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1. Introduction

To support IoT applications, 3GPP has specified NB-IoT/eMTC and NR RedCap before R18 to satisfy the requirements on low cost and low power devices. These IoT devices usually consume tens or hundreds of milliwatts power during transceiving, while the price of each device is a few dollars. However, to achieve the internet of everything, devices with ten or even a hundred times lower cost and power consumption are needed, especially for applications requiring batteryless devices. In this paper, we share our views on the new type of IoT communication aiming to significantly reduce complexity and power consumption of devices compared with existing 3GPP IoT systems.
2. Passive IoT
2.1 Motivation

In the past years, LPWAN has attracted much attention in the IoT domain. More and more ‘things’ are expected to be interconnected for improving production efficiency and increasing comforts of life. It demands further reduction of size, cost, and power consumption of devices as the quantity will be tens or hundreds of times higher than LPWAN. For example, one potentially huge market is the logistics industry. According to the market trend forecast by third party, the volume of parcels can be as large as 163.4 billion in china [1]. Meanwhile, the global parcel volume can reach 220-262 billion by 2026, which is based on the fact of 103 billion global parcels counted in 2019 with a 14.8 percent CAGR forecasted for 2020-2024 [2]. Currently, logistics industry mainly uses barcodes for tracking and management of goods. To read a barcode, the scanner needs a direct line of sight to the barcode and must scan it closely. The scanning can only be done one by one. Not only that, barcodes are easily damaged and not environmentally-friendly, as they are usually printed on paper without being able to be reused or rewritten. All those drawbacks are not friendly for automatic inventory and tracking of goods in future smart logistics. An electronic tag supporting fast remote reading will significantly improve efficiency of logistics. A rewritable tag is also able to carry identity, current and historical status, and much other information compared with very limited information in barcode. The critical challenge is that the cost of the tag must be as low as possible (e.g., at the level of $0.01). A batteryless tag is desired for most low-value goods.
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Figure 2. Market trend forecast for parcel delivery volume  in China [1]

Another vision of IoT is to interconnect a huge number of various intelligent sensors and actuators, which produce information about their environment, and then process instructions based on collected information automatically for human production or life. The CAGR of the global sensor and actuator market is expected to higher than 15% since 2017 [3]. Thanks to the developments of integrated circuits, the cost and power consumption of sensors is continuously decreasing. It requires IoT devices used for remote transmission of sensed information to match the ultra-low cost and power consumption.
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Figure 3. Global sensor and actuator forecast [3]
2.2 Use cases

2.2.1 Type 1: Inventory management in logistics, warehousing and manufacturing
In many industries, such as logistics and warehousing, it is important to maintain an accurate and up-to-date database of goods and assets during the entire process including storage, transportation and delivery. In each phase, all the ‘things’ have to be inventoried one or multiple times. Part of the use cases have been studied and specified in TS 22.836, such as container tracking and pallet tracking [4]. Since there may be tens of thousands of ‘things’ to be inventoried each time, it usually takes a long time and a lot of manpower to scan the barcodes pasted on bins and boxes one by one. Real-time inventory and tracking is almost impossible for barcode. Another important requirement is to record information about the current status, quality and process progress other than the identity for each ‘thing’. It is hard for a traditional barcode to carry and update those additional information, as limited bits can be carried without being able to be rewritten.
Inventory automation can improve productivity by reducing labor hours and costs, promoting throughput and efficiency of warehousing, and providing real-time accurate data and quality control. For such purposes, a technology able to automatically detect remotely placed objects and collect their information will be a good substitute for traditional barcodes. A rewritable electronic tag would be used to store identity and additional information of the corresponding object. A tag which communicates wirelessly with RF signals has the advantages of long distance and no requirement on line-of-sight access. The high transmission rate can support a scanning rate of more than one hundred tags per second. One of the key issues is that the cost of the tag must be as low as possible to avoid significantly increased expense compared with barcodes, especially for low-value objects. In addition, as mentioned in [4], the battery-powered IoT UE should be able to operate for the entire lifetime of the tracked container (12 years and 7 years for container and pallet, respectively) without large capacity battery packs and without being replaced during this period of time. In many cases, batteryless tags are desired considering that the cost and the size of battery may not be able to satisfy the requirements.
2.2.2 Type 2: Wireless sensor network in smart agriculture and industrial automation
The vision of the IoT is to build a world with sensors and actuators ubiquitously distributed and conveniently interconnected. Wireless sensor networks play a more and more important role in human production and life. For example, sensors are used to monitor temperature, humidity and pH of soil in smart agriculture for harvesting more crops per area and yielding higher quality products. Another example is industrial wireless sensors for process and asset monitoring, as studied and specified in 22.832 [5]. Motion, environmental, and vibration sensors are used to predict failure, monitor levels, and increase efficiencies. Sensors often form the core element in their products and solutions and have a decisive influence on the quality, efficiency, and safety of the application by controlling key process parameters.

One critical challenge is to build such sensors that can be easily deployed, and run autonomously for a lengthy duration. It is not realistic to replace batteries of thousands of sensors scattered throughout a plant at short intervals [5]. In other words, no replacement of battery during the lifetime of sensors is desired. With the development of microelectromechanical system (MEMS) techniques, MEMS sensors of tiny size, low cost, and high performance are used to replace the traditional sensors in many applications. The power consumption of MEMS sensor can be as low as several microwatts, which means lifetime of longer than 5 years with a button cell battery. The ultra-low power consumption even makes batteryless sensor feasible. 

Devices of existing mMTC technologies in 3GPP usually consume tens or hundreds of milliwatts power during transceiving, which is far from matching the power consumption of MEMS sensors. As described in Appendix A, energy collected from environment or sources other than battery is usually around or less than 1mW for devices with limited size. Batteryless device is impossible for the existing 3GPP technologies in practical cases.
2.2.3 Key requirements from the use cases
According to the two types of use cases described above, the target markets are more sensitive to device cost than those using existing mMTC technologies. For logistics, warehousing and manufacturing, it is better that the cost of a tag for object tracking reaches the level of 0.01$. For sensor network in smart agriculture and industrial automation, the cost of a wireless transceiver shall not exceed that of the sensor it attached to, which may approaches 0.5$ by 2023 [3]. Generally speaking, the required device cost is more than 10 times lower than existing mMTC technologies in 3GPP.
In both types of use case, it is desired that tags and sensors support no replacement of battery during their lifetime. Batteryless devices are always preferred, and even desired in many cases. Energy harvesting is the most likely way to enable batteryless devices. To be powered by energy harvesting, the power consumed by all the hardware and software processing of a device should not exceeds the output power provided by collected energy too much. Considering that the size of a device is usually several square centimetres and the energy conversion efficiency may be as low as 10%, output power of most energy harvesting techniques is at the level of microwatts. Existing 3GPP technologies cannot meet the requirement as the power consumption of devices is usually tens or hundreds of milliwatts for transceiving. It requires more than 1000 times reduction of device power consumption compared with existing mMTC technologies in 3GPP
Proposal 1: Study and specify new IoT techniques to reduce device cost by more than 10 times and power consumption by more than 1000 times compared with existing mMTC technologies in 3GPP.
2.3 Technical approaches
Passive IoT aims to satisfy the requirements on device cost and power consumption described above. The essential issue for power saving is to avoid using the conventional radio architecture, which comprises power-hungry RF chains having oscillators, mixers and digital-to-analog converters [6]. Those components also take a large proportion in the cost of device. For the purpose, the following techniques is recommended for passive IoT.
2.3.1 Envelope detection for downlink
Non-coherent detection without the need of mixing received RF signal with locally generated carrier waves is the key point for low-power receivers [7]. Among them, envelope detection has the advantage of overall implementation simplicity, whose main part can be implemented by a diode and a resistor-capacitor oscillator circuit as shown in Figure 4 [8]. Power consumption as low as 1 μW can be achieved by using envelope detection for receiver [7].
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Figure 4.  Envelope Detector for OOK [8]
Observation 1: Downlink receiving with envelope detection can achieve power consumption as low as 1uW.
2.3.2 Backscatter communication for uplink
In backscatter communication, a reader sends a carrier wave to a backscatter tag as shown in Figure 5. The backscatter tag modulates and reflects the received carrier wave to transmit data instead of generating carrier wave by itself. Communication via reflection instead of active radiation reduces the RF frontend of the tag to a single transistor switch, which minimizes manufacturing costs as well as energy demands. The power consumed by a backscatter tag can be as low as 1μW [9]. The ultra-low power consumption at the level of microwatts makes it feasible to power a tag by energy harvesting, especially by the received RF energy directly.

Observation 2: Uplink backscatter transmitter can achieve power consumption as low as 1uW.

[image: image4]
Figure 5.  Backscatter communicaiton

2.3.3 Discussion

To support envelope detection for downlink receiving and backscatter modulation for uplink transmission, corresponding signal processing scheme have to be studied for passive IoT, such as coding and modulation. The hardware capability of passive IoT device will be strongly restricted by its ultra-low power consumption. For example, fine synchronization in time domain and frequency domain are both unfeasible as the frequency of reference clock is mostly like to be lower than 2MHz for the device, while the stability of the clock may be as poor as tens of PPM. Frame structure and synchronization scheme of passive IoT should take care of the limited hardware capability of low-end devices. In addition, the protocol stack should be simplified to the minimum level, since complex digital circuit usually leads to high power and large die size. In general, a new air interface has to be studied for passive IoT including the following basic aspects.
· Downlink coding and modulation scheme supporting envelope detection
· Uplink  coding and modulation scheme supporting backscatter transmission
· Frame structure and synchronization scheme supporting inaccurate and unstable reference clock for low-end device
· Minimized protocol stack supporting necessary functionalities and proper performance (e.g., radio resource efficiency)
· Coexistence with existing cellular technologies
3. Conclusions

Proposal 1: Study and specify new IoT techniques to reduce device cost by more than 10 times and power consumption by more than 1000 times compared with existing mMTC technologies in 3GPP.
Observation 1: Downlink receiving with envelope detection can achieve power consumption as low as 1uW.
Observation 2: Uplink backscatter transmitter can achieve power consumption as low as 1uW.
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Appendix A: Energy harvesting

Energy harvesting refers to collecting energy from environment or energy sources other than battery or grid and converting it to electrical energy. Table 1 lists several typical sources of ambient energy that can be exploited. Considering that many typical applications require devices to be small and lightweight, power density is defined as the power output per unit area in W/cm2, or per unit volume in W/cm3. 

Table 1 Typical energy sources for energy harvesting [10]

	Energy source
	Power density
	Advantages
	Disadvantages

	Solar
	15 mW/cm3
	Sufficient energy in the daytime, high output voltage
	Disappear at night

	Vibration (piezoelectric)
	200 μW/cm3
	Without voltage source
	Brittle materials

	Thermoelectric
	40 μW/cm2
	Long life, reliable with low maintenance
	Low energy conversion efficiency

	Acoustic noise
	960 nW/cm3
	High energy conversion efficiency
	Rare environments with high acoustic noise value

	Airflow
	1 mW/cm2
	Sufficient in certain place and time
	Big Size

	Radio frequency
	1 μW/cm2
	Sufficient in urban areas
	Few in suburbs


From Table 1, the output power is usually around or less than 1mW for devices with limited size taking into account the energy conversion efficiency. For example, the conversion efficiency of solar energy is generally around 15% [11]. Fortunately, with the development of integrated circuits and other low-power electronic components, it is feasible to lower the power consumption of devices to less than 1mW. Wireless networks become self-sustaining and maintenance-free with devices using energy harvesting technology to prolong their lifetime.
Appendix B: Wireless information and power transmission (WIPT) 

Radio waves have been modulated to carry information in various wireless communication systems. According to Table 1, it can also be used to carry energy for the power supply of low power devices. RF energy transfer is a far-field energy transfer technique with signal strength attenuated by about 20 dB per decade of the transmission distance. It is suitable for simultaneously powering a larger number of devices distributed in effective area.

WIPT gains a lot of interest in recent years as a potential solution to extend the lifetime of battery-operated devices or even enable batteryless devices. As shown in Figure 5, WIPT can be categorized into three different types [12].

1) Simultaneous wireless information and power transfer (SWIPT): Energy and information are simultaneously transferred in the downlink, while energy receiver and information receiver can be co-located or separated.

2) Wirelessly Powered communication network (WPCN): Energy is transferred in the downlink and information is transferred in the uplink, while receiver harvest energy and use it to send data.

3) Wirelessly Powered Backscatter communication (WPBC): Energy is transferred in the downlink and information is transferred in the uplink but by the way of backscatter modulation.
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Figure 5.  Three types of WIPT architectures
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