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Introduction
In RAN1#110b e-meeting, the following was agreed for studying and evaluating low-power wake-up receiver architectures [1]: 
	Conclusion
RAN1 does not intend to mandate the implementation of any specific type(s) of LP WUR architecture at the UE.
· Note: this does not prevent RAN4 from defining requirements for LP WUR in the normative phase.
Agreement
Study at least the following three types of receiver architectures for LP-WUR:
· Architecture with RF envelope detection 
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
· Note: The details of each type of receiver architecture are discussed separately.
· Note: Above receiver architectures are considered suitable for OOK modulation. Some of the architectures 
can be applicable for other modulations such as FSK.
Agreement
Study the architecture with RF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· 1-bit or multi-bit ADC is applied.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· High-Q matching network and/or RF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· FFS the support of band and/or carrier tuning
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Agreement
Study the heterodyne architecture with IF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is down converted into IF signal via an RF mixer with a LO. The IF signal is converted into baseband signal via an IF envelope detection.
· There may be one or multiple IF stages depending on design.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or IF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied.
· Image rejection filter or an image rejection mixer is required.
· FFS the support of band and/or carrier tuning
· FFS the choice of IF frequency range
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Agreement
Study the homodyne/zero-IF architecture with baseband envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· No image rejection filter is required.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· FFS the support of band and/or carrier tuning
[image: cid:image013.png@01D8E491.F4D2B4B0]

Agreement
Further study the receiver architectures for FSK, with two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit, e.g.,
· [image: A picture containing text, clock, screenshot
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· Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.
· Example 2: using an FM-to-AM detector [or an FM detector]
· Alt 1: Use an analog FM-to-AM detector with a similar architecture as for OOK (e.g. heterodyne or zero-IF architecture), except that the envelope detector is replaced by a FM-to-AM detector.
· Analog FM-to-AM detector can be implemented at least in BB or low-IF.
[image: cid:image015.png@01D8E491.F4D2B4B0]
· Alt 2: Use a FM-to-AM detector [or an FM detector] implemented in digital domain after ADC, with a heterodyne or zero-IF architecture.
· Digital FM-to-AM detector implementation can be considered as part of digital baseband processing.
· Here is an example of using zero-IF architecture: [image: cid:image016.png@01D8E491.F4D2B4B0]
· The FM-AM detector can be implemented using a frequency discriminator, which converts frequency variations into amplitude changes. It can be implemented in either analog domain (as in Alt 1) or digital domain (as in Alt 2).
· One example, as shown in the figure below, is a conventional quadrature FM discriminator. It multiplies received frequency modulated signal with a phase shifted version, followed by a low pass filter. The amplitude of the output signal is proportional to the frequency of the input signal.
· [image: Diagram
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· Note: Other architectures are not precluded.

Agreement
For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of the receiver 
· Receiver architecture type
· Assumed modulation/waveform/coding
· Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any
· Local oscillator
· Type of oscillator and the corresponding frequency accuracy/drifting
· Handling of time/frequency impairments
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band, and frequency location within a carrier (including whether it is fixed or can be flexible)
· RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies), if any
· Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
· Assumed frequency band(s) and the support of band and/or carrier tuning
· Duty cycle handling of WUS and other signals (if any)
· Interference rejection capability (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Handling of inter-cell interference
· Whether there is any mobility support function, e.g. measurement capability
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if possible)
· Noise figure
· Sensitivity/coverage
· Data rate
· FFS: other performance metrics for, e.g., cost/complexity, interference rejection capability and inter-cell interference handling
Note: The performance and design of receiver architecture is expected to be dependent on WUS design. This list can be updated later when the discussion on WUS signal/procedure design (AI 9.13.3) starts



This paper discussed the technologies and architecture of the low-power wakeup receiver (LP-WUR) used as the wakeup mechanism of the NR receiver in achieving the UE power saving.

Low-Power Wakeup Receiver 
[bookmark: _Hlk114132307]Motivation of Low-Power WUS
The low energy consumption and long battery life had been discussed since the beginning of the NR system design to support large number of MTC devices [2]. The enhancement of device sleeping mode, such as eDRX, had been used in Rel-16 with extended sleeping time in a DRX cycle. However, the configured length of sleeping cycle in eDRX has the tradeoff of the large energy saving but increasing the latency in data access. The wakeup signals/channels had been designed to further reduce UE power consumption by sending a wakeup signal (WUS) before the DRX ON duration to indicate whether UE needs to wake up at the configured DRX ON cycle, as shown in Figure 1.    
[image: ]
[bookmark: _Ref118383308][bookmark: _Ref118383298]Figure 1: Framework of MR + LP-WUR
The DRX adaptation with UE wakeup by DCI format 2_6 for CONNECTED mode UEs were introduced in Rel-16 UE power saving by indication of UE wakeup or not based on whether there is a DL traffic arrival at each DRX cycle to achieve UE power saving. The DCI format 2_6 is used to indicate whether UE needs to wake up at each DRX cycle to minimize the unnecessary PDCCH monitoring during DRX ON when there is no data for the given CONNECTED mode UE. In Rel-17, the paging early indication (PEI) by DCI format 2_7 was introduced to indicate whether IDLE/Inactive mode UE should decode the paging DCI and subsequent paging message at the configured paging occasion. The PEI is another UE wakeup mechanism for IDLE mode UE to indicate whether UE should wake up to receive the paging information at the configured paging occasion. The UE wakeup mechanism by DCI format 2_6 for CONNECTED mode UEs and PEI of DCI format 2_7 for IDLE/Inactive mode UEs provide periodic indication to the UE wakeup or not to adapt at the next PDCCH monitoring occasion at DRX ON interval/paging occasion to achieve UE power saving. However, the preparation and the coherent detection/decoding of the DCI format on PDCCH for wakeup indication periodically before the DRX/PO still require large UE power consumption. Thus, target of low-power wakeup signal is to further reduce the UE power consumption in preparation and detection of the wakeup signals.  

Proposal 1: The UE power consumption of preparation and detection of wakeup signal/channel should be significantly lower comparing to the wakeup indication by DCI formats 2_6 and 2_7 in the target study of low power wakeup receiver.     

Target Design of Low-Power Wakeup Receiver

The low-power wakeup receiver targets to achieve the UE power saving by having an additional front-end device as the trigger of the transition between active state and ultra-low power consumption state of the NR receiver, which has relatively low power consumption comparing to that of the existing deep sleep. The low-power wakeup receiver monitors the configured wakeup signal and awakes the NR receiver to start the communication. The power consumption of the LP-WUR should be at least one to two orders of magnitude lower than NR receivers in sleeping state, such as deep sleep state defined in Rel-16 UE power saving in [3]. This means that the power consumption of the LP-WUR should be below 100 μW.   
The power consumption of the low-power wakeup receiver depends on the receiver architecture and its achievable receiver sensitivity. The receiver sensitivity in dBm would determine the maximum range of the coupling loss/path loss in the radio propagation from the gNB with a given Tx power in dBm, which could derive the maximum coverage area.  Since the low-power wakeup receiver intends to prioritize the UE power saving, the coverage area of 164 dB coupling loss with the support of data rate at least 160 bps for DL/UL defined in NR system [4] could not be reused. The 164 dB coupling loss would require the UE receiver sensitivity of -118 dBm and -109 dBm with gNB Tx power of 46 dBm and 55 dBm respectively. NR also defines the coverage of basic MBB service. The MBB service with a downlink data rate of 2Mbps for stationary users and 384 kbps for mobile users and an uplink data rate of 60kbps for stationary users has the target on maximum coupling loss is 140dB. For a basic MBB service characterized by a downlink data rate of 1Mbps and an uplink data rate of 30kbps for stationary users, the target maximum coupling loss is 143dB.
The receiver sensitivity or the supported maximum coupling loss of the LP-WUR should be designed with the target not too far away from that of NR receiver. In addition, the design of the wakeup signals and the LP-WUR should have the capability of co-channel interference toleration/mitigation for the operation in the cellular environment with multiple users accessing the NR network. There are studies of the power consumption and the respective receiver sensitivity with the special design at a given frequency band. The super-heterodyne two-tone scheme was studied in [5] to improve the sensitivity of the envelope detection approach. [6] has proposed an uncertain-IF configuration with elimination of the LNA (Low Noise Amplifier), PLL (Phase-Locked Loop), and high-Q filters for LO (Local Oscillator).  The Low-IF architectures using ultra-high-Q external resonators, RF LNAs and high-accuracy LO for noise figure and bandwidth reduction have improve the power efficiency[7][8].  
The low-power wakeup receiver is hard to achieve the receiver sensitivity over -100 dBm with data rate at 160 bps and the target power consumption in the range of µW or nW. The minimum achievable data rate should also be defined coupling with the given receiver sensitivity of the low-power wakeup receiver. The use cases and the deployment scenarios of low-power wakeup receiver heavily depend on the requirements of receiver sensitivity and minimum achievable data rate.   
Proposal 2: The target power consumption and the receiver sensitivity/maximum coupling loss of the low-power wakeup at a given data rate should be defined as follows,
· UE power consumption < [100] µW
· Receiver sensitivity/Maximum coupling loss of LP-WUS – [-80] dBm/ [126] dB
· Minimum achievable data rate – [160] bps

Architecture Alternatives of Low-Power Wakeup Receiver
In RAN1#110b e-meeting, it has been concluded that RAN1 does not intend to mandate the implementation of any specific type(s) of LP WUR architecture at the UE. The exact receiver architecture can be left to UE implementation as long as it can meet the target performance requirements (e.g. power consumption, noise figure, sensitivity/coverage, data rate, etc.). For better understanding of the trade-off among the target performance requirements, three potential receiver architectures with different signal detections (i.e. RF/IF/baseband envelops detection) were discussed:
· Architecture with RF envelope detection
The architecture with RF envelope detection is the simplest possible receiver architecture with a simple direct energy detector. An envelope detector (ED) is used to directly down-convert RF signals to baseband (BB). Depending on the sensitivity and power consumption requirements, the LNA can be optionally applied. The RF architecture can achieve the lowest power consumption with low receiver sensitivity among all receiver architectures due to it simpler implementation. 
A wake-up receiver includes a broadband, non-coherent RF front-end with low- and high-sensitivity paths, automatic interference rejection, and a 32kHz crystal oscillator achieves 0.24 uW power consumption and -56 dBm receiver sensitivity in [9]. In [10], 28 uW power consumption and -42.5dBm receiver sensitivity was achieved. A wake up receiver consists of a LNA, an ED, two baseband amplifiers (PGA and LPF) and a clock control circuits for double-sampling operation in [11] can achieve higher sensitivity i.e. -58dBm than that of [9][10].  
A wakeup receiver design achieves 45 nW power consumption and -69 dBm receiver sensitivity was investigated in [12] and the receiver structure comparing to other conventional/uncertain IF receiver and TRF receiver is shown in Figure 2.  The proposed wakeup receiver uses relaxation oscillator and OOK (On-Off Keying) RF modulation and runs at 0.4V 113.5MHz. The low power consumption wakeup receiver is to reduce the baseband signal bandwidth to 300Hz and aggressively filter noise by a high-Q transformer and filter that passively amplifies the voltage of the incoming RF waveform. The RF waveform is simultaneously demodulating and amplifying the WUS by a high-impedance dynamic threshold MOS (DTMOS) ED with active-inductor biasing.   

[image: ]
[bookmark: _Ref118383452]Figure 2: An example of 4.5nW Receiver with -69dBm Sensitivity
An ultra-low power wake-up receiver for 2.4-GHz was proposed in [13] based on a fast sampling method and repeatedly switching on and off to reducing the power consumption. The multi-branch receiver architecture with scalable current consumption according to data rate with a wide range of co-channel interference management is shown in Figure 3. The wakeup receiver is designed with OOK RF modulation and has the structure of a 3-branch analog RF front-end and six digital 31-bit correlating decoders. The receiver sensitivity is -80 dBm.  
[image: ]
[bookmark: _Ref115220588]Figure 3：An example of 7-μW 2.4-GHz Wake-Up Receiver with -80 dBm Sensitivity and High Co-Channel Interferer Tolerance
· Heterodyne architecture with IF envelope detection
In a heterodyne architecture with IF envelope detection, the RF signal is down converted into a low IF signal, which is further converted into baseband signal via an IF envelope detection. In this architecture, excellent receiver sensitivity can be achieved by the appropriate selection of IF band and the associated IF filters. However, the power consumption of lower IF architecture is relatively higher than those of other architectures due to the need of LO with high power consumption.
A wake-up receiver for ultra-low power with an uncertain-IF and a distributed multi-stage N-path filtering technique with an unlocked LO operating at 2.4 GHz is proposed by [14] as shown in Figure 4. This structure provides narrow-band selectivity and co-channel interference mitigation without expensive external clock source, such as BAW resonators or crystals. The wakeup receiver has the power consumption of 99 μW and can achieve sensitivity of −97 dBm and co-channel interference rejection at 27 dB at 5 MHz offset with data rate of 10 kb/s.  

[image: ]
[bookmark: _Ref115247965]Figure 4： An example of a 2.4 GHz Receiver with dual-IF with -97 dBm Receiver Sensitivity
· Homodyne/zero-IF architecture with baseband envelope detection

In this architecture, the RF signal is directly down converted into baseband signal via an RF mixer with a LO. It has better sensitivity than that of the architecture with RF envelope detection but with relatively low power consumption.  The Homodyne architecture needs to handle the carrier leakage from LO (DC offset) and flicker noise 1/f due to the LO is set equal to the frequency of carrier. A wake-up receiver consists of an innovative OOK emulating orthogonal frequency division multiplexing (OFDM) modulation scheme, and a fully integrated, highly scaled, ultra-low power wake-up receiver design in 14-nm FinFET CMOS technology requiring only a 32-kHz real-time clock reference achieves 95 uW power consumption and -72 dBm receiver sensitivity was investigated in [15]. 
[bookmark: _Ref118387997]Table 1：The summery of different receiver architectures with power consumption and sensitivity performance
	Receiver Architecture
	References
	Power consumption
	Sensitivity

	RF
	[9]
	0.24uW
	-56dBm

	
	[10]
	28uW
	-42.5dBm

	
	[12]
	45nW
	-69dBm

	IF
	[14]
	99uW
	-97dBm

	Zero-IF
	[15]
	95uW
	-72dBm



From the analysis of the low-power wakeup receiver architecture aforementioned, each receiver architecture has its own advantages and disadvantages. Some LP-WUR architectures bring better receiver sensitivity, and others bring low power consumption, as shown in Table 1. The sensitivity of the low-power receiver is related to their power consumption. According to the survey [16], it is observed that a 20 dBm increase of sensitivity requires 10 times power consumption increasing. It is shown that it is hard to reach high data rates while keeping low power consumption [17]. None of the low-power wakeup receiver architecture can be singled out as the clear winner in all aspects of target performance, which include the power consumption, receiver sensitivity (support of maximum coupling loss) and minimal data rate. 
Observation 1: None of the low-power wakeup receiver architecture can be singled out as the clear winner in all aspects of target performance, which include the power consumption, receiver sensitivity (support of maximum coupling loss) and minimal data rate. 
[bookmark: _Hlk115249176]Several low-power wakeup receivers design had been investigated with power consumptions under 100 µW and receiver sensitivity in the range of -43 to -97 dBm. Since the low-power wakeup receiver would be UE implementation specific, 3GPP standard would not define any specific architecture or technology of low-power wakeup receiver. The low-power wakeup receiver implemented by the UE should be classified into multiple categories with each category containing the achievable minimum receiver sensitivity and the maximum power consumption in the specification. UE will report its supported category of low-power wakeup receiver in the UE capability. The network would configure the UE wakeup mechanism by low-power wakeup receiver if network supports the category of low-power wakeup receiver in the deployment.  
[bookmark: _Hlk115249283][bookmark: _GoBack]Proposal 3: The architecture and technologies of low-power wakeup receiver is UE implementation specific.  The standard should focus on the discussion in the following aspects
· Categorized low-power wakeup receiver - The low-power wakeup receiver implemented by the UE should be classified into multiple categories with each category containing the achievable minimum receiver sensitivity and, the maximum power consumption in the specification. 
· UE capability and transfer of UE capability - UE will report its supported category of low-power wakeup receiver in the UE capability.   
· Network configuration - The network would configure the UE wakeup mechanism by low-power wakeup receiver if network supports the category of low-power wakeup receiver in the deployment.  

Modulation Scheme Alternatives of Receiver Architectures
The target of the low-power wakeup receiver architecture study in 3GPP is to specify the waveform and the modulation scheme to achieve the low power consumption in UE wakeup mechanism and improve the UE power saving. To achieve low power consumption, the wakeup receiver architecture would select the number of components needed for the signal processing with target of low power consumptions from the selected component. The waveform and modulation is the critical aspect in assembly the low-power consumption components of wakeup receiver.    
Non-coherent modulation such as OOK and frequency shift keying (FSK) is used exclusively for ultra-low power receivers. In OOK modulation scheme, the information is embedded in the RF signals with the information bit of ‘1’s or ‘0’s representing by On and OFF keying. The source node transmits a large amplitude carrier when it wants to send a ‘1’ and nothing is sending for ‘0’, i.e. the transmitter is turned off. OOK has the advantage implementation simplicity which can be transferred into energy efficiency. The advantage of FSK over OOK is that it is less susceptible to noise and fading. The RF amplifier design is straightforward for FSK modulation with no need of adaptable threshold of signal reception [17]. Although FSK can be implemented by applying parallel OOK receivers and a comparator circuit or using a FM-AM converter, the low-cost receiver architecture may have the cost of more power over that of the conventional receiver for OOK modulation due to it requires accurate LO and I/Q signal path to demodulate the received signal. In [18], an efficient direct modulation FSK transmitter and the simple ED based receiver are employed with the receiver power consumption of 420uW. According to the works from 2005 to present [16], the receiver with FSK modulation mostly brings high power consumption (e.g. 120uW~2100uW), which is against intention of the low-power receiver. Moreover, the receivers have a power consumption below 10uw are using OOK modulation [17]. From our point of view, the modulation schemes should be selected with the target of minimizing power consumption. 
Proposal 4: The waveform and the modulation schemes should be selected with the target of minimizing power consumption of the low-power wakeup receiver. 

Conclusion 
In this contribution, we have discussed the motivation and the target design of low-power wakeup receiver. Several examples of architectures and technologies of low-power wakeup receivers from literatures had been shown to illustrate the technologies of low-power wakeup receiver and the potential UE power saving. We have the following observations and proposals： 
Proposal 1: The UE power consumption of preparation and detection of wakeup signal/channel should be significantly lower comparing to the wakeup indication by DCI formats 2_6 and 2_7 in the target study of low power wakeup receiver.     
Proposal 2: The target power consumption and the receiver sensitivity/maximum coupling loss of the low-power wakeup at a given data rate should be defined as follows,
· UE power consumption < [100] µW
· Receiver sensitivity/Maximum coupling loss of LP-WUS – [-80] dBm/ [126] dB
· Minimum achievable data rate – [160] bps
Observation 1: None of the low-power wakeup receiver architecture can be singled out as the clear winner in all aspects of target performance, which include the power consumption, receiver sensitivity (support of maximum coupling loss) and minimal data rate.
Proposal 3: The architecture and technologies of low-power wakeup receiver is UE implementation specific.  The standard should focus on the discussion in the following aspects
· Categorized low-power wakeup receiver - The low-power wakeup receiver implemented by the UE should be classified into multiple categories with each category containing the achievable minimum receiver sensitivity and the maximum power consumption in the specification. 
· UE capability and transfer of UE capability - UE will report its supported category of low-power wakeup receiver in the UE capability.   
· Network configuration - The network would configure the UE wakeup mechanism by low-power wakeup receiver if network supports the category of low-power wakeup receiver in the deployment.  
Proposal 4: The waveform and the modulation schemes should be selected with the target of minimizing power consumption of the low-power wakeup receiver.
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high with a typical sampling frequency of 1 kHz. Thus,
the OOK data rate is 1 Kkbps. Three different receiver
chains are implemented as there are three separate OOK.
demodulators consisting of an envelope detector, low pass
filter and comparator for the bit decision. Each of the
three digital raw data signals is processed in a pair of 31-
bit digital correlators (A and B) scanning for two
reference codes. Two OR gates generate two sequence
match signals. The advantage of the proposed receiver
architecture is described in section V. The implemented
ASIC is fabricated in IHP 130-nm CMOS technology.
The core size is 1.0 mm. The supply voltage is 2.5 V and
suitable for lithium button cells.

V. INTERFERER-TOLERANT RADIO RECEPTION

The digital binary correlators within the OOK receiver

Thanks to good code correlation properties, up to seven
random errors can be tolerated within each received 31-bit
uence. Thus,

Beyond that, slow interferers usually
impede the reception of entire data packets. Normally,
radio receivers need to cope with this phenomenon by
increased data redundancy or interleaving techniques.
Automatic control methods such as automatic gain control
(AGC) or automatic threshold control (ATC) involve
reception pauses, eg. 15 ms reported in [5].
Consequently, data packets are missed. Especially,
dynamic interferers may confuse AGC or ATC loops and
cause intervals of malfunction. Thus,

Fig. 4 shows an example of a received power transient
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Fig. 3. Block diagram of the three-branch wake-up receiver.
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‘which uses a cascade of series and shunt structures (in the style

derived concepts.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 51, NO. 9, SEPTEMBER 2016

1F,-Band
1

BGA embedded;
SMD inductors]

To main
sensor radio |

* Non-overlapping clock (NOC).
Fig. 10.  DualIF multi-layer N-path wake-up receiver block diagram.

III. WURX ARCHITECTURE AND CIRCUIT
IMPLEMENTATION

Clock recovery

Base-Band

while providing a much lower signal frequency to the envelope
detector. This highly reduces the impact of 1/f noise in the

IF-LNA, and allows for two additional filtering stages. The -
N e 647 |




