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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.
LP-WUS has been studied and specified in other RATs, most notably in IEEE 802.11ba. 
In 3GPP wake-up signals are specified in both LTE-M/NB-IoT as well as NR-Rel-17 under the name of paging early indication (PEI). The key difference between those WUS and a LP-WUS is that the LP-WUS is received with a wake-up receiver (WUR) independent of the main radio, i.e. the main radio can be turned off.
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.


This agenda item discusses possible low power receiver architectures. In this contribution we focus on OOK modulation since it is assumed by most low-power receivers [5]. Moreover, we concentrate on various receive algorithms rather than detailed receiver hardware description.
2. Receiver algorithms for OOK
Consider a narrow-band multi-carrier transmission with  sub-carriers, where the received vector of OFDM symbol on receive antenna is given by

With  the transmit signal for message, ,  is the complex channel coefficient on sub-carrier ,  and  is the DFT matrix of size  incase DFT-precoded MC-OOK is used. The noise vector  is i.i.d. complex Gaussian with zero mean and variance , i.e. . 
2.1. Envelope Detection
A non-coherent receiver only has access to the magnitude (or envelope)  of the received signal  in time-domain, that is, the phase is unknown.  This has the significant advantage of not requiring a local oscillator (PLL) which is one of the most power consuming components of a receiver. Consider the case of AWGN with base-band system model

In case of OOK,  and , the envelope  has the following distribution , [2] (Equation 7-4-6)

where  is the modified Bessel function of the first kind and zeroth order. The optimal threshold  to decide if  or  was transmitted is given as the solution to [1] (Equation 7-4-13)
 
with SNR  and .  The above equation can be well approximated by [2] (Equation 7-4-14)

[bookmark: _Ref115432995]( 1)
In the limiting cases we have  and , i.e. for high SNR, the envelope detector is the same as the coherent detector. Hence, an Envelope detector decides if

and  otherwise. An Energy detector or quadratic envelope detector decides  if

[bookmark: _Ref109898169]Equation 1: Threshold detection rule for energy detector in AWGN.
In case of fading channels, the threshold detection is non-trivial but can be based on channel statistics to determine optimal threshold levels through simulations, which are subsequently stored in the receiver.
If the transmitted bits are not encoded, a threshold detection is utilized as depicted in Figure 1. 
[image: ]
[bookmark: _Ref115432168]Figure 1: Block Diagram of an Energy detector with threshold detection.
The base-band signal  is obtained in the usual way by down-conversion, analog-digital converter and filtering of the WUS. Subsequently, the energy is computed by squaring the magnitude of the samples. Then, the energy is accumulated over the samples  that represent one coded bit at offset . 

Denote  the accumulated energy values of each coded bit in codeword . Recall that  is the number of receive antennas. The accumulated energy  of bit  is compared to a threshold  as

For instance, in AWGN, the threshold in equation ( 1) can be used with  normalized to number of receiver antennas.
If the bits are encoded, e.g. via a Manchester code, see [3], decoding has to be carried out instead of threshold detection as Figure 2.
[image: ]
[bookmark: _Ref115431960]Figure 2: Block-diagram of envelope detector with coded WUS.
Then, the corresponding estimated input message  is given by

The bits are obtained by transforming  into its binary representation.
2.2. Coherent Detection
The optimal MAP detector for the narrow-band SISO model is given by [4] (Chapter 4.2-1)

where  is the probability of message  being transmitted and  is the channel estimate. The channel estimate can obtained via the known preamble sequence assumed to be transmitted before the WUS data part, [3]. Note that we drop the symbol index . The above equation can be rewritten as

with matched filter output  and  given by

For equally likely symbols , i.e. , we obtain

The decision region  is given by [4] (Chapter 4.2-1)

In case of MC-OOK the two transmit signals are  and . Note that the modulation symbols for the ON-signal  must be known for a coherent receiver. The decision rule that  has been transmitted reads

For the special case where  and  we obtain

where  .
If a rate  Manchester code is used, the transmit messages are given by  and  . Consider , where  and  are the matched filer outputs associated with the first and second set of sub-carriers, respectively. The decision region  reads

Assuming  and  we obtain

In case of DFT-MC-OOK, there are  coded bits transmitted per OFDM symbol, i.e. we have  possible messages . Those bits are decoded jointly using the MAP metric above.
2.3. Coherent reception with unknown channel
We consider a coherent reception but without access to a channel estimate. In this case the optimal receiver is given by

The receiver correlates the received signal with all possible transmit messages.
3. Receiver algorithms for VH-coding structure
The optimal ML receiver is given by
where  is the hypothesis of message  in symbol .

[image: ]However, the VH-code structure allows for a hierarchical detection, reduced complexity, where messages  and  are detected separately. The block-diagram is shown in Figure 3.[bookmark: _Ref115433962]Figure 3: Hierarchical reduced complexity detection.


First,  is decoded with an energy detector, i.e. after aligning the offsets per OFDM symbol, we have

In the next step,  is detected under different hypothesis , by correlating with all possible sequences .

where  are the extracted ON-signals under hypothesis  of the received vector on antenna .

In the last step, the horizontal code  is detected as

where are the hypothesis on  given the hypotheses on the vertical dimension 
From the hypotheses, and depending on the bit mapping, the overall message  is obtained as

This receiver can significantly reduce the complexity. For instance, consider ,  and , that is  bits of payload. The full complexity receiver requires  correlations, where as the low complexity receiver does ED followed by  correlations for  and  correlations for  assuming only one hypothesis per step.

4. Discussion
Envelope detection allows for the simplest and least power consuming receive architecture implementation since it does not require a PLL for coherent detection. 
A correlation receiver requires the ON-signal to be known as well as the carrier phase for coherent demodulation. This will results in an implementation with significantly higher power consumption. On top, a coherent detection requires channel estimation adding to the hardware complexity.
However, as described in [3] the WUS may be designed to allow for a hierarchical detection. That is, the most crucial information, e.g. the group ID, can be detected with a simple low-power ED. Depending on the result, the device either shuts down (it is not in the detected group) or turns on additional HW for the decoding of additional information.
Proposal 1: Consider receiver architectures for hierarchical decoding of the WUS.
5. Conclusion
In this contribution we presented and discussed several receive algorithms:
Proposal 1: Consider receiver architectures for hierarchical decoding of the WUS.
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