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Introduction

In RAN#94-e meeting, new study item on low-power Wake-up Signal and Receiver for NR was approved in [1] and the latest revision was approved in [2]. 

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, the coverage availability, as well as latency impact of low-power WUR/WUS. 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, several typical receiver architectures and corresponding analysis are provided.
Discussion
Receiver architectures for OOK detection
For ASK/OOK waveform, there are various ways to detect the amplitude of the waveform. The simplest way is Envelope Detector (ED) which only includes one diode, one capacitor, and one resistor. 
According to the analysis of [3], MC-OOK is one of the candidate waveforms to be used for LP-WUS transmission, and the associated receiver architectures using Envelope Detector are discussed as follows.
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Figure 1: Architecture of Zero-IF receiver
Zero-IF receiver for LP-WUS reception is shown in Figure 1, which has small size and is easy for monolithic integration. The Zero-IF receiver does not need to convert the RF signal to IF, thus there is no image interference. However, the Zero-IF receiver has problems with local oscillator leakage (LO leakage), DC offset and flicker noise.
Benefits:
Small in size and easy to monolithic integration;
No need image Resister (IR) filter;

Drawbacks:

LO leakage, DC offset and flicker noise should be avoided;
More accuracy is required for the local oscillator;
Receiver sensitivity is worse than IF receiver;

IF receiver
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Figure 2: Architecture of IF receiver
IF receiver for LP-WUS reception is shown in Figure 2. Firstly, the signals received from receiving antenna pass RF band pass filter (RF BPF), low noise amplifier (LNA) and IR Filter. Secondly, down-conversion is performed to generate intermediate frequency (IF) signals, then the IF signals pass an IF amplifier (IF AMP) and an IF band pass filter (IF BPF) to filter noise/interference caused by adjacent channels. Finally, the IF signals pass the envelope detector and an LPF to get output signals. In this receiver, IR Filter is used to suppress image interference and attenuate it to an acceptable level.
Due to the operation of IF conversion, DC offset and LO leakage do not affect the receiver performance. Moreover, depending on appropriate selection of IF and related IF filters, excellent receiver sensitivity can be achieved for LP-WUS reception.
However, IR filter is a high-Q BPF which may only be implemented out of chip, thus the cost and size of the receiver will increase.

Benefits:

Avoid DC offset and flicker noise;
Excellent receiver sensitivity can be achieved;

Drawbacks:
Power consumption is larger than Zero-IF receive and RF receiver;

IR filter is high-Q filter;
The cost and size of the receiver will increase;
RF receiver
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Figure 3: Architecture of RF receiver
RF receiver for LP-WUS reception is shown in Figure 3. Envelope detection is directly implemented at radio frequency, then LO and PLL are not needed. Since there is no image interference, IR filter is not needed, either. However, detection performance of RF envelope detector is poor since RF envelope detector is usually implemented with diode and the envelope detection is non-linear. In addition, the problem causes by DC offset and Flicker Noise should be solved.
Benefits:

LO, PLL and IR filter are not needed;

Drawbacks:

High-Q filter is needed for RF BPF;
DC offset and Flicker Noise should be avoided/cancelled;
Detection performance of RF envelope detector is poor since RF envelope detector is usually implemented with diode and the envelope detection is non-linear;
Summary of Receiver architectures for OOK detection
Benefits/Drawbacks of receiver architectures for OOK-waveform based LP-WUS reception are summarized in Table 1.
Table 1: Summary of receiver architectures for OOK-waveform based LP-WUS reception
	Receiver architectures
	Benefits
	Drawbacks

	Zero-IF
	(1) Small in size and easy to monolithic integration;

(2) No need IR Filter;


	LO Leakage, DC offset and Flicker Noise should be avoided/cancelled;
More accuracy are required for Local Oscillator;

Receiver sensitivity is worse than IF receiver;

	IF
	(1) Avoid DC offset and flicker noise

(2) Excellent receiver sensitivity can be achieved


	(1) Power consumption is larger than Zero-IF receive;

(2) Image interference should be avoid and IR filter is high-Q filter;

	RF
	(1) LO, PLL and IR filter are not needed;

	High-Q filter is needed for RF BPF;
DC offset and Flicker Noise should be avoided/cancelled;
Detection performance of RF envelope detector is poor since RF envelope detector is usually implemented with diode and the envelope detection is non-linear.


Observation 1: For OOK-waveform based LP-WUS reception, among Zero-IF receiver, IF receiver and RF receiver,

- Zero-IF receiver has benefits of small size and is easy for monolithic integration;

- IF receiver has the best receiver sensitivity;
- RF receiver has the lowest cost.

Receiver architectures for FSK detection
Considering that higher data rate may not reach by OOK based LP-WUS waveform, other waveforms, such as FSK based LP-WUS waveform, which can support higher data rate could also be considered. Take 2FSK as an example, the transmission diagram is shown in Figure 4. For 2FSK, one bit can be carried by two different frequency carriers. In Figure 4, two different frequency carriers, f1 and f2, are allocated for 2FSK transmission. The input binary sequence is “1 1 0 1”, if the bit equals to 0 the S2FSK(t) is transmitted by carrier f0, if the bit equals to 1 the S2FSK(t) is transmitted by carrier f1. 
[image: image4.jpg]Frequency f1

N\

Input binary sequence

Frequency f0





Figure 4: Transmission diagram of 2FSK
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Figure 5: Reception architecture of 2FSK

The corresponding reception architecture is shown in Figure 5. Considering a BPF can only filter a frequency band rather than a single frequency point, a sufficient frequency gap should be guaranteed while allocating the frequency f1 and f0 for a 2FSK transmission in order to the prevent false detection happening from f1 to f0 or from f0 to f1. Therefore, the required frequency band for 2FSK transmission is not two single frequency points but two frequency bands.
Benefits:

Supporting higher data rate;

Drawback:

More bandwidth is required than traditional OOK/ASK;
Observation 2: Compared with OOK based waveform, FSK based waveform can support higher data rate, however, more frequency bandwidth is also required.

Proposal 1: The design on receiver architectures for LP-WUS reception could depend on the following factors, such as LP-WUS waveform, receiver complexity, power consumption and receiver sensitivity.

At least OOK based waveform for LP-WUS could be taken as the starting point and FSK also can be considered.
Conclusions

In this contribution, we have discussed issues on LP-WUS receiver architectures. We make the following observations and proposals:

Observation 1: For Zero-IF receiver, IF receiver and RF receiver for OOK-waveform based LP-WUS reception,

- Zero-IF receiver has benefits of small size and is easy for monolithic integration;

- IF receiver has the best receiver sensitivity;
- RF receiver has the lowest cost.

Observation 2: Compared with OOK based waveform, FSK based waveform can support higher data rate, however, more frequency bandwidth is also required.

Proposal 1: The design on receiver architectures for LP-WUS reception could depend on the following factors, such as LP-WUS waveform, receiver complexity, power consumption and receiver sensitivity.

At least OOK based waveform for LP-WUS could be taken as the starting point and FSK also can be considered.
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