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Abstract—The Improved Inter Integrated Circuit (I3C) interface is a scalable, medium-speed, utility and control bus interface
designed for connecting peripherals to an application processor.
It is a backward-compatible successor to the I2C interface with
increased speed, additional functionalities and improved energy
efficiency. The work presented in this paper supports the early
adoption of the I3C interface at the industry level by establishing
a validation methodology of the timing parameters of the I3C
interface and by setting up appropriate digital design workflows
used in implementing I3C interface in Systems-on-Chip (SoC).
The timing validation methodology is based on a Hardware-inLoop (HIL) topology, while the design workflows are represented
by two I3C-based SoC examples: the autonomous I3C target and
the temperature sensor integrated in ARM Cortex-M0 periphery
with I3C Target interface.
Index Terms—MIPI, I3C, timing validation, digital integrated
circuits, microprocessor core

I. I NTRODUCTION
The consumer and automotive market segments are constantly increasing the demand for sensors. Furthermore, there
is a requirement of making these sensors smart by adding
several components to the primary sensor. Achieving the best
integration of sensors and sensor-related components is key to
industry-level success.
The main goal is to develop a full SoC able to acquire the
raw data from the external world, process them, and send the
processed data to the customer system. An important objective
is to create a toolkit that can maximize design re-use by
focusing on pre-Silicon Simulation and Verification, and postSilicon Validation and Testing.
The SoC integration process combines digital and analog
domain sub-circuits interaction on the same level of the
physical implementation. This integration process contributes
to a realm of electrical sensors, commonly placed on the
periphery of more complex systems. Digital data processing
on the same chip is possible due to the processor core being
integrated into the System-on-Chip.
Numerous electrical sensors are integrated into the SoC
which burdens the data bus infrastructure. The optimal performance of a data bus is at large a combination of speed,
device count, and energy efficiency. To ensure the data speed
and energy efficiency in mobile devices an innovative approach
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is taken by the MIPI alliance on the redesign [1] of the wellknown I2C. The I3C protocol is faster, more integrated, and
more versatile.
The basic topology of an I3C bus consists of one Controller
device and at least one Target device. A device attributed with
the Controller status is an embedded, firmware-driven, unit
of hardware. Since a Controller controls the bus data traffic,
a microcontroller (MCU) [2] or microprocessor is a device
of choice. Practical use of a Target device often shows that
a monolithic, application-specific integrated circuit (ASIC) is
preferable.
Testing all devices designed for communication on the
I3C bus is necessary to confirm operational readiness. High
production volume requires an automatic test equipment (ATE)
approach to fulfill demands in quality and often short time-tomarket lead. This paper presents an implementation of a PXIe
[3] based testing environment, appropriate test methods, and
a design of an “intelligent” sensor. The test set-up presented
in this paper uses a hardware in loop (HIL) approach.
The communication event in the I3C protocol begins in the
I2C (Legacy) mode. Also, a group of Common Command
Codes (CCCs) is sent in the Legacy mode. Common Command
Code commands are meant to be used for anything that is
related to bus management and all features that are common
to a set of devices. The testing in this paper is aimed at the I3C
bus initialization in the Legacy mode and it is the first step in
designing full-scope testing of the I3C protocol. By achieving
the measurement method validity additional methods are to be
developed for the I3C proprietary functionality testing [5].
The I3C protocol is designed to be used for interfacing peripherals to an application processor which streamlines the integration of the complete digital system. Its target applications
are mobile products, e.g. smartphones, wearables, automotive
systems etc. [6] The I3C protocol is used to interface the
individual sensors which are often integrated with microcontroller processor cores in a System-on-Chip. The work done
in this paper supports the early adoption of the I3C interface
in sensor solutions. Alongside the developed methodology for
timing validation, the project establishes design workflows for
integrating the I3C interface into Systems-on-Chip. This paper
presents two examples Systems-on-Chip which feature the I3C

MIPRO 2022/MEET

HIL

BOTTOM

TOP

CONTROL

DUT

MEASURE

I3C

Fig. 1: The HIL topology used.

interface. One example is an autonomous, stand-alone I3C
Target interface, while the other SoC example is based on
an integrated ARM Cortex-M0 processor core, an APB I3C
Target interface, and a temperature sensor in its periphery [11].
The featured temperature sensor is based on the work done in
[9] and [10].
This paper describes the current results of the ongoing
Sensor Fusion project pertaining to the application of the I3C
interface, i.e. its timing validation and System-on-Chip design.
The Sensor Fusion project is a collaboration between the
industry partner - ams OSRAM AG and the university partner
- University of Zagreb, Faculty of Electrical Engineering and
Computing which is funded in part by the Austrian Research
Promotion Agency (FFG).
This paper presents the I3C timing validation based on HIL
system implementation with description of all key building
blocks in Section II. The Systems-on-Chip featuring the I3C
Target interface are described in Section III followed by the
description of further work in Section ?? and conclusions in
Section IV.
II. T IMING VALIDATION SYSTEM OVERVIEW
A. HIL Topology
The HIL topology presented here is designed in two levels.
The top-level consists of the NI PXIe test system in charge of
running the tests. The PXIe system is a versatile programmable
platform capable of signal generation, measurement, and signal data storage. The PXIe’s task is to automate the execution
of the test scenarios, measure electrical values, and analyze
and evaluate acquired data. The final report is presented in a
user-readable format. The NI LabView software is used for
algorithms coding.
The Bottom-level of the HIL presented is composed of an
I3C bus Controller and a single Target device. The MCU i.MX
RT685 uses a built-in I3C Controller for the bus governing.
The development board MIMXRT685-EVK by the NXP company [7] is used. The Target device is an off-the-shelf (OTS)
ST branded LPS22HH temperature and pressure sensor. These
devices are the device under test (DUT). The control data
connection between the HIL levels is established over the USB
using the proprietary communication protocol. This is a multi-
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Fig. 2: Test set-up.

platform approach in HIL topology design as shown in Fig.
1. Actual test set-up is shown in Fig. 2.
B. Labview Code Implementation
1) Communication: the Top and the Bottom HIL levels are
connected over the USB. One full program cycle is required
to send a command and receive the return message. This
is enabled by lock-stepping the program execution with the
communications. The program can execute only if there is a
correct message exchange between the Top and Bottom HIL
levels.
2) Measurement: the PXIe system is equipped with a
digital oscilloscope PXIe-5160 (500 MHz bandwidth). The
two channels are associated with the two I3C bus lines. The
maximum resolution of the oscilloscope PXIe-5160 is 10 bits
at 2.5 GS/s. Recording of the waveforms to system memory is
necessary. The measurement process is triggered by an event
on the I3C bus. This enables synchronization with the Start
conditions on the I3C bus and proper signal acquisition.
C. Embedded Controller System
1) Operating system: the SimpOS is a custom-made preemptive task scheduler developed for embedded microcontrollers by the research group for internal use. In a three
layer system, the application layer runs routines needed for
abstract functions and tasks as shown in Fig. 3. The hardware
abstraction layer (HAL) interlinks the application layer and
peripheral drivers. A most bottom layer is a set of periphery
dedicated hardware registers.
2) I3C Controller execution: keeps track of the commands
from the decoded messages. The execution algorithms, translate the command list to settings in the registers of the
I3C Controller driver. The execution of each command is
semaphored with statuses of completion. The correct completion of certain command allows the execution process to
continue, and a failed completion halts execution and reports
an error code to the upper levels of the control system. The
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Fig. 3: Application layer program flow
Fig. 4: Automated test scenario flow
execution monitoring and error tracking is enabled. Upon
successful completion of all commands, the upper system
levels are notified, and the command list is cleared for the
next execution process.
D. Target device
The use of the off-the-shelf device enables fast
implementation time and a well-known characteristics
of the device under test. This device enables confirmation
validity for a test design presented in this paper.
E. Test routines
The automated test and measurement process is possible due
to the communication link between HIL levels. The Labview
GUI is used for the test scenario’s data and parameter entry.
Test scenarios can run until tests are finished, stopped by
schedule, or other events, such as error or user command.
As shown in Fig. 4 all processes are synchronized. There is
no user intervention needed until the end of the automated
process. The command from Labview is sent to a DUT,
and the initialization of a PXIe measurement system is done
simultaneously. The measurement system awaits the return of
the status from DUT. Measurement is then triggered with the
I3C bus signal change. As the measuring process completes
data acquisition, data analysis is carried out. This data analysis
yields the most significant signal parameters for the evaluation,
as shown in Fig 5. All of the measured data is stored
permanently in memory. The final result is presented as a data
report.
Signal parameters that are of key interest in this I3C
verification, are the signal rise and fall times, and various
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Data signal (SDA) to Clock signal (SCL) delays and intervals,
as shown in Fig 6. These signal parameters are defined by
the specification of the I3C protocol, for both Legacy and
improved protocol versions.
F. Test scenario used
This paper is focused on testing the Legacy signal parameters of the I3C protocol. The I3C bus speed for these
test is defined as Legacy at 400 kHz. The test starts with
the Legacy mode transmission of the Broadcast Address 7E
(hex) from the Controller to the Target. This message is then
followed by the following CCC messages: DISEC, RSTDAA,
and SETDASA. The test is successfully finished if the Target
PARAMETERS VECTOR INPUT
SDA

SCL

[ ][ ][ ][ ]

[ ][ ][ ][ ]
tCAS
tCBP

tDS
tSU
tf, tr
tHIGH, tLOW

EVALUATOR

Fig. 5: Signal parametrization and evaluation.
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Fig. 6: Timing diagram with key parameters.

Parameter

Min

Min – max measured
(Average)

Max

RESULT

tCAS (µs)
tCBP (µs)
tLOW (µs)
tHIGH (µs)
tDS (µs)
tSU (µs)
tf (ns)
tr (ns)

0.04
0.02
0.02
—
0.003
0.003
—
—

1.59 (1.59)
0.08 (0.08)
1.60 – 1.76 (1.71)
0.79 – 1.60 (1.03)
0.02 (0.02)
1.74 (1.74)
1.60 – 3.20 (2.40)
1.60 – 3.20 (2.40)

100
—
—
0.04⋆
—
—
60
60

PASS
PASS
PASS
PASS
PASS
PASS
PASS
PASS

⋆

This maximum High period may be exceeded when the signals can
be safely seen by Legacy devices.

device returns the PID + BCR + DCR status. The signal on
the bus is measured continuously. The aim of this project is
to include the I3C high speed modes, i.e. the Single Data
Rate (SDR) at 12.5 MHz and the Double Data Rate (DDR) at
25 MHz in the validation methodology. The high speed mode
testing covers the data exchange between Controller and Target
in a full specification scope.

is possible. The data acquired in these measurements grants
certainty in the correctness of the processes used in developed
tests. On the contrary, by using unverified tests with the
prototype devices any irregularity can be equally attributed
to the test system or to the DUT.

G. Analysis process

A. Autonomous I3C Target Test Chip

This part of the algorithm collects the results from the
analysis process and cross-checks them with the specified
values. The evaluator script then decides if the result for the
selected parameter is within the specified limits. The PASS or
FAIL evaluation is then designated for the result in question.
Since control software keeps trace in test numbering and test
events, exact PASS or FAIL events can be pinpointed for
further in-depth analysis if needed.

This paper presents two custom-made System-on-Chip designs which use the I3C communication interface and the
first example of the I3C interface based System-on-Chip uses
an autonomous I3C Target interface which can be applied in
simpler sensor solutions.
Fig. 7 shows the block diagram of the autonomous I3C
Target test chip. The autonomous I3C Target IP core integrated
in this test chip consists of the I3C Target wrapper module
and the autonomous registers. The I3C Target wrapper module
integrates the SDR Target engine module and the Dynamic
Address Acquisition (DAA) and Common Command Code
(CCC) processing modules. The IP core has the two-pin I3C
interface - clock SCL and data SDA pins and it also uses a
reset pin RSTn.
The SDR Target engine module is the main processing
component of the MIPI I3C Target interface and it also handles
legacy I2C interface as well. This module handles the Start and
Stop conditions on the bus, it processes the headers, matches
various addresses etc.
The DAA processing module handles the Enter Dynamic
Address Acquisition (ENTDAA) command and enables the I3C
Target to acquire its I3C Dynamic Address. It also handles
the other DA related CCCs which includes Reset Dynamic
Address Acquisition (RSTDAA), Set New Dynamic Address
(SETNEWDA), Set Dynamic Address from Static Address
(SETDASA).
The CCC processing module handles the execution of the
enabled CCC commands. It works with the DAA processing
module and supports the DAA related commands. Additionally
it can handle Events, Activity states, status requests, max
values, etc.
The autonomous registers module contains the registers
which can be directly addressed via the I3C interface and they
model the standard I2C and I3C register interface model.

H. Test results
Table I shows the numeric results of measurement on the
DUT in question. Measured values are presented in the data
range delimited by the lowest and highest value measured. All
of the values measured fall in the specified range. Since the
measurement is carried out on a real system, a minimal signal
shape deviation is present on the bus. This can be related to
the physical conditions on the bus or with the change of the
Controller’s output drive type. The signal impulses affected
by this change their waveform properties. Some observed
parameters thus have minimal and maximal values. Also, it
must be noted that the time resolution of these measurements
is 1.6 ns.
I. Test result significance
The devices used in this test enabled the supervision of
the test system design. The devices present on the market
are subjected to rigorous post-fabrication tests. Only nonfaulty devices can leave the factory. Using already qualityapproved devices in the test development ensures information
on the test validity itself. It also helps in the tuning of the
test processes in early development. Since the data scope of
the expected values is listed in the protocol standard [1] a
clear approach to the result interpretation is possible. With
the correct results, an evaluation of the developed system
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Fig. 7: The block diagram of the autonomous I3C Target test
chip.

The autonomous I3C Target IP core is based on the opensource implementation of the MIPI I3C Basic implementation
[8].
Fig. 8 shows the layout of the autonomous I3C Target test
chip. The autonomus I3C Target IP core shown in Fig. 7 was
synthesized and physically implemented using the Cadence
EDA tools and it was manually integrated in the padframe.
The test chip design was implemented in the TSMC 180 nm
process technology and the dimensions of the resulting layout
of the I3C Target core were 300 x 300 µm2 .
B. Temperature sensor System-on-Chip
The second example of the I3C interface based Systemon-Chip uses the ARM Cortex-M0 core and integrates the
I3C Target interface alongside an example digital temperature
sensor. The ARM Cortex core supports the implementation of
advanced sensor feature, e.g. sensor calibration and advanced
I3C interface features, e.g. Time Control etc.
Fig. 9 shows the block diagram of the temperature sensor
System-on-Chip. This System-on-Chip is a custom designed
IC and features the temperature sensor core described in
Section III-C. The System-on-Chip is based on a system

Fig. 8: The layout of the autonomous I3C Target test chip.
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Fig. 9: The block diagram of the temperature sensor Systemon-Chip.

design which uses the ARM Cortex-M0 core and integrates the
digital temperature sensor and the I3C Target interface in the
periphery of the microcontroller processing core. The digital
temperature sensor and the I3C Target interface are connected
to the ARM Cortex-M0 core via the Advanced Peripheral Bus
(APB). Both the temperature sensor and the I3C interface are
implemented as APB targets. The APB target interface of the
temperature sensor is custom made, while the appropriate APB
wrapper for the I3C Target interface is used. Similarly to the
autonomous I3C Target interface, the APB wrapper is also
based on the open-source implementation of the MIPI I3C
Basic implementation [8].
The System-on-Chip pins include the (crystal oscillator)
clock pins XTAL1/2, the reset pin RSTn, the Serial-WireDebug (SWD) interafce pins SWDCLK/SWDIO, the I3C
interface pins SCL/SDA and the 16-pin general purpose IO
port GPIO.
C. Switched capacitor temperature sensor
The integrated temperature sensor is based on a switched
capacitor architecture that utilizes a bulk diode (Nwell/Psub)
[9]. This diode has a favourable process spread, it is available
in any manufacturing process and therefore it ensures the
scalability of the circuit between different technology nodes.
The original temperature sensor implementation in a 7-nm
node from [9] is transferred to the 180-nm process node. The
supply voltage is also scaled accordingly from the original
1.0 V to 1.8 V. Due to its architecture, the sensor can be
relatively easily integrated with the rest of the digital circuitry
because it operates in a digital-like manner. This means that it
does not require the implementation of an analog to digital
converter. A block diagram of the sensor is presented in
Fig. 10.
The output from the temperature sensor is a periodic pulse
with a variable duty cycle (i. e. frequency). The output
waveform of the analog part of the sensor is visible in Fig. 10.
This signal is connected in a feedback loop with the control
logic. This logic then outputs a square wave, which is a digital
signal that is used to determine the temperature. The width
of the digital pulse stays constant at 200 ns, but the time
until the next pulse is triggered on the output decreases as the
temperature increases and vice versa. By counting the number
of generated pulses on the output of the sensor during a given
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Fig. 10: The block diagram of the switched capacitor temperature sensor.

period of time, the temperature can be determined. However,
the transfer characteristic of the frequency versus temperature
is not linear – it is logarithmic.
This is where the ARM Cortex-M0 microcontroller core is
utilized. The measured number of pulses that represents the
value of the temperature is linearized and converted by the
microcontroller to a proper temperature value. This value is
then transferred over the I3C bus, and it presents the final
output from the sensor as it does not require any additional
post-processing. The Cortex-M0 can be programmed to execute a function that maps a particular frequency measurement
to its corresponding temperature value.
A general schematic of the temperature sensor circuit is
presented in Fig. 11. The core of the sensor consists of the
bulk diode, five transistors that operate as switches, and four
capacitors. MP 2 is a PMOS transistor whose drain terminal
is connected to ground, and therefore it requires an additional
negative level shifter for operation [10]. The counter logic generates the appropriate digital signals that control the switches.
The sensor topology requires a comparator that needs to
have an acceptably short decision delay, but at the same time
must be unity-gain stable during the auto-zero/reset phase of
the sensor operation. The comparator is configured as a voltage
follower during this phase. If this stability criterion is not met,
the output of the comparator starts to oscillate during the autozero phase, which prevents the circuit from working correctly.
Proper operation of the entire circuit is established by using
a conventional two-stage amplifier with Miller compensation
with NMOS transistors in the input stage. The compensation
capacitor is connected only when the comparator is working
as a voltage follower. This ensures both sufficient speed
during the comparison phase (compensation is not active, the
comparator operates in open-loop) and stability during the
auto-zero phase (compensation is active).
IV. C ONCLUSIONS
This paper presents the results of the timing validation
and SoC design using the I3C interface. The I3C interface
is a successor of the I2C protocol and features a number of
improvements including greater energy efficiency and speed,
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Fig. 11: The schematic of the switched capacitor temperature
sensor [9].
and new functionalities. The timing validation is based on
the Hardware-in-Loop topology and the test and measurement
processes are automated. Using this timing validation methodology it is possible to acquire a large data set and statistically
validate the timing parameters of the I3C Target interface. The
SoC design using the I3C interface is presented using two
examples: the autonomous I3C Target testchip and the ARM
Cortex based system with an integrated temperature sensor and
the I3C Target interface.
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