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1 Introduction
UE energy efficiency is crucial for 5G and beyond. Although several techniques to reduce power consumption in connected and idle modes have been specified, further enhancements are needed to significantly prolong UE battery life.

To this end, a new study item on low power wake-up signal (WUS) and receiver was approved [1]. A wake-up radio is a relatively simple, power efficient radio that monitors a wake-up signal with very low power consumption. While the wake-up radio is operating, the main radio can be turned off or put into a deep sleep mode. The wake-up radio can wake up the main radio when it is triggered by a WUS.
The objectives of the SI are as follows:

	The study item includes the following objectives:

· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 

· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms and their coverage availability, as well as latency impact. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]

· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 


In this contribution, we discuss the evaluation methodology for low power wake-up radio.
2 Evaluation methodology

2.1 Waveform candidates
IEEE 802.11ba has already specified a low power WUS. In IEEE 802.11ba, the WUS is generated using On-Off Keying (OOK) waveform in 4 MHz bandwidth. In the design, two data rates are supported: a high data rate (HDR) of 250 kbits/s and a low data rate (LDR) of 62.5 kbits/s. The ON and OFF symbol durations are 2 µs and 4 µs for HDR and LDR, respectively. For HDR, bit 0 and bit 1 are represented as [ON OFF] and [OFF ON] while for LDR, bit 0 and bit 1 are represented as [ON OFF ON OFF] and [OFF ON OFF ON]. The WUS waveform is generated using the legacy OFDM transmitter.
OOK and Frequency Shift Keying (FSK) waveforms have been extensively studied and evaluated for low power WUS, and their feasibility have been proven. Furthermore, it is possible to generate the OOK or FSK waveforms using the legacy OFDM multicarrier (MC) transmitter (referred to as the MC-OOK and MC-FSK). Therefore, we think that these waveforms should be considered in Rel-18. 
To support data rates similar to IEEE 802.11ba, in NR, WUS symbol durations in the order of 2-4 µs can be considered. WUS symbols with such short durations can be generated in two ways: (i) generating OFDM symbols with a large subcarrier spacing (SCS) and utilizing the output OFDM symbols as WUS symbols (e.g., one OFDM symbol can represent ON); (ii) generating OFDM symbols with 15-30 kHz SCS (so, a longer OFDM symbol), and representing a WUS symbol with a subset of the IDFT output samples. The second approach is shown in Figure 1 and Figure 2 for MC-OOK and MC-FSK waveforms, respectively. Although not shown in the figures, each WUS symbol can also be prepended with a CP or a guard interval. The pre-processing block can be used to optimize the IDFT input according to the waveform requirements (e.g., phase continuity, power control). Note that in Figure 2, we propose to generate MC-FSK waveform using an OFDM transmitter. One advantage of this method is that the structure of the legacy NR transmitter does not need to be changed, and the same SCS can be used to generate the WUS and legacy channels.  
Proposal 1: Consider MC-OOK and MC-FSK waveforms as candidates for the low power WUS.
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Figure 1 MC-OOK waveform generation
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Figure 2 MC-FSK waveform generation
2.2 Evaluation assumptions
Figure 3 shows power vs. sensitivity of low power wake-up receivers from a comprehensive survey [2]. The analysis of the survey shows us that, as a good trade-off between power and sensitivity while considering existing receiver implementations, a sensitivity target of about -80 dBm (or better) and maximum power target of 0.5 mW can be considered.
[image: image3.emf]
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have been off for an extended period 
of time will add significant over-
head and set a lower bound on the 
energy used for communication. It is 
worth noting that synchronization is 



more challenging as the number of 
devices scales, especially into the 
thousands. Sensitivity is a measure 
of the minimum required received 
signal strength to achieve a target bit 



error rate of, usually, 10−3 or a packet 
error rate of 10−2. It can be limited 
by the gain of the receive path, the 
type of detector used for demodula-
tion, and the amount of noise added 
by the receiver. It typically trades 
off with active power, the data rate, 
and bandwidth, but, as we will see 
for some ULP receivers, this is not 
always the case.



The data rate is often sacrificed 
for lower power and better sensitiv-
ity. For example, Bluetooth, Wi-Fi, 
and the narrowband IoT (NB-IoT) 
all support lower data rates in their 
standards via stronger error correc-
tion coding and data repetitions to 
extend their wireless range. Theo-
retically, the data rate trades off one 
to one with the received signal-to-
noise ratio for a fixed bit error rate, 
according to the Shannon channel 
capacity theorem [1]. For this rea-
son, we also compare the normal-
ized sensitivity to a single data rate 
of 1 kb/s:



/ kb/s .logS S data rate10 1norm = - ^ h
 (1)



Finally, SIR has recently been con-
sidered in ULP receivers because the 
equipment often has energy detec-
tion receiver front ends that are 
known to be susceptible to inter-
ference. Especially considering de -
ploying devices at massive scales 
and the increasingly crowded wire-
less spectrum, ULP receivers must 
be able to coexist with many dif-
ferent types of incumbent wire-
less signals.



Power Versus Sensitivity
We compiled a survey of ULP receiv-
ers published in top-tier circuits 
journals and conferences [2]. Figure 1 
shows the power-versus-sensitivity 
(range) tradeoff for the 191 receivers 
published at the time of writing. With 
the exception of nanowatt receivers, 
an empirical line with a slope of –1 
decade power per 20 dB of sensitiv-
ity bounds the performance, which 
can be interpreted as a constant 
figure of merit. Conveniently, this 
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FIGURE 1: A survey of wireless receivers published in selected IEEE conferences and journals 
from 2005 to 2021 [2]. dBm: decibels referenced to 1 mW.
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FIGURE 2: Sensitivity normalized using equation (1) and plotted with constant figure-of-
merit lines for coherent and rectified-first receivers.



Setting aside for the moment the environmental 
impact of battery disposal at that scale, nobody 
wants to take on the battery maintenance 
problem.
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Figure 3 Power vs sensitivity of low-power wake-up receivers from [2]
Proposal 2: Assume maximum power of 0.5 mW and sensitivity of -80 dBm or better.
Furthermore, the following are proposed for analysis of wake-up signal and receiver. 
Table 1 WUS/WUR evaluation assumptions
	Features
	Assumptions

	Waveform 
	MC-OOK, MC-FSK

	Carrier frequency 
	2.4 GHz, 5 GHz (TBD)

	SCS
	15 kHz, 30 kHz

	WUS bandwidth 
	[4] MHz

	Simulation type
	Link level, system level (optional)

	Channel model
	AWGN, TDL-A, TDL-C

	Packet size
	TBD

	WUS frequency location
	In-band

	Channel bandwidth
	20 MHz

	Adjacent channel interference
	WUS and NR legacy channels adjacent in the same channel (Guard band TBD)

	Frequency offset
	200 ppm

	Phase noise model
	[802.11ba model]

	UE mobility
	0 km/h and 3 km/h


Proposal 3: Consider the parameters in Table 1 for simulation analysis.
3 Conclusion
In this contribution, a discussion on the evaluation of low power wake-up signal and receiver has been presented. The following are proposed:

Proposal 1: Consider MC-OOK and MC-FSK waveforms as candidates for the low power WUS.
Proposal 2: Assume maximum power of 0.5 mW and sensitivity of -80 dBm or better.
Proposal 3: Consider the parameters in Table 1 for simulation analysis.
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