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Abstract


Smart Cities leverage large networks of wirelessly connected nodes embedded with sensors and/or actuators. Cellular IoT, such as NB-IoT and 5G RedCap, is often preferred for these applications thanks to its long range, extensive coverage, and good quality of service. In these networks, wireless communication dominates power consumption, motivating research on energy-efficient yet resilient and robust wireless systems. Many IoT use cases require low latency but cannot afford high-power radios continuously operating to accomplish this. In these cases, wake-up receivers (WURs) are a promising solution: while the high-power main radio (MR) is turned off/idle, a lightweight WUR is continuously monitoring the RF channel; when it detects a wake-up sequence, the WUR will turn on the MR for subsequent communications. This article provides an overview of WUR hardware design considerations and challenges for 4G and 5G cellular IoT, summarizes the recent 3GPP activities to standardize NB-IoT and 5G wake-up signals, and presents a state-of-the-art WUR chip.
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1. Introduction


The Internet of Things enables novel applications such as Smart Cities, industrial automation, smart infrastructure, and environmental monitoring [1,2,3]. These connected nodes use various wireless standards to communicate with each other, such as ZigBee, Bluetooth, NB-IoT, and LoRa. For Smart City applications, cellular IoT such as LTE-M and NB-IoT is preferred because it leverages existing network infrastructure and is capable of providing reliable, scalable, and secure connectivity. In general, IoT devices deployed for monitoring, measuring, etc., are expected to have a battery life of at least a few years [4]. However, current 5G user equipment (UE) is extremely power hungry: according to a recent 3GPP report [5], 5G devices consume tens of milliwatts in the idle/inactive state and hundreds of milliwatts in the active state. As a result, the battery must be recharged or replaced weekly or daily, which is high-cost and not scalable for energy-constrained IoT nodes. Among device operations, wireless communication dominates system power consumption, far exceeding that of sensing, processing, and actuation in most cases [1]. An energy-efficient wireless system design is needed to prolong battery life, improve user experience, and enable mass deployment.



Figure 1 shows the evolution of power-saving mechanisms of cellular devices [6]. Traditionally, power saving can be achieved via Medium Access Control (MAC) duty-cycling protocols. The device is periodically put to sleep and woken up only to transmit or receive, for example, through extended discontinuous reception (eDRX) and paging protocols in 4G [7,8] and 5G [9] UEs. During the DRX mode, the UE turns off most of its circuitry to save power and pauses monitoring of the physical downlink control channel (PDCCH), as shown in Figure 2a. To meet the battery life requirements, long eDRX cycles must be used: the eDRX sleep time can be as long as 43 min for devices using LTE-M networks, and three hours for devices using NB-IoT or 5G networks in an idle mode [10]. However, this results in high latency in device response time which is unacceptable in many use cases. For example, in the fire detection and extinguishment use case, fire shutters shall be closed and fire sprinklers shall be turned on by the actuators within 1 to 2 s from the time the fire is detected by sensors [11]. In addition, many cellular radios are complex systems that require ~second(s) to boot up from sleep [5]. The ramp-up/-down time and energy from the duty-cycling operation are therefore nontrivial and will be wasted if the device wakes up and receives no actual data packets.



Alternatively, wake-up radios have recently gained attention as a novel hardware solution to significantly reduce the power and bandwidth while maintaining a low latency. While the high-power main radio (MR) is in sleep mode, a separate lightweight wake-up receiver (WUR) is monitoring the RF spectrum for a wake-up signal (WUS). Upon receiving the WUS from the base station (eNB for NB-IoT and gNB for 5G), the WUS wakes up the MR for subsequent operation including network synchronization and packet transmission. Figure 2b shows a generic architecture of a cellular IoT node with an MR and a WUR, and the corresponding power model assuming a duty-cycled WUR with negligible OFF power consumption. In general, the WUR may reuse some of the MR’s hardware components such as the RF matching network, RF front-end filter, and real-time clock (RTC). The WUR can either be always ON or duty-cycled to further save power. In either case, the WUR is expected to periodically synchronize with the base station via synchronization signals (SSs), as shown in Figure 2b. Simulations show that WUR can achieve significant power-saving gain and paging latency reduction compared to the DRX baseline [5]. The power-saving gain can be greater than 90% and 70% for a UE paging probability of 0.1% and 1%, respectively [12].



With the growing popularity of a wake-up signal/wake-up radio for IoT applications, the main purposes of this paper are (1) to fast-track and summarize the recent 3GPP activities on the NB-IoT WUS and the draft 5G LP-WUS/LP-SS (to be included in the 5G standard in 2025), which might be of interest to the cellular IoT community and (2) to discuss the considerations and challenges of cellular WUR design based on recent top IC publications. The remainder of this paper is organized as follows: Section 2 discusses the motivation to standardize WURs for cellular IoT and possible use cases. Section 3 provides an overview of WUR design metrics and requirements. Section 4 summarizes the recent 3GPP activities on standardizing WUR, including the NB-IoT WUR standard introduced in Rel. 15 [13] and the ongoing 5G NR WUR work item for Rel. 19 [11]. Section 5 discusses common receiver architectures suitable for WUR. Section 6 presents the state-of-the-art NB-IoT WUR chips. Section 7 concludes the article.




2. Motivation and Scope of Cellular WURs


Over the past several 3GPP releases, there has been a trend towards reducing device complexity to enable cost-effective deployment of IoT devices, as well as allowing for feature removal when the use case will not benefit. RedCap (reduced capability) devices were introduced in Rel-17, with a 50% to 65% reduction in complexity at a lower data rate still suitable for the most demanding broadband IoT use cases [14]. The introduction of NB-IoT served a similar purpose. Implementing these types of modifications that address a wide range of device capabilities leads to a single standard-based ecosystem and eliminates the choice of radio access technology when planning new IoT deployments or consolidating existing applications to a single technology. Figure 3 provides an illustration of device types for 4G and 5G, with lower data rates corresponding to a distinct reduction in complexity. In each case, a simplified WUR enables a decrease in idle power.



The 3GPP RAN1 group has identified target use cases of WUR under the following three categories: IoT, wearables, and eMBB (enhanced mobile broadband) [5].



The forecasted IoT use cases are notable because they serve functions that should be nearly invisible to the user in the context of Smart Cities. Industrial wireless sensors, controllers, and actuators are all latency-critical. Typically, form factors and power sensitivity will be a function of desired mobility. For example, a static device may be located near existing power infrastructures, excluding the need for energy efficiency. On the other hand, highly mobile cases face power, size, and weight constraints.



Wearable devices including smart watches, rings, and medical monitoring devices benefit from the same overall weight and power reduction, with a somewhat higher target throughput. A similar category, eMBB, is assumed to have a relatively relaxed form factor and comprises personal devices such as smartphones and smart glasses.



Mobile devices used for communication between humans need to check frequently for incoming messages, whereas industrial sensors may only initiate communication when abnormal conditions are detected, such as fire detectors and extinguishers in a building. For the former case, the period may be configured to optimize the user experience. In the latter case, however, eDRX operation is not a good solution. The infrequency of messages calls for very long duty-cycling periods, but in the rare case that a message is sent, it will be very urgent. Another use case, asset tracking, may have a daily or hourly schedule where it regularly reports its current location and status. However, the user may want to reach the device on an infrequent basis, and therefore, it must always be reachable. By employing a WUS, the device can follow its normal behavior with significantly reduced latency as needed.



In general, the addition of wake-up capability provides a highly adaptable technique to adjust latency and simultaneously reduce power consumption compared to the legacy methods based on straightforward UE duty cycling.




3. WUR Performance Metrics and Requirements


While the use of a WUR has promising benefits of reducing system power consumption with low latency, there are several design challenges and tradeoffs that need to be kept in mind. An online survey [15] provides a database of the performance of ultra-low-power (ULP) radios published in top IEEE integrated circuit (IC) conferences and journals since 2005. The database is helpful in analyzing the trends of ULP WUR designs.




	
Power Consumption: While the exact power target depends on the specific scenario (MR power, average paging rate, WUR duty-cycling rate, etc.), 3GPP estimates a WUR active power of around 1 mW to achieve a power-saving gain greater than 90% [5,12,16];



	
Modulation Scheme and Standard Compatibility: A relatively stringent power budget limits the receiver design complexity, therefore limiting the choice of modulation schemes. Most ultra-low-power WURs in the existing literature only support simple non-coherent modulations, as seen in Figure 4, such as OOK (on–off keying) [17,18,19,20,21,22,23,24,25,26], FSK (frequency shift keying) [27,28,29,30,31,32,33], or PSK (phase shift keying) [34,35,36,37,38]. However, these modulations have the drawbacks of low throughput and poor bandwidth efficiency. More importantly, they are not compliant with the existing cellular standards and cannot be adopted for wide use. On the other hand, OFDM QPSK/QAM used by 4G/5G are complex modulation schemes that support high data rates but demand more precise receiver designs, resulting in much higher power consumption. This motivates novel WUS designs like multi-carrier OOK [39,40] that can be received and decoded with low-power receivers while being compatible with the existing base station hardware.













	3.

	
Sensitivity and Coverage: It is desirable to have the WUR achieve the same or better coverage as the MR. Receiver sensitivity, which is the minimum RF signal strength a receiver can reliably detect and decode, is often a direct proxy for communication range. It is expressed as











Psen = −174 dBm/Hz + 10log10(BW) + NF + 10log10(SNRmin),



(1)




where BW is the receiver bandwidth, NF is the receiver noise figure (in dB), and SNRmin is the minimum signal-to-noise ratio (SNR) required to demodulate the signal with a specified bit error rate (BER). SNRmin is determined by the modulation scheme, independent of receiver hardware design. Therefore, a receiver with low NF is required to achieve good sensitivity and wide coverage. However, a fundamental noise–power tradeoff exists, making it very difficult to achieve good NF with low power [15], as seen in Figure 4.




	4.

	
Latency: In most cases, latency can be defined as the interval between the time of data transmission from the base station and the time that the UE can monitor the paging occasion (PO) [5]. This then includes the WUS on-air time, the delay of the WUR (hardware processing delay and possible delay due to WUR duty cycling and synchronization), and the delay due to MR ramp-up and synchronization.




	5.

	
Interference Resiliency: Cellular WURs would likely operate alongside congested wireless traffic, where wireless interferers can potentially cause undesirable false wake-ups of WUR nodes. The signal-to-interference ratio (SIR) is a performance metric for a receiver’s interference resiliency (a more negative SIR is better). As shown in Figure 5, however, high interference rejection is a challenge for ULP receiver design [15].




	6.

	
Data Rate: For a given amount of data, a larger data rate means less on-air time, which translates to lower delays and less energy consumption. On the other hand, some applications may require exchanges of large payloads, while others may not. In the former case, it is especially crucial to support a relatively high data rate.




	7.

	
System Impact: Cellular IoT uses licensed spectra that are costly for service providers. The introduction of WURs should co-exist with legacy signals and cause minimum system overhead to the base stations: this includes time and frequency resource elements (REs) allocated for the WUS, and the impact of WUS on system capacity and base station energy consumption.










4. WUR in Cellular Standards


Existing cellular signals employ complex modulation techniques that enable high data throughput but require high-performance and high-power receivers. For example, legacy NB-IoT DL uses OFDM with QPSK, and legacy 5G NR uses OFDM with 64-QAM. Designing a WUS with a simpler modulation scheme can help reduce WUR overhead, but might sacrifice, for example, throughput (data rate) and bandwidth efficiency.



4.1. NB-IoT Wake-Up Signal


Introduced in 3GPP Rel. 15, NB-IoT paging events during extended discontinuous reception (eDRX) operation are prepended by the Narrowband Wake-Up Signal (NWUS) [13]. The NWUS is a short correlation-based sequence that is unique to a certain device or subset of devices. This allows the device to only need to monitor for NWUSs instead of full paging messages while in the idle state. Once the correct NWUS message is received, the device can wake up its main radio to demodulate the following paging message.



Figure 6 shows the frequency–time resource grid and frame structure of LTE/NB-IoT. In the time domain, each 0.5 ms slot contains seven OFDM symbols. In the frequency domain, each resource block (RB) contains 12 consecutive subcarriers. The NWUS is a 132-length complex Zadoff–Chu sequence and is sent in a single 1 ms subframe. The simplified 132-length sequence expression is


    z   u     n   =   e      j   N   I D   π n ( n + 1 )   131       



(2)




where NID indicates the group NWUS resource to which the UE is associated. The Zadoff–Chu sequence is encoded into the frequency domain and transmitted via 11 OFDM symbols, each with 12 subcarriers and 15 kHz spacing. The total bandwidth of the NWUS is 180 kHz. As a standard NB-IoT subframe is 14 OFDM symbols, the first 3 symbols of the NWUS are reserved (Figure 7). The NWUS contains a single bit of information, to wake up or not, determined by whether it meets the correlation threshold of the assigned NWUS on the device.



The use of OFDM requires an FFT for demodulation. As a result, the power of digital baseband processing is often equal to or greater than the power of the receiver front end, with the majority of the power consumed by the FFT [41]. This high power motivates new hardware techniques to reduce the power of NB-IoT radios. In Section 6, we present a state-of-the-art NB-IoT WUR with an integrated digital baseband FFT optimized for NWUS detection.




4.2. Fifth-Generation NR LP-WUS and LP-SS


The 3GPP RAN1 group is currently drafting a 5G wake-up signal standard in a Rel. 19 work item, which consists of the design of two signals: a low-power wake-up signal (LP-WUS) and a low-power synchronization signal (LP-SS) for 5G NR.



4.2.1. LP-WUS


While the technical specifications have not been finalized yet, 3GPP RAN1 has already established several working agreements and assumptions. In addition, 5G also utilizes OFDM and shares a similar resource grid structure as LTE (Figure 6). Urban scenarios are prioritized, with a 30 kHz subcarrier spacing in 4 GHz and 2.6 GHz carrier frequency bands. The LP-WUS transmission is assumed to occupy 12 RBs, equivalent to a 4.32 MHz bandwidth, in a 20 MHz channel (Figure 8). Additional guard bands can be placed between the LP-WUS and other NR traffic to relax the hardware filtering requirements and improve interference rejection.



In addition to the wake-up instruction (to wake up the MR or not) and target device ID, the LP-WUS is expected to carry additional information to offload the MR radio resource measurement (RRM) in order to reduce latency. Unlike NWUS, which is a complex Zadoff–Chu sequence and requires a coherent WUR, LP-WUS is designed to emulate on–off keying (OOK) in the time domain to reduce hardware design complexity and relax the power overhead. This is referred to as multi-carrier OOK (MC-OOK) modulation. Figure 9 and Figure 10 illustrate the two proposed mechanisms, namely OOK-1 and OOK-4, used to generate LP-WUS with existing 5G gNB (base station) hardware. Both methods are compatible with existing gNB and would only require a firmware upgrade.



OOK-1 is much simpler but only carries one OOK chip per OFDM symbol. On the other hand, OOK-4 poses higher complexity for the gNB but can carry up to four OOK chips within each OFDM symbol, leading to a higher data rate. The 3GPP RAN1 group is also studying the feasibility of packing more information into the OOK-4 LP-WUS by overlaying each ON chip with an OFDM sequence. The overlaid LP-WUS can be decoded by a high-power OFDM receiver more quickly, potentially saving power through a shorter on-air time.




4.2.2. LP-SS


The LP-SS provides low-power network synchronization required for cellular IoT devices. The signal can be used to correct for frequency drift of the crystal oscillator. Minimizing timing error enables more efficient spectral usage by 5G IoT networks. One of a set of four sequences will be transmitted on the LP-SS with OOK modulation. The four sequences will be used to differentiate neighboring cells.



The WUR turns on for a short period where it will correlate a received OOK signal with a template sequence, which is shorter than one resource block. The four sequences will be selected to maximize synchronization accuracy and will have strong cross-correlation properties in reference to each other. Current candidates for sequences include Gold Codes, m-sequences, and computer-searched sequences [42].



Correlation of the signal can be carried out synchronously or via post-processing, as illustrated in Figure 11. The correlation value during the forecasted frequency error window is used to resynchronize the gNB and the UE. An overlaid ODFM sequence will allow existing MR cellular receivers to use the LP-SS for timing synchronization [43].






5. Overview of WUR Architectures


Several hardware surveys have discussed low-power receiver design and tradeoffs in extensive detail [1,44,45]. We provide a brief overview of common low-power receiver architectures in this section.



5.1. Conventional Heterodyne OFDM Receiver


Figure 12 shows the architecture of a typical modern heterodyne receiver for cellular communication [46]. Due to the coherent nature of the NB-IoT WUS, it can only be demodulated via a coherent quadrature receiver similar to this. A matching network and a band-select bandpass filter (usually off-chip) provide impedance matching and reject out-of-band blockers.



We identify several power-hungry components as design challenges, which are typically omitted in the ULP receivers in Section 5.2:




	
Frequency Synthesis: To demodulate coherent signals such as QAM and QPSK, accurate phase information is needed, necessitating quadrature local oscillator (LO) generation for down conversion and a high-performance phase-locked loop (PLL) to minimize the center frequency offset (CFO) and sampling frequency offset (SFO). These blocks often account for half or more of the total power consumption in many receivers.



	
Analog-to-Digital Converter (ADC): Higher-order modulations, such as 64-QAM, require a high-resolution ADC, which is high-power, to digitize the baseband analog signal with sufficient resolution for digital signal processing and demodulation. In addition, according to the Nyquist sampling theorem, a signal with bandwidth B requires a minimum sampling frequency of 2B. For high-data-rate signals with a large bandwidth, a high clock frequency is required for the ADC, increasing the power overhead. It should be noted that for NWUS, which only occupies a 180 kHz bandwidth, the sampling frequency is significantly relaxed.



	
Low-Noise Amplifier (LNA): The LNA is the first stage of the receiver and therefore dominates the noise performance. It must have a good NF to meet stringent sensitivity/coverage requirements. This translates to a high power consumption due to the fundamental power–noise tradeoff. Circuit design techniques can be applied to reduce power consumption, as discussed in Section 5.2.









5.2. ULP OOK WUR


Recent publications have shown several design trends in three popular ULP receiver architectures for OOK-modulated RF signals: (1) passive energy detector (ED) first, (2) passive mixer first, and (3) LNA first. It should be noted that all three architectures are suitable candidates for NR LP-WUR but not for NB-IoT due to NB-IoT WUS complexity.



	
ED first (Figure 13): ED can be either passive or active. Utilizing an all-passive RF front end, passive ED-first receivers have the lowest power and can achieve nW [47,48,49]. On the other hand, active EDs [50,51] consume more power and exhibit flicker noise but can achieve higher conversion gain compared to passive EDs. However, since the ED has a wide input bandwidth, these receivers rely on (usually bulky off-chip) filters for selectivity and do not provide multi-band support. The large BW of ED also limits the sensitivity of the architecture to ~−60 dBm.






	
Passive mixer first (Figure 14): Many designs omit the LNA to save power, and instead use a passive mixer, which consumes zero DC power, as the first stage [52,53]. An ED is often placed before the ADC to limit signal bandwidth and thereby relax the sampling requirement. Thanks to their frequency translation property [54,55], passive mixer-first receivers offer good selectivity by simply adjusting the LO frequency. However, due to the lack of RF gain, passive mixer-first receivers have high NF when optimized for low power which degrades the sensitivity performance. The architecture can achieve a descent sensitivity level (~−80 to −90 dBm) with a sub-mW budget.






	
LNA first (Figure 15): Using an LNA as the first stage significantly improves noise performance and is usually used for good sensitivity performance (<−100 dBm) for long range. However, the LNA can often consume several hundred µW or more. Several circuit design techniques have been demonstrated to reduce LNA power consumption, including bit-level duty cycling [56], the use of low supply voltages [57], subthreshold operation [58], and current-reuse topology [59].








6. State-of-the-Art NB-IoT WUR


In this section, we present a state-of-the-art standard-compatible NB-IoT WUR with a receiver front end and an integrated digital baseband [60]. The chip was fabricated in 28 nm CMOS, successfully demonstrated on-chip Narrowband Wake-Up Signal (NWUS) demodulation and wake-up detection, and achieved a −107 dBm sensitivity with 2.4 mW power consumption. Overall, the presented chip achieves the highest degree of integration for an NB-IoT WUR and is the first fully standalone solution with on-chip digital processing.



6.1. WUR RF Front End


Figure 16 shows the block diagram of the WUR. The WUR is designed to efficiently receive and process the NWUS as specified in Rel. 15 of the 3GPP standard. The receiver front end utilizes a low-noise transconductance amplifier (LNTA)-first low-IF architecture. A low IF is preferred over direct conversion to reduce the center frequency offset (CFO) effects as well as flicker noise on subcarriers near DC. An oscillator, a fractional-N phase-locked loop (PLL), and a 25% duty-cycle generator are implemented to generate the local oscillator (LO) signal. For each of the I/Q paths, the WUR RF front-end consists of an active mixer, a complex filter, a bandpass filter (BPF), a programmable-gain amplifier (PGA), and a successive-approximation analog-to-digital converter (SAR ADC), The RF front end operates in the RF frequency range of 750–960 MHz and converts the signal to a low IF of 360 kHz.



An optimized LNTA is followed by active mixers to down-convert and generate quadrature IF signals. Second-order complex poly-phase filters provide bandpass filtering and reject the image frequency. A frequency synthesizer consisting of a fine-step fractional-N PLL and low-power LC-VCO allows for tuning over a wide range of input frequencies. The phase noise of the LC-VCO can be relaxed to save power thanks to the lower SNR requirement of the correlation-based NWUS. The 8-bit SAR ADCs operate at 1.4 MS/s for an oversample rate of ~4x. This allows an increase of ~6 dB of SNDR (~1 ENOB) to the ADC output.




6.2. NWUS Demodulation and Detection


As discussed in Section 4.1, the NB-IoT NWUS is a 132-length Zadoff–Chu correlation sequence encoded into 11 OFDM symbols at a symbol period of 66.7 μS. The NWUS occupies 12 subcarriers with 15 kHz spacing for a total bandwidth of 180 kHz. To decode the NWUS, an FFT is required to convert the Zadoff–Chu sequence to the frequency domain, which is then correlated with a stored NWUS on-chip template. To reduce the high power overhead of the FFT engine seen in other OFDM systems, for this chip, a custom digital baseband utilizing a 12-point FFT is designed and optimized for the NWUS.



Traditionally, data padding is used to convert the FFT into a more traditional Cooley–Tukey radix-2 16-point FFT. However, this work introduces a 12-point FFT (Figure 17) that is more power- and area-efficient for decoding the NWUS.



Four key design considerations are taken to reduce area and power. First, as a single WUS symbol contains 12 subcarriers, the FFT is chosen to be 12-point which allows for no data padding, eliminating unnecessary multipliers. Second, the 12-point FFT is performed on a single clock cycle with a fixed-point precision of 16 bits to reduce area overhead from pipeline registers. This is possible given the relatively slow symbol rate of the NWUS, allowing for a slower clock speed. Third, even–odd symmetry mapping is applied to the twiddle factors, reducing the number of multipliers needed per FFT output from 12 to 4. Fourth, inversion mapping is applied to the FFT calculations, which exploits the fact that many calculations differ by only the sign of the operations. This allows for simple data inverters to be used rather than additional multipliers. In total, the total number of complex multipliers needed is 48 per FFT, 25% less than that needed for a 16-point FFT. Table 1 compares the performance of different FFT engine architectures. The optimized 12-point FFT including twiddle factor LUTs occupies only 72 μm2 of area and consumes 4 μW while clocked at 1.4 MHz.



After the FFT, the data are correlated against an on-chip programmable NWUS template and trigger a wake-up request if a correlation threshold is reached. The correlator has a length of 12 using 16-point precision and accumulates each FFT output over 11 symbols to correlate the entire 132-length Zadoff–Chu NWUS sequence. The accumulation threshold for the NWUS is adjustable given channel conditions to ensure robust tolerance to false detections. The accumulator and threshold detector also support data repetitions to increase processing gain to achieve higher sensitivity as allowed by the NB-IoT standard. However, repetition-less data are reported for this work.




6.3. Experimental Results


The WUR was fabricated in 28 nm CMOS. It occupies an area of 2 mm2 and consumes 2.4 mW. Figure 18 shows the power breakdown. The digital wake-up processor consumes 27 μW and the ADCs consume 30 μW each, in total contributing only 4% of the total WUR power.



Figure 19 shows the test setup. An Agilent power supply was used to provide supply voltages to the WUR chip. An Agilent function generator was used to provide a 12 MHz reference clock signal for the on-chip PLL. A Keysight noise source and a Keysight signal analyzer were used for noise figure (NF) measurement. A Tektronix oscilloscope was used to observe the chip output. The RF front-end NF was measured to be 6 dB over the 750–960 MHz RF input. Standard specified NWUS sequences (discussed in Section 4.1) were used to measure the required SNRmin of the digital baseband detector. The measured NF and SNRmin result in a sensitivity of −107 dBm according to Equation (1).



Figure 19 shows the test setup and the measured WUR output. Two different input signals were tested: the “correct” WUS is a 132-length Zadoff–Chu sequence specified by the 3GPP standard [13], while the “incorrect” WUS is a 132-length random sequence that is not supposed to wake up an NB-IoT WUR. Upon receiving the correct NWUS input, the WUR successfully detected it and sent a wake-up instruction to the main radio (in Figure 19, the orange signal goes high). The incorrect NWUS, on the other hand, did not trigger the WUR wake-up response (Figure 19).



Figure 20 compares the power–sensitivity performance of the presented WUR with other state-of-the-art ULP radios that support coherent modulation schemes. It is one of the lowest-power receivers with a sensitivity greater than −100 dBm. It is also the only integrated NB-IoT WUR with on-chip WUS detection.





7. Conclusions


A wake-up radio is a promising solution for energy-efficient cellular IoT applications like Smart Cities. In this paper, an overview of recent 3GPP activities on standardizing NB-IoT and 5G wake-up signals is presented. Wake-up receiver performance tradeoffs and recent research trends in ultra-low-power receiver designs are discussed. A state-of-the-art fully integrated NB-IoT wake-up receiver is presented. The wake-up receiver achieves a good communication range (−107 dBm sensitivity) with a total power consumption of 2.4 mW.



While there have been significant advancements in ULP radios, the design of high-performance and standard-compliant ULP radios remains a big challenge. Such a challenge must be addressed in order to enable massive deployment and resilient operation of cellular IoT. Future research directions include circuit-level novelties as well as signaling-hardware co-design to alleviate the hardware requirements.
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Figure 1. Evolution of cellular device power-saving mechanisms (adapted from [6]). 
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Figure 2. Side-by-side comparison of a traditional eDRX node vs. a node with a WUR. (a) Traditional IoT node structure and power consumption model in eDRX mode. (b) IoT node equipped with WUR and its power consumption model (assuming a duty-cycled WUR). 
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Figure 3. Illustration of 4G and 5G device types (adapted from [14]). 
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Figure 4. Power vs. sensitivity [15]. 
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Figure 5. Power vs. SIR (only 79 out of 228 ULP RXs reported SIR) [15]. 
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Figure 6. LTE/NB-IoT resource grid, frame structure, and resource block. 
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Figure 7. NWUS physical structure. 
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Figure 8. Frequency-domain allocation, assuming a 20 MHz channel BW and a 4.32 MHz LP-WUS BW. 
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Figure 9. (a) Waveform generation at 5G gNB using the OOK-1 method; (b) the resulting WUS carries 1 information bit (wake up or not) per OFDM symbol. 
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Figure 10. (a) Waveform generation at 5G gNB using the OOK-4 method; (b) the resulting time-domain WUS waveform and channel frequency allocation. With OOK-4, each OFDM symbol contains multiple (M) chips. 
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Figure 11. Block diagram for baseband processing of LP-SS signal. 
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Figure 12. Architecture of a conventional heterodyne receiver. 
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Figure 13. Architecture of an ED-first ULP receiver. 
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Figure 14. Architecture of a passive mixer-first ULP receiver. 
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Figure 15. Architecture of an LNA-first ULP receiver. 
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Figure 16. Block diagram of fabricated WUR with integrated digital backend. 
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Figure 17. The optimized 12-point FFT. Through exploiting even–odd symmetry and inverting operations, the number of multipliers can be reduced. 
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Figure 18. Power breakdown of the NB-IoT WUR. 
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Figure 19. Test setup (left) and measured wake-up event (right). 
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Figure 20. Power vs. sensitivity performance of the presented NB-IoT WUR (starred) compared to other receivers supporting coherent modulation schemes (blue dots). 
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Table 1. Comparison of different FFT architectures.
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	Traditional 12-Point DFT
	Pipelined Cooley–Tukey 16-Point FFT
	Optimized 12-Point FFT





	Number of Complex Multipliers per FFT
	144
	64
	48



	Number of Twiddle Factors
	144
	16
	16



	Area Estimate
	144 µm2
	85 µm2
	72 µm2



	Power Estimate (Normalized)
	8.57 pJ/cycle
	3.58 pJ/cycle
	2.86 pJ/cycle
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