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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A new study item on low-power wake-up signal and receiver for NR was approved in RAN#94e [1] and revised in RAN#97e [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-facwearables.es 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 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, an examination of receiver architectures of power consumption W is performed. The trade-offs between power consumption, sensitivity, and selectivity/interference rejection capability are discussed. Further, receiver models to be considered for tradeoff characterization and performance evaluation of wake-up signal designs are proposed. Various FSK receiver architectures are discussed. 

Low-Power Receiver Modeling
First, a general low-power wake-up receiver (WUR) and signal design evaluation model is proposed in Figure 1. The WUR model consists of filtering, envelope detection, analog-to-digital conversion (ADC), and digital signal processing blocks. The proposed model can be adapted to capture the behavior of any of the architectures discussed in this contribution. The filtering block at the beginning of the receiver chain can be used to capture the selectivity, i.e., in-band interference rejection, of the modeled WUR architecture. The envelope detection block may have multiple alternatives, depending on the modeled WUR architecture, such as 
1) A square-law detector followed by an LPF to capture the behavior of WUR architectures such as the uncertain-IF and the sub-sampling architectures.
2) A Mixer followed by a LPF to capture the behavior of direct down-conversion WUR architectures such as the dual uncertain-IF architecture; or
3) A square-law detector, a BPF, a mixer, and finally followed by a LPF to capture the behavior of WUR architectures such as the double-sampling and the 2-tone reception architectures. 
The ADC block can be a simple comparator or a multi-bit ADC. An oversampling ratio, i.e., number of samples to be evaluated per information bit duration, may be considered during the signal design evaluation. The DSP block can be used to perform any bit detection, correlation, or message parsing operations before sending a wake-up (WU) indication and/or forward any messages to the main radio. The mapping between the evaluated SNR (SNRmodel) and the actual expected SNR (SNRArch) is based on an architecture specific noise figure (NFArch).
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[bookmark: _Ref127449839][bookmark: _Ref127451797]Figure 1: Wake-Up Receiver and Signal Design Evaluation Model.

An interfering signal can be optionally introduced into the model to evaluate the LP-WUS co-existence with other signals in the same band. Different combinations of modeling block configurations may be considered to compare and differentiate between a few of the most promising LP-WUR architectures. 

Proposal 1: A Low-power receiver model based on the model as shown in Figure 1 is adopted for the evaluation studies.

Overview of Low-Power Receiver Architectures
In [3], a dedicated low-power receiver, a wake-up radio (WUR), is proposed as a supplement to a main radio of a UE to alleviate the power consumption associated with the current need of UEs to periodically wake up once per DRX cycle to monitor PDCCH. Figure 2 shows the trade-offs between receiver power consumption, sensitivity, and supported data rate for two carrier frequency ranges,  GHz and GHzGHz, based on the receiver architectures surveyed in [4]. The figure suggests that receiver architectures consuming power of  can support sensitivity levels  at data rates  using non-coherent OOK modulation. In the following sections, a few of those receiver architectures are examined. In general, examined low-power receiver architectures can be categorized as mixer-first architectures, such as the uncertain-IF, the sub-sampling, and the dual uncertain-IF architectures; and envelope detection first architectures, such as the double-sampling and the 2-tone reception architectures. 
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[bookmark: _Ref127449899]Figure 2: Survey of Low-Power Receiver Architectures [4].

Uncertain IF Architecture
The uncertain IF architecture is one of the architectures that attempts to reduce or eliminate the power consumption overhead associated with the front-end (FE) Phase Locked Loops (PLLs) and Low Noise Amplifiers (LNAs). This is achieved through the utilization of (1) a low-power and low-accuracy unlocked local oscillators (LOs) such as the ring oscillators, and (2) LNAs at IF instead of RF. The power consumption overhead associated with LNAs can further be eliminated by entirely discarding LNAs from the architecture at the expense of receiver sensitivity. An example uncertain IF architecture [5] is shown in Figure 3 where receiver selectivity, i.e., blockers elimination, is achieved through the utilization of passive high-Q front-end filters with additional filtering after the mixer, which is easier provided at lower frequencies. The architecture in [5] provides a -3dB bandwidth of 54 MHz through RF filtering while the IF bandwidth is limited by the utilized ring oscillator uncertainty.
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[bookmark: _Ref127449936]Figure 3: An Example of Uncertain IF Receiver Architecture [5].
Therefore, in this architecture, sensitivity is limited, in general, by the integrated noise presented by the wide IF bandwidth required to deal with the LO uncertainty. In [5], a sensitivity of -88 dBm for  BER is achieved using a Manchester encoded (information bits are encoded as transitions from low-to-high or high-to-low signal levels) data rate of 250 kbps at a power consumption of W in the 2.45 GHz band.

Observation 1: In-band selectivity of the uncertain IF receiver architecture is limited by the wide IF bandwidth required to deal with the LO uncertainty.

Double-Sampling (Synchronized Switching) Architecture
The, originally termed, double-sampling architecture is another architecture that attempts to reduce the power consumption overhead associated with the FE PLLs through the utilization of low-frequency oscillators that are 1 to 2 orders of magnitude below target RF frequency. The architecture also mitigates the impact of the  (flicker) noise through the combination of the chopping/switching stage at RF, double sampling/switching stage at IF, and utilization of a clock frequency above the flicker noise corner frequency. An example double-sampling architecture [6]-[7] is shown in Figure 4 where the IF BPF stage may be followed by an amplification stage. Since RF envelope detection is utilized in this architecture, receiver selectivity is mainly controlled by the RF FE filters. 
In [6], FE selectivity is compromised, i.e., a -3dB bandwidth of 21MHz/59MHz in the 915MHz/2.4GHz band, for the low power consumption of W and the receiver architecture achieves a sensitivity of -75dBm/-80dBm using a data rate of 100kbps/10kbps in the 915MHz band. In [7], the receiver architecture provides a FE -3dB bandwidth of 110 MHz, that is determined by the LNA and the input matching network, and achieves a sensitivity of -86.5dBm/-61dBm using a data rate of 10kbps for a power consumption of W/W in the 780-950 MHz bands (a data rate of 100 kbps is supported at dB degradation in sensitivity). However, the receiver selectivity may be improved to a -3dB bandwidth of only  MHz using a high-Q RF SAW filter at the expense of a  dB degradation in sensitivity. Further power consumption reduction for the receiver architecture in [7] may be achieved by discarding LNAs at RF at the expense of further degradation in receiver sensitivity.
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[bookmark: _Ref127450016]Figure 4: An Example of Synchronized Switching/Double-Sampling Receiver Architecture [6]-[7].

Observation 2: Interference rejection and In-band selectivity of the synchronized switching receiver architecture is limited by RF FE band-pass filtering capability due to envelope detection at RF.

Sub-Sampling Architecture
Like the double-sampling architecture, the sub-sampling architecture attempts to reduce the power consumption overhead associated with the FE PLLs through the utilization of low-frequency oscillators that are 1 to 2 orders of magnitude below target RF frequency. However, instead of the utilized switching/chopping technique in the double-sampling architecture, i.e., multiplying the received RF signal with a square wave of low frequency, the sub-sampling architecture in [8] uses the low frequency clock to sub-sample the received RF signal and generate a signal at IF. Further, the receiver architecture in [8] still utilizes the uncertain IF topology, i.e., utilizes a low-power and low-accuracy reference clock, but improves receiver selectivity through the utilization of a period-based calibration circuit. 
An example sub-sampling architecture [8] is shown in Figure 5 where the receiver selectivity is determined by a SAW filter and a two active-inductor based amplifier stages providing  MHz of bandwidth. The architecture in [8] achieves a sensitivity of -75dBm using a Manchester encoded data rate of  kbps for a power consumption of W (calibration circuit may on average consume W for 1 ms per 100 ms calibration) in the 915 MHz band.
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[bookmark: _Ref127450057]Figure 5: An Example of Sub-Sampling Receiver Architecture [8].
[bookmark: _Hlk111097019]
Observation 3: In-band selectivity of the sub-sampling & uncertain IF receiver architecture is limited by wide IF bandwidth required to deal with the LO uncertainty, which can be improved by a period-based oscillator calibration circuit.

2-Tone Reception Architecture
Like the double-sampling architecture, the architecture in [9] and shown in Figure 6 utilizes RF envelope detection and low-frequency oscillators for power consumption reduction. However, instead of the utilized switching/chopping technique in the double-sampling architecture, i.e., multiplying the received RF signal with a square wave of low frequency, the architecture in [9] uses a 2-tone transmission scheme. Further, the architecture treats the double-sampling/switching stage at IF, i.e., after envelope detection, as a mixing stage and utilizes a FE SAW filter to improve the receiver’s interference rejection capability. 
The specific signal design where a 2-tone transmission scheme is considered allows the use of BPSK-IF as a modulation scheme for a non-coherent envelope detection-based receiver architecture. It also improves the receiver selectivity for better in-band interference rejection. The architecture in [9], therefore, manages out-of-band interference rejection through the SAW filter and in-band interference rejection through signal design and IF BPF after envelope detection. It achieves a sensitivity of -83dBm/-56dBm using a data rate of  kbps for a power consumption of W/W (W for IF clock generation) in the 915 MHz band. The sensitivity of this architecture is similar to the double-sampling architecture in [7] when accounting for the losses due to the SAW filter. However, it provides a much better interference rejection than the double-sampling architecture as it can tolerate between -19 dB to -10.5 dB of in-band carrier-to-interference ratio (CIR) at  MHz offset from each tone based on power consumption.

[image: ]
[bookmark: _Ref127450119]Figure 6: An Example of a 2-Tone Reception Envelope Detection Receiver Architecture [9].

Observation 4: Interference rejection and In-band selectivity of an RF envelope detection (double-sampling) receiver architecture can be improved using a 2-tone transmission scheme/signal design.

Dual Uncertain IF Architecture
The dual uncertain-IF receiver architecture in [10], represented in Figure 7, reuses the uncertain-IF receiver architecture to reduce power consumption while improving the receiver’s selectivity by combining an unlocked low-Q resonator-referred LO (LC-DCO), where LC-DCO provides more accuracy than ring oscillators at the cost of a slight increase in power consumption, and distributed multi-stage high-Q N-path passive mixer (N-PPM) filtering technique. 
The dual uncertain-IF architecture selectivity is then provided by two main narrow band-pass filtering stages, one at each of the two IF frequencies, enabling a tolerance of in-band carrier-to-interference ratio (CIR) between -25 dB to -22 dB at  MHz offset. The FE matching network and RF passive mixer provide an effective bandwidth of 20 MHz while the first IF passive mixer provides an effective bandwidth of 1 MHz. The architecture achieves a sensitivity of -97dBm/-92dBm using a data rate of kbps/50kbps for a power consumption of W in the 2.4 GHz band.
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[bookmark: _Ref127450147]Figure 7: A Representation of the Dual Uncertain-IF Receiver Architecture [10].

Envelope detection in the dual uncertain-IF architecture utilizes the high linearity response of the N-PPM to perform direct down-conversion of the signal from the second IF frequency to DC, ensuring bandwidth reduction and removal of the LO uncertainty effects. 

Observation 5: Interference rejection and In-band selectivity of a mixer-first (uncertain-IF) receiver architecture can be improved using a combination of LC-DCO and distributed high-Q N-PPM filtering at the cost of increase in power consumption.

FSK Receiver Architectures
Low power receiver architectures that can support FSK modulation are also being discussed in RAN1 as part of the LP-WUS study item [2]. Two example architectures, based on parallel OOK receivers as shown in Figure 8 and based on FM-to-AM detectors as shown in Figure 9 and Figure 10, have been considered so far [13]. 
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[bookmark: _Ref126761322][bookmark: _Ref127451015]Figure 8: An example 1-bit FSK receiver architecture utilizing parallel OOK receivers.
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[bookmark: _Ref127451037]Figure 9: An example FSK receiver architecture utilizing Analog Domain FM-to-AM detector [13].
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[bookmark: _Ref127451058]Figure 10: An example FSK receiver architecture utilizing Analog Domain FM-to-AM detector [13].
To increase the data rate received by an FSK receiver, a higher modulation order may be considered, i.e., M-FSK (). An example 2-bit FSK receiver, i.e., 4-FSK, is shown in Figure 11. At the FSK receiver, four bandpass filters centered at each of the 4 frequencies are used prior to envelope detection. The outputs of the envelope detectors are then fed into a decision-making unit which decides on one of the 4 different 2-bit combinations based on the relative strength/amplitude of the envelope detectors output. 
[image: ]           [image: Table
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[bookmark: _Ref127451151]Figure 11: An example 2-bit FSK receiver architecture utilizing parallel OOK receivers.

Note that the FSK receiver, as shown in Figure 8 and Figure 11, may be based on RF envelope detector receiver architectures. Therefore, the bandpass filters may be RF filters that are required to have high-Q values to improve in-band selectivity, which can be costly and/or bulky, making the architecture unattractive for implementation. Alternatively, an IF envelope detection-based receiver architecture may be utilized to avoid the costly and/or bulky implementations. An example 1-bit FSK (2-FSK) receiver using the IF envelope detection-based receiver architecture is shown in Figure 12. To reduce power consumption of IF envelope detection architecture, a low accuracy and stability LO, e.g., a ring oscillator, may be used. The LO’s low accuracy, e.g., 200 ppm, can result in a frequency offset of 400kHz at a carrier frequency of 2GHz. Such a frequency offset may require guard bands of comparable bandwidths to avoid/mitigate interference which may subsequently result in an increase in the required frequency resources for such an architecture.   
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[bookmark: _Ref127451128]Figure 12: An example 1-bit FSK receiver architecture utilizing parallel IF envelope detector based OOK receivers.

The aforementioned challenges are particularly concerning for high order modulation FSK receiver architectures, which will be needed to support higher data rates than the 2-FSK architectures shown in Figure 8 and Figure 12 while complying with the OFDM transmitter architecture. The data rate of the example 1-bit FSK receiver architectures shown in Figure 8 and Figure 12 can be around 28 kbps assuming operation at FR1 with subcarrier spacing (SCS) of 30kHz.
Therefore, a solution is needed to aid low-power, e.g., envelope detection based, receiver architectures in supporting higher data rates, i.e., through parallel bit stream transmissions, with minimal impact on any of the receiver implementation cost, the receiver implementation size, and network resource overhead. 
It is noted that the example receiver architecture shown in Figure 11 requires in general  frequency resources to receive -bits. Such an exponential increase in the required frequency resources is undesirable for a low power/cost receiver architecture. Therefore, the aim of the proposed architectures in Section 3.6.1 and Section 3.6.2 is to reduce the number of frequency resources that enable the same number of bits/symbols to be transmitted on a single OFDM symbol. The proposed architectures will require  and  frequency resources, respectively, to receive  bits. 

[bookmark: _Ref127453448] frequency multiplexed structure
In this structure, multiple 1-bit FSK receiver architectures, such as shown in Figure 8 and Figure 12, are used in parallel to increase the supported data rate. An example 4-bit FSK, i.e., 16-FSK, receiver structure is shown in Figure 13 where only 8 RF/IF BPFs are needed instead of the 16 that would be required for the -FSK architecture exemplified in Figure 11. 
At the receiver side, as shown in Figure 13, the received signal is split and passed through a set of RF/IF BPFs where each pair is associated with a single bit, e.g., BPFs at  and  are used to detect the first bit (Bit 1). The outputs of BPFs are then passed through envelope detectors and each output pair, e.g., outputs at frequencies  and , is fed into a comparator to decide on the detection result, i.e., a bit “0” or bit “1” is detected. A similar process is used for the detection of each of the other bits, i.e., Bit 2, Bit 3, and Bit 4.
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[bookmark: _Ref127451373]Figure 13: An exemplary 4-bit FSK receiver utilizing parallel 1-bit FSK receivers.
The architecture in Figure 13, therefore, requires in general only  frequency resources to realize  bits per OFDM symbol which alleviate the guard bands issue, particularly associated with the low power mixer first IF based envelope detector architectures with low accuracy oscillators as discussed earlier, compared to architectures such as shown in Figure 11 requiring  frequency resources. This is still helpful for RF envelope detector based FSK receiver architectures, but they might be less preferable due to their need of costly and/or bulky bandpass filters. 

[bookmark: _Ref126844502] frequency multiplexed structure
In the FSK receiver structure described earlier, each bit is associated with a pair of frequency resources where a frequency resource is used as reference when the other resource is used for transmission, therefore each frequency resource alternates between acting as a reference and as a carrier to transmit a bit of information. In another structure, exemplified as a 4-bit FSK receiver in Figure 14, two frequency resources are selected to represent fixed references for the other set of frequency resources, which each is used as a carrier to transmit a bit of information. The proposed structure can then support the transmission of  bits using only  frequency resources as opposed to the  frequency resources required by the structure exemplified in Figure 13.
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[bookmark: _Ref127451503]Figure 14: An exemplary 4-bit receiver utilizing two reference frequency resources. 
At the receiver side, as shown in Figure 14, the received signal is split and passed through a set of RF/IF BPFs where one dedicated, e.g., BPF at , and two shared, e.g., BPFs at  and , are used to detect a single bit, e.g., the first bit (Bit 1). The output of BPFs are then passed through envelope detectors and each output tuple, e.g., outputs at frequencies  and  and , is fed into a multi-input (multi-threshold) comparator, e.g., multi-threshold detection (M-Dec) unit, to decide on the detection result, i.e., a bit “0” or bit “1” is detected. A similar process is used for the detection of each of the other bits, i.e., Bit 2, Bit 3, and Bit 4. The decision criteria, that the M-Dec, e.g., multi threshold comparator, unit may use is shown in Figure 15 where  represent the signal at the output of the envelope detector after BPF at frequency . 
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[bookmark: _Ref127451559]Figure 15: An exemplary multi-threshold detector/comparator and detection criteria.
The proposed signal design and corresponding 4-bit FSK receiver structure in Figure 14 then requires only 6 frequency resources which, compared to 8 frequency resources, represents 25% saving in number of BPFs and frequency resources over the structure in Figure 13. Further, this represents  saving in number of BPFs and frequency resources over the original M-FSK receiver structure in Figure 11.
It is also worth noting that like the structure in Figure 13, the structure in Figure 14 can be thought of as a single 4-bit FSK receiver, two 2-bit FSK receivers, or four 1-bit FSK receivers receiving one/two/four different low power signals that are multiplexed in the frequency domain. Further, the structure in Figure 14 can be thought of in general as parallel OOK receivers with, e.g., two, fixed reference frequencies are used for proper estimation of noise and/or interference.
Based on reported results in [15] the parallel FSK receiver will have slightly worse sensitivity than an OOK receiver at the same data rate, but the FSK receiver will not require a fixed threshold or time domain Manchester encoding. On the other hand, the OOK receiver will require a fixed threshold for bit detection which might not be optimal or time domain Manchester encoding which will half the achieved data rate.  
For the proposed N+2 architecture, the performance should be comparable to the parallel FSK receiver assuming flat fading over the set of resources used by the signal, otherwise the performance will be dependent on the channel characteristics in which case N can be adapted to achieve the desired performance.

Summary
The following table summarizes the key performance metrics of low-power receiver architectures as examined in the previous sections including power consumption, sensitivity (per certain data rate), and interference rejection/selectivity with corresponding effective bandwidth. 
Table 1. Summary of Examined Low-Power Receiver Architectures. 
	
	Mixer-First Architectures
	Envelope Detection-First Architectures

	
	Uncertain IF[5]
	Sub-Sampling & Uncertain IF[8]
	Dual Uncertain IF[10]
	Double-Sampling[6]
	2-Tone Reception[9]

	LO generation
	Unlocked 3-Stage Ring Oscillator
	Unlocked 3-Stage Ring Oscillator 
	Unlocked LC-DCO
	Unlocked 3-Stage Ring Oscillator
	Crystal Oscillator

	Modulation
	OOK
	OOK
	OOK
	OOK
	PSK-IF/OOK-IF

	Frequency
	2.45 GHz
	915 MHz
	2.4 GHz
	915MHz
	2.4GHz
	915 MHz

	Power Consumption 
	50 uW
	~22.9 uW
	99 uW
	51 uW
	63.5 to 121 uW **

	Data Rate
	250 kbps (Man)
	200/10 kbps (Man)
	10/50 kbps
	100/10kbps
	10 kbps

	Sensitivity (dBm)
	-88
	-75/-78.5
	-97/-92
	-75/-80
	-64/-69
	-56 to -83

	Interferer Rejection/ Selectivity
	RF N-PPM based filter
	SAW filter
	Multi-stage N-PPM based filters
	FE Matching Network
	SAW filter and 2-tone BPSK-IF

	Effective Bandwidth
	FE -3dB BW of
54 MHz
	IF -3dB BW of 13 MHz
	IF BW of 1 MHz
	FE -3dB BW
	 MHz

	
	
	
	
	21 MHz
	59 MHz
	

	CIR* (dB)
	N/A
	N/A
	-25/-22 @ +/-3 MHz (10 kbps)
	N/A
	-19 to -10.5 @ MHz from each tone

	Duty Cycling
	No
	No
	Yes 
(18 nW Leakage)
	No
	No


* CIR =  [dB] 
** excluding clock generation that consumes W
 17MHz crystal is used for period-based calibration

Comparing these architectures, some further observations on the trade-offs amongst the key performance metrics can be drawn:
Observation 6: Low-power receiver architectures of power consumption around W such as dual uncertain-IF and 2-tone reception show reasonable sensitivity and good selectivity with effective bandwidths  MHz.
Observation 7: Low-power receiver architectures of power consumption W such as uncertain-IF, sub-sampling, and double-sampling may show reasonable sensitivity but at poor selectivity with effective bandwidths  MHz.

It is also observed that there are various trade-offs amongst the key performance metrics and that those trade-offs may depend on the receiver architecture as well as the associated transmission scheme/signal design. A proper trade-off may be defined/identified based on the KPI requirements as specified from system perspective. With the assessment of the candidate architecture, we have the following proposal.

Proposal 2: A resource efficient multi-bit low power receiver utilizing two reference frequency resources as shown in Figure 14 should be further studied.

[bookmark: _Ref129681832]Conclusion
The contribution examined few low-power receiver architectures, proposed a WUR and signal design evaluation model, and made the following observations.
Observation 1: In-band selectivity of the uncertain IF receiver architecture is limited by wide IF bandwidth required to deal with the LO uncertainty.
Observation 2: Interference rejection and In-band selectivity of the synchronized switching receiver architecture is limited by RF FE band-pass filtering capability due to envelope detection at RF.
Observation 3: In-band selectivity of the sub-sampling & uncertain IF receiver architecture is limited by wide IF bandwidth required to deal with the LO uncertainty, which can be improved by a period-based oscillator calibration circuit.
Observation 4: Interference rejection and In-band selectivity of an RF envelope detection (double-sampling) receiver architecture can be improved using a 2-tone transmission scheme/signal design.
Observation 5: Interference rejection and In-band selectivity of a mixer-first (uncertain-IF) receiver architecture can be improved using a combination of LC-DCO and distributed high-Q N-PPM filtering at the cost of increase in power consumption.
Observation 6: Low-power receiver architectures of power consumption around W such as dual uncertain-IF and 2-tone reception show reasonable sensitivity and good selectivity with effective bandwidths  MHz.
Observation 7: Low-power receiver architectures of power consumption W such as uncertain-IF, sub-sampling, and double-sampling may show reasonable sensitivity but at poor selectivity with effective bandwidths  MHz.

With the assessment of the candidate architectures, we have the following proposals.

Proposal 1: A Low-power receiver model based on the model as shown in Figure 1 is adopted for the evaluation studies.
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Figure 1: Wake-Up Receiver and Signal Design Evaluation Model.


Proposal 2: A resource efficient multi-bit low power receiver utilizing two reference frequency resources as shown in Figure 14 should be further studied.
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