
tion

low count is  dsum < 3Text a; delay Increase the to-

clearly larger than is short tal delay of the

high count R/C/F code.

high count is  dsum > %Text ok delay Decrease the to-

clearly larger than is long - tal delay of the

low count R/C/F code.

|Hn — Ly < Delay is close to the Lock the cur-

match threshold half-period target rent R/C/F
code.

3.5.5 Search, Lock, and Status Readback

The search process follows a fixed hardware sequence. It loads the
seed code, applies the code to the delay line, waits for settling, counts
one observation window, compares high count and low count, and
then updates or locks the code.

If Tow count is dominant, the delay is short and the search logic
increases the delay code. If high count is dominant, the delay is long
and the search logic decreases the delay code. If the count difference
is within match_threshold, the current R/C/F code is written into the
lock register.

After lock, R_lock, C_lock, and F_lock become the active configu-
ration for normal mode. The MUX then selects the feedback path. The
delay line and output buffers form the oscillation loop. The frequency
meter observes the VCRO output clock generated by the locked config-
uration. It does not use the intermediate calibration nodes.

If the search reaches the maximum iteration count, or if the
R/C/F code reaches the valid range boundary before a match is
found, the module asserts calib errorormax iter hit. high count,
low_count, the locked code, and the state bits are kept in readback reg-
isters. They are used by software and by the verification environment.
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3.6 Frequency Meter

3.6.1 Module function within the RFF subsystem

In RFF closed loop scheme, VCRO serves as a high-frequency clock
source, the frequency of which drifts dynamically with control voltage
and environmental PVT (process, voltage, temperature) variations. To
apply closed-loop control to the VCRO, the system requires a mecha-
nism to observe its physical frequency in real time.

The frequency meter serves precisely this role. Its main function is
to use the low-frequency, highly stable Advanced Peripheral Bus (APB)
clock fpax, as a reference to measure the highly variable, asynchronous
high-frequency VCRO clock, fycro. The module subsequently converts
this measurement into a digital frequency control word freq_code,
which is exported to upstream via the APB interface.

To simultaneously achieve low power consumption, minimal area
overhead and safe multi-bit clock-domain crossing (CDC), the design
of the frequency meter is governed by a windowed-measurement archi-
tecture coupled with a static-readout CDC mechanism: the observation
window is generated in the slow domain, the edges are counted in the
fast domain, and the multi-bit result is sampled by the bus only after
the counter has demonstrably stopped.

3.6.2 Hardware Architecture

The hardware architecture spans the low-frequency APB control do-
main (pclk) and the high-frequency target domain (vcro clk). The
complete operational flow is partitioned into four distinct phases: win-
dow generation, clock-domain synchronization, high-speed counting
and static readout. A diagram is given in Figure 3.7.

Window Generation in the pclk Domain

The measurement sequence is initiated by firmware via the APB inter-
face. The host first writes a reference target value N.r to the config-
uration register, defining the length of the measurement window in
pclk cycles. A subsequent write to a start bit triggers the state ma-
chine. Within the stable pclk domain, a reference counter increments
from 0 to Nys; while the counter is active, the logic asserts a window
enable signal en_pclk. The absolute duration of the reference window



Hardware Design and RTL Implementation of RFF

49

Frequency meter

vero_clk domain pelk domain

starl
Register
sy —»( Fed & N_ref

send freq_code
when done start_count

)

reference | envoro | | en_pcll reference

conter conter

Host CPU

Figure 3.7: Block view of the frequency meter.

The

reference window is generated in the pclk domain;
the edge counter lives entirely in the vcro_clk do-
main; only a single-bit gate crosses slow-to-fast and
a single-bit completion pulse crosses fast-to-slow.

is therefore
N, ref

f pclk '

Twindow =

Clock-Domain Crossing (Slow-to-Fast)

Because fpqk and fvero are mutually asynchronous, en_pclk cannot di-
rectly drive the high-frequency counter without risking metastability
at its transitions. The module therefore propagates this enable signal
into the vcro clk domain through a standard two-flip-flop(2FF) syn-
chronizer, producing en_vcro. Crucially, because fyax < fvcro, the en-
able level generated in the slow domain persists for many vcro clk
cycles relative to the fast domain; the slow-to-fast single-bit crossing
is therefore inherently safe and guarantees no pulse loss. The two syn-
chronizer flops do introduce one or two vcro clk cycles of latency at
each edge of the enable, so the actual counting interval differs from

Twindow DY at most +2 vcro_clk cycles.
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High-Speed Counting

The high-speed counter is entirely confined to the vcro clk domain.
While en_vcro is sampled high, the counter increments on every rising
edge of vcro_clk; once the window closes and the signal is deasserted,
the counter immediately freezes. The accumulated value constitutes
the preliminary freq code. To accommodate the worst-case operating
conditions without overflow during an extended measurement window,
the counter is implemented with a 32-bit width.

Static readout via toggle synchronization

Upon completion of the measurement, the system must notify the APB
control domain to read the 32-bit freq code. However, transferring
a single-cycle completion pulse from the gigahertz-range vcro_clk do-
main back to the megahertz-range pclk domain poses a fundamental
sampling hazard: a direct nanosecond-scale pulse would inevitably fall
between two sampling edges of the slower clock and be missed en-
tirely.

To reliably readout from this fast-to-slow asynchronous boundary,
the module employs a toggle-synchronizer (pulse synchronizer) mech-
anism, as illustrated in Figure 3.8, executing in three steps:

1. Pulse-to-toggle (fast domain). In the vcro clk domain, the
instantaneous completion pulse generated by the falling edge of
en_vcro is used to invert the state of a dedicated toggle register.
This action effectively stretches a transient, single-cycle pulse into
a stable, long-duration level signal.

2. Two-flop synchronization (CDC). The level-stable toggle signal
is then safely propagated into the pclk domain through a standard
two-flop synchronizer, completely bypassing the pulse-skipping
hazard.

3. Edge detection (slow domain). Within the pclk domain, the syn-
chronized signal is delayed by one additional cycle. An XOR gate
compares the current and delayed states to detect transitions (both
rising and falling edges); its output reconstructs a perfectly timed,
single-cycle measure_done pulse native to the pclk domain.

Once the APB-side state machine registers this reconstructed
measure_done flag, it is guaranteed that the high-frequency counter
has been stalled entirely, rendering the multi-bit freq code data lines
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Figure 3.8: Toggle-based pulse synchronizer for fast-to-
slow clock domain crossing.

strictly static. The APB interface is then free to safely sample and re-
port the full-width payload without requiring an area-intensive asyn-
chronous FIFO or Gray-code conversion logic.

3.6.3 Mathematical Model and Precision Analysis
Following a completed static readout, the relationship between the cap-
tured freq code and the physical frequency fycro is

freq _code
fuero = fpclk : %~
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Rearranging this expression yields the theoretical hardware cycle

count
fVCI‘O

f pclk .

freq code = Nper -

Quantisation error and precision. The absolute error of the
CDC sampling process originates from the asynchronous sampling of
the slow-domain window boundaries by the fast-domain clock. Because
the two domains are not phase-aligned, the exact open and close in-
stants of the window cannot be observed simultaneously by both coun-
ters; this introduces a fundamental quantisation error of +1 vcro clk
cycle. The relative measurement error of the frequency meter is there-

fore
+1

freq _code’

This architectural choice — using the low-frequency pclk to gener-
ate a long observation window while accumulating counts at the high-
frequency vcro clk — is the central pillar of the meter’s precision.
Even within a modest absolute timeframe of, e.g., 1ms, the extremely
high fycro accumulates a freq code of order 10°. This large denomina-
tor aggressively suppresses the fractional impact of the +1 quantisation
error, allowing the frequency meter to consistently achieve part-per-
million (ppm) accuracy.

3.7 SIC Transmitter

3.7.1 Module function within the RFF system

The calibration block of Section 3.5 establishes a known reference for
the VCRO, and the frequency meter of Section 3.6 converts the cali-
brated clock into a digital code consumed by AVFS. Both blocks are
entirely confined to the RFF subsystem and produce no output exter-
nally on their own. The System-Interface-Communication transmitter
(sic_tx) completes the observation chain by exporting the runtime
state of the RFF subsystem so that it can be consumed by the upstream
AVFS.
The design of the SIC is governed by two fundamental principles:

* Resource Arbitration: As illustrated in Figure 3.9, in the AVFS
system, the freq code generated by the RFF is not the only data
requiring transmission. Other monitoring systems also report data
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via the SIC. Due to limited on-chip pin resources, the SIC can only
transmit data from one monitoring system at a time. Therefore, the
SIC must resolve reporting conflicts by arbitrating simultaneous
requests.

 Timing Isolation: The reporting path must not introduce tim-
ing dependence into the main control loop. The external receiver
may be slow, temporarily absent, or apply arbitrary back-pressure;
none of these conditions are permitted to delay the calibration
finite-state machine or the frequency meter. Consequently, the
module acts as both a transmitter and an isolation barrier, protect-
ing the internal feedback path from unreliable external consumers
by managing timing mismatches locally.

AVFS system

Consumer RFF system

SIC transmiiter Monitoring system 1

Monitoring system N

Figure 3.9: SIC Reporting path in AVFS system

3.7.2 Valid-ready handshake and back-pressure iso-
lation

The unit of communication exported by sic tx is referred as a beat.
A beat is delivered to the external receiver through a standard valid-
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ready handshake. the transmitter sic tx drives report valid to-
gether with the data lines report payload, while the external re-
ceiver drives report ready back into the module. A beat is regarded
as committed only on a clock edge at which both report valid and
report ready are sampled high simultaneously.

Protocol

In the present module the handshake operates at the granularity of a
single beat and is summarised by the following three contracts.

1. Launch. On the cycle in which a trigger is granted, the module cap-
tures the current internal state into the register report payload
and asserts report valid.

2. Hold. While report valid is asserted and report ready has not
yet been observed high, the contents of report payload remain
bit-identical; no field is permitted to change. The receiver is there-
fore free to delay sampling for an arbitrary number of cycles with-
out risking data tearing.

3. Commit. On the first cycle on which both report valid and
report ready are sampled high simultaneously, the beat is con-
sidered committed. report valid is deasserted on the following
cycle and the module returns to its idle state.

Back-pressure isolation and Arbitration

The case in which report ready is held low for an extended interval
is the concern of the design. The module remains in the Hold phase
indefinitely, but the monitoring system may continue to send multiple
reporting requests, which are stored in an internal First-In-First-Out
(FIFO) buffer. When the HOLD state is released, SIC resumes trans-
mission starting from the oldest request in the FIFO. From the perspec-
tive of the monitoring system, the behavior of the system is therefore
independent of whether the external receiver is operational, busy, or
absent.

Another case arises when multiple monitoring systems issue re-
quests that reach the SIC simultaneously, causing a conflict. In this
situation, the SIC must perform arbitration to decide which request
is transmitted first and which is stored in the FIFO. The arbitration
depends on two factors:
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(1) Type of request — as mentioned in Section 3.4, there are two re-
porting policies, namely periodic reporting and event-triggered report-
ing, and within the SIC, event-triggered reporting has higher priority
than periodic reporting;

» periodic reporting, derived from a free-running counter that over-
flows every report period pclk cycles. The periodic trigger emits
report beats at a low rate on a fixed interval, so that the receiver
can confirm that the RFF subsystem remains operational and that
its internal state continues to advance.

* event-triggered reporting, derived from rising-edge detection on
the internal indicators, for example:calib done, fregm valid,
The event trigger causes a beat to be emitted as soon as a mean-
ingful change in the internal state occurs.

(2) Configuration — when the conflicting requests are of the same
type, the CPU-defined configuration determines which monitoring sys-
tem’s request has higher priority.

Representative scenarios

The operation of the arbitration logic is most easily illustrated through
a small number of representative scenarios. In each of the timing
diagrams below, the signals shown are pclk as the reference clock.
For simplicity, the SIC takes inputs from only two monitoring sys-
tems, so there are only two pending req signals: pending reql and
pending req2. event tickl and event tick2 means the request is
event-triggered. report valid and report ready for the external
handshake.

Scenario A — isolated request, no back-pressure. A single
event-triggered req arrives while the module is idle and report ready
stays high (Figure 3.10). The beat is launched on the next cycle, com-
mitted immediately, and seq advances once. No arbitration occurs.
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pclk I LTI LI LI

pending req1 [ L
event ticklt [ L
pending_req?2

event_tick2
report_valid [
report_ready

seq o f1)f 1
merged

Figure 3.10: Scenario A: an isolated trigger is dis-
patched and committed in successive cycles.

Scenario B — event and periodic triggers on the same cy-
cle. Both sources assert requests in the same cycle: pending reqlis
event-triggered, while pending req2 is periodic. The event-triggered
wins dispatch ; the periodic tick is folded into FIFO and emitted in the
next idle cycle. This illustrates the first priority rule.

pclk ML

pending_reql [
event_tickl [
pending_req2 [
event_tick2
report_valid [

report_ready

req_num 1 L1z o2

Figure 3.11: Scenario B: conflict happens. event wins,
periodic is deferred to the FIFO.

Scenario C — two event-triggered requests conflict.
Both sources assert request together while pending reql and
pending reql are both event-triggered. The priority is decided by con-
figuration. If the CPU has previously configured the SIC such that mon-
itoring system 1 has higher priority than monitoring system 2, then
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pending reql wins the dispatch. The waveform is shown in the Fig-
ure 3.12 and is nearly identical to Scenario B.

pck LML LI
pending_reql

event_tickl

pending_req?2

1171

event_tick2
report_valid [ 1

report_ready

req_num 1 L2 ) 2

Figure 3.12: Scenario C: a first event launches under
back-pressure; two further events fold into the single
pending slot; only two beats are committed.

3.8 CDC and Status Synchronization

3.8.1 CDC Role, Clock Domains, and Top-Level Paths

The CDC synchronization layer connects the software-visible APB do-
main, the work-clock domain, the VCRO/VCLK observation boundary,
and the report interface. Its purpose is not to perform frequency
measurement or calibration by itself. Instead, it makes configuration
events, completion pulses, status snapshots, and report payloads cross
clock boundaries without losing events or tearing multi-bit data.

The layer is therefore not a standalone algorithm block in the func-
tional sense. It is the infrastructure that lets APB configuration, cali-
bration completion, frequency-meter results, and SIC/report traffic re-
main coherent across domains. The main risks addressed are short-
pulse loss, multi-bit tearing, stale status, reset-induced false events,
and back-pressure-related payload overwrite.

Table 3.4 summarizes the principal clock and reset domains. The
important point is not merely that several clocks exist, but that each
clock owns different state. A start bit written in pclk is not a start
event in wclk until the CDC protocol has accepted it. Similarly, a re-
sult produced in wclk is not software-visible in pclk until it has been
captured coherently.
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Table 3.4: Clock and reset domains in the RFF subsys-

tem.
Domain Clock / reset Main responsibility =~ Typical = boundary
signals
APB domain pclk, prst n Register write/read; calib start,

Work domain  wclk, wrst n

Observation vclk /vcro clk

boundary

Report path pclk or dedicated
report clock

Reset bound- Per-domain re-

ary lease

software control

and status

Calibration FSM, de-
lay update, window
control

Measured or ob-
served timing
source

Payload transfer to
system interface

Clears pending
events, toggles,
sticky flags

cfg update,
calib _done p,
freq_code readout
calib done w,

high cnt, low cnt,
tuned result

Edge events, sam-
pled clock state, me-
ter count
tx_valid,
tx_ready,
load
prst_n,wrst n, sys-
tem reset tree

pay-

When the report path is clocked identically to pclk in a given imple-
mentation, it is still treated here as a logically separated egress path
with valid-ready semantics and payload hold requirements.

Functionally, the CDC layer has three coupled responsibilities:

1. carrying software control from pclk into the wclk work domain;

2. returning completed-window snapshots from wclk to pclk on syn-

chronized done events;

3. protecting multi-bit report payloads while an external consumer

applies back-pressure.

Figure 3.13 gives a top-level view. Table 3.5 maps typical paths to
the CDC method and the protected failure mode.
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pclk
APB registers
shadow / status

done / snapshot | cfg / start

wclk vcro_clk
calibration FSM |----- measurand
snapshot / done boundary

frequency
meter

_____________________________

report path
valid/ready

Figure 3.13: Top-level CDC paths in the RFF subsystem:
control into wclk, status and results back to pclk,
measured-clock boundary to the frequency meter,
and report egress with handshake hold.

Table 3.5: CDC path mapping: typical signals, methods,
and protected failures.

CDC path Typical signals Method Protected failure

pclk — wclk calib start, toggle-based event lost start; half-

config thresholds, win- synchronization; sta- updated multi-bit
dow ble shadow capture fields

wclk — pclk calib done, pulse/toggle synchro- missed pulse; in-

status calib_hcnt nizer + snapshot reg- coherent counter

isters pair

measurement freq code static readout after multi-bit tearing

result — pclk counter stopped

readout

internal — re- report _payload valid-ready hold payload over-

port write under back-

pressure

reset boundary toggles, sticky clear + per-domainre- false done / false

flags, valid lease valid

3.8.2 Control, Status, and Result Crossing

Configuration fields are written by firmware in the pclk domain, but
they are consumed by the calibration and measurement logic in the
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wclk domain. A direct combinational connection would let the target
FSM observe partially updated fields or miss a one-cycle start pulse.

The start event is treated as an event crossing rather than as a level.
A write to the APB start bit creates a source-domain event, for exam-
ple a toggle. The event is synchronized into wclk and edge-detected
there, producing exactly one accepted calib start w or equivalent
event per qualifying software action.

Multi-bit fields such as delay code, calib period, max iters, and
imbalance tolerance are first held stable in pclk shadow registers. The
wclk domain captures them only when the update protocol has been ac-
cepted and the local FSM is in a safe state. This avoids visible stitching
across bit slices.

Table 3.6: Configuration crossing from pclk to wclk (rep-
resentative fields).

Source field From To CDC method Meaning in wclk
calib_start pclk wclk toggle-based one accepted cali-
event  synchro- bration start
nization
calib period pclk wclk shadow capture measurement win-
dow length
match _threshold pclk wclk shadow capture high/low imbalance
tolerance
max_iters pclk wclk shadow capture iteration ceiling
auto recalib _enpclk wclk level synchro- periodic re-lock en-

nization or cap- able
tured config

The most important return path is the completed-window snap-
shot. The calibration FSM produces high cnt, low cnt, tuned result,
calib status, and imbalance metrics in the wclk domain. These val-
ues must be read by APB software in pclk, but they must not be sam-
pled as unrelated live wires. The wclk domain therefore freezes a co-
herent snapshot before launching the done event.

The sequence is fixed in three steps:

1. wclk: freeze high cnt, low cnt, status, and tuned word for the
completed window;

2. wclk: assert a short calib done w pulse, or use a toggle encoding,
into a pulse/toggle synchronizer toward pclk;

3. pclk: onthe synchronized done event, capture the full payload into
shadow registers visible to software.
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high cnt and low cnt are coherent only as a completed-window
pair. Arbitrary APB reads must not reconstruct a window by sampling
live counters on the two sides of the domain boundary.

freeze .
high_cnt, tow_cat, 1 CLiP done v H cde_pulse sync H catib_done p |
status, tuned word

capture snapshot
registers on pclk

Figure 3.14: Completed-window snapshot capture
across wclk and pclk. The counters and status are
frozen before the done event; the synchronized pulse
in pclk triggers coherent sampling of the full pay-
load.

Table 3.7: Status and result capture from wclk to pclk.

Returned Produced Visible in Capture rule

item in

calib_done wclk pclk pulse/toggle synchronizer or sticky
status bit

calib status wclk pclk sampled with done snapshot

calib hcnt wclk pclk completed-window counter, frozen
with calib_lcnt

calib_lecnt wclk pclk completed-window counter, frozen
with calib_hcnt

calib result wclk pclk stable code sampled after done

/ tuned

calib err abs wclk pclk imbalance metric with the same
snapshot

The measured clock is not a conventional control signal. It is the
object being counted. Its relationship to the frequency meter there-
fore cannot be reduced to a two-flop synchronizer on a data bit while
preserving measurement meaning.

Typical contracts are:

* a window enable or run command crosses from a slower domain

into the meter domain with a level synchronizer, because the en-
able persists for many cycles of the measurand clock;
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* a completion event crosses back with a toggle or pulse synchro-
nizer, because a naive pulse may be shorter than a destination pe-
riod;

* the multi-bit freq code is read in pclk only after the counter has
stopped or latched, giving static readout and avoiding bit-tearing;

* vcro clk itself remains local to the counting structure: it is
counted, not synchronized as ordinary data.

Table 3.8: Measured-clock boundary, aligned with the
frequency meter.

Boundary Signal example Direction CDC strategy Reason
Window en- window en pclk pclk —  two-flop level slow level, long
able meas. synchronization = compared with
fast clock
Done event  measurement doneneas. — toggle-based short
pclk event synchro- pulse
nization
Result code  freq code meas. — static readout af- avoid multi-bit
pclk ter stop tear
Measured vcro clk local to counted, it is the measur-
clock counter not data- and
synchronized

The detailed timing diagram and counter gating belong in Sec-
tion 3.6. Here only the CDC contract is fixed. This mechanism doc-
uments the digital readout protocol and static result capture. It does
not by itself prove analog VCRO jitter, silicon-level frequency accuracy,
or metastability MTBE.

3.8.3 Report Path and Reset Handling

Even when the report path shares pclk, it behaves like a boundary to
a potentially slower or asynchronous consumer. The main boundary
requirement is payload stability under back-pressure.

A report beat is formed from internal status and frequency in-
formation only after the relevant sources have been latched. Once
report valid is asserted, report payload remains stable until
report ready is sampled high. This isolates calibration and measure-
ment from external receiver timing and prevents tearing at the re-
ceiver.
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Table 3.9: Report path handshake rules.

Signal Rule Failure avoided
report valid remains asserted until the lost beat
beat is accepted
report ready may be de-asserted by the re- uncontrolled sink timing
ceiver
report _payload stable while valid and not payload tearing
ready
pending req if merges deferred triggers unbounded queue growth
used
trig _merged_ flag records collapsed events silent loss of observability
if used

Reset is also treated as a boundary condition because each domain
releases independently. The design uses domain-local reset synchro-
nization so that event toggles, sticky completion flags, and pending
report state restart from a known relation. After reset, no done pulse,
valid frequency code, or report beat may be produced until a new qual-
ified start sequence is accepted.

Table 3.10: Reset clearing expectations.

Reset item Expected cleared state Reason

event toggle / pulse source and target aligned avoid false start after

FSM reset

calib done sticky de-asserted avoid false lock indica-
tion

freq valid de-asserted avoid consuming in-
valid result

pending req cleared avoid stale report
merge

report valid de-asserted avoid uninitialized pay-
load

snapshot / shadow benign default until valid avoid stale APB read

registers

3.8.4 CDC Layer Summary

This section defines the CDC synchronization layer of the RFF subsys-
tem. Its role is to connect the APB configuration domain, the work-
clock calibration domain, the measured-clock boundary, and the report
path without losing events or tearing multi-bit state.
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Three design choices structure the layer. First, pclk-to- wclk con-
trol uses event synchronization and stable configuration capture rather
than naive single-cycle pulse stretching. Second, wclk-to-pclk status
uses completed-window snapshots and synchronized done events so
high/low counters and tuned codes are captured coherently. Third, the
report path holds payloads under valid-ready back-pressure, isolating
the feedback path from external receiver timing.

Together these choices give the rest of the RFF system software-
visible, clock-domain-safe control and observation, without replacing
the functional sections dedicated to calibration, the VCRO model, the
frequency meter, or the SIC transmitter.

3.9 RTL Implementation Summary

The RFF RTL implements the digital part of the runtime frequency feed-
back path. It provides register configuration, VCRO control mapping,
calibration search support, frequency measurement, clock-domain
crossing and status synchronization, and payload output. The analog
behavior of the VCRO macro is abstracted for RTL simulation, while
the digital control path is implemented and verified as a module-level
design.

The hardware implementation follows the system requirements
from Chapter 2. The calibration path provides an initial locked con-
figuration. The frequency meter provides a digital observation result.
The status and payload paths make the result usable by the system.
The next chapter verifies whether these implemented RTL functions
behave correctly under the defined unit-test scope.



Chapter 4

Functional Verification of RFF

4.1 \Verification Target and Scope

This chapter verifies the RTL implementation of the Runtime Fre-
quency Feedback (RFF) module. The goal is not to repeat the behav-
ioral power analysis from the previous chapter. The goal is to check
that the RTL can complete the functions defined for the current unit-
test scope.

The verification target is the RFF top module, rff top. The main
checks cover reset behavior, APB register access, frequency measure-
ment, VCRO control, calibration control, status readback, and SIC_TX
payload output. These functions form the main RTL path of the RFF
module. A valid test must show that configuration data can enter the
module, internal control and measurement logic can react to the con-
figuration, and the result can be read back or sent out through the
defined output path.

The scope is limited to module-level RTL unit testing. DFT mode,
AVFS VCRO analog pins, system-level integration, post-layout timing,
and real PVT behavior are outside this chapter. These boundaries are
important for the later waiver analysis. A signal that belongs to DFT
mode, analog power pins, or reserved system integration paths is not
treated as a failure of the current RFF functional verification.

4.2 \Verification Platform and Method

The verification platform uses rff top as the DUT. Test sequences gen-
erate APB accesses, frequency inputs, calibration triggers, and pay-
load sending scenarios. Drivers apply these stimuli to the DUT. Moni-

65
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tors sample key interface and internal signals. Checkers compare the
observed behavior with the expected result. A scoreboard keeps the
register mirror and the expected frequency and payload models. The
coverage collector records both code coverage and functional cover-
age.

if_clk, rif_test_clk
reset release liming

reset | APB / start ...

> address, direction, data,

ready...

APB driver
Clock stimulus

control fields, counter,
calibration done

APB timing >
handshake, FSM control fields, counter,
calibration done

APB protocol —
Eﬁlpeislt‘:? .m?r}' VCRO config payload, address, valid
! frequency value...

Figure 4.1: RFF unit-test verification platform

The RFF clock monitor observes rff clk, rff test clk, and the
reset release timing. It confirms that the clock environment is valid
before other checks start. This is needed because the frequency meter
and payload sending logic both depend on a correct time base.

The APB monitor samples psel, penable, pwrite, paddr, pwdata,
prdata, pready, and pslverr. It records each register access as a
transaction. It also marks whether the access targets a valid register,
a reserved field, or a hole address. The APB checker then checks the
protocol timing and the data result. It compares register writes with
the scoreboard mirror and compares readback data with the expected
value.

The frequency meter monitor samples fregm raw code,
fregm code, the measurement enable signal, and the measure-
ment window. The frequency meter checker calculates the expected
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count range from the input frequency and the measurement window.
It compares only the valid range defined by the RTL data format. This
avoids treating unused counter headroom as a functional error.

The VCRO and calibration monitor observes control fields, calibra-
tion enable, calibration start, calibration counters, and the done flag.
The VCRO configuration checker compares APB-written fields with the
control outputs. The calibration checker checks the order of start,
count, and done. It also checks that the status readback agrees with
the internal calibration state.

The SIC TX payload monitor samples the payload data, payload ad-
dress, and valid signal. The payload checker builds the expected pay-
load from the current send mode, frequency result, soft-read data, and
configured address. It checks that payload valid is asserted only when
the send condition is met.

The scoreboard connects these local checks. It stores a register
mirror for APB writes. It updates the expected frequency result after
a frequency-meter transaction. It builds the expected payload after
the payload source is selected. This makes the check path continuous
from configuration input to final output. SVA assertions are also used
for reset, APB timing, handshake behavior, and legal FSM transitions.

4.3 Functional Testcase Design

The testcase design follows the RFF functional path. Each testcase has
a clear target. It either checks reset and clock behavior, APB access,
frequency measurement, VCRO control, calibration, payload output,
status reporting, or coverage closure.

Reset and clock cases check the initial state and reset recov-
ery. TC RFF _RESET DEFAULT STATE checks that registers, valid sig-
nals, done flags, and FSM states return to their default values during
reset. TC RFF_RESET DURING ACTIVE OP applies reset during an ac-
tive frequency count or payload send. The expected result is that the
current operation is cleared and the module can restart after recon-
figuration. TC RFF_CLOCK STABLE AFTER RESET checks that the RFF
clocks are stable after reset release.

APB cases check register access. TC_ RFF_APB_SINGLE WRITE_ READ
writes and reads one valid register. TC RFF_APB_REG SWEEP traverses
all defined register addresses. TC RFF_APB HOLE ACCESS accesses un-
defined address space and checks that valid registers are not cor-
rupted. TC_RFF_APB RESERVED BITS writes patterns to reserved bits
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and checks that valid fields are not affected.

Frequency meter cases check the measurement
path. TC RFF_FREQM BASIC COUNT checks one fixed in-
put frequency and one fixed measurement window.
TC_RFF_FREQM MULTI_FREQ SWEEP applies low, middle, and high
frequency inputs. TC_ RFF_FREQM PERIOD SWEEP changes the measure-
ment window. TC RFF FREQM READBACK reads the frequency result
through APB and compares it with the monitored internal result.

VCRO and calibration cases check the control path.
TC RFF_VCRO LVT CONFIG and TC RFF VCRO LVTLL CONFIG ver-
ify the mapping from register fields to VCRO control outputs.
TC RFF_CALIB START DONE checks the start, count, and done se-
quence. TC RFF_CALIB COUNTER READBACK checks that the calibration
status can be read back.

Payload cases check the output path. TC RFF_PAYLOAD FREQM MODE
sends the frequency-meter result. TC RFF _PAYLOAD SOFT READ MODE
sends soft-read data. TC RFF_PAYLOAD PERIODIC SEND checks the
configured send period. TC_RFF_PAYLOAD NO SPURIOUS VALID checks
that no false valid pulse is generated when the send condition is not
met.

Status and closure cases complete the plan.
TC RFF_STATUS IDLE BUSY DONE checks the status sequence from
configuration to completion. TC RFF _SOFT READ ADDR ALIGN checks
the address alignment rule. TC RFF_COVERAGE BOUNDARY applies
boundary values to major fields and supports coverage closure.
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.tc_rff_reset_default_state 3116894331 0d:6h:2m ~ 2282

.te_rff_reset_during_active_op 3219599511 0d:0h:4m 64667
.tc_rff_clock stable_after_reset 2437531245 0d:0h:8m 202772
.tc_rff_apb_single_write_read 1943351435 0d:0h:8m 203797
.tc_rff_apb_reg_sweep 1633300602 0d:0h:9m 204172
.tc_rff_apb_hole_access 3455463368 0d:0h:9m 204197
.tc_rff_apb_reserved bits 2950462022 0d:0h:9m 205762
.tc_rff_freqm basic count 902873122 0d:0h:9m 217237
e [ SR R
.tc_rff_freqm_period_sweep {12

AC_IPF fteq. readback PASS 2941436377 0d:0h:16m 2156007
s O 3292398023 0d:0h:16m 215897
'tc_rff_vcro_lvtfl eontay 1900274355 0d:0h:16m 302167
B =G e — PASS 3530416999 0d:0h:11m 215242
-te_rff_calib_start_done 1762891621  0d:6h:1lm 190292
-te_rff_calib_counter_readback PASS 380234188  0d:0h:1lm 214152
-tc_rff_payload_freqm_mode PASS 3073626316 0d:0h:12m 204712
.te_rff_payload soft_read_mode PASS 3960491545 0d:0h:12m 205467
.tc_rff_payload_periodic_send PASS 2718900764 0d:0h:15m 218187
.tc_rff_payload_no_spurious_valid

Figure 4.2: RFF testcase regression result

The regression result shows that the selected unit-test cases pass.
These cases cover reset, APB access, frequency measurement, VCRO
control, calibration, payload output, status readback, and coverage clo-
sure.

4.4 Code Coverage Results and Waiver Anal-
ySis

4.4.1 Overall Code Coverage

Code coverage is used to check whether RTL statements, FSM states,
conditions, branches, and signal toggles are exercised by the regres-
sion. The overall RFF unit-test code coverage score is 97.70%. Line
coverage is 99.00%. FSM coverage is 100.00%. Condition coverage is
98.72%. Branch coverage is 99.47%. Toggle coverage is 91.31%.
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Table 4.1: RFF unit-test code coverage summary

Interpretation

Metric Result
Overall score 97.70%
Line coverage 99.00%
Toggle coverage  91.31%
FSM coverage 100.00%

Condition cover- 98.72%
age

Branch coverage 99.47%

Executable RTL paths are
highly covered at unit-test
level.

Most reachable statements
are executed by the regres-
sion.

Residual gaps are mainly
caused by DFT signals, re-
served interfaces, aligned
address bits, and range-
unreachable bits.

Legal states and legal state
transitions are covered.

Most conditional expressions
observe the required truth
combinations.

Normal functional branches
are covered. Residual items
are waiver candidates.

The remaining analysis focuses on the residual toggle and branch
gaps. These gaps are grouped by design reason. This keeps the waiver
discussion tied to the RTL structure rather than treating every uncov-

ered bit as a separate problem.

4.4.2 Top-Level Toggle Gaps

At the u_rff top level, the toggle gaps mainly come from DFT ports,
reserved input interfaces, and unused APB address or data bits. The
used APB control signals, RFF clock outputs, and payload output path
are covered. The uncovered items are concentrated in dft mode,
dft_rst n, tx data_ i, tx valid i, and selected address/data bits.
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CovSre.1: th_top.u_rffm_top.u_rffm_vcro_wrapper .0 | CovDetail e -
Uncovered ~|| 6] % |inves_trunkitp2417runkc Ordesignip_datainhouse_ipsivfm_v100/rtrffm_vero_wrapper.v| | |Line | Toggle | FsM | Condition | Branch | Assert

o 38
o D o Variable Type  Coverage Display
o ay input # dft_mode port 0.00% @
o 42 input [4:0] + dft_rst_n pot [ 0.00%®
o 43 imput [2:0] +avls_eoi port [N 100.00%

4 +pcnt port [ 100.00%
b :: inggt 4 vero_calib done  port [N 100.00% &
e e S + vcro_calib_en port [ 100.00% ®
o 45| inpu + vero_calib_h_counter port [N 100.00% 99999069696006000
o as % 4 vero_calib_|_counter port [ 100.00% 90006060000600000
o 50 g [15:0) . + ver riod port [EEN100.00%90000000000000000
o = 5 [15:0] #verocalib_start  port [N 100.00% ©
O 9 4 vero_clk port [N 100.00% @

4 4+ vero_Ivl_clk_en port [N 100.00% ©
o 56 [5:0)

R + vero_vl_clk_sel port [N 100.00% @

o 57 ¢ [4:0)
o 58 4 vero_Ivl_coarse_... port [ 100.00% 9
o 59 # vero_Ivl_coarse_...  port [ 100.00% @
o 60 [5:0] #vero_Ivl_coarse_... port [EEI100.00% 99990
o 61 t [4:0) 4 vern Wl coarse nort 100 00% @000 6
o e
ety o Varisble 051 150
o e + dft mode [ [
o es

66
o 69 input dft_mode,
o 6| inpur age_rst n

CovSre.1: th_top.u_rffm_top.u_rffm_vcro_wrapper.U_AVFS_VCRO & &.0
Uncovered | | & | ves_trunkitp2417/trunkiv10/design_dataisoc_ip_datafinhouse_ips/vffm v100/tlavis_vero.v

=
24% module avfs_vcro #( .

25 1))
Yok 3,
o 27 |input vss,
o 28 |input AVFS_VCRO_LUVL_EXT_CLK, |

Figure 4.3: Top-level toggle coverage gaps

The DFT signals stay fixed because DFT mode is not part of the cur-
rent normal-function unit test. The tx_data i and tx valid i inputs
are reserved upstream inputs in this version. The address and data
gaps are explained by the register map and APB alignment rule.

4.4.3 APB Address and Data Bit Waiver

Some APB address and data bits do not toggle in the current regression.
This is expected from the register map. The RFF register space uses
a limited address range, so high address bits may remain fixed. APB
accesses are 4-byte aligned, so the low address bits do not need to
toggle.

For data signals, the unused high bits of pwdata, prdata, and
soft read data are reserved or not defined in the current map. The
checkers compare the defined fields. Reserved high bits are not used
to decide the result of configuration, measurement, readback, or pay-
load sending.

4.4.4 Frequency Meter Range-Related Gaps

The frequency meter has wider internal counters than the range
reached by the current test settings. The input frequency range and
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the measurement window do not drive all high counter bits. The lower
and middle bits still show the count variation in the valid measurement

range.

Uncovered

50
51
52
53
54
55
56
57
58
59

000000

0000000000000000 0000
3
s

o
3

o
©

Covsre.1: th_top.u_rff_top.u_rff_misc

.0

N

G2 ves_trunkitp241: ign_data/soc_ip ¢ ips/rfim
input [11:0] soft_read addr,

input soft_read_trigger,

input [15:0] vero_calib 1 _counter,

input [15:0] vero_calib_h_counter,

input vero_calib_done,

input [11:0] apb_mst_send_addr,

output reg vero_Lvt_fine_cfg_en_dly,
output reg vero_lvt_coarse_cfg en dly,
output reg vero_lvttl fine cfg en dly,
output reg vero_lvttl coarse_cfg_en dly,
input  [5:0] vero_lvt_fine capsw_o,

input  [4:0] vero_lvt_coarse sel o,

input vero_Lvt fine cfg en o,
input vero_lvt _coarse cfg_en o,
input  [5:0] vero_lvttl_fine capsw o,
input [4:0] vero_lvttl_coarse_sel o,
input vero_lvttl fine cfg_en o,
input vero_lvttl coarse_cfg en o,
input vero_Lvt fine capsw_probe,
input [5:0] vero_lvt_coarse_sel _probe;,
input [4:0] vero_lvt_fine cfg_en_prrobe,
input vero_lvt_coarse cfg_en probe,
input vero_lvttl fine capsw_probe,
input  [5:0] vero_lvttl_coarse_sel probe,
input [4:0] vero_lvttl fime cfg en probe,
input vero_lvetl_coars_cfg_en_probe,
input [23:0]  freqm raw_code:,

output [15:0]  freqm_code,

output reg [31:0]

Figure 4.4: Frequency-meter and

soft_read data

gle gaps

CovDetail

mis50 [Line | Toggle [Fsm| Condition [ Branch [ Assert

| Variable Type

-4 apb_mst_send_ port
4 freqm_code[15:0. port
- 4 freqm_en port
4 freqm_period[1  port
-4 freqm_raw_cod  port
- 4 freqm_width di  port

-4 pelk port
Faprstn port
- 4 send_mode port

- 4 send_period[23 port

4 soft_read_addr

- 4 soft_read_datal port
- 4 soft_read_trigger port
4 vero_calib_done  port
4 vcro_calib en  port
-4 vero_calib h c_ port
s vern calib | ca_nort
Variable
4 soft_read_addr{11:8)
4 soft_read_addr{7]
4 soft_read_addr{6]
4 soft_read_addr(5:2)
4 soft_read_addr{1:0]

Y=

Coverage Display fal
[ 50.00% 900000000000
[ 100.00% @ 9009000900004
[ 100.00% @

[ 100.00%© 0000000000004
N 91.67%0 0000000000004=||
[ 100.00% @ 000 |
[ 100.00% ©

] 100.00% &

(] 100.00% &

] 100.00%9 0000000000004

N 71.88%9 9000000000004 |
] 100.00%° |
() 100.00%°

] 100.00%9

) 100.00%0 0000000000004
I 100 00%0 0000000000004d"|

0->1 1->0

soft-read related tog-

The frequency meter checker compares the expected count range
with fregm raw code and fregm_code. It follows the RTL output width
and data format. High bits that cannot be reached by the current fre-
quency range are treated as range-unreachable bits during coverage
closure.

4.4.5 VCRO Wrapper and DFT/AVFS Gaps

The VCRO wrapper contains DFT signals and AVFS VCRO boundary sig-
nals. The DFT signals include dft_mode and dft _rst n. These signals
are fixed during normal-function unit tests. The AVFS VCRO power
or analog boundary pins, such as VDD and VSS, are not checked as
normal digital function ports in this RTL unit test.
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CovSre.1: th_top.u_rffm_top.u_rffm_vcro_wrapper .0 | CovDetail e -
Uncovered ~|| 6] % |inves_trunkitp2417runkc Ordesignip_datainhouse_ipsivfm_v100/rtrffm_vero_wrapper.v| | |Line | Toggle | FsM | Condition | Branch | Assert

o 38
o D o Variable Type  Coverage Display
o ay input # dft_mode port 0.00% @
o 42 input [4:0] + dft_rst_n pot [ 0.00%®
o 43 imput [2:0] +avls_eoi port [N 100.00%

4 +pcnt port [ 100.00%
b :: inggt 4 vero_calib done  port [N 100.00% &
e e S + vcro_calib_en port [ 100.00% ®
o 45| inpu + vero_calib_h_counter port [N 100.00% 99999069696006000
o as % 4 vero_calib_|_counter port [ 100.00% 90006060000600000
o 50 g [15:0) . + ver riod port [EEN100.00%90000000000000000
o = 5 [15:0] #verocalib_start  port [N 100.00% ©
O 9 4 vero_clk port [N 100.00% @

4 4+ vero_Ivl_clk_en port [N 100.00% ©
o 56 [5:0)

R + vero_vl_clk_sel port [N 100.00% @

o 57 ¢ [4:0)
o 58 4 vero_Ivl_coarse_... port [ 100.00% 9
o 59 # vero_Ivl_coarse_...  port [ 100.00% @
o 60 [5:0] #vero_Ivl_coarse_... port [EEI100.00% 99990
o 61 t [4:0) 4 vern Wl coarse nort 100 00% @000 6
o e
ety o Varisble 051 150
o e + dft mode [ [
o es
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o 69 input dft_mode,
o 6| inpur age_rst n

CovSre.1: th_top.u_rffm_top.u_rffm_vcro_wrapper.U_AVFS_VCRO & &.0
Uncovered | | & | ves_trunkitp2417/trunkiv10/design_dataisoc_ip_datafinhouse_ips/vffm v100/tlavis_vero.v

=
24% module avfs_vcro #( .

25 1))
Yok 3,
o 27 |input vss,
o 28 |input AVFS_VCRO_LUVL_EXT_CLK, |

Figure 4.5: VCRO wrapper DFT and AVFS related cover-
age gaps

These items define the verification boundary. They are not missing
functional behavior in the current RFF unit-test scope.

4.5 Functional Coverage Results

Functional coverage checks whether the planned RFF function com-
binations have been triggered by the testcases. It does not only ask
whether RTL statements are executed. It checks whether the intended
scenarios are covered.

The functional coverage model includes six main covergroups.
cg_calib covers calibration enable, start, done, calibration period, and
calibration counter/status bins. cg cfg latency covers configuration
latency, capture latency, and related cross combinations. cg clk freq
covers reference clock bins, measured frequency bins, and low,
nominal, and high frequency ranges. «cg freq covers freqgm en,
freqgm period, fregm raw code, and fregm code bins. cg sic cov-
ers send mode, send period, soft-read trigger, and send address bins.
cg vcro_ctrl covers VCRO coarse, fine, cap, clock select, enable, and
control cross combinations.
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= © Avg. GroupInst. Score:100.00% U+C:185 U:0 Ci185 X0 el

° Group Score Instances U+C G X Goal  Weight Atleast Perlnst Overlap AutoBin Missing Comment
#| |8l u_rfm_pkg::rfm_covergroup::cg_calib [ 100.00% [N 100.00% 3 0 3 0 100% 1 1 1 1 64 64
# (0] u_rfm_pkg::rfm_covergroup::cg_cfg_latency [ 100.00% (] 100.00% 2 0 2 0 100% 1 1 1 1 64 64
#| (0] u_rfm_pkg::rfm_covergroup::cg_clk_freq [ 100.00%  [EEEE] 100.00% 6 0 6 0 100% 1 1 1 1 64 64
! (o] u_rfm_pkg::rfm_covergroup::cg_freq [ 100.00% [N 100.00% 7 0 7 0 100% 1 1 1 1 64 64
# |0] u_rfm_pkg::rfm_covergroup::cg_sic [ 100.00% [N 100.00% H 0 5 0 100% 1 1 1 1 64 64
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Figure 4.6: RFF functional coverage result

The reported functional coverage reaches 100% for the listed cov-
ergroups. This means the defined calibration, configuration latency,
clock/frequency, frequency meter, SIC TX payload, and VCRO con-
trol scenarios are all triggered by the regression. Together with the
checker results, this supports the functional completeness of the cur-
rent unit-test scope.

4.6 Chapter Summary

This chapter verified the RFF RTL at module level. The unit-test en-
vironment covers reset, APB configuration and readback, frequency
measurement, VCRO control, calibration, SIC TX payload output, and
status reporting. The monitors, checkers, scoreboard, and assertions
build a continuous verification path from input configuration to ob-
served output.

The code coverage result is high. FSM coverage reaches 100%, and
the overall score reaches 97.70%. The remaining toggle gaps are ex-
plained by DFT/AVFS boundary signals, reserved interfaces, address
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alignment, register reserved fields, and range-unreachable counter
bits. These gaps are handled as waiver items with explicit design rea-
sons.

The functional coverage result reaches 100% for the planned cover-
groups. This shows that the main RFF functional scenarios have been
exercised. Under the defined RTL unit-test scope, the verification re-
sult supports RFF module functional signoff for the current implemen-
tation.
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Chapter 5

Conclusion and Future Work

5.1 Thesis Summary

This thesis studied Runtime Frequency Feedback for low-power man-
agement support. The work started from the fixed-margin problem. A
conservative guardband can protect timing safety, but it can also keep
more margin than needed under typical runtime conditions. RFF was
introduced as a feedback source that reports runtime frequency capa-
bility through a VCRO-based observation path.

Chapter 2 developed the system-level concept and behavioral
model. The Baseline-vs-Feedback comparison used the same distur-
bance profile, target, time horizon, and initial condition. The behav-
ioral results showed that feedback can lower the average equivalent
margin and reduce cumulative energy under the normalized model.
The model also included feedback hardware overhead, so the benefit
was not treated as free. Under the selected parameters, the feedback
net energy remained lower than the fixed-margin baseline when the
overhead stayed below the break-even value.

Chapter 3 described the RTL-oriented hardware implementation.
The RFF design includes a register interface, VCRO digital abstrac-
tion, calibration module, frequency measurement unit, normal-mode
control, status logic, and payload output path. The chapter also clari-
fied the boundary between RTL behavior and analog VCRO signoff.

Chapter 4 verified the RFF RTL at module level. The verification en-
vironment checked reset, APB register access, VCRO control, calibra-
tion, frequency measurement, status readback, payload output, and
coverage closure. The reported code coverage and functional cov-
erage support the completeness of the current unit-test scope. Re-
maining coverage gaps were explained by DFT/AVFS boundary signals,

77
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reserved interfaces, address alignment, reserved fields, and range-
unreachable counter bits.

5.2 Main Contributions

The first contribution is the RFF system definition. The thesis sepa-
rates workload operating frequency from runtime frequency capability.
This distinction makes the feedback object clear and avoids treating
VCRO output as the workload clock itself.

The second contribution is the controlled behavioral comparison.
The Baseline and Feedback cases use the same input conditions, and
only the margin trajectory is changed. This setup makes the energy
trend traceable and reduces the risk of over-claiming.

The third contribution is the RTL implementation of the RFF digital
path. The design connects configuration, calibration, frequency mea-
surement, status reporting, and payload output into one module-level
structure.

The fourth contribution is the verification evidence. Directed test
cases, checkers, waveform analysis, code coverage, functional cover-
age, and waiver analysis are used to support the functional correctness
of the implemented RFF RTL under the defined scope.

5.3 Limitations

The results have clear boundaries. The behavioral model uses normal-
ized parameters. It shows a trend, not a measured silicon power num-
ber. The VCRO behavior in RTL simulation is an abstraction. It does
not replace analog simulation, mixed-signal verification, layout-aware
analysis, or silicon characterization.

The RTL verification is also limited to module-level functional ver-
ification. It does not cover full-chip power-management policy, com-
plete DVFS/AVFS integration, post-layout timing, or physical imple-
mentation overhead. The coverage waiver items are reasonable for
the current unit-test scope, but they do not remove the need for later
integration-level checks.

The energy-saving conclusion should therefore be read carefully.
RFF can reduce fixed-margin waste when the controlled domain is
large enough and when feedback hardware overhead remains low. The
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thesis does not claim that RFF always saves power under every design
scale, every workload, or every PVT condition.

5.4 Future Work

Future work can extend this thesis in four directions. First, the VCRO
model can be improved with circuit-level simulation data and PVT char-
acterization. This would make the frequency capability model closer to
real silicon behavior. Second, the RFF module can be integrated with
a full DVFS or AVFS controller, so that the feedback result can drive a
complete voltage/frequency policy.

Third, the implementation can be evaluated after synthesis and
physical design. Area, timing, and power overhead should be mea-
sured rather than estimated. Gate-level simulation and post-layout
timing analysis can further check implementation robustness. Fourth,
verification can be extended with constrained-random tests, formal
checks for protocol properties, CDC analysis, and system-level regres-
sion. These steps would move RFF from module-level proof toward
stronger integration-level signoff.
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