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Abstract—This paper aims at designing a UART using
SystemVerilog and verifying the same using a UVM based
testbench. UART is one of the most frequently utilized serial
communication protocol without the need for a clock excitation.
The design includes baud rate generator, control, bus interface,
interrupt control and the receiver-transmitter FIFO blocks.
Parallel data from system bus are serialized and transmitted and
the vice versa process is performed at the receiver end. The
verification environment is a reusable and flexible one thereby
reducing the complexity and time. Constrained randomization is
adopted for random stimulus generation and a functional
coverage of 100% and approximately 76.4% code coverage was
achieved.
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I. INTRODUCTION

UART (Universal Asynchronous Receiver Transmitter), is a
standardized serial communication protocol which is primarily used
to transfer data between systems in a serialized manner. Unlike 12C
and SPI, UART is not only a protocol but also a built in block inside
the controller that basically forms an integral part of the computer’s
peripheral interface. As the name suggests, UART does not require a
clock excitation for data transfer and the speeds of data transfer can be
configured based on the requirements of the customer. UART converts
parallel data from system bus into a serialized data for transmission
while the reverse process is performed at the receiver end. In order
to have reliable, bug free designs with reduced complexity, enhanced
efficiency and reduced turnover period the design of the UART
is written using SystemVerilog HDL and verified using Universal
Verification Methodology which also yields coverage metrics in
addition to functional verification

Il. DESIGN

The design of the UART majorly involves definition of the
transmitter module, receiver module and the control logic along with
the baud rate generator. The full duplex serial communication
between two UART devices is depicted in Fig 1.

START BITS
1BIT

PARITY/CHECK BITS
0TO 1BITS

STOP BITS
1TO2BITS

DATA TO BE SEN
5T0 9 BITS

Fig. 1. UART Frame Format

The UART follows data transmission as per defined frame protocol
in which the frame consists of a start bit, followed by the data that
has to be transmitted, followed by the parity check bits which is
particularly intended to detect any case of data corruption or packet
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loss (and is an optional field) and concluded by the stop bit. The
transmitter first pulls down the start bit indicating that it is ready
to send data which when sensed by the receiver shows that it is
ready for receiving the data. The data and parity parts are then sent
through the line post which the line is pulled high for two clock cycles
indicating that it is done with the transfer (stop bits) and would initiate
the transmission of succeeding frames and the same is interpreted
at the receiver end. At The receiver, the start, stop and parity are
implicitly removed after checking for errors in order to access the
data and transfer it back into system bus in a parallel manner. The
block diagram of the UART is shown as per Fig 2
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Fig. 2. Generic double UART Block Diagram

The synchronization of both the receiver and transmitter FIFOs are
achieved by configuring them through the frequency dividers known
as baud rate generators which defines the rate of sampling of data.
A typical baud rate generator has a processor clock as its primary
input, contains a clock divisor generating the baud rate for both the
receiver and the transmitter. The generator also has option to use the
same rate as that of the system clock which supports data transfer
upto 115.2Kbps.

The transmitter and receiver follows the same architecture having a
shift register, hold register and a FIFO block where in the transmitter
the hold register receives data from the system bus while the shift
register and FIFO serializes the data with framing and is transmitted
once both the transmitter and receiver are ready for communication,
while at the receiver the data received through the shift register and
the data is converted back into a parallel format and put into the
system bus using the buffer register and the FIFO module.

Different registers are utilized to oversee the operation of the
UART module of which interrupt enable register (IER) is responsible
for interrupt handling based on the status of the transmitter and
receiver FIFOs which is indicated by the Interrupt Identification
Register (IIR). The FIFOs are implicitly cleared after every trans-
mission and reception by the FIFO control register while the serial
communication line is handled by the line status and control registers.
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I1l. VERIFICATION METHODOLOGY

Increasing demand for reliable systems with lower time to market
has substantially increased complexity of verification process. Verilog
was primarily used to verify designs but due to its low flexibility
industries have moved to SystemVerilog based verification due to
its reduced complexity, enhanced efficiency and increased reusability
across designs. Much improved efficiency was achieved using Uni-
versal Verification Methodology (UVM) which is opted in this work.

A. Verification Environment

Building the UVM based testbench basically involves construction
of the verification environment along with its built in components
- driver, sequence_item, sequence and sequencer, driver, virtual
interface, scoreboard, monitor and connecting it to the Design Under
Test (DUT) which is the UART in this case. A typical verification
environment using UVM is shown in Fig 3
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Fig. 3. Verification Environment

The environment is a part of the top module defined for functional
verification and drives a sequence to instantiate the DUT through
the virtual interface and can encapsulate one or more than one
agents. Agent is the main block that encapsulates the transaction
(sequence_item) which basically has all the I/O details and the
sequencer. Agent also encapsulates the monitor which receives the
values obtained from simulations runs of the DUT.

B. Test Cases

Constrained Randomization is utilized in order to generate the
stimulus as it is proved as a better method in comparison to
directed testing and also reduces the total verification turnover time.
Randomization also aids in verification of corner cases which are
typically difficult to verify. The sequence is the data that has to be
transmitted through the sequencer to the driver which triggers the
DUT through the virtual interface as defined by the protocol. The
monitor receives the values obtained from the DUT and forwards it
to the scoreboard which compares the actual simulated values with
the golden signatures as per protocol definition. If the values obtained
from DUT matches the golden signatures, the design is functionally
correct else it indicates anomaly in protocol functioning

C. Simulation Metrics

In order to perform the functional verification various test cases
are developed such as reset tests - to check if the software or
hardware based resets clear the internal registers, interrupt tests -
where the status of the transmitter and receiver FIFOs triggers the
interrupt on non-readiness of communication, standard full duplex
UART communication with different baud rates and FIFO depths
and combination of both.

The functionality is successfully verified through the aid of
SystemVerilog assertions (SVA) where the user can define checkers,
coverage points and constraints. Through SVA in UVM, efficiency of
verification is also determined as bugs are easily identified thereby
improving the quality of building reliable systems

In order to measure the progress of the verification, coverage
metrics is utilized namely functional coverage and code coverage.
The progress is tracked by verifying if all the boundary conditions,
value sets are covered during the simulation procedure. Ideally 100%
code as well as functional coverage is expected from the simulation
data which indicates every functionality is tested to its maximum
possible efficiency.

IV. RESULTS

The UART module was designed and successfully verified through
functional verification using UVM and SystemVerilog. The major
metrics and data drawn from simulations suggest the following
observations

- Reduced complexity, increased reusability and efficiency
- Randomization helps to verify difficult-to-reach corner cases
- Reduced turnover time for verification

- 100% assertions, functional coverage achieved and ~77% code
coverage was achieved

Simulations were performed on Cadence Xcelium engine while the
waveform debugging and analysis was performed on Cadence
SimVision debug environment. The metrics derived from the
simulations were thoroughly analyzed and extracted using Cadence
Vmanager and IMC software. The simulation results obtained are
illustrated in Fig 4 and 5

Fig. 4. Simulation Result - 1

Fig. 5. Simulation Result - 2

The waveforms obtained from the simulations show that the data
at the receiver is same as that of the transmitter. All the individual
test cases were verified accordingly and were found to be compliant
with the expected functionality including that of half duplex and full
duplex mode communication. Table 1 illustrates the metrics derived
from the simulations. The test pass percentage of 86% is majorly
attributed to the operational constraints of the SoC of which UART
module forms an important part.
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SVA Assertions 100%
Functional Coverage | 100%
Code Coverage 76.4%

V. CONCLUSION

Therefore the complete UART module was designed using
SystemVerilog and functionally verified using UVM. The design
involved a detailed description of baud rate generator module,
control logic, register logic and the FIFO control at transmitter and
receiver. Multiple test case scenarios were implemented to verify
the block in a robust and efficient manner. Due to the utilization
of UVM the testbench has reduced complexity and enhanced
reusability. The boundary conditions were verified successfully
owing to constrained randomization technique in the stimuli
generation. The simulations yielded a functional coverage of 100%,
overall code coverage of 76.4% and a test pass percentage of 86%
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