	3GPP TSG RAN WG1 Meeting #116-bis
	R1-2402547

	Changsha, Hunan Province, China, April 15th – 19th, 2024



	Agenda Item:
	9.4.2.1

	Source:
	EURECOM

	Title:
	Discussion on Physical Layer Design for Ambient-IoT

	Document for:
	Discussion and Decision




1. Introduction
Passive IoT is studied on RAN level in [1] with the report available in [2]. Ambient IoT is agreed to be studied in the RAN WG with the following RAN1-led objectives:
 
Objectives:
· RAN1-led:
For the Ambient IoT DL and UL:
· Frame structure, synchronization and timing, random access
· Numerologies, bandwidths, and multiple access
· Waveforms and modulations
· Channel coding
· Downlink channel/signal aspects
· Uplink channel/signal aspects
· Scheduling and timing relationships
· Study necessary characteristics of carrier-wave waveform for a carrier wave provided externally to the Ambient IoT device, including for interference handling at Ambient IoT UL receiver, and at NR basestation. 
       For Topology 2, no difference in physical layer design from Topology 1.

This contribution focuses on waveform design and modulation as well as channel coding for the downlink channel/signal.

2. General Aspects of UL/DL Channel Design
The SID defines two device types:
Objectives:
1. ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither DL nor UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
1. ≤ a few hundred µW peak power consumption1, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission may be generated internally by the device, or be backscattered on a carrier wave provided externally.
· X  is to be decided in WGs.

That is, an ultra-low-complexity device type 1 (D1) which is a passive device without active components, and a (relative to D1) high-complexity device type 2 (D2) with active components.
Both device types have energy storing capabilities, however it is reasonable to assume that D1 has lower energy storage capabilities than D2.
Concerning energy harvesting, the following proposal has been endorsed in RAN#103:
Proposal 2:
· Confirm that study of design of energy harvesting signal/waveform is out of SI scope in Rel-19
· The potential impact of energy harvesting on device availability for transmission and reception procedures can be considered for the study [RAN2, RAN1]
· Duration of one device’s unavailability due to charging by energy harvesting can be assumed up to several tens of seconds
· Note: this value can be revisited in future RAN plenary meetings, if necessary
· TR 38.848 clause 5.6 statement on latency remains the case with respect to a single device, i.e.: “NOTE: The time for charging the Ambient IoT device storage (if present) is not included in the latency defined above. Time for energy harvesting, charging, etc. is regarded as an implementation issue only.”
· No SID revision is necessary

[bookmark: _GoBack]The consequences of this proposal on the physical layer design are not entirely clear to us. Is the assumption that once a device is available for communication, it is able to receive or transmit all required data? For PHY design, it is not assumed that the device can harvest energy from the received DL waveform itself? Moreover, does this proposal preclude the study of Pulse Interval Coding (PIE) because it is a waveform that improves energy harvesting at the receiver?
Observation 1: Clarify the impact of RAN endorsed Proposal 2 on the physical layer design of Ambient IoT.
In order to receive downlink data, both device types must be able to power their (receive) circuitry for the entire reception time. If there is not enough energy stored in the device or the stored energy is insufficient to power the device during the whole reception period, the device will power off during the DL transmission without receiving the complete data packet.
Observation 2: There must be enough energy available in the device to receive a DL transmission.
To ensure that the DL transmission can be received successfully it is reasonable to assume that the devices (at least D1) can harvest energy from the received DL waveform itself. 
Indeed, in ambient power sources are by definition unreliable, i.e. they may or may not be present when required to charge the device which will result in the device not reachable by the base-station. To alleviate this problem (at least partially) it is desirable that the device is able to power its detection circuitry from the incoming DL transmission itself. The required circuitry to extract the energy from the DL signal is essentially the same as the one used for energy harvesting of ambient RF signals.
Proposal 1: The receiver shall be able to harvest energy from the received DL transmission.
Possible DL waveforms that allow for variable power transmission are discussed in the subsequent sections.
Similar to the wake-up signal (WUS) design, a harmonized DL transmission design for Ambient-IoT requires that the signal generation the integrates seamlessly with the existing OFDM transmission architecture.
The overall DL transmission block diagram is depicted in Figure 1. The  information bits  are encoded and the resulting  coded bits  are modulated onto  consecutive OFDM symbols each carrying  bits. That is,  is the number of coded bits per OFDM symbol. Subsequently, the signal in frequency-domain  of message  is mapped to the overall resources  of  sub-carriers and OFDM-modulated resulting in the time-domain signal .

[image: ]
[bookmark: _Ref151647480]Figure 1: Overall transmission block-diagram per OFDM symbol.
Subsequently, we will describe the encoder and waveform generation in more detail.
3. Downlink Waveform Design and Modulation
During RAN1#116 the following agreements have been made
Agreement:
A-IoT DL study includes an OFDM-based waveform from A-IoT R2D (reader-to-device) perspective. 
· Depending on what modulation(s) are decided to be studied:
· Study whether/how to handle CP at transmitter/device/design 
· Study other characteristics of the OFDM waveform, e.g.:
· CP-OFDM
· DFT-s-OFDM
· Etc.
· The type of OFDM waveform is transparent to A-IoT device.
Other waveforms from DL transmitter’s perspective can be proposed, and further discussion will consider whether or not they are included in the study.

Agreement:
A-IoT DL study includes OOK from DL transmitter’s perspective.
· For an OFDM waveform, assume OOK-1 for single-chip per OFDM symbol transmission, and OOK-4 for M-chip per OFDM symbol transmission, starting from definitions in TR 38.869.
· FFS value(s) of M.
· FFS: Any changes needed from the definitions in TR 38.869.
· FFS: Exact definition of chip
· If other DL waveforms are included, further elaboration of the transmitter’s OOK generation would be needed.

Both device types are low-power receivers and the study of low-power wake-up receivers [5] suggests that On-Off-Keying (OOK) is a promising modulation enabling low-power receivers. Indeed, an OOK modulated signal can be received via envelope or energy detection (ED) of the received signal, which does not require phase information at the receiver.
The SI on LP-WUR [5] suggests two OOK modulation schemes, referred to as OOK-1 and OOK-4. For the sake of completeness, we will briefly revisit them.
We denote  PRBs as the bandwidth of the Ambient IoT transmission including potential guard bands (GB). The actual number of used PRBs for the A-IoT and GB are referred to as  and, respectively, such that .  
Moreover, we refer to the ON-signal as the sequence of complex symbols allocated to the OOK symbol if the corresponding bit is one. 
3.1. OOK-1: Single-bit per OFDM symbol
The simplest OOK scheme allocates the ON-signal of length  to the corresponding A-IoT SCs if the bit is one and zeros otherwise (in baseband). 
A block-diagram is shown in Figure 2.

[image: ]
[bookmark: _Ref131753186]Figure 2: Block-diagram for OOK-1.
This transmission scheme can only transmit a single bit per OFDM symbol. Thus, the only means to increase the data rate is to shorten the OFDM symbol length by increasing the sub-carrier spacing (SCS).
The results in [5] show that OOK-1 is very robust to timing errors and frequency fading at the expense of a limited data rate.
3.2. OOK-4: DFT-precoded M-bit OOK
This scheme uses DFT-precoding to convert  OOK symbols in time-domain to frequency domain for allocation to  PRBs.
An example block-diagram is depicted in Figure 3. From the  (coded or physical) bits, a signal of length  is generated where each bit is mapped to a sequence of length , the sequence is 0 if the corresponding bit is zero and non-zero otherwise. The resulting sequence is DFT precoded and the output is mapped to the overall transmission bandwidth.
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[bookmark: _Ref131764174]Figure 3: OOK-4, Block-diagram with 
This scheme can deliver  times the data rate of OOK-1 by shortening the OOK symbols. However, [5] shows that shorter OOK symbols result in increased sensitivity to various impairments like multi-path fading (no CP between OOK symbols) or sensitivity to timing errors, [5].
To address some of the FFS points in the agreement. The value of  determines the length/duration of the OOK symbol for a given BW and SCS. In order to benefit from multi-path diversity, the OOK symbol requires a certain minimum duration. As a starting point we propose values , for large BW perhaps even . 
Proposal 2: Consider .
It is our understand that “chip” refers to OOK symbol, i.e. the duration where the time-domain signal is either modulated (ON) or not modulated (OFF). 
4. Downlink Encoding
Prior to modulation, the payload is encoded to improve detection performance. Figure 4 shows transmission block diagram with a PIE block prior to modulation.
[image: ]
[bookmark: _Ref159230550]Figure 4: Overall transmission block-diagram per OFDM symbol with Pulse Interval Encoding.
After encoding, the bits are pulse interval encoded before OOK modulation. 
The agreements related to DL (R2D) coding from last meeting state
Agreement:
For R2D, line codes studied are: Manchester encoding and pulse-interval encoding (PIE).
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: Time domain definition of e.g., chips and relation to OFDM symbols, resource allocation unit, etc.

Agreement:
Regarding FEC, R2D with no forward error-correction code (FEC) is studied as baseline.
· Evaluations would be by comparison to this baseline

Agreement:
R2D study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

4.1. Encoding: Manchester Coding
The study on LP-WUS [5] suggests to utilize Manchester Coding, where one input bit is mapped to two coded bits, i.e. 0->{0,1} and 1-> {1,0}. This coding technique is especially adapted to OOK with ED since it does not require threshold detection but a simple energy comparison of the two OOK symbols is sufficient for reliable decoding.
The detection performance of Manchester Coding can be improved by jointly encoding multiple bits. More precisely,  input bits  are encoded to  output bits  according to 

where  is the message and  is the decimal representation of codeword . For , we obtain the conventional Manchester code of rate  presented in Table 1.
	Input Bits
	Coded Bits

	0
	01

	1
	10


[bookmark: _Ref131795977][bookmark: _Ref131795962]Table 1: Encoding for B=1 input bits and K=2 coded bits, rate R = ½.
Encoding  bits into  coded bits is given by Table 2.
	Input Bits
	Coded Bits

	00
	0001

	01
	0010

	10
	0100

	11
	1000


[bookmark: _Ref131795994]Table 2: Encoding for B=2 input bits and K=4 coded bits, rate R = ½.
We can further decrease code rate to  and obtain, cf. Table 3.
	Input Bits
	Coded Bits

	000
	00000001

	001
	00000010

	010
	00000100

	011
	00001000

	100
	00010000

	101
	00100000

	110
	01000000

	111
	10000000


[bookmark: _Ref131796014]Table 3: Encoding for B=3 input bits and K=8 coded bits, rate R = 3/8.
It can easily be seen that the rate of the code is given by . Hence, increasing  will decrease the code rate.
The advantage of using  compared to , is that double the power can be used for  per codeword because the power has to be divided among 2 codewords in case of . In other words, the available power is concentrated on a single OOK symbol and thus increasing the SINR.
Proposal 3: Consider joint Manchester Coding for the Ambient IoT DL channels.
4.2. Pulse Interval Encoding
Pulse Interval Encoding (PIE) is used in many RFID standards because it provides (almost) constant power to the receiver. Without any encoding, a passive receiver is unable to receiver long strings of zeros since no power can be harvested from the received signal to power the circuitry.
Figure 4 shows the PIE symbols defined in the EPCglobal Gen2 standard [7]. The data-0 symbol consists of an ON-pulse followed by an OFF-pulse and the data-1 pulse are 3 ON-pulses followed by an OFF-pulse.
[image: ]
[bookmark: _Ref152143671]Figure 5: EPCglobal Gen2 [7], specified PIE symbols, PW=Pulse Width, Tari = time reference interval and x is chosen to comply with regulations. 
Hence, that data rate of PIE depends on the data itself, i.e. a string of zeros is transmitted faster than a string of ones. Moreover, given the same number of ones and zeros, 66% of power is delivered to the device compared to only 50% in case of (conventional) Manchester Coding. In addition, Manchester Coding requires the receiver to be synchronized on an OOK-symbol level. A simple PIE receiver only needs to accumulate the energy via a capacitor, reset energy accumulation on rising flanks of the incoming signal envelope and decide data-1 if the signal was ‘high’ for longer duration.
The PIE codeword  is given by

where  are the coded input bits to the PIE block. To adapt the delivered power, the number of ones in the PIE codeword for  can be modified. 
Note, PIE and Manchester Coding are not mutually exclusive, that is, Manchester Encoded bits can subsequently be PIE encoded and the receiver will compare energy values of consecutive ON-durations to decode the bits. This will improve performance and also result in a data-independent data rate. For instance, with , every OFDM symbol can carry one information bit, which is Manchester and PIE coded. Of course, the data rate will be further reduced but detection performance will be significantly increased.
4.2.1. CP Impact of PIE
When applying PIE in OFDM systems with OOK modulation the CP may impact the waveform depending on the OOK configuration. With OOK-1, there is no CP issue because there is only a single OOK symbol per OFDM symbol. However, the data rate is very low, e.g. 4 OFDM symbols to transmit data-1. OOK-4 allows to increase the data rate by packing more OOK symbols into one OFDM symbol. But the CP may interrupt the long ON duration of the data-1 signal as illustrated in Figure 5.
[image: ]
[bookmark: _Ref157589367]Figure 6: Example of received waveform after RF filtering with data-dependent data-rate. DFT-precoded OOK with 𝑀=4, 3 𝑂𝐹𝐷𝑀 𝑠𝑦𝑚𝑏𝑜𝑙𝑠, 𝐹𝐹𝑇 𝑠𝑖𝑧𝑒 1024, 𝑝𝑎𝑦𝑙𝑜𝑎𝑑 = [0 1 0 1] and PIE scheme in [1].
It can be seen that a data-1 signal is transmitted across OFDM symbols 2 and 3. Since the last OOK symbol in OFDM symbol 3 is zero, the CP will insert a (almost) zero-power signal at the beginning of OFDM symbol 3 and thereby disrupting the contiguous ON duration of the data-1 symbol. This disruption will impact the receiver performance because the artificially introduced rising flank resets the energy accumulation and lead to detection errors.
Observation 3: The CP impairs the transmission of PIE encoded OOK-4 waveforms.
One solution is to insert  non-zero samples, corresponding to the effective CP length, at the end of the last OOK symbol in every OFDM symbol or only in those OFDM symbols where the last OOK symbol is zero. For instance, the first  samples of the ON-signal can be utilized.
Proposal 5: Ensure non-zero samples at the end of the last OOK symbol in every OFDM symbol.

5. Simulation Results
In this section, we provide numerical results to demonstrate the performance of the proposed techniques. The general simulation assumptions are presented in Table 4.
	Parameter
	Value

	Carrier Frequency
	2.6 GHz (FDD)

	Waveform
	DFT-precoded OOK

	
	

	SCS
	30 kHz

	Configuration of OOK Signal
	M=4
ON-Sequence = Zadoff-Chu

	OOK Duration
	Data-dependent, maximum of 4 OFDM symbols

	Code Scheme
	PIE as in Figure 4 (no Manchester Coding)

	gNB Channel BW
	20MHz (51 PRBs @ 30kHz SCS)

	A-IoT BW
	5 MHz
12 PRBs OOK (4.32 MHz) + 1 PRB GB on each side 

	RF Filter
	3rd order Butterworth with 4.32 MHz BW 

	Adjacent Sub-carrier Interference (ACI)
	none

	OOK Sampling Rate
	7.68 MHz

	ADC bit-width
	Infinity

	Channel Model
	AWGN

	Timing Error
	0

	Frequency Error
	0

	Antenna configuration
	1Tx, 1Rx

	UE speed
	0 km/h

	
	

	Receiver
	Trigger-based Envelope Detector, no knowledge of CP length, decoding through threshold detection


[bookmark: _Ref131796715]Table 4: Link-level simulation assumptions.
Figure 6 shows the BLER performance in an AWGN channel. It can be observed that the proposed solutions perform close to the optimal scheme (perfect CP Removal). In this simulation, random QPSK symbols perform slightly worse than inserting samples of the ON-signal, because the ON-sequence is a Zadoff-Chu sequence with better spectral properties. On the other hand, random 64-QAM samples results in a performance degradation because 64-QAM symbols are not unit power and if  is small the power of the inserted sequence is insufficient.
Moreover, knowledge of the CP length at the receiver has no impact on its performance.
[image: ]
[bookmark: _Ref157591950]Figure 7: BLER vs. SNR in AWGN of proposed techniques.




6. Conclusion
In this contribution, the following proposals and observations have been made:
Observation 1: Clarify the impact of RAN endorsed Proposal 2 on the physical layer design of Ambient IoT.
Observation 2: There must be enough energy available in the device to receive a DL transmission.
Proposal 1: The receiver shall be able to harvest energy from the received DL transmission.
Proposal 2: Consider .
Proposal 3: Consider Manchester Coding for the Ambient IoT DL channels.
Proposal 4: Consider Pulse Interval Encoding of the DL transmission to deliver sufficient power to the receiver.
Observation 3: The CP impairs the transmission of PIE encoded OOK-4 waveforms.
Proposal 5: Ensure non-zero samples at the end of the last OOK symbol in every OFDM symbol.
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