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Abstract
Mixed-signal applications have emerged as a significant trend in the semiconductor industry, with considerable efforts 
directed towards developing fast and accurate designs that integrate both analog and digital components. However, mixed-
signal verification presents a major challenge due to the slow verification time and limited robustness of traditional verifi-
cation techniques. In this study, a verification architecture for a successive-approximation register (SAR) analog-to-digital 
converter (ADC) real number model (Real Number Modeling – RNM) using SystemVerilog is presented, which utilizes an 
efficient UVM-based methodology. The proposed approach combines the UVM capabilities with the RNM model of the 
SAR ADC to generate a reusable, fast, and robust verification environment with a reduced time-to-market. The testbench 
creation and simulation were carried out using Cadence Xcelium. The proposed verification architecture employs constrained-
random stimulus generation, analog assertions, and coverage metrics to enhance verification effectiveness. Additionally, 
aim of this work is to emphasize on the RNM efficiency with SystemVerilog, and apply its modeling capabilities for a SAR 
ADC. The presented real number model was compared to a Verilog-AMS model. The conducted experiments provided 
evidence that the proposed RNM model exhibits a significant improvement in simulation efficiency compared to previous 
works documented in the literature (simulation time was at 0.5 s, compared to a Verilog-AMS reference model’s simulation 
at 20 s). This improvement in efficiency is achieved without compromising on the accuracy of the simulation, ensuring that 
the model maintains a satisfactory level of precision.

Keywords  Analog-to-digital converter · Functional verification · Real number modeling · Successive-approximation 
register · SystemVerilog

1  Introduction

Most modern System-on-Chip (SoC) designs require a com-
bination of analog and digital elements. Developing these 
mixed-signal SoC designs can pose several challenges, such 
as integrating both analog and digital elements into one 
system with high performance and accuracy. Additionally, 

evaluating mixed-signal verification is another crucial factor 
that needs to be considered.

To ensure the accurate and swift development of such sys-
tems, the simulation of designs and appropriate modeling are 
crucial. For most analog, digital, and mixed-signal designs, 
verification is dependent on simulation runs. Achieving 
the desired level of verification involves the incorporation 
of simulation data and data accuracy, which can become 
complicated depending on the design. However, verifying 
a mixed-signal design can be a time-consuming process, 
which can result in delays in the manufacturing process. One 
solution to this problem is to create a mixed-signal design 
using Real Number Modeling (RNM) and verify it using 
Universal Verification Methodology (UVM) while utilizing 
SystemVerilog [1–4].

RNM is a concept that combines elements from both 
analog and digital scopes [2–9]. It represents the opera-
tions of analog blocks using a signal flow model, where 
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real-number values are employed to simulate the voltage 
behavior of the analog components. Furthermore, it relies 
solely on digital solvers to achieve high-speed simulations. 
RNM offers a practical and effective approach for rapidly and 
accurately modeling mixed-signal designs.

UVM is recognized as the most prevalent verification 
standard in modern digital circuits [10–20]. Although it is 
primarily used in digital circuits, it is also applied in mixed-
signal applications. In digital circuits, UVM is utilized to 
leverage many capabilities such as constrained-random 
stimulus generation, verification planning, assertions, and 
coverage metrics creation. Conversely, the verification of 
analog elements in mixed-signal components has tradition-
ally been accomplished using directed testing, Monte Carlo 
simulations, and corner analysis. However, modern analog 
solvers, processes, and methods often lack coverage metrics 
or testbench automation. As a result, the combination of 
Real Number Modeling (RNM) and UVM constitute a major 
key for establishing a fast and reusable verification environ-
ment for mixed-signal designs.

In this work, a four-bit successive-approximation analog-
to-digital converter (SAR ADC) model is described with 
RNM using SystemVerilog. A SAR ADC is an analog-to- 
digital converter that converts a real value (voltage) into a dig-
ital representation of n bits, while using an efficient algorithm 
for finding the correct bit and an internal digital-to-analog 
converter (DAC) for reference, before finally converging upon  
a digital output for each conversion [21, 22]. In general, the 
SAR ADC consists of a SAR register, an internal Digital-
to-Analog Converter (DAC), a comparator, and a sample-
and-hold circuit. It converts an analog input voltage into a 
digital signal with n-bit resolution. Initially, the SAR register 
sets the most significant bit (MSB) to 1 and the other bits 
to 0. This digital output is sent to the internal DAC, which 
converts it back to an analog signal using a reference voltage 
(Vref). The proposed SAR ADC consists of a successive-
approximation register (SAR register), a sample-and-hold 
(S/H) circuit, a comparator, and an internal DAC for refer-
ence. Except that, the RNM model takes into consideration 
two non-idealities, clock jitter and settling noise of S/H and 
provides measurement of the error rate of the four-bit SAR 
ADC in various frequency modes. Moreover, a UVM-based 
verification architecture for the SAR ADC RNM model is 
presented. The suggested testbench fully utilizes the benefits 
of UVM to provide resilience and fast execution speed for 
verifying the Design Under Test (DUT). It is worth noting 
that this architecture can be applied universally to any type of 
block-level verification for mixed-signal designs.

It is critical to emphasize the technical innovations of 
this work at this stage. The simulation performance of 
the presented SAR ADC is compared to a commercial 
Verilog-AMS setup with the analog circuit represented 
at transistor-level [23]. As part of the suggested concept, 

the SystemVerilog testbench was created and simulated in 
Cadence Xcelium and SimVision. With the given design, 
substantial gains in simulation time were achieved in all 
scenarios as compared to the reference testbench. The study 
then goes on to present various measures for assessing veri-
fication quality, which can be used to compare this verifica-
tion architecture more effectively to future approaches.

The organization of this paper is as follows: Section 2 
provides an overview of previous AMS modeling tech-
niques. Section 3 illustrates the fundamental operation of the 
proposed SAR ADC RNM model. The basic UVM testbench 
architecture is evaluated in Section 4. The verification archi-
tecture for the proposed SAR ADC is then presented in Sec-
tion 5. In Section 6, simulation results are analyzed, includ-
ing simulation performance and verification efficiency, as 
well as a validation of the proposed model against a refer-
ence model in terms of simulation speed. Finally, Section 7 
offers a discussion of the proposed model and its verification 
architecture, concluding the paper.

2 � Analog and Mixed‑signal Modeling Methods

This section covers various approaches for modeling analog 
and mixed-signal circuits, including Verilog-A from the 
analog modeling field, as well as Verilog-AMS (wreal), 
VHDL-AMS, and SystemVerilog from the real number 
modeling domain. Previous work, such as [24], prove the 
efficiency of using a SystemVerilog-based RNM model 
instead of the mainstream mixed-signal methods, but a brief 
reference is required.

2.1 � Verilog‑A

Verilog-A is a language standard used for modeling analog 
circuits, which forms a part of Verilog-AMS [22]. Verilog-
A can be utilized by users of SPICE class simulators to 
create complex or simple analog models for their simula-
tions. In SPICE simulators [25, 26] a system of nonlinear 
differential equations is generated and solved to describe 
the analog circuit in question. Key equations include Kirch-
hoff's laws: Kirchhoff's Current Law (the sum of currents 
entering a node equals zero) and Kirchhoff's Voltage Law 
(the sum of voltages around a loop equals zero). Addi-
tionally, constitutive equations are used, such as the cur-
rent through a capacitor. Unlike in Verilog-A, where a 
constant-time subset is employed, these equations must be 
solved all at once. In contrast to SPICE, Verilog-A does 
not require the measurement of the entire device matrix at 
each solution point. Due to this difference, SPICE simula-
tions tend to be slower than Verilog-A models [22, 27–33]. 
Figure 1 illustrates the description of a simple resistor in  
Verilog-A.
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2.2 � Verilog‑AMS

Verilog-AMS is an extension of the Verilog language that 
permits the definition of analog and mixed-signal cir-
cuit behaviors by incorporating analog and mixed-signal 
(AMS) modeling capabilities. This extension includes 
concepts for event-driven and continuous-time modeling, 
making it appropriate for modeling digital, analog, and 
mixed-signal systems. Procedures and statements in the 
digital domain operate in the same way as in Verilog, 
while all analog domain components function similarly 
to Verilog-A [3, 34–39]. Essentially, Verilog-AMS inte-
grates analog and digital modeling by using event-driven 
semantics for digital parts and continuous-time semantics 
for analog parts. Digital events, such as changes in sig-
nal state, trigger updates in the analog simulation. This 
approach ensures synchronized operations between digital 
and analog domains. For instance, a digital clock edge 
can prompt an evaluation in an analog block, maintaining 
coherent system behavior.

In traditional Verilog, real numbers were represented 
by 64-bit vectors. However, this approach posed a chal-
lenge due to the unclear mapping of a real value (VHDL 
or Verilog) to 64-bit vectors. To overcome this difficulty, 
Verilog-AMS has introduced a new solution, wreal. Wreal 
is a net or wire that is inherently real-valued and connects 
structural elements with real-number physical connec-
tions. Recent advancements in wreal nets have introduced 
several advantages. Notably, wreal can now be associated 
with a SystemVerilog real value or a VHDL real signal, 
which is a significant improvement. Figure 2 depicts a 
sample-and-hold circuit utilizing wreal.

2.3 � VHDL‑AMS Approach

VHDL-AMS serves as a modeling language that caters to the 
needs of digital, analog, and mixed-signal systems. Although 

it derives its foundation from the IEEE standard 1076–2008 
(VHDL), VHDL-AMS introduces additional features and 
modifications to enable the simulation and implementation 
of analog and mixed-signal models [6, 40–43]. This lan-
guage bears some resemblance in concept to Verilog-AMS, 
and it incorporates a user-defined real subtype. An example 
of a VHDL-AMS-based 4-bit digital-to-analog converter 
(DAC) is presented in Fig. 3.

2.4 � SystemVerilog Approach

In the past, nets were not able to be assigned real values, but 
SystemVerilog addressed this limitation by introducing the 
notion of real-number variables that could be manipulated 
like nets. This was particularly helpful in facilitating the 
process of real number modeling in mixed-signal circuits. 

Fig. 1   Example of a simple resistor in Verilog-A

Fig. 2   Example of a sample-and-hold in Verilog-AMS with wreal

Fig. 3   VHDL-AMS model of a four-bit digital-to-analog converter
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Real variables were able to be connected to input and output 
ports in SystemVerilog, but they could only be driven by a 
single driver. However, the nettype declaration included in 
the IEEE 1800–2012 SystemVerilog standard allowed for 
the resolution of this obstacle.

SystemVerilog IEEE 1800–2012 standard offers innova-
tive frameworks that enable effective AMS modeling. Spe-
cifically, the integration of a new collection of nettypes with 
a real data form is key to achieving this. This real data form 
is essentially the same as the wreal nets found in Verilog-
AMS [3, 4, 6, 8, 24, 44–47]. One significant advantage of 
the nettype approach is that it allows for the use of multiple 
drivers, making it a typeless net that is exclusively used for 
ports or interconnect building. Figure 4 offers a description 
of the real type nettype, where any changes made to the 
value of the real nettype in will result in changes to the real 
nettype out. Thanks to the additional utilization of UVM 
[13, 48–52], the SystemVerilog method for real number 
modeling is optimal for mixed-signal verification and offers 
exceptional verification performance.

2.5 � Simulation Efficiency and Accuracy

The various levels of abstraction commonly used in analog 
segments of mixed-signal designs include the transis-
tor netlist, transistor-level SPICE simulation, fast SPICE 
simulation, traditional analog modeling, real number mod-
eling, and pure digital modeling. Figure 5 illustrates the 

relationship between simulation efficiency and accuracy 
for these levels of abstraction.

The transistor netlist offers the highest level of accuracy, 
at the penalty of high simulation time. SPICE and fast SPICE 
simulations are almost equally precise, but fast SPICE out-
performs SPICE in terms of simulation speed. Traditional 
analog modeling techniques such as Verilog-A, Verilog-
AMS, and VHDL-AMS [40] reduce simulation time com-
pared to SPICE [25, 26] simulations. Real number modeling 
techniques, such as wreal and SystemVerilog RNM [5, 7–9], 
significantly enhance simulation efficiency to a level compa-
rable to pure digital models. Analog models, such as Verilog-
AMS analog and Verilog-A, employ an analog solver with 
greater computational complexity, whereas real number mod-
els (wreal, SystemVerilog RNM) and pure digital models use 
a digital solver. This distinction may account for the notable 
difference in simulation run times.

3 � Proposed SAR ADC Model

This section introduces the SystemVerilog real number model 
for a SAR ADC, aiming to improve simulation efficiency 
while ensuring accurate modeling to meet satisfying levels.

3.1 � Function of the SAR ADC

The SAR ADC, depicted in Fig. 6, is an analog-to-digital 
converter comprising a SAR register, an internal DAC, a 
comparator, and a sample-and-hold circuit. It is utilized to 
convert an analog input voltage into a digital representation 
with n-bits. The SAR register is configured with the most 
significant bit (MSB) set to 1 and the remaining bits set to 
0. The resultant output is then directed to the internal DAC, 
which converts the digital representation back to an analog 
signal, utilizing a reference voltage (Vref).

The analog output is fed into the comparator circuit to 
be compared with the sampled input voltage (Vin). If the 
value from the DAC is higher than Vin, the corresponding 

Fig. 4   SystemVerilog nettype with real data type

Fig. 5   Simulation Efficiency – Accuracy relation Fig. 6   The components of the SAR ADC
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bit in the SAR register is set to 0, otherwise, the bit remains 
as 1. This process repeats for each bit in the SAR register, 
sequentially changing them to 1 in order to perform the same 
comparison. The resulting binary code represents the digital 
approximation of the input voltage.

3.2 � Proposed SAR ADC SystemVerilog Real 
Number Model

In this work, a four-bit SAR ADC real number model is 
introduced using SystemVerilog. In Fig. 7, part of the top-
level module of the SAR ADC real number model is pre-
sented. To be more precise, the proposed top consists of 
a SAR register, a DAC, a S/H and an analog comparator. 
Nettype with real type is used for the input ports, which 
consist of the analog input and the reference voltage levels. 
The design can operate with two different modes, asynchro-
nous and synchronous reset. In asynchronous reset mode, the 
circuit will reset whenever reset signal is active 'irrespective' 
of the clock. In the opposite direction, a synchronous reset 
signal will only reset on the positive edge of the clock.

In order to fully transform the circuit from pure digital 
into mixed-signal, the insertion of two non-idealities was 
decided, clock jittering and settling noise in sample-and-
hold circuit. Regarding clock jitter, it is another phenomenon 
that has drawn interest in the design of ADCs. Sampling of 

the analog input does not always happen at the exact moment 
that is needed. This non-ideal element causes a conversion 
error proportional to the slope of the signal, which is gener-
ally referred to as jitter at the sampling moment, as men-
tioned in [21]. The design embeds a ± 2% clock jitter, out 
of the period T clock jitter, as shown in Fig. 8. Clock jitter 
is embedded in the model by adding/subtracting a delay to/
from the clock period with the usage of a uniform distribu-
tion function.

The sample-and-hold circuit is a basic element of the pro-
posed SAR ADC circuit. It includes an “always @ (posedge 
clk or negedge rst)” block, which claims that at every posi-
tive edge of the clock or at every negative edge of the reset, 
the modulation function of the S/H is executed. In simple 
words, the value of the input voltage (nettype real) is kept 
until the starting flag is set. Settling time is the most sig-
nificant non-ideal factor in today's S/H circuits (SI memory 
cells). It describes the time it takes for the output to achieve 
its final value within a given settling error. In Fig. 9, the 
behavior of a standard S/H settling behavior according to 
[21] is illustrated. Figures 10 and 11 displays part of the 
proposed S/H circuit, where a settling delay equal to 10% of 
the clock period [53] and a ± 2% error band [54] are inserted. 
The impact of these two non-idealities in terms of SNR on 
ADC’s performance is significant. More specifically, clock 

Fig. 7   Part of the proposed SAR-ADC top-level module

Fig. 8   Generation of clock jitter for model accuracy improvement

Fig. 9   Example of settling time with error band

Fig. 10   Part of the proposed sample-and-hold circuit
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jitter adds timing uncertainty, reducing SNR and settling 
noise results from incomplete DAC settling, adding noise, 
so the proposed non-ideal ADC model has a degradation of 
6 dB, having a total SNR of 19.84 dB.

The analog comparator is the simplest module of the pro-
posed design. It includes two nettype real inputs and a digital 
output. If the input voltage is higher or equal to the voltage 
approximation from DAC, the output holds a value of digital 
‘1’, or else ‘0’.

In Fig. 12, the proposed SAR register is shown. The dis-
played code represents the asynchronous reset modes. More 
specifically, for every positive edge of the clock or for every 
negative edge of the reset, it performs the following code. If 
the reset is in ‘0’ then the variables are initialized. The most 
important bit is initialized as ‘1’ and the rest as ‘0’. For the 
following cycles, it checks each individual bit by turning it 
into ‘1’. If the input voltage is higher that the digital output of 
the module then it keeps the bit ‘1’, else it changes it back to 
‘0’. After that, it finishes checking every bit, then it proceeds 
to output the digital approximation of the input voltage and 
activate the finish flag. For the synchronous reset, it follows 
the exact same procedure, but it only changes the ticking of 
the “always” block for every positive edge of the clock.

4 � Basic UVM Testbench Architecture

UVM represents a methodology employed for verifying 
the functionality of SoC designs through the utilization of 
SystemVerilog. This approach involves the creation of veri-
fication elements and transaction-level modeling (TLM) to 
achieve efficient component interconnection [11, 14, 16, 19, 
48, 49, 52, 55]. Moreover, it leverages a foundational class 
library to facilitate the development of Universal Verifica-
tion Components (UVCs) and testbench modules, thereby 
augmenting the adaptability and potential for reuse within 
the verification environment.

Verification of a specific design, module, interface, proto-
col, or logic function necessitates a compilation of elements 

related to stimulus, monitoring, verification, and coverage. 
Within this context, a UVC encompasses a crucial suite of 
fundamental software and associated components. UVCs are 
delineated through a series of classes present in the UVM 
library, each class signifying a significant building block. 
Nonetheless, the most pivotal element within this assem-
bly is responsible for relaying the stimulus produced by the 
testbench to the DUT. Furthermore, the construction of a 
UVC can be contingent on the type of the DUT and may 
involve one or more agents. Agents, in turn, can be affixed 
to specific interfaces with the aim of evaluating the DUT's 
functionality.

The schematic representation of a general UVM test-
bench architecture is presented in Fig.  13. More spe-
cifically, the Top is where all verification components, 
interfaces, and the DUT are instantiated. The Test is 
responsible for defining the test scenario within the test-
bench, enabling the examination and validation of spe-
cific features and functionalities. Within the Test class, the 
environment, environment configuration properties, and 
various other attributes can be found. In order to execute 
the test scenario, various sequences within the Test are 
created and initiated. When dealing with highly intricate 

Fig. 11   Part of the proposed DAC circuit

Fig. 12   Part of the proposed SAR register
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designs, it becomes necessary to run multiple tests. Now, 
regarding the Environment, it serves as the primary con-
tainer class. It encompasses one or more agents, each 
dedicated to different interfaces, and a shared scoreboard. 
Additionally, it may include other components such as 
a top-level monitor, checker, predictor, or even smaller 
sub-environments.

Concerning the Agent, it can be employed in either an 
active or passive way. When operating actively, it takes on the 
responsibility of generating the necessary stimuli and trans-
mitting them to the DUT via an interface. An active agent 
typically encompasses a sequencer, a driver, a monitor, and 
a configuration object. Conversely, when in passive mode, 
the agent's role is limited to merely sampling the signals 
emanating from the DUT, and it consists of just a solitary 
monitor. In a different context, the Sequencer serves as the 
stimulant creator, orchestrating the flow of transactions (or 
sequence items) as class objects between the sequences and 
the driver. In addition, the Driver is an active component that 
continuously receives sequence items from the sequencer and 
propels them towards the DUT through the interface.

The Monitor functions as a passive module responsible 
for gathering signals from the DUT interface and translat-
ing them into transaction-level activities. Furthermore, it 
conveys these transactions to the evaluation components 
within the environment, such as the scoreboard, using its 
analysis ports. The Scoreboard plays a pivotal role in vali-
dating the DUT's functionality by comparing its responses 
to the expected values, typically sourced from a reference 
model, also known as predictor. The scoreboard receives 
transactions through its analysis outputs from the monitors. 
A Sequence Item represents the smallest structural unit of 
data in the verification process, comprising various fields of 
essential information required for stimulus generation. The 
Sequence, in turn, serves as the component responsible for 
generating a sequence of these items in an organized manner.

Apart from the basic architecture, there are three major 
UVM constructs that can play a vital role in the effective 
verification of a design. Sequences are fundamental in UVM 

for generating stimuli. They provide a flexible mechanism 
to create a variety of test scenarios, allowing for randomi-
zation and reuse across different testbenches. This modu-
larity helps in achieving comprehensive test coverage by 
simulating numerous operational conditions. In addition, 
coverage metrics are vital in UVM for guiding the verifi-
cation process. They help identify parts of the design that 
have not been tested, ensuring thorough validation. Func-
tional coverage, code coverage, and assertion coverage are 
types of metrics that provide insights into test completeness 
and effectiveness. Finally, assertions in UVM are used for 
functional checking, verifying that the design behaves cor-
rectly under specified conditions. They monitor the design's 
response to stimuli and can catch errors that might be missed 
during standard simulation. Assertions are embedded in the 
testbench to continuously check for compliance with the 
design specifications.

5 � Proposed SAR ADC Verification 
Architecture

In this section, the proposed UVM-based verification archi-
tecture for the SAR ADC RNM model is described, along 
with functional coverage.

5.1 � UVM‑based Verification Architecture

Figure 14 shows the proposed UVM-based testbench archi-
tecture for the four-bit SAR-ADC RNM model. The top 
module declares the SAR ADC instance, the interface, and 
runs various test cases. Each test instantiates the verification 
environment, the most important part of the testbench.

A UVC is used in the verification environment. In gen-
eral, the choice between using a single agent or multiple 
agents in the UVC involves several trade-offs. A single 

Fig. 13   Example of a basic UVM testbench architecture

Fig. 14   Proposed UVM-based mixed-signal verification architecture
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agent simplifies the testbench architecture, making it easier 
to manage and maintain. However, it may limit the abil-
ity to test complex interactions within the design. In mul-
tiple agents case, it allows for more detailed and thorough 
testing of complex interactions and scenarios, providing a 
higher level of coverage and validation. The disadvantage is 
increased complexity in managing multiple agents, which 
can make the testbench more challenging to develop and 
maintain. In this case, for the 4-bit SAR ADC, the focus 
is on simplicity and basic functionality, so a single agent 
will suffice. Thus, the UVC, which is a single agent, is 
included in the verification environment, along with a score-
board and various agent configuration properties. A driver, 
a sequencer, and a monitor are included in the proposed 
agent, as well as a configuration object. The sequencer acts 
as a controller between the test sequences and the driver. 
Each sequence produces a collection of sequence items (see 
Fig. 15) that the driver receives. A sequence item consists 
of the logic-type four-bit variable of sar_result, and both the 
input and reference voltage, which are declared as real vari-
ables. Moreover, the different variables are limited to follow 
the testbench architecture's requirements.

The sequence item packets are sent to the DUT by the 
driver via its interface handle when it receives them, as seen 
in Fig. 16. The monitor transforms the signals from the DUT 
into sequence objects by sampling them via its device han-
dle. The sequence items are then sent to the scoreboard via 
the monitor's analysis port, where they are compared to the 

data traffic coming from the internal predictor. The predic-
tor is a subscriber, which receives the same stimuli as the 
DUT through the monitor and produces transactions with 
known good responses. The core of the predictor is a simpli-
fied SAR ADC model. As shown in Fig. 17, the predictor 
receives the input and computes the expected result of the 
SAR ADC model. Finally, the scoreboard’s functionality is 
implemented with immediate assertions.

The interface serves as the bridge connecting two distinct 
realms, namely, the dynamic and static domains, as defined 
by the UVM-based classes in the mixed-signal verification 
testbench and the SAR ADC—DUT module, respectively. 
Virtual interface handles are employed to establish connec-
tion between different elements of the testbench. Within the 
interface, both real-type and logic-type inputs and outputs 
are declared, enabling communication between the DUT and 
the testbench. Moreover, analog concurrent assertions are 
integrated into the interface to monitor the actions of the SAR 
ADC throughout the simulation run. Figure 18 provides a 
visual representation of a segment of the proposed interface.

5.2 � Functional Coverage

Coverage-driven testing of a mixed-signal architecture relies 
heavily on functional coverage. It is the metric that deter-
mines how well a testbench covers a design's functional-
ity. The attainment of functional coverage is accomplished 
by specifying dedicated coverage models tailored to the 
intended DUT. A covergroup, which is a set of coverpoints, 
forms the coverage model in the proposed mixed-signal 

Fig. 15   Sequence item class of the proposed verification architecture Fig. 16   Part of the run_phase task from the proposed driver class
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verification architecture. Every coverpoint is associated 
with a particular aspect of the SAR ADC's functionality that 
needs to be encompassed.

Figure 19 displays part of the intended covergroup for the 
real number model of the SAR ADC. Every rising edge of the 
reference clock signal is encompassed by every coverpoint, as 
are all real-valued and logic-type signals from the interface. 
Besides, it comprises diverse coverage bins, each linked to 
a range of values, and it delineates the range of real-valued 
signals. However, for a more practical approach, it is advan-
tageous to subdivide this range into smaller value sets. This 
division allows for the evaluation of whether the input values, 

during a simulation run, fall within these specific sets. This 
involves the creation of a vector of bins for each coverpoint, 
with the "type_option.real_interval" field being set to 0.1 to 
specify the desired range of values assigned to each bin.

As a consequence, for each coverpoint, different bin vec-
tor sizes are declared. Furthermore, cross coverage is used 
for all coverpoints in pairs to see if a specific combination 
of voltage input values is used. “c1c2: cross c1, c2,” tests 
the degree at which the bins of c1 coverpoint cross with the 
bins of c2 coverpoint.

6 � Experimental Results

In this section, initially a simulation performance analysis 
takes place, where the proposed SAR ADC SystemVerilog 
RNM model is compared against a reference model in Ver-
ilog-AMS. Additionally, the presented UVM-based verifica-
tion architecture is evaluated for its verification efficiency.

Fig. 17   Part of the proposed scoreboard class: predictor—golden ref-
erence model

Fig. 18   Part of the interface, where analog concurrent assertions are 
added to check that analog signals behave as expected during simula-
tion

Fig. 19   Covergroup for the analog signals vref and vin. It is utilized 
to measure how well specific aspects of the analog signal behavior are 
being tested

Table 1   Simulation Performance of the Proposed SAR ADC RNM 
Model

Proposed SAR ADC 
SystemVerilog RNM 
Model

Verilog-
AMS Model 
[23]

Simulation actual execution 
time

0.5 s 20 s

Percentage (%) of time com-
pared to Verilog-AMS

2.5% 100%
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6.1 � Simulation Performance of the SAR ADC RNM Model

To demonstrate the advantages of the suggested design 
simulation, Table 1 presents a comparison of the simulation 
durations needed for a single conversion at 6-bit using both 
the proposed SAR ADC SystemVerilog RNM model and a 
Verilog-AMS model [23].

The simulation time for the SystemVerilog RNM model 
is significantly lower (0.5 s) compared to the Verilog-AMS 
model (20 s) [23]. The proposed SAR ADC SystemVerilog 
RNM model demonstrates a notable improvement in simu-
lation efficiency compared to its Verilog-AMS counterpart, 
as evidenced by the significantly reduced simulation time.

6.2 � Verification Efficiency of the Proposed 
UVM‑based Verification Architecture

Cadence Xcelium was employed to integrate and simulate 
the suggested UVM-based verification structure for the real-
number model of the SAR ADC, as outlined in Section 3. 
The verification architecture was formulated using System-
Verilog with RNM. Numerous test scenarios were created to 
comprehensively assess the functionalities of the SAR ADC.

The testbench was crafted using SystemVerilog in adher-
ence to the UVM methodology, featuring target output sys-
tem clock frequencies spanning from 50 to 500 MHz. The 
reference clock frequency was randomized in each simula-
tion run, as depicted in Fig. 20.

The suggested verification framework successfully vali-
dated the accurate functionality of the SAR ADC model 
under all scenarios. Furthermore, 99% was deemed to be 
an appropriate standard of functional coverage. The SAR 
ADC's functionality was covered at a rate of over 99.6%, 
according to the coverage report. The high coverage level 
leads to greater confidence in the verification process, 
reducing the risk of undetected bugs and ensuring robust 
design validation. By achieving high coverage levels across 
functional, code, and assertion metrics, the reliability of the 
verification process is significantly enhanced, ensuring that 
the design meets its specifications and behaves as expected 
under all conditions.

The simulation waveform of the presented verification test-
bench is illustrated in Fig. 21 with a reference clock frequency 
at 500 MHz. The test scenario in this case involves the crea-
tion of four thousand sequences. The number of sequences is 
set to be as high as possible, in order to completely test the 
SAR ADC's functionality. The run phase of this test case is 

Fig. 20   Randomization of clock frequency in the top-level module

Fig. 21   Simulation results hav-
ing reference clock frequency 
set to 500 MHz
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presented in Fig. 22, where four thousand sequences are cre-
ated, randomized and then started via the sequencer.

The simulation results demonstrated that the proposed 
UVM-based testbench architecture can achieve high mixed-
signal DUT verification performance. In addition, coverage 
analysis of the test scenario shown in Fig. 23 pointed out 
the proposed testbench efficiency. Moreover, as shown in 
Fig. 23, the coverage model demonstrates 99.78% coverage 
completeness of SAR ADC functionality.

Coverage analysis results for the proposed testbench mod-
ule are shown in Table 2 for cases where the clock frequency Fig. 22   Run phase of the UVM-based test class

Fig. 23   Coverage analysis for a 
test case scenario

Table 2   Coverage Analysis for Different Numbers of Test Sequences

Clock Frequency set 
to 500MHz

  Number of test 
sequences

500 1000 2000 4000 8000

  Coverage analysis 
(%)

99.63% 99.68% 99.74% 99.78% 99.79%
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is set to 500 MHz and the number of sequences initiated 
from the test is modified. Coverage analysis metrics are 
derived for 500, 1000, 2000 4000, and 8000 test sequences, 
respectively. Each test was completed successfully in all 
cases, with coverage analysis levels exceeding 99% in all 
cases, with some increases for larger numbers of sequences. 
This means that the SAR ADC's normal operation was com-
pletely tested for various numbers of test sequences, without 
showing any errors.

7 � Discussion and Conclusion

This paper presents a four-bit SAR ADC real number model 
implemented in SystemVerilog. It takes advantage of real 
number modeling, which allows for quick simulation of 
mixed-signal designs. In contrast to other mixed-signal or 
analog modeling approaches, the experiments revealed that 
the proposed SystemVerilog RNM SAR ADC model has 
a high simulation efficiency and reasonable accuracy. In 
addition, for the SAR ADC real number model, a UVM-
based mixed-signal verification architecture was presented. 
It exploits the advantages of UVM's high verification per-
formance, as well as SystemVerilog – RNM's mixed-signal 
design capabilities. Compared to conventional mixed-sig-
nal or analog verification approaches, the proposed test-
bench design demonstrated superior verification efficacy 
while in parallel decreasing simulation time by an exponen-
tial factor. The presented testbench architecture employs 
constrained-random real-valued stimulus generation, cover-
age metrics, multiple test scenarios, and analog assertions 
to accomplish substantial verification process improve-
ments. These characteristics contribute to high testbench 
modularity, interoperability, and efficiency.

Conclusively, it's worth pointing out that the presented 
verification architecture can be extended to any form of 
mixed-signal SoC design block-level verification. Exploring 
an extension to this research involves examining a white-box 
verification framework designed to assess the operational 
integrity of the internal components within the SAR ADC 
real number model. Regarding the limitations, the proposed 
approach may face challenges in scaling to more complex 
ADC architectures due to increased verification demands and 
complexity in stimulus generation and checking. In addition, 
while the approach is tailored for SAR ADCs, its application 
to other mixed-signal circuits may require significant modi-
fications to handle different interaction dynamics and per-
formance characteristics. On the other hand, future research 
could explore techniques to enhance scalability, such as 
hierarchical verification or partitioning strategies. Adapting 
the approach to other mixed-signal designs, such as PLLs or 
DACs, could also expand its utility. Finally, emerging trends 
like machine learning could be leveraged to automate and 

improve verification efficiency and coverage, potentially 
addressing complex verification scenarios more effectively.
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