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Abstract. The Internet of things (IoT) is a promising technology which offers
the seamless connectivity of the global world via heterogeneous smart terminals.
As the core component of IoT intelligent terminals, IoT modules integrate various
electronic devices such as baseband chips, radio frequency modules and position-
ing modules, etc., and form single devices which can be embedded into different
types of IoT terminals. In this paper, we present a survey on IoT modules. The
architecture and the components of the IoT modules are briefly introduced. Then,
the classification of IoT modules is discussed, which mainly includes cellular
communication modules and non-cellular communication modules. One of the
most widely used cellular communication modules, i.e., narrow-band IoT (NB-
10T) module, is further introduced and the characteristics of the module are exam-
ined in detail. In addition, the design and manufacturing process of IoT modules
is summarized and the key technologies are discussed. Finally, the future research
and development directions of IoT modules are specified.
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1 Introduction

In recent years, the Internet of things (IoT) has received considerable attention and IoT
technologies and applications have experienced rapid development. It is expected that
the number of connected IoT devices will reach 41.6 billion by 2025 [1]. In order to
reduce production cost, simplify software development procedure and reduce product
release cycle time, terminal manufactures seek to exploit module-based technique and
develop various IoT related devices based on IoT modules [2-5].

In IoT modules, various electronic components including baseband chips, radio fre-
quency (RF) modules and positioning modules, etc., are integrated into unified devices
which can then be embedded into different types of IoT terminals. By using IoT mod-
ules, the design and manufacturing process of 10T terminals can be simplified [6].
As one of the key components of IoT devices, the performance and characteristics of
IoT modules play an important role in determining the cost and performance of the
terminals.

In this paper, a survey on IoT modules is presented. We first introduce the archi-
tecture and components of IoT modules, then, discuss the classification of IoT modules
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and elaborate the characteristics of narrow-band IoT (NB-IoT) modules. The design
process and key technologies of IoT modules are further summarized. Finally, the future
research and development directions of IoT modules are specified.

2 Functional Architecture of IoT Modules

This section discusses the general functional architecture of IoT modules. As shown
in Fig. 1, the functional architecture of an IoT module mainly consists of baseband
chip, RF module, global navigation satellite system (GNSS) module, memory chip,
power management module and peripheral interface, etc. The detail descriptions of the
components contained in the module architecture will be discussed as below.
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Fig. 1. General architecture of IoT modules.

The baseband chip in IoT modules is mainly responsible for processing baseband
signals and protocols. The specific functions may include baseband codec, timing con-
trol, digital system control, RF control, power saving control and man-machine inter-
face control, etc. According to the underline chip design technology, baseband chips
can be divided into analog baseband chips and digital baseband chips, where analog
baseband chips mainly process analog signals, such as audio signals, whereas digital
baseband chips deal with digital signals, such as ARM core, digital input/output (I/0),
etc.
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2.1 RF Module

As the transmitters and receivers of IoT modules, RF modules are mainly responsible
for sending and receiving the RF signals of IoT terminals. In order to process RF sig-
nals properly, certain signal processing operations including frequency synthesis, power
amplification and signal filtering are commonly conducted. To implement the functions
of RF signal processing, an RF module is composed of an RF transceiver, a power
amplifier, a low noise amplifier and a filter, etc.

The receiving process of RF modules is briefly described as follows: An RF signal is
received at the RF transceiver, and then processed by a low noise amplifier. The ampli-
fied signal is input into a mixer circuit to obtain the baseband in-phase/quadrature (I/Q)
signal, which is sent into the baseband chip for further processing. The transmission
process of RF modules is of the reverse order as that of receiving process. Specifically,
the output of the baseband circuit, i.e., the I/Q signal is sent into the modulation cir-
cuit inside the transceiver, and then modulated to generate an RF signal. After being
amplified and filtered by the power amplifier circuit, the RF signal is sent out from the
antenna.

2.2 GNSS Module

GNSS module is the general positioning and navigation module which are capable of
receiving positioning related information from various systems including global posi-
tioning system (GPS), BeiDou navigation satellite system (BDS), and Galileo position-
ing system, etc. GNSS module is composed of satellite constellations, receivers and
signal detection circuits. The GNSS module in IoT terminals is widely used in the
applications such as surveying and mapping, transportation, public safety, etc. In these
application scenarios, the main functions of the GNSS module is to provide weather
information, high-precision positioning, navigation and time information for the termi-
nals [7].

2.3 Power Management Module, Storage, Peripheral Interface

The power management module in IoT terminals is mainly responsible for providing
stable and reliable power supply for terminals. Its main functions include on/off con-
trol, voltage control, power supply and detection, and terminal charging control, etc. In
addition, some specific power management operations can be applied so as to reduce
the energy consumption of the IoT terminals during working and idle hours and prolong
the service time of the terminals in battery power supply mode.

The storage unit in IoT terminals is mainly designed for storing data and informa-
tion, including system and software parameters of wireless communication modules
and the data generated by terminals. The storage units are divided into external flash
memory and random access memory (RAM), where the flash memory is used to store
system parameters, program codes and important data, and RAM is utilized to cache
the temporary data when the terminals are operating.

According to various requirements and functions of IoT terminals, different periph-
eral interface units should be designed. The major peripheral interfaces include antenna
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interfaces and functional interfaces, where the antenna interfaces are in general com-
posed of main antenna, diversity antenna, GNSS antenna, Bluetooth antenna and wire-
less fidelity (Wi-Fi) antenna, etc., and the functional interface provides the input and
output of various signals for the IoT terminals, which can be power supply, univer-
sal serial bus (USB) flash disk, universal subscriber identity module (USIM), universal
asynchronous receiver-transmitter (UART), security digital (SD) card, analog or digital
audio, and general-purpose I/O (GPIO) interface, etc.

3 Classification of IoT Modules

According to the utilized wireless communication technologies, IoT modules can be
categorized into two types, i.e., cellular modules and non-cellular modules, among
which cellular modules are further divided into 2G modules, 3G modules, long-term
evolution-category 1 (LTE-Catl) modules, SG modules, narrowband-IoT (NB-IoT)
modules and enhanced machine-type communication (e-MTC) modules, and non-
cellular communication modules can be divided into Wi-Fi modules, Bluetooth mod-
ules, ZigBee modules, long range (LoRa) and Sigfox modules.

With the global spread of 4G and the rapid development of 5G related technologies,
as well as the gradual exit of 2G, 3G cellular applications, the migration of IoT services
from 2G, 3G to 4G and 5G cellular systems has become an important trend. Conse-
quently, an integrated system architecture consisting of NB-IoT, LTE-Catl, 4G and 5G
is expected to offer efficient and diverse support to IoT applications in a cooperative
manner. Specifically, NB-IoT technology is mainly used for low-rate scenarios, and
LTE-Catl is expected to become the long-term IoT standard which meets the require-
ment of medium-speed IoT applications. Benefited from the advanced performance, 5G
technology will be employed to the IoT application scenarios which require high speed,
low delay and high reliability.

It is apparent that various IoT modules and technologies are of highly different
characteristics and offer diverse service performance. In Table 1, we summarize the
characteristics, performance, cost and application scenarios of existing IoT modules. In
practical applications, corresponding IoT modules can be chosen by jointly considering
the related metrics.

4 NB-IoT Technology and Modules

Compared with LTE-Catl and 5G modules, NB-IoT modules have been widely used
and received considerable attention in recent years [8,9]. This section presents an
overview of NB-IoT technology and modules.

4.1 An Overview of NB-IoT Technology

NB-IoT technology was introduced in 3GPP Rel-13 as one of the cellular IoT (CIoT)
technologies for low power wide area network (LPWAN) applications [10, 11]. Evolved
from LTE-Catl, NB-IoT allows operators to offer service support to massive IoT
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Table 1. Summary of IoT modules and technologies

Access technology Band Range | Peak Rate Module cost Application scenarios
Cellular 5G 450-6000 MHz, - 2.1 Gbps 1000-3000 RMB | Cellular vehicle-to-everything,
24250-52600 MHz digital billboard, wise
information technology of med
LTE-Catl | 1.88-1.9 GHz, 2.32-2.37 GHz, |- 10 Mbps 100-150 RMB Wearable device, intelligent
2.575-2.635 GHz security, smart agriculture,
logistics tracking
3G 1.88-1.9 GHz, 2.01-2.025GHz | — 42 Mbps 100-150 RMB POS, wearable device, smart
home
eMTC 1.88-1.9 GHz, 2.32-2.37GHz, |- 1 Mbps 100-150 RMB ‘Wearable device, vehicle
2.575-2.635 GHz management, electronic
billboard
NB-IoT 1.88-1.9 GHz, 2.32-2.37GHz, |- <100Kbps 60-80 RMB Smart meter reading, smart grid
2.575-2.635GHz monitoring, smart parking
GSM 890-915 MHz, 935-960 MHz, |- 100-300 Kbps | <20 RMB SMS message, voice calls
1.71-1.784 GHz,1.805—
1.879G MHz
Non-cellular | LoRa 868 MHz, 915 MHz 15km | 50kbps 2RMB Smart street lamp, smart home
Sigfox 915-928 MHz 20km | 100 bps 1RMB Mining industry, tunneling
ZigBee 868 MHz, 915 MHz, 2.4 GHz <1km | 250 Kbps 1RMB Smart street lamp, smart factory
‘Wi-Fi 2.4GHz, 5GHz 100m | 54 Mps 5-50RMB Smart home, remote video
transmission, home gateway
Bluetooth | 2.4 GHz 50m | 2Mbps 5-50RMB Wise information technology of
med, wearable device, smart
home

devices by utilizing existing network technology and part of available spectrum. Since
the spectrum bandwidth assigned for NB-IoT technology is relatively narrow, which is
equal to 180KHz, the technology is named as narrow-band IoT technology. To imple-
ment NB-IoT technology in cellular networks, various modes can be applied, including
in-band, guard band or independent carrier.

Compared with the short distance communication technologies such as Bluetooth
and ZigBee, etc., NB-IoT technology offers wide coverage, massive connection and low
power consumption, which will be discussed briefly as follows.

Wide Coverage. In practical applications, NB-IoT is usually deployed in the fre-
quency region less than 1 GHz. Since the utilized spectrum in NB-IoT is relatively low,
especially compared to other wireless transmission technologies, such as 5G, LTE and
WiFi, better signal transmission performance can be obtained, resulting in wider cov-
erage area. It has been demonstrated that NB-IoT technology is expected to achieve an
extended coverage of 20dB compared to commercially available legacy GPRS devices.

Massive Connection. In general NB-IoT applications, users may not transmit or
receive data packets frequently. Indeed, the 3GPP NB-IoT service model assumes that
the average number that users access the network is 0.467 per hour, which is relatively
low. In addition, the size of the transmitted packets in NB-IoT applications is relatively
small, resulting in short access and transmission time. In order to reduce the signaling
overhead of NB-IoT, some signaling procedures, e.g., control side and the user side
optimization, are simplified compared to LTE technology. Therefore, the connection
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capacity of NB-IoT network is enhanced significantly. According to 3GPP TR45.820,
NB-IoT is capable of supporting 50,000 connections per sector.

Low Power Consumption. In order to save the power consumption of NB-IoT mod-
ules and terminals, various power saving technologies are utilized. For instance, power
saving mode (PSM) and extended discontinues reception (eDRX) are both applied to
greatly extend the battery life of NB-IoT terminals.

4.2 NB-IoT Modules

Designed based on NB-IoT technology, NB-IoT modules offer some desirable features,
as discussed in detail in this subsection.

Low Complexity. Compared to LTE modules, NB-IoT modules mainly support fre-
quency division duplexing (FDD) half-duplex mode, i.e., the modules does not need
to deal with sending and receiving simultaneously, hence, the complexity is reduced
greatly. In contrast to LTE modules which mainly use multiple antennas, NB-IoT mod-
ules in general support single antenna, thus reducing the complexity required for RF
processing. Moreover, the lower rate requirements and low bandwidth of NB-IoT appli-
cations lead to simplified chip processing. As a result, the complexity of NB-IoT mod-
ules is significantly lower than that of LTE modules.

Low Cost. NB-IoT modules are usually operate in low data rate, low power consump-
tion and small bandwidth environment. For low data rate communications, no large
caching space is required, hence, the size and cost of the modules decrease accordingly.
Benefited from low power consumption and small bandwidth applications, the require-
ments on RF circuits and signal processing algorithms can be reduced, leading to low
module cost. Furthermore, operating in half-duplex mode, applying single antenna and
sharing spectrum with LTE technology also result in low cost required to design and
produce NB-IoT modules.

Diverse Interfaces. To meet the product development needs of different users, NB-IoT
modules provide a wealth of external interfaces, such as antenna interface, subscriber
identification module (SIM) card interface, universal asynchronous receiver-transmitter
(UART) interface, etc. NB-IoT modules can also support multiple network protocol
stacks, such as transmission control protocol/Internet protocol (TCP/IP), user datagram
protocol (UDP), constrained application protocol (CoAP), message queuing telemetry
transport (MQTT), etc.

Multi-Band Operation. As the frequency bands utilized by different IoT terminals
may be different, in order to meet the transmission requirements of multiple frequency
bands, NB-IoT modules are capable of operating in multiple frequency bands, thus
supporting the application demand of terminals in various frequency bands.
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Broad Applications. NB-IoT has a wide range of application scenarios, including
environment monitoring, smart home, smart power grid monitoring, smart agriculture,
intelligent remote meter reading, etc., [9]. Figure 2 shows several application examples
of NB-IoT modules.

Fig. 2. Application samples of NB-IoT modules.

5 Design and Manufacturing Process and Key Technologies of IoT
Modules

To design and manufacture IoT modules, various procedures are required. This section
introduces the process of designing and producing IoT modules, and then discusses
several key technologies.

5.1 Design and Manufacturing Process of IoT Modules

The process of designing and producing IoT modules mainly involves chip selection,
schematic diagram design, printed circuit board (PCB) drawing, module debugging and
testing, etc. This section discusses the steps of the process briefly.

Chip Selection. Selecting suitable IoT chips is the first and important step in designing
and producing IoT modules. The characteristics including transmission performance,
power consumption and available interfaces should be jointly considered when selecting
chips. Furthermore, the cost, stability and reliable supply of the chips are key factors
for commercial use, and thus should also be taken into account.

Schematic Diagram Design. Based on the selected chips, the schematic diagram of
the IoT module can be designed. During this process, the stability of module structure,
electromagnetic compatibility and the difficulty of large-scale manufacture should be
considered.

In order to ensure that the modules work coordinately and effectively in var-
ious electromagnetic environments, electromagnetic compatibility issue should be
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addressed. In particular, the modules should be able to suppress various types of exter-
nal interferences effectively. The difficulty of large-scale manufacture should also be
considered ed in designing schematic diagram. Apparently, the desired schematic dia-
grams are expected to lead to relatively high process yield and facilitate large-scale
production.

PCB Drawing. Once the design of a schematic diagram is completed, we may start
drawing the PCB accordingly. During PCB board drawing phase, the issues such as RF
requirement, stability, structure, aesthetic degree of the PCB board should be consid-
ered collectively. The general process of drawing a PCB board mainly consists of the
following steps, i.e., component parameters create, schematic diagram input, parameter
setting, PCB layout, PCB wiring, design verification, and computer aided manufactur-
ing (CAM) file output. In the above design process, PCB layout and wiring are impor-
tant steps as the quality of PCB layout and wiring may affect the performance of the
whole module and terminal significantly.

Module Debugging. To debug IoT modules, both hardware circuits and software need
to be debugged. For hardware debugging, RF circuit debug is of particular importance.
Since RF circuits are responsible for transmitting and receiving RF signals, the trans-
mission parameters including transmit power and phase errors, etc., and the receive
performance such as sensitivity and reception level should be debugged.In addition,
certain circuit function debugging may also be conducted according to the requirements
of IoT modules.Software debugging is also performed so as to ensure that the software
embedded in IoT modules can operate properly.

Module Testing. In order to guarantee that the designed IoT modules can achieve
the required functions and performance metrics, module testing is mandatory which
involves a series of measurement, judgment, adjustment and re-measurement processes
[12]. In general, module testing includes functional testing, performance test, stability
test, aging test and certification test, etc.

5.2 Key Technologies

The key technologies of designing and manufacturing IoT modules consist of packaging
technology, power consumption control technology and the consistency in hardware
interface and software design, etc. This section discusses the key technologies in detail.

Module Packaging Technology. The module packaging technology is a particular cir-
cuit integration technology which is utilized to implement the secondary development
of the chips and achieve high-density integration of the chips and circuits in the mod-
ule. There are mainly three packaging modes commonly used for IoT modules, i.e.,
land grid array (LGA) packaging [13], leadless chip carriers (LCC) packaging [14] and
M.2 packaging [15].
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Fig. 3. Samples of IoT module packaging.

Using LGA packaging technique, all the contacts are located on the PCB of IoT
modules, and therefore the backside of the module looks like a grid. Figure 3(a) shows
a sample of IoT module using LGA packaging.

The LCC packaging employs no-pin and patch packaging technique. An IoT mod-
ule using LCC packaging technology is encapsulated by a patch, and all the pins are
curved inwardly at the edge of the module so as to reduce module volume. Compared
to LGA packaging technology, the debug and weld process of the modules using LCC
packaging technique is relatively difficult. Figure 3(b) plots a sample of LCC packaging
module.

The M.2 packaging modules are packaged in accordance with the M.2 interface
specification. The M.2 interface, also known as the next generation form factor (NGFF),
is a new interface scheme launched by Intel Corp., which specifies a variety of interface
types and dimensional specifications. An IoT module using M.2 packaging technology
offers the advantages of fast transmission speed, small module size, and strong compat-
ibility, etc., and are widely used in IoT application scenarios [15]. Figure 3(c) plots an
example of M.2 packaging module.

Power Consumption Control Technology. In order to achieve low power consump-
tion, IoT modules adopt PSM and eDRX power-saving technologies which reduce the
power consumption of modules through increasing sleep time [16]. For an IoT module
in PSM state, its transceiver is turned off and the access layer related functions are dis-
abled, therefore, the power consumption resulted from signal transmission, receiving
and processing is reduced significantly. By applying eDRX technology, IoT modules
stay longer time in sleep state instead of sensing paging channel. Since the power con-
sumption of the modules in sleep state is much lower than that in other states, power
saving can be achieved [17].

Interface Consistency. To design a general IoT module, which can be applied to
diverse IoT application scenarios, the requirement of various applications, the size,
packaging mode and pin layout of the module and the cost issue should be consid-
ered comprehensively. In particular, through subdividing the interfaces according to
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IoT industries, and defining specific power supply interface, module control and sta-
tus interface, etc., different types of IoT modules and terminals can be designed and
manufactured, and the terminal cost and research and development (R&D) cycle can be
reduced as well.

In order to ensure the ease of use of IoT modules and the smooth interaction between
IoT modules and the cloud and business platforms, it is necessary to conduct compre-
hensive software planning and design, and stress the consistency and compatibility of
software interfaces. In particular, the basic attention (AT) command set interface of [oT
modules should be of satisfactory consistency and compatibility so as to meet the basic
needs of the IoT applications. Furthermore, to enable the efficient connection between
IoT modules and the cloud and business platforms, the suitable software operating sys-
tem should be chosen and the communication software development kit (SDK) interface
should be designed.

6 Future Development Directions of IoT Modules

This section summarizes several important future development directions of IoT mod-
ules.

6.1 Miniaturization, High Integration and Standardization

With the explosive growth of IoT connections, wearable application scenarios such as
smart bracelets have become one of the important scenarios of IoT applications. Such
scenarios require portable, lightweight and miniaturized IoT modules. To design and
manufacture miniaturized IoT modules, highly integrated chips can be employed. In
addition, advanced manufacturing process can be applied to further reduce the size of
IoT modules, in particular, 7 nm or even 5 nm manufacturing process has been adopted
recently in making miniaturized IoT modules.

Aiming to facilitate the design and manufacturing of IoT terminals and boost the
development of IoT applications, the standardization of IoT modules has become an
important development trend. The standardization of IoT modules involves various
aspects, e.g., the standard size of IoT modules, standardized hardware interfaces, stan-
dardization in pin positions and functions, and the support of pin-to-pin backwards
compatibility, etc. By leveraging standardized IoT modules, the difficulties in devel-
oping IoT terminals and replacing new modules can be alleviated, and the cost of IoT
terminals can be reduced as well.

6.2 eSIM Technology-Based IoT Modules

At present, pluggable SIM cards are commonly used in mobile communication systems
and IoT applications. However, the rapid development of IoT services puts forward
higher requirements on smart cards. For instance, certain harsh application environ-
ments require the SIM cards to have specific physical and electrical characteristics,
such as high environmental temperature and humidity, etc. In some IoT applications,
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frequent reading and writing operations may occur, which pose requirement to the ser-
vice life and reliability of the SIM cards. To enable remote access of IoT modules, the
SIM cards should support remote configuration, remote activation, and user identity
change over the air.

To meet the rising requirements of IoT applications, embedded SIM (eSIM) card
technology has emerged in recent years. The eSIM cards are implemented by integrating
a physical chip, much smaller than the SIM cards, into IoT modules. The eSIM cards
offer many advantages, e.g., high temperature resistance, shock resistance, and super
anti-interference ability, which are more suitable for use in future IoT applications.
In addition, by applying software control and intelligent technology, eSIM card can
achieve remote control and management conveniently.

7 Conclusion

The IoT module is a carrier of the IoT terminal to access the network, which is an
important part of the end-to-end solution. This paper first provided a brief introduction
to the IoT module, and then analyzed the architecture of the IoT module and briefly
analyzed the function of each part. Then the modules have been divided into cellu-
lar communication modules and non-cellular communication modules according to the
different communication modes,and NB-IoT module has been specifically introduced.
The approximate design process of the IoT module was described below, and three
key technologies existing-packaging technology, power consumption control technol-
ogy and consistency of hardware interface and software design were introduced. Finally,
based on the above analysis, the future development direction of the networking module
technology have been expressed.

References

1. GlobalDots: 41.6 billion IoT devices will be generating 79.4 zettabytes of data in
2025. https://www.globaldots.com/blog/41-6-billion-iot-devices-will-be-generating-79-4-
zettabytes-of-data-in-2025. Accessed 22 July 2021

2. Pleshkova, K.S., Panchev, K., Bekyarski, A.: Developing a functional scheme of an IoT
based module to an acoustic sensor network. In: 2021 International Conference on High
Technology for Sustainable Development (HiTech), pp. 01-04 (2021)

3. Niculescu, A.M., Pavel, D.M., Dumitrascu, A., et al.: IoT module for air quality measure-
ment. In: 2021 IEEE 27th International Symposium for Design and Technology in Electronic
Packaging (SIITME), pp. 342-345 (2021)

4. Saji, M., Sridhar, M., Rajasekaran, A., Kumar, R.A., Suyampulingam, A., Krishna Prakash,
N.: IoT-based intelligent healthcare module. In: Suresh, P., Saravanakumar, U., Hussein Al
Salameh, M.S. (eds.) Advances in Smart System Technologies. AISC, vol. 1163, pp. 765—
774. Springer, Singapore (2021). https://doi.org/10.1007/978-981-15-5029-4_66

5. Sruthy, S., George, S.N.: WiFi enabled home security surveillance system using raspberry Pi
and IoT module. In: 2017 IEEE International Conference on Signal Processing, Informatics,
Communication and Energy Systems (SPICES), pp. 1-6 (2017)

6. Swamy, S.N., Kota, S.R.: An empirical study on system level aspects of internet of things
(IoT). IEEE Access 8, 188082-188134 (2020)


https://www.globaldots.com/blog/41-6-billion-iot-devices-will-be-generating-79-4-zettabytes-of-data-in-2025
https://www.globaldots.com/blog/41-6-billion-iot-devices-will-be-generating-79-4-zettabytes-of-data-in-2025
https://doi.org/10.1007/978-981-15-5029-4_66

10.

11.

12.

13.

14.

15.

16.

17.

A Survey on IoT Modules: Architecture, Key Technologies and Future Directions 39

. Bernhard, H.W., Herbert, L., Elmar, W.: GNSS-Global Navigation Satellite Systems: GPS,

GLONASS, Galileo, and More. Springer, Vienna (2007). https://doi.org/10.1007/978-3-211-
73017-1

. Chen, J., Hu, K., Wang, Q., et al.: Narrowband internet of things: implementations and appli-

cations. IEEE Internet Things J. 4(6), 2309-2314 (2017)

. Lin, Y., Tseng, H., Lin, Y., Chen, L.: NB-IoT talk: a service platform for fast development of

NB-IoT applications. IEEE Internet Things J. 6, 928-939 (2019)

3GPP. TR45.850 Technical specification group GSM/EDGE radio access network, Rel. 13,
v13.1.10 (2015)

3GPP. TR45.820 Cellular system support for ultralow complexity and low throughput IoT
(ClIoT), Rel. 13, v13.1.0 (2015)

Hayashi, V.T., Ribeiro, C.M.N., Filho, A.Q., et al.: Improving IoT module testability with
test-driven development and machine learning. In: 2021 8th International Conference on
Future Internet of Things and Cloud (FiCloud), pp. 406—412 (2021)

Liu, W., Pecht, M.G.: IC Component Sockets, 1st edn. Wiley, Hoboken, NJ, USA (2004)
Engelmaier, W.: Fatigue life of leadless chip carrier solder joints during power cycling. IEEE
Trans. Compon. Hybrids Manuf. Technol. 6, 232-237 (1983)

Jn, R., Fodor, A.: Cooling techniques for M.2 to PCI(e) adapters. In: Proceedings of the 26th
International Symposium for Design and Technology in Electronic Packaging, pp. 382-385
(2020)

Yeoh, Y., Man, A.B., Ashraf, Q.M., et al.: Experimental assessment of battery lifetime
for commercial off-the-shelf NB-IoT module. In: 2018 20th International Conference on
Advanced Communication Technology (ICACT), pp. 1-5 (2018)

Elhaddad, A., Bruckmeyer, H., Hertlein, M., et al.: Energy consumption evaluation of cel-
lular narrowband internet of things (NB-IoT) modules. In: 2020 IEEE 6th World Forum on
Internet of Things (WF-IoT), pp. 1-5 (2020)


https://doi.org/10.1007/978-3-211-73017-1
https://doi.org/10.1007/978-3-211-73017-1

