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Abstract—With the increase in complexity of System-on-Chip
(SoC) designs to enable greater logic integration driven by Moore’s
law and beyond Moore principles, the process of verifi- cation of the
design becomes increasingly complex. To facilitate faster and more
efficient verification, a standard methodology like the Universal
Verification Methodology (UVM) is essential. UVM provides a
library of SystemVerilog (SV) base classes, which can be extended to
meet specific requirements. Verification is a crucial component in chip
design and fabrication process, necessitating thorough testing at both
the block and full-chip levels. This paper focuses on the block-level
verification of an IP, General Purpose Input/Output (GPIO)
Controller. Utilizing the UVM architecture, a constrained random
testbench has been developed to create a reusable and robust
verification environment. The testbench supports multiple tests to
ensure comprehensive design coverage, aiming for 100% code
coverage. Advanced SystemVer- ilog features, including assertions,
coverpoints, covergroups, and multithreading, are integrated into the
testbench to enhance its effectiveness.

Index Terms—Intellectual Property, Verification, UVM, Sys-
temVerilog, General Purpose I/O controller, code coverage

I. INTRODUCTION

Digital Intellectual Property (IP) blocks allow for a stan-
dardized mechanism to tame the complexity of large System-
on-Chip (SoCs) development, while simultaneously improving
time-to-market. Digital IP blocks are critical to the success
of many product engineering teams, considering the breadth
of the product mix. As part of the IP curation process,
different flavors of IP blocks are consolidated, curated, and
containerized for ready use in other products.

Digital IPs are developed by multiple groups, even within
an organization, with variations in functionality. Often, a group
redevelops a particular IP to suit its needs even when that IP is
available with minor variations or differences. This overhead
of design and verification could be saved if a repository with
standard but flexible IPs exists and the collaterals maintained
in such a way that integration is easy at every stage in the
product development process.

Verification of digital IPs using Universal Verification
Methodology (UVM) is a critical process in ensuring the func-
tionality, reliability, and compatibility of IP cores integrated
into larger digital systems. Ensuring the correctness of these
IP blocks poses significant challenges due to their intricate
interactions within the system. UVM is a standardized verifica-
tion methodology, in validating digital IPs. From establishing
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comprehensive test environments to implementing advanced
verification techniques, UVM provides a structured framework
for verifying digital IPs, ultimately contributing to the quality
and integrity of modern digital designs.

General Purpose Input/Output (GP1O) Controllers serve as
the interface between software and electronic components,
facilitating communication and control within a system. GP1O
Controllers are standard blocks in almost all electronic prod-
ucts, since they provide a generic mechanism for software
control. Hence, verifying the performance and integrity of
GPIO controllers is a critical step in the design process,
ensuring that they meet specifications, operate seamlessly with
other system components, and maintain stability under various
conditions.

Il. LITERATURE REVIEW

The IEEE Standard for UVM Language Reference Man-
ual [1] and the IEEE Standard for SV Unified Hardware
Design, Specification, and Verification Language [2] provide
comprehensive guidelines and specifications that underpin
modern hardware design and verification processes. The UVM
standard, as detailed in IEEE Std 1800.2-2020 [1], outlines a
methodology for verifying integrated circuit designs, empha-
sizing the use of reusable and-scalable verification compo-
nents. This standard facilitates the creation of consistent and
interoperable verification environments, which are essential for
the efficient validation -of complex digital systems. On the
other hand, the SystemVerilog standard [2] offers an exten-
sive language framework that integrates design, specification,
and verification capabilities. It serves as a unified platform
that enhances the expressive power of hardware description
languages, enabling more precise and efficient design and
verification workflows. Together, these standards provide a
robust foundation for the development and verification of
sophisticated hardware systems, promoting industry-wide best
practices and interoperability.

Paper [3] speaks about how an integrated digital system
can be perceived as a network of interlinked IPs, where the
overall reliability hinges on the functional verification of these
IPs. This process is crucial because these IPs are often reused
across various SoCs. Given that different companies supply
these IPs, each employing distinct validation processes, a
standardized methodology for evaluating IPs was established.
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This framework utilizes mutation-based metrics for functional
verification and implements an evaluation strategy designed to
create sequences aimed at detecting mutants.

Addressing the escalating demands of verification, recent
studies and implementations have demonstrated the efficacy of
UVM in real-world applications. For instance, the verification
of an interconnection soft Intellectual Property (IP) used in
automotive applications showcases the practical benefits of
UVM. This IP, characterized by high programmability and
parameterization, supports a wide range of products and func-
tionalities. Through UVM, both code coverage and functional
coverage metrics are efficiently achieved, underscoring the
methodology’s capability to handle intricate verification tasks
effectively. Such implementations affirm the pivotal role of
UVM and SystemVerilog standards in advancing the verifi-
cation landscape, ensuring reliable and efficient validation of
increasingly complex SoC designs. [4]

Paper [5] discusses how SoC design requires thorough
verification at block and full chip levels. UVM facilitates
reusable testbenches, while constrained random testing diver-
sifies scenarios. Coverage-driven methodologies ensure com-
prehensive validation, augmented by SystemVerilog features
for efficiency. This integrated approach is essential for robust
SoC design verification.

In the design of SoC systems, random testing is increasingly
being applied for the verification of IP cores. To verify the
integrated External Memory Interfaces IP core, a restricted
random verification method is employed. This method incor-
porates the flexible generation of parameterized script files and
adaptable random test points. The benefits of the restricted
random method are twofold: it can uncover design blind spots
and test points that are difficult to cover during the design
process, and it provides flexible and maintainable test vectors
and test points, thereby enhancing the overall efficiency of the
verification process. [6].

Reducing the overall chip design and verification time, and
consequently the cost, can be significantly aided by any sav-
ings in this component. Automation plays a key role in achiev-
ing these savings. The largely canonical and regular structures
and behavior of most Design For Testability (DFT) IPs make
this feasible. As a result, there has been a notable shift
towards standardized configurable DFT logic architectures.
[7]. In paper [8], an automated approach has been developed
to extract hardware memory-mapped register names directly
from the Register Transfer Level (RTL) implementation when
this information is missing from the register specification
document.

Detecting functional conditions or multiplexer selects in
large-scale designs is challenging. For the verification en-
gineer to benefit, the reported condition signal should be
the parent signal, positioned near the top of the hierarchy
with minimal combinational depth relative to the primary
inputs. Additionally, maintaining the generated connectivity
specification becomes difficult as the SoC design evolves
during development and as low power and test circuitry are
inserted. [9].

For small, protocol-based designs such as an encoder, a
formal verification approach offers significant advantages.
Unlike simulation verification, which requires an environment
setup before yielding results, formal verification can provide
outcomes from the initial stages. Additionally, assertion-based
verification is an effective method for verifying parts of
incomplete modules. [10].

An effective methodology for the formal verification of
serial protocol bridges, an area where simple approaches often
fail, has been introduced. This method employs a layered
modeling of properties and a functional partitioning of the
design. Initially, lightweight simulation is used to bring the
system to known states, after which formal verification is
applied. This methodology has been successfully demonstrated
on two industrial designs of serial protocol bridges, achieving
verification goals where standalone formal verification and
simulation had previously failed. [12].

A successful implementation of Joint Test Action Group
(JTAG) verification, driven by functional coverage and based
on the UVM methodology, has been achieved using Sys-
temVerilog. The testbench architecture was designed following
UVM guidelines. Approximately ten test cases were written
and simulated using Questasim to validate the JTAG function-
ality. The results indicated 94.06 percent code coverage, 100
percent functional coverage, and 96.45 percent cross coverage.
Achieving 100 percent functional coverage signifies that all
covergroups were thoroughly covered, ensuring the effective
verification of JTAG functionality. [13].

Paper [14] presents the design and verification of the
AMBA-based Advanced Peripheral Bus (APB). The veri-
fication environment, constructed using SystemVerilog, in-
cludes features such as functional coverage, assertion cover-
age, constrained randomization, and code coverage. Functional
coverage ensures that the HDL code performs all specified
functionalities, while code coverage confirms that test cases
thoroughly exercise the entire ‘RTL code. Assertions act as
additional checkers to prevent protocol violations. The APB
4.0 protocol was fully designed and verified, with no data
loss detected in the system. AMBA’s APB is ideal for low
power, low-cost interfacing between high-speed and low-speed
systems.

Functional coverage metrics are essential for managing ver-
ification efforts and assessing design quality. E-verification en-
vironments can be applied at various stages of the design cycle,
from high-level architectural models to complete systems. The
IEEE Standard 1647-2016 provides a comprehensive definition
of the e-language syntax and semantics, offering guidance for
tool developers and verification engineers on its proper use.
[15].

The functional coverage collection infrastructure proposed
in paper [16] offers seamless reusability across projects and
blocks within the same project. By adopting this infrastructure,
efforts to maintain coverage information are significantly re-
duced. The direct updating of coverage details into a CSV file
provides a convenient and time-saving approach to coverage
management, thereby boosting verification productivity and
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enabling earlier time-to-market.

Il. APPROACH FOR VERIFICATION USING UVM
A. Testbench Top

In UVM, a testbench top is the highest hierarchical level
of the testbench. It instantiates and connects all the com-
ponents required for the verification environment. As shown
in Figure 1, the testbench top of the GPIO Controller in-
cludes the test environment, the design under test (DUT), and
the interface connections between them. The testbench top
module (gpio_top) instantiates the GPIO controller (dut)
and connects it to a virtual interface (gpio vif). The test
environment (gpio_env) is also instantiated and linked to the
same interface. The run_test method initiates the UVM test,
which will drive the GPIO controller and monitor its outputs
based on the configured sequences and coverage models.
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Fig. 1. Testbench Architecture

B. Environment Class

The environment class is responsible for instantiating and
configuring all the lower-level components required for veri-
fication. This includes the agent (gpio agent, which con-
tains drivers, sequencers, and monitors) and the scoreboard
(gpio_scoreboard). The gpio env class sets up config-
urations and passes them down to other components to control
the behavior of agents and monitors.

C. Wrappers

A wrapper is used to encapsulate a module or component to
provide an interface between the design under test (DUT) and
the UVM verification environment. A typical UVM wrapper
includes a virtual interface (gpio_ vif), instantiation of the
DUT and the connection logic.

D. Agent

The agent is a crucial element that consolidates the compo-
nents necessary for driving and monitoring a specific protocol,
in this case, the Advanced Peripheral Bus (APB) interface. By
bundling the agent’s elements, including the sequencer, driver,

and monitor, the agent class improves the modularity of the
testbench, making it easier to reuse and maintain. The agent
facilitates communication between the test sequences and the
DUT by converting high-level sequence items into low-level
transactions through the driver and observing DUT behavior
via the monitor.

E. Register Model

The GPIO Controller design includes several registers for
reading and writing values. These include the pad registers
the input and output registers, as well as registers to set, clear,
toggle the values in the pad registers.

To verify the full functionality of these registers,
they are replicated in the testbench. This replication is
achieved using the Register Abstraction Layer (RAL) model
(gpio_reg model), which models the DUT’s registers
based on their configurations, such as width, read-write, write-
only, read-only, default values, and other attributes. These
registers are modeled by extending the uvm reg class. RAL
abstracts the register operations, providing a high-level inter-
face for interacting with the DUT’s registers. This includes
reading from and writing to the registers without needing to
deal with low-level signal manipulations directly.

F. Reference Model And Scoreboard

In verification, a reference model is a critical component
used to predetermine the expected behavior of the Design
Under Test (DUT). It acts as a golden standard for comparing
the actual behavior of the DUT to ensure its correctness. This
model supports automated regression testing by offering a
reliable basis for comparison across various test scenarios.

The scoreboard, gpio scoreboard acts as a vital com-
ponent overseeing the interaction between a DUT and its
test environment, ensuring the accuracy-of signal exchanges.
Comprising of monitors and checkers, it functions like a
supervisor. Monitors observe specific signals within the DUT,
while checkers analyze this data against expected values or
behaviors provided by tests. The scoreboard coordinates these
activities, serving as a centralized mechanism for verifying the
DUT’s behavior according to test specifications. Essentially, it
flags discrepancies and potential errors, thereby verifying the
integrity of the DUT and the efficacy of the tests.

IV. DESIGN AND IMPLEMENTATION
A. Verification Flow

UVM has gained significant popularity due to its widespread
support by major EDA tools. The verification methodology
utilized for verifying the GPIO Controller is depicted in
Fig. 2. Constructing a UVM verification environment entails
designing various testbench components such as monitors,
drivers, scoreboards, checkers, and sequencers. Sequences play
a crucial role by providing the stimulus. They are invoked
during tests. These tests are conducted separately and verified
for accuracy through waveform analysis. Upon preparing an
exhaustive test list, a comprehensive regression is executed to
derive coverage metrics.
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Verification environment is built using UVM library

i

Sequences are developed to provide appropriate stimulus to driver

i

The test cases invoke the sequences and pass it to the DUT

i

Simulate and verify the testcases using Cadence Xcelium waveforms

i

Trigger a regression that includes all the testcases

i

Check the coverage percentage and iterate the process until metrics are met

Fig. 2. Verification Flowchart

B. Testbench Parameters

Within the testbench, the parameters utilized across dif-
ferent agents are encapsulated within the gpio env pkag.
These parameters are organized as key-value pairs within the
uvm_config db-and are managed through the set() and
get() methods of UVM.

C. Virtual Interfaces

In the GPIO verification environment, various virtual inter-
faces are employed to connect the DUT to the verification
testbench. These interfaces are instantiated and configured
within the testbench hierarchy. Handles to these virtual in-
terfaces are established in the top module and stored in the
uvm_config db, a centralized configuration database in
UVM. After being initialized, these handles cascade down the
testbench hierarchy until they reach the driver and monitor
components. Within these components, the handles are uti-
lized to establish pin-level connections with the DUT. This
enables the seamless exchange of signals and data, facilitating
comprehensive verification. This hierarchical approach ensures
proper communication between the testbench and the DUT,
facilitating comprehensive testing and validation of the design.

D. APB Interface

For verification purposes, the GPIO is controlled by an
APB Interface Verification IP (VIP) as shown in Figure 3.
The utilization of the APB VIP within the design necessitates
the presence of an APB agent responsible for managing
transactions to manipulate the configuration and registers of
the GPIO Controller.

E. Randomization Strategy

Randomization plays a pivotal role in enhancing testing
methodologies.To generate diverse transaction scenarios, the
sequence of register writing and the intervals between them
undergo randomization. Furthermore, weightage is assigned to
variable ranges, giving precedence to crucial parameters and
those with a greater number of branches.
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Fig. 3. GPIO Controller Integration

Furthermore, the random data transmission adheres to spe-
cific constraints, enhancing the meaningfulness of the gener-
ated random data.

V. RESULTS AND DISCUSSIONS

The tests (as seen in Figure 4) were executed collectively as
part of a regression run, running concurrently to expedite the
process of simulation. Subsequent to running multiple tests, a
coverage report was generated using vManager, revealing code
coverage percentage. Full code coverage couldn’t be obtained,
as anticipated. This discrepancy stemmed from an unreachable
segment within the DUT, limiting code coverage to approxi-
mately eighty percent as shown in Figure 5. Coverage is not
yet closed and it is still a work in progress.

Index Mame Status

1 ©) gpio_reg_hw_reset_test @ passed
2 (© gpio_reg_bit_bash_test © passed
3 O gpio_pad_reg_test @ passed
4 D gpio_pslverr_test © passed
5 © gpio_simple_test © passed

Interfaces |code coverage

gpio_sam_lop B89.5 %
clock_agent_nterface 50 %
reset_agent_interface 41.56 %
' apb_agent_interface .SU 7%
' gplo_agent_interface "ju 84 %
. apb_interface 195 %
gpio_Interface [7:0) 95 %
[ dut {81.23%

Fig. 5. Code Coverage Report

VI.

In conclusion, the verification of GPIO controller using
UVM has been a comprehensive and insightful process.
Through the meticulous application of UVM methodologies, it

CONCLUSION
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has become possible to achieve a robust verification environ-
ment that ensures the functionality, reliability, and compliance
of this component in digital systems.

By leveraging UVM’s powerful features, effective validation
of the GPIO controller against its specifications has been
achieved. This verification process has not only detected
numerous bugs and corner cases but has also enhanced the
understanding of intricacies of the interfaces.

Furthermore, the modular and reusable nature of UVM
components has facilitated seamless integration with different
test scenarios and environments, thereby streamlining the
verification process and improving productivity.

In summary, the utilization of UVM for the verification
of GPIO controller has not only ensured the correctness and
robustness of these components but has also demonstrated the
effectiveness of adopting advanced verification methodologies
in modern digital design projects.
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