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1 Introduction
In RAN1#110-bis, receiver architectures for low power wake-up radio (LP WUR) were discussed and several agreements were made [1]. According to the agreements, the following architectures are considered for On-Off Keying (OOK) based LP wake-up signal (WUS).

	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


Additionally, for Frequency Shift Keying (FSK) based WUS, it was agreed to consider the following receivers

· parallel OOK receivers and a comparator circuit
· FM-to-AM detector
In this contribution, we further discuss low power wake-up radio architectures.
2 Receiver Architectures
The following receivers have been considered in RAN1:
RF envelope detection: This type of receiver is very power efficient (several µW or less) since it lacks power hungry components such as a local oscillator. However, it suffers from very poor sensitivity; one of the reasons is high level of interference captured by the BPF. This type of receiver is suitable for power sensitive applications, e.g., IoT, and those that can tolerate poor sensitivity.
Zero IF envelope detection: In this type of receiver, the RF signal is down converted to baseband using a local oscillator and mixer. Therefore, the power consumption is much higher than RF envelope detection (in the order of hundreds of µW). However, it provides better sensitivity. 

IF envelope detection: In this type of receiver, envelope detection is performed at low IF. The sensitivity of this receiver is better than zero IF envelope detection but consumes more power.
A high-level comparison of these receivers is provided in Table 1. A comprehensive survey of LP WURs can be found in [2].
Table 1 Comparison of receiver types
	
	Power
	Sensitivity

	RF envelope detection
	less than µW to tens of µW
	~-50 dBm

	Zero IF envelope detection
	hundreds of µW
	~-90 dBm

	IF envelope detection
	mW
	~-110 dBm


Below are also provided two sample designs for zero IF envelope detection. The first one has been designed for 802.11ba and supports both MC-OOK and MC-FSK waveforms with 62.5 kbit/s [3]. The sensitivity is -92.5dBm and -90dBm for MC-OOK and MC-FSK, respectively; and active power is 470 µW and 490µW for MC-OOK and MC-FSK, respectively. The second one has very similar sensitivity and power (with the exception that it supports only MC-OOK waveform) [4].
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I. INTRODUCTION 
WiFi (IEEE 802.11 a/g/n/ac/ax) is the most ubiquitous 



wireless protocol, however legacy 802.11 radios limit the 
widespread adoption of WiFi in ULP IoT applications because 
of its excessive active power, and radios usually dominates 
power consumption of the IoT device. The 802.11 LP-WUR 
task group has proposed adding wakeup packets to WiFi to 
reduce the average power without increasing latency [1]. The 
802.11 wakeup message uses OOK signaling embedded in an 
orthogonal frequency division multiplexing (OFDM) WiFi 
packet, that can be received by an ULP radio [2] while the 
higher-power WiFi radio remains asleep. This method requires 
modifying the firmware of legacy WiFi routers, reducing 
potential impact. As a complimentary wakeup solution, WiFi 
back-channel communication has been proposed with full 
backward-compliance with legacy (IEEE 802.11a/g/n) routers 
[3],[4]. This involves producing FSK or OOK modulated WiFi 
OFDM packets from legacy WiFi transmitters without 
firmware/hardware modifications. These prior works, however, 
have limited range due to its relatively high sensitivity, which 
is worse than the best sensitivity of commercial 802.11 radios. 



In this paper, an ULP 5.8GHz 802.11 wake-up receiver is 
presented, which supports both 802.11 LP-WUR / back-
channel OOK and wideband FSK for improved selectivity, with 
a sensitivity close to the received signal strength of 802.11 
OFDM radio at its lowest link speed (Fig. 1). A mixer-first 
front-end is used to save power, with a simulated NF of 12dB. 
The receiver achieves a sensitivity of -92.5dBm at a BER of 
10-3 and data rate of 62.5kb/s, while operating at 470μW.  



The rest of the paper is organized as follows. The 802.11 LP-
WUR OOK/FSK frequency planning, and its system level 
(de)modulation will be covered in Section II. Detailed circuit 



implementations targeting low-power and low-sensitivity will 
be covered in Section III. Measured results of the receiver, and 
a performance comparison will be covered in Section IV. 
Finally, Section V concludes the paper. 



II. 802.11 LP-WUR OOK/FSK (DE)MODULATION 
The frequency plan of the 802.11 LP-WUR is shown in Fig. 



2. Legacy OFDM WiFi transmitters do not currently support 
simple modulations such as OOK and FSK, however their 
wideband DAC-based multi-carrier architectures are capable of 
producing a wide range of non-OFDM signals [2]. OOK or FSK 
symbols can be generated by only updating the firmware of an 
802.11 OFDM radio to selectively allocate (unequal) power to 
a subset of the 64 subcarriers [1-2] and disable other unused 
subcarriers. Notice that OOK and FSK can use more than one 
subcarrier, and subcarriers are 312.5kHz apart, thus realizing 
relatively wideband modulation compared to conventional 
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Fig. 2.  Frequency plan of 802.11 LP-WUR OOK/FSK, and received 
waveform 



Fig. 1.  Block diagram of the receiver, and its system level application. 



978-1-5386-5404-0/18/$31.00 ©2018 IEEE 302



Authorized licensed use limited to: University of Michigan Library. Downloaded on May 20,2020 at 19:49:08 UTC from IEEE Xplore.  Restrictions apply. 











[image: image2.emf]


802.11ba also supports duty-cycled WUR operation, 
allowing WUR receiver to power on and off periodically to save 
even more power. The WUR duty-cycle can be scheduled 
according to a target-wake-time (TWT) schedule. TWT is a 
power saving feature adopted in 802.11ah/ax, where the 802.11 
station (STA) turns on Wi-Fi radio to receive data from the 
access point (AP) at a pre-negotiated wake-time after sleep, 
regardless whether there is buffered data in AP to be transferred 
or not. When WUR is used together with TWT, the STA only 
needs to turn on the WUR receiver at the schedule wake-time 
and only wakes up Wi-Fi radio if needed based on the received 
WUR packet. Fig. 1(b) shows latency target versus the average 
system power consumption when there is no buffered data in 
AP. The system power is estimated from 802.11ax power 
consumption model in [7] and WUR is assumed to consume 
667µW active power and be active for 2ms in each TWT 
interval (which is also latency target). As shown in the figure, 
up to two orders of magnitude improvement on average power 
or latency can be achieved by having WUR with TWT versus 
TWT alone.   



III. WUR IMPLEMENTATION AND WI-FI INTEGRATION 
For WUR and Wi-Fi system integration, the WUR receiver 



needs to achieve not only low power operation, but also 
compact area. Fig. 2 shows a block diagram of the proposed 
802.11ba-based WUR receiver. A mixer first architecture was 
adopted for the WUR [4]. The double balanced (DB) mixer is 
followed by an interleaved dynamic amplifier, which 
significantly improves gain and noise figure by virtue of 
common gate–common source (CG-CS) coupling. To achieve 
similar blocker tolerance of the main Wi-Fi radio, an overall 4th 
order baseband filtering was designed for WUR by adding 
another 2nd order bi-quad filter. Meanwhile, an LC-VCO is also 
adopted for providing sufficient phase noise performance. The 
LC-VCO is embedded within a frequency lock loop (FLL) 
which provides sufficient frequency accuracy for the MC-OOK 
demodulation while only using a 32.768kHz RTC reference. 
The RF/analog frontend is followed by a 7-bit asynchronous 
SAR ADC and an 802.11ba-based DBB. Integration scheme for 
WUR and main Wi-Fi radio is also shown in Fig. 2. The WUR 
RF inputs directly tap on the Wi-Fi receiver inputs. A 1.1V 
switching supply from system platform is used as the main 
power source, with micro-LDOs designed for WUR internal 
supplies.  



A. RF/analog Frontend 
Minimizing the device sizes in the passive mixer is vital for 



lowering overall WUR power. However, this increases the 
noise of zero IF receiver chain. To reduce the noise figure (NF) 
while keeping low power consumption for signal amplification 
chain, a novel mixer-embedded dynamic baseband low noise 
amplifier (LNA) is proposed.  



The dynamic amplifier is shown in Fig.3 (a). It uses common 
gate–common source (CG-CS) coupling and complimentary 
current reuse structure to accomplish low noise and low power 
operation. LNAs have used CG-CS coupling for its noise 
cancellation properties. But in the proposed low-power 
baseband LNA, the input impedance of the CG devices are 
much higher than the source impedance, thus limiting the 
amount of CG-CS noise cancellation. Still, the noise reduction 
properties of CG-CS coupling makes it attractive for low power 
amplifiers.  



The noise reduction can be explained by noting that due to 
CG-CS coupling, signal gain is twice that of the device noise 
gain. For the same power, this higher signal to device noise 
ratio at the amplifier output reduces amplifier noise 
contribution towards NF by a factor of 4 comparing to a non-
CG-CS coupling structure. Amplifier power efficiency is 
further enhanced by adopting a complementary structure for 
current reuse. 



Dynamic biasing technique is used to realize CG-CS coupled 
structure in baseband, as conventional AC coupling with 
resistor based DC biasing will either result in gigantic passive 
devices or significantly higher NF due to the biasing circuit. 
Dynamic biasing for an amplifier involves storing the required 
biasing voltage across a capacitor during a reset mode and later 
using this stored voltage to keep the amplifier in proper 
operating region while it amplifies the signals. Dynamic 
amplifier control signal is given in Fig.3 (b). Fig 3 (c) shows 
the reset mode of proposed amplifier during which the 
amplifying devices are diode connected and their gate to source 
voltages are stored across capacitors. Illustrated in Fig. 3 (d) is 
the active mode, during which the CG-CS coupled devices 
amplify the signal while the biasing capacitors keep them in 
their proper operating region. The reset mode of the dynamic 
amplifier causes disruption to signal amplification. Continuous 
signal amplification is enabled by interleaving two dynamic 
amplifiers, with one being active and the other being off or in 
reset. This only cause negligible power consumption overhead 



Fig. 2 WUR architecture and Wi-Fi chip integration diagram 
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Fig.3 (a) Mixer-embedded dynamic baseband LNA design; (b) active-reset 
control signal; (c) reset mode; (d) active mode 
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802.11ba also supports duty-cycled WUR operation,  allowing WUR receiver to power on and off periodically to save  even more power. The WUR duty-cycle can be scheduled  according to a target-wake-time (TWT) schedule. TWT is a  power saving feature adopted in 802.11ah/ax, where the 802.11  station (STA) turns on Wi-Fi radio to receive data from the  access point (AP) at a pre-negotiated wake-time after sleep,  regardless whether there is buffered data in AP to be transferred  or not. When WUR is used together with TWT, the STA only  needs to turn on the WUR receiver at the schedule wake-time  and only wakes up Wi-Fi radio if needed based on the received  WUR packet. Fig. 1(b) shows latency target versus the average  system power consumption when there is no buffered data in  AP. The system power is estimated from 802.11ax power  consumption model in [7] and WUR is assumed to consume  667µW active power and be active for 2ms in each TWT  interval (which is also latency target). As shown in the figure,  up to two orders of magnitude improvement on average power  or latency can be achieved by having WUR with TWT versus  TWT alone.    III. WUR IMPLEMENTATION AND WI-FI INTEGRATION  For WUR and Wi-Fi system integration, the WUR receiver  needs to achieve not only low power operation, but also  compact area. Fig. 2 shows a block diagram of the proposed  802.11ba-based WUR receiver. A mixer first architecture was  adopted for the WUR [4]. The double balanced (DB) mixer is  followed by an interleaved dynamic amplifier, which  significantly improves gain and noise figure by virtue of  common gate–common source (CG-CS) coupling. To achieve  similar blocker tolerance of the main Wi-Fi radio, an overall 4th  order baseband filtering was designed for WUR by adding  another 2nd order bi-quad filter. Meanwhile, an LC-VCO is also  adopted for providing sufficient phase noise performance. The  LC-VCO is embedded within a frequency lock loop (FLL)  which provides sufficient frequency accuracy for the MC-OOK  demodulation while only using a 32.768kHz RTC reference.  The RF/analog frontend is followed by a 7-bit asynchronous  SAR ADC and an 802.11ba-based DBB. Integration scheme for  WUR and main Wi-Fi radio is also shown in Fig. 2. The WUR  RF inputs directly tap on the Wi-Fi receiver inputs. A 1.1V  switching supply from system platform is used as the main  power source, with micro-LDOs designed for WUR internal  supplies.   A .   R F / a n a l o g   F r o n t e n d   M i n i m i z i n g   t h e   d e v i c e   s i z e s   i n   t h e   p a s s i v e   m i x e r   i s   v i t a l   f o r   l o w e r i n g   o v e r a l l   W U R   p o w e r .   H o w e v e r ,   t h i s   i n c r e a s e s   t h e   n o i s e   o f   z e r o   I F   r e c e i v e r   c h a i n .   T o   r e d u c e   t h e   n o i s e   f i g u r e   ( N F )   w h i l e   k e e p i n g   l o w   p o w e r   c o n s u m p t i o n   f o r   s i g n a l   a m p l i f i c a t i o n   c h a i n ,   a   n o v e l   m i x e r - e m b e d d e d   d y n a m i c   b a s e b a n d   l o w   n o i s e   a m p l i f i e r   ( L N A )   i s   p r o p o s e d .     T h e   d y n a m i c   a m p l i f i e r   i s   s h o w n   i n   F i g . 3   ( a ) .   I t   u s e s   c o m m o n   g a t e – c o m m o n   s o u r c e   ( C G - C S )   c o u p l i n g   a n d   c o m p l i m e n t a r y   c u r r e n t   r e u s e   s t r u c t u r e   t o   a c c o m p l i s h   l o w   n o i s e   a n d   l o w   p o w e r   o p e r a t i o n .   L N A s   h a v e   u s e d   C G - C S   c o u p l i n g   f o r   i t s   n o i s e   c a n c e l l a t i o n   p r o p e r t i e s .   B u t   i n   t h e   p r o p o s e d   l o w - p o w e r   b a s e b a n d   L N A ,   t h e   i n p u t   i m p e d a n c e   o f   t h e   C G   d e v i c e s   a r e   m u c h   h i g h e r   t h a n   t h e   s o u r c e   i m p e d a n c e ,   t h u s   l i m i t i n g   t h e   a m o u n t   o f   C G - C S   n o i s e   c a n c e l l a t i o n .   S t i l l ,   t h e   n o i s e   r e d u c t i o n   p r o p e r t i e s   o f   C G - C S   c o u p l i n g   m a k e s   i t   a t t r a c t i v e   f o r   l o w   p o w e r   a m p l i f i e r s .     T h e   n o i s e   r e d u c t i o n   c a n   b e   e x p l a i n e d   b y   n o t i n g   t h a t   d u e   t o   C G - C S   c o u p l i n g ,   s i g n a l   g a i n   i s   t w i c e   t h a t   o f   t h e   d e v i c e   n o i s e   g a i n .   F o r   t h e   s a m e   p o w e r ,   t h i s   h i g h e r   s i g n a l   t o   d e v i c e   n o i s e   r a t i o   a t   t h e   a m p l i f i e r   o u t p u t   r e d u c e s   a m p l i f i e r   n o i s e   c o n t r i b u t i o n   t o w a r d s   N F   b y   a   f a c t o r   o f   4   c o m p a r i n g   t o   a   n o n - C G - C S   c o u p l i n g   s t r u c t u r e .   A m p l i f i e r   p o w e r   e f f i c i e n c y   i s   f u r t h e r   e n h a n c e d   b y   a d o p t i n g   a   c o m p l e m e n t a r y   s t r u c t u r e   f o r   c u r r e n t   r e u s e .   D y n a m i c   b i a s i n g   t e c h n i q u e   i s   u s e d   t o   r e a l i z e   C G - C S   c o u p l e d   s t r u c t u r e   i n   b a s e b a n d ,   a s   c o n v e n t i o n a l   A C   c o u p l i n g   w i t h   r e s i s t o r   b a s e d   D C   b i a s i n g   w i l l   e i t h e r   r e s u l t   i n   g i g a n t i c   p a s s i v e   d e v i c e s   o r   s i g n i f i c a n t l y   h i g h e r   N F   d u e   t o   t h e   b i a s i n g   c i r c u i t .   D y n a m i c   b i a s i n g   f o r   a n   a m p l i f i e r   i n v o l v e s   s t o r i n g   t h e   r e q u i r e d   b i a s i n g   v o l t a g e   a c r o s s   a   c a p a c i t o r   d u r i n g   a   r e s e t   m o d e   a n d   l a t e r   u s i n g   t h i s   s t o r e d   v o l t a g e   t o   k e e p   t h e   a m p l i f i e r   i n   p r o p e r   o p e r a t i n g   r e g i o n   w h i l e   i t   a m p l i f i e s   t h e   s i g n a l s .   D y n a m i c   a m p l i f i e r   c o n t r o l   s i g n a l   i s   g i v e n   i n   F i g . 3   ( b ) .   F i g   3   ( c )   s h o w s   t h e   r e s e t   m o d e   o f   p r o p o s e d   a m p l i f i e r   d u r i n g   w h i c h   t h e   a m p l i f y i n g   d e v i c e s   a r e   d i o d e   c o n n e c t e d   a n d   t h e i r   g a t e   t o   s o u r c e   v o l t a g e s   a r e   s t o r e d   a c r o s s   c a p a c i t o r s .   I l l u s t r a t e d   i n   F i g .   3   ( d )   i s   t h e   a c t i v e   m o d e ,   d u r i n g   w h i c h   t h e   C G - C S   c o u p l e d   d e v i c e s   a m p l i f y   t h e   s i g n a l   w h i l e   t h e   b i a s i n g   c a p a c i t o r s   k e e p   t h e m   i n   t h e i r   p r o p e r   o p e r a t i n g   r e g i o n .   T h e   r e s e t   m o d e   o f   t h e   d y n a m i c   a m p l i f i e r   c a u s e s   d i s r u p t i o n   t o   s i g n a l   a m p l i f i c a t i o n .   C o n t i n u o u s   s i g n a l   a m p l i f i c a t i o n   i s   e n a b l e d   b y   i n t e r l e a v i n g   t w o   d y n a m i c   a m p l i f i e r s ,   w i t h   o n e   b e i n g   a c t i v e   a n d   t h e   o t h e r   b e i n g   o f f   o r   i n   r e s e t .   T h i s   o n l y   c a u s e   n e g l i g i b l e   p o w e r   c o n s u m p t i o n   o v e r h e a d  

Fig. 2 WUR architecture and Wi-Fi chip integration diagram 
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F i g . 3   ( a )   M i x e r - e m b e d d e d   d y n a m i c   b a s e b a n d   L N A   d e s i g n ;   ( b )   a c t i v e - r e s e t  

c o n t r o l   s i g n a l ;   ( c )   r e s e t   m o d e ;   ( d )   a c t i v e   m o d e  
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Figure 1 Sample zero IF envelope detection receivers
The two important design targets that can drive the selection of a specific receiver architecture are sensitivity and power consumption. We believe that LP WUR should provide the same coverage as NR PDCCH so that UEs at the cell edge can also benefit from the power saving gain LP WUR offers. On the other hand, extremely low power consumption should also be supported for certain use cases to prolong the battery life. Since these requirements cannot be met with a single receiver, it is natural that NR supports multiple LP WUR categories where each category is characterized by specific requirements on power consumption, sensitivity, etc. At least RF envelope detection and zero IF envelope detection should then be considered to provide these requirements. 
Proposal 1: Define multiple LP WUR categories where each category is characterized by at least power consumption and sensitivity.
FFS: Specific values.
Proposal 2: Support LP WUR categories based on at least RF envelope detection and zero IF detection.
FFS: IF detection.

Note: Both OOK and FSK are supported. 
3 Conclusion
In this contribution, receiver architectures for low power wake-up radio have been discussed. The following have been proposed:

Proposal 1: Define multiple LP WUR categories where each category is characterized by at least power consumption and sensitivity.
FFS: Specific values.
Proposal 2: Support LP WUR categories based on at least RF envelope detection and zero IF detection.

FFS: IF detection.

Note: Both OOK and FSK are supported. 
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