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1. Introduction
The SI [1] on low-power (LP) wake-up signal (WUS) and receiver for NR has been approved in RAN#94e with the main goal to study WUS and receiver architectures that allow for an independent low-power receiver implementation.
The following objectives are included in the SI [1]: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.


The agenda item focuses on the first two points in the SI objectives and our contribution primarily concentrates on link-level evaluations.
2. WUS Link-Level evaluation assumptions
Our basis assumptions for the link-level evaluation are the following:
[bookmark: _GoBack]WUS capacity: We consider the WUS capacity to be in the range of 3-12 bits. More precisely, we assume as in previous WUS designs that some kind of UE grouping is performed. A low WUS capacity has the advantage that the WUS signaling is more efficient, i.e. the WUS is shorter and more reliable. 
Modulation: We primarily focus on multi-carrier OOK as it enables seamless integration into the existing NR transmitting chain as well low-power receiver architectures.
The simulations are carried out in base-band, i.e. a low-pass filter is used to extract the WUS from the overall system bandwidth followed by a decimation to reduce the sampling rate.
We focus on BLER performance, i.e. zero error is declared if all the bits have been received correctly and the block is in error if at least one bit is wrong.
More detailed assumptions are given in Table 1.
	Parameter
	Value

	Carrier Frequency
	2 GHz (FDD)

	System BW
	10MHz (52 PRBs)

	SCS
	15kHz

	Antenna configuration
	1Tx, 1Rx

	Waveform
	CP-OFDM

	WUS BW
	K = 64 SCs

	Low Pass Filter Type
	3rd order Butterworth

	LPF Cut-off Frequency
	2*(K/2+0.5)*SCS Hz

	WUS Waveform
	MC-OOK, DFT-precoded MC-OOK

	
	

	ACI
	None

	Channel
	AWGN, TDL-C 300ns

	UE speed
	0 km/h

	
	

	Receiver
	Energy Detector

	Decimation Factor
	1024/K

	ADC
	None

	Payload
	3-12 bits


[bookmark: _Ref115427744]Table 1: Link-Level simulation assumptions.
3. Link-Level Simulation Results
In this section, we provide link level simulation results. These results are not intended for absolute reference but to show certain trade-offs in the choice of design parameters as well as to compare different WUS schemes. The reader is referred to our companion contributions [2] and [3] for more details on receive algorithms and WUS design, respectively.
3.1. MC-OOK
In Figure 1, we simulate the performance of multi-carrier OOK with various number of allocated sub-carriers  and different receive algorithms. ED refers to energy/envelope detection, CD to coherent detection and NCD to non-coherent detection, cf. [2].
[image: ]
[bookmark: _Ref115357216]Figure 1: MC-OOK, AWGN, 10 symbols
From Figure 1, we observe that  has a significant impact on the performance of the ED. Larger values of  require wider filter BWs and hence more noise is captured. If all power is concentrated into a single sub-carrier, , the performance is best since less noise is captured after filtering. This suggests that smaller values of  are to be preferred, however as it is shown in the next results for fading channels (cf. Figure 3), small values of  are unable to captured the multi-path diversity.
On the other hand, CD and NCD are independent of . 
In Figure 2, we fix  and apply a rate  Manchester code to explore the impact on the receiver performance. Instead of threshold detection, the ED compares the power of the 2 encoded bits.
[image: ]
[bookmark: _Ref115358067]Figure 2: MC-OOK, AWGN, 10 symbols, Manchester code R=1/2
From Figure 2, we observe that the performance of ED (ED-MC) significantly improves compared to threshold detection (ED), about 4.8dB resulting from a SNR gain of 3dB, since double the power is transmitted, as well as a gain due to improved detection. Both CD and NCD only achieve the 3dB power gain.
We conclude that Manchester coding significantly increases the performance of ED and avoids complex threshold detection which depends also on the channel.
Observation 1: Manchester coding significantly improves performance of ED.
In Figure 3, we compare the performance of the different receivers and  for the TDL-C channel with 300ns delay spread.
[image: ]
[bookmark: _Ref115358984]Figure 3: MC-OOK, TDL-C 300ns, 10 symbols, Manchester code R=1/2.
From Figure 3,  has better performance than , because more multi-path diversity can be exploited. For low SNR, the ED with  outpeforms , since in that region the noise is dominant and  rejects more noise due to the narrower filter. However, for higher SNR the diversity gain of  outweighs the SNR gain of .
Observation 2: For MC-OOK, the number of allocated sub-carriers is a trade-off between SNR gain and multi-path diversity gain.

3.2. DFT-precoded MC-OOK
In this section we evaluate the proposed DFT-precoded MC-OOK, [3], where multiple bits are transmitted per OFDM symbol.
Figure 4 shows the performance of ED for DFT-precoded MC-OOK for various code rates. Rate  refers to conventional Manchester coding where one bit is encoded into 2 bits.  has the same code rate but denotes that 2 bits are encoded into 4 bits.
As expected, there is a 3dB gain of  compared to . Further decreasing the code rate to  achieves a gain of 3.3dB (power gain plus coding gain). For comparison, if we decrease the number of SCs per coded bit from  to , the performance loss is significant since the diversity of the channel cannot be exploited. 

[image: ]
[bookmark: _Ref115361416]Figure 4: DFT-precoded MC-OOK, TDL-C 300ns, 1 symbol, different coding schemes, K=64, .

Observation 3: Jointly encoding multiple bits results in significant performance gain.
3.3. DFT-precoded MC-OOK with overlay code in time-domain
In Figure 5 we compare the performance of DFT-precoded MC-OOK with the vertical-horizontal coding strategy presented in [3]. Here, we fix the payload to 12 bits over 12 symbols. For DFT-precoded MC-OOK we encode 3 bits per symbol and repeat that symbol three times. The VH-code uses the same encoding as the DFT-precoded MC-OOK but additionally encode 3 bits through different sequences. We use cyclically shifted Zadoff-Chu sequences in this example. Moreover, 6 bits are encoded in time-domain via a non-coherent overlay code which encodes 6 bits into 12 complex symbols. The generator matrix  in GF4 is given by

The complex modulated codeword entries  are generate as

where  is the  entry of , with  being the sequence of input bits in base 4.
We simulate two receivers, the full complexity receiver (‘VH, Full’) which correlates the received signal with all possible messages and a low-complexity receiver (‘VH, LowComp’). The latter does a staged detection, i.e. ED, sequence detection and detection of overlay code, with 2 hypothesis for the last 2 stages. Thus, significantly reducing the computational complexity, cf. [2].
From Figure 5, we observe a gain of almost 6dB between DFT-precoded MC-OOK with repetition and the low-complexity VH detection. Compared to the full detection, the low-complexity receiver loses about 2.3dB.
The simulation results suggest that a significant performance gain can be achieved with more elaborate coding strategies at the expense of increases receiver complexity.

[image: ]
[bookmark: _Ref115364522]Figure 5: VH-code, AWGN, 12 symbols
Observation 4: More elaborate coding strategies significantly increase spectral efficiency while maintaining moderate decoding complexity.
4. Conclusion
In this contribution the following proposals and observations have been made:
Observation 1: Manchester coding significantly improves performance of ED.
Observation 2: For MC-OOK, the number of allocated sub-carriers is a trade-off between SNR gain and multi-path diversity gain.
Observation 3: Jointly encoding multiple bits results in significant performance gain.
Observation 4: More elaborate coding strategies significantly increase spectral efficiency while maintaining moderate decoding complexity.
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