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Introduction
At RAN1#116, the FL summary with regards to the uplink modulation ‎[1] included the following 3.2 Proposal.
	Proposal 3.2a(II): A-IoT UL study for baseband modulation includes
· OOK and BPSK
· Other baseband modulation can be proposed (e.g. Binary FSK), and further discussion will consider whether or not they are included in the study.
· Identify Binary FSK aspects including:
· Spectral or resource efficiency compared to other included modulations
· Power consumption and complexity feasibility for the devices in the SID
· Impacts of phase discontinuity
· Possible imperfection in the modulation can be studied under 9.4.1.2/9.4.1.1

Proposal 3.2c(III): A-IoT UL study assumes all A-IoT devices support at least OOK, generated as per a line code (details of which are TBD). FFS: whether mandatory or optional support of other included modulation(s), if any.




[bookmark: _Hlk510705081]
For device 2b, it was suggested by several companies (e.g. ‎[2],‎[3]) that binary-FSK type modulations, like MSK, are favourable in terms of energy consumption, performance, spectrum and compatibility with existing deployments. It was also shown in ‎[2], that for device 2b, using other of suggested modulations, will have significant impact (can get x5 times performance/range).
[bookmark: obs1_1]Observation 1: BPSK has significant implementation overhead of power and complexity for device 2b compared to OOK or FSK.

Since the timeline for the study is very limited, it is also desired that group targets harmonized specification, as much as possible, for all device types.
Thus, as FL summary ‎[1] suggested, there is a need to understand the aspects of implementing binary-FSK on device 1 and 2a, i.e. backscatter device (either phase reversal (PR) or on off keying (OOK)).
During the meeting, the concerns of some companies about FSK were expressed and put on the proposal. The main ones are the spectrum, complexity and power consumption of binary-FSK on device 1 and 2a.      
In the following, we describe the aspects for implementing MSK (which is an example for narrowband binary-FSK with a modulation index=0.5) for both device 1, 2a and 2b. 
We used this example since it is a very old and commonly used modulation, used in many devices including GERAN, BT, ZigBee, etc. We did not consider wideband-FSK (using high modulation index), since it is not very efficient modulation for the A-IoT use case. 

We focus the analysis on the following aspects:
· Aspects of spectral efficiency
· Aspects of power consumption and complexity feasibility


Aspects of spectral efficiency
For the analysis of the spectrum, we simulated a backscatter device which modulates MSK (minimum shift keying) using its antenna impedance switch. For device 1, this antenna switch is a simple impedance switch while for device 2a, the switch requires also shutting the amplification. 
Being back-scatterers, both device 1 and 2a output spectrum is DSB (dual side band), i.e. the spectrum is occupying x2 the bandwidth, on both sides of the CW.
For device 2b, the MSK modulation can be implemented directly over the oscillator, making it CPM, thus no need for a switch and the spectrum will be SSB (single side band).
Since device 2b is already x2 more spectrally efficient for MSK than devices 1 or 2a, we focus the analysis on comparison of the spectrum of the OOK using MSK modulation vs OOK using Miller codes, as defined by RFID ‎[7] and is considered as one of the accepted line-codes in FL summary for A-IoT PHY layer design ‎[1].
Unlike wideband-FSK with integer modulation indices, as was suggested in ‎[4]‎[5], we can expect that for MSK modulation, which is narrowband-FSK with modulation index=0.5, we won’t see any spikes in the spectrum. This is indeed expected with all FSK modulation that avoid integer modulation indices (like 1.5 or 0.3) ‎[6]. 

First example of A-IoT spectrum comparison is presented for bitrate of 62.5Kbps between PR-MSK and PR-PSK with Miller code with M=4 in Figure 1. The PR-PSK mode is defined by RFID ‎[7] and also exemplified therein. M=4 is used by RFID tags instead of M=2 or FM0, for improved performance, especially when more than 1 reader is operating in the same room (dense-Interrogator). 
This figure shows that for the same bitrate, the PR-MSK modulation takes up less bandwidth (both on 90%, 99% criteria) and in addition it is more isolated from the CW compared to the PR-PSK modulation with the Miller codes (M=4). Any such distancing can help the receiver better detect the transmitted bits and reduces the full-duplex isolation requirements. 
As expected, for PR-MSK modulation we do not see any spikes in the spectrum.  
It can also be observed that while PR-MSK can quite simply accommodate FDM along with TDM, PR-PSK (and OOK) can implement TDM but harder to implement FDM.
For device 2b using MSK-SSB (also known as just MSK or GMSK etc.), it is seen that the occupied bandwidth is about ¼ of the bandwidth of device 1 using PR-PSK with Miller M=4 for the same bit rate.
The MSK-SSB and the PR-MSK have very similar characteristics, such as the main-lobe and first sidelobes. A receiver capable of receiving PR-MSK will probably be able to receive also MSK-SSB, and vis-versa.
For device 2b using BPSK-SSB, we can see much higher out-of-band emissions compared to MSK-SSB, due to the phase discontinuities. This is since we could not reach hundreds uW implementation that can include roll-off or shaping filters to reduce these side-lobes. Usually shaping filters require better PA and also better transmission chain that did not fit into few hundreds uW budget. 


[image: ]
[bookmark: _Ref162983414]Figure 1 - Spectrum of PR-FSK vs PR-PSK + Miller, M=4 (CW not included) and MSK-SSB 

Second example: comparison is with the OOK-MSK vs OOK with basic Miller code, with M=2 and data rate=3Mbps, shown in Figure 2. Also shown is the MSK-SSB which can be used by device 2b.
 [image: ] 
[bookmark: _Ref158720639][bookmark: _Ref158886266][bookmark: _Ref162796653]Figure 2. Ambient IoT Spectrum comparison for various devices and modulations
Even when the Miller code is minimal, it is seen that again OOK-MSK uses lower bandwidth compared to the OOK-Miller(M=2), even though both have the same bitrate. It is also seen that distance to CW (for full duplex receiver) is further increased making reception even simpler. This is more important as the bitrate is increased to 3Mbps.
As expected with any non-integer modulation indices, no spikes in the spectrum are seen in OOK-MSK.  

[bookmark: obs1][bookmark: obs2_1]Observation 2: OOK-MSK or PR-MSK modulations are more spectrally efficient compared to OOK or PR-PSK modulations with any Miller codes and equal bitrate. 
[bookmark: obs2]Observation 3: FSK modulation with non-integer modulation indices do not have any spectrum spikes, unlike FSK with integer modulation indices. 
[bookmark: obs3]Observation 4: OOK-MSK or PR-MSK modulations are DSB while MSK is SSB, so bandwidth of device 2b is ½ or that of devices 1 and 2a, but besides that, they all have similar spectrum shaping.
[bookmark: obs4]Observation 5: OOK-MSK or PR-MSK modulations have lower out of channel emissions compared to OOK/PR-PSK, and can further improve it by smoothing the frequency shifting.
[bookmark: obs6_2]Observation 6: MSK-SSB modulation have lower out-of-channel emissions compared to BPSK-SSB for implementation with less than few hundreds uW due to the phase discontinuity in BPSK-SSB.



     
Aspects of power consumption and complexity feasibility for backscatter devices
For device 2b, active transmitter, as described in ‎[2], the implementation complexity and power consumption comparison between modulations shows an advantage for FSK compared to OOK or PSK. 

For devices 1 and 2a, there are several implementation options for how to implement OOK-MSK or PR-MSK modulation using the antenna impedance switch in a backscatter transmitter. In general, the main issue as was mentioned in ‎[4], is that unlike Miller codes, the FSK modulation is not always a simple state machine (besides the special case of integer modulation indices).

For the first example, in Figure 1, in order to transmit data rate of 62.5Kbps using a backscatter: 
1. PR-PSK-Miller (M=4) the implementation requires only a single clock of 250KHz - from which some logic is used in order to encode the Miller code.  
2. PR-MSK: one option is to use a symbol clock of fs=62.5KHz, whereas modulation should be done using either f1=234.375KHz or f2=265.625KHz (in order to implement the ½ modulation index) and get equivalent spectrum to the PR-PSK-Miller(M=4). 
a. This can be achieved by using two clocks, one is fs=62.5KHz and the other is toggling between f1 and f2 according to the transmitted bit. Such implementation maintains constant phase. 
b. These two clocks can be implemented using very low power and simple oscillators, which can also share components between them (e.g. regulators, supplies,…), thus further saving power and silicon size.
c. Controllability of the clock is easy enough, and like RFID, is expected from any device 1 and 2a, regardless of the actual modulation which is defined (for example, RFID tag needs to support several sub carrier frequencies 40-640KHz ‎[7]).
d. As with other implementations (like Bluetooth), the modulation index can deviate from the nominal MSK value (e.g. 0.45 instead of 0.5). Still the performance and spectrum are similar. 


For PR-Miller(M=4), the power consumption includes running clock at 250KHz with additional logic actively toggling.
For the PR-MSK, the power consumption includes running clock at 250KHz (one with toggling control) and an additional clock at 62.5KHz.
Power consumption: In this example, using one implementation example, the power difference between PR-MSK and the PR-PSK-Miller(M=4) is estimated to be very small (less than few tens of nW) and less than 0.5%. Since the difference is so small, we consider the power consumptions to be equal.
Complexity: In this example, our estimations show that PR-PSK-Miller(M=4) and PSK-MSK implementation die size differences are insignificant, i.e. much less than 0.1% either way. 
For the second example, in Figure 2, in order to transmit data rate of 3Mbps using a backscatter: 
1. OOK-Miller (M=2) the implementation requires a single clock of 6MHz - from which some logic is used in order to encode the Miller code.  
2. OOK-MSK: one option is to use a symbol clock of fs=3MHz, whereas modulation should be done using either f1=3.75MHz or f2=2.25MHz. 
a. This can be achieved by using two clocks, one is 3MHz and other is toggling between f1 and f2 according to the transmitted bit. 
b. These two clocks can be implemented using very low power and simple oscillators, which can also share several components between them, thus saving power and silicon size.

The underlying time behaviors of the backscatter control when implementing OOK-MSK and OOK-Miller (M=2) can be seen in Figure 3 (the times axis of the two subfigures are the same). 

[image: ]
[bookmark: _Ref162875600]Figure 3 - Backscatter control for 3Mbps using OOK-Miller and OOK-MSK
For OOK-Miller(M=2), the power consumption includes running clock at 6MHz along with additional toggling logic.
For the OOK-MSK, the power consumption includes two running clocks at 3MHz (one of which with toggling control).
Power Consumption: Our estimations show for example 2 that eventhough the total power is higher compared to the previous low rate example 62.5Kbps, still OOK-Miller(M=2) and OOK-MSK power consumption differences are insignificant, i.e. less than 0.5%. 
Complexity: Our estimations show for example 2, that OOK-Miller(M=2) and OOK-MSK implementation die size differences are insignificant, i.e. much less than 0.1%.
Some more notes from an implementation perspective:
· The exemplary implementation of OOK-MSK/PR-MSK gives easier control over the channel and the bandwidth compared to line-codes. So, for example, it is easy to switch to higher/lower modulation indices or higher signaling frequencies (thus improving performance) or smoothing the frequency transition (thus improving the side lobes and out of band emissions) without the need to change symbol clock or define new code types.
· The exemplary implementation can provide higher isolation between the CW phase noise to the actual signal, thus improving the performance. 

[bookmark: obs6_11][bookmark: obs5]Observation 7: MSK/OOK-MSK/PR-MSK modulations are narrowband-FSK modulations with modulation index=0.5. Using the same transmitter hardware, other narrowband-FSK modulations are feasible.
Observation 8: OOK-MSK or PR-MSK modulations used for backscatter result with the same transmitter power consumption as OOK or PR-PSK modulations with equal bitrate. 
[bookmark: obs6]Observation 9: OOK-MSK or PR-MSK modulations used for backscatter result with the same transmitter complexity as OOK or PR-PSK modulations with equal bitrate. 
[bookmark: obs8_11]Observation 10: OOK-MSK or PR-MSK modulations used for backscatter allow for continuous phase modulation transmission.
[bookmark: obs6_1]Observation 11: OOK-MSK or PR-MSK modulations used for backscatter reuse the same antenna impedance switch as OOK or PR-PSK modulations, respectively, with equal bitrate/BW.
[bookmark: obs7]Observation 12: OOK-FSK or PR-FSK or FSK transmitters are more flexible compared to OOK or PR-PSK in terms of Channels/Isolation/BW/bitrate trade-off. 
[bookmark: obs9]Observation 13: To save time, PR-PSK and OOK can be treated as the same modulation for the specification of backscatter transmitter. Only difference being the backscatter switch matching properties. All other components are the same.
Impact of defining a single mandatory modulation 
Regarding 3.2c from FL summary of RAN1#116 ‎[1]: 
Proposal 3.2c(III): A-IoT UL study assumes all A-IoT devices support at least OOK, generated as per a line code (details of which are TBD). FFS: whether mandatory or optional support of other included modulation(s), if any.
As can be seen from ‎[7] subsection 6.3.1.3.1, in order to help market adoption and due to the asymmetry between the tags and the reader, the RFID specification allows tags to implement any modulation (not a single mandatory one), while the higher complexity interrogators are required to demodulate both. 
Thus it is not clear why there is a proposal to define a mandatory and optional modulations by the specification of A-IoT. Our understanding is that such limitation can decelerate market adoption of A-IoT devices.
[bookmark: obs11][bookmark: obs11_1]Observation 14: In order to help market adoption, specifications of tags should not limit to a single mandatory modulation.  


   
Conclusion
In this contribution, we have made the following observations related to Ambient IoT:
Observation 1: BPSK has significant implementation overhead of power and complexity for device 2b compared to OOK or FSK.Observation 2: OOK-MSK or PR-MSK modulations are more spectrally efficient compared to OOK or PR-PSK modulations with any Miller codes and equal bitrate. 
Observation 2: OOK-MSK or PR-MSK modulations are more spectrally efficient compared to OOK or PR-PSK modulations with any Miller codes and equal bitrate. 
Observation 3: FSK modulation with non-integer modulation indices do not have any spectrum spikes, unlike FSK with integer modulation indices. 
Observation 4: OOK-MSK or PR-MSK modulations are DSB while MSK is SSB, so bandwidth of device 2b is ½ or that of devices 1 and 2a, but besides that, they all have similar spectrum shaping.
Observation 5: OOK-MSK or PR-MSK modulations have lower out of channel emissions compared to OOK/PR-PSK, and can further improve it by smoothing the frequency shifting.
Observation 6: MSK-SSB modulation have lower out-of-channel emissions compared to BPSK-SSB for implementation with less than few hundreds uW due to the phase discontinuity in BPSK-SSB.
Observation 7: MSK/OOK-MSK/PR-MSK modulations are narrowband-FSK modulations with modulation index=0.5. Using the same transmitter hardware, other narrowband-FSK modulations are feasible.
Observation 8: OOK-MSK or PR-MSK modulations used for backscatter result with the same transmitter power consumption as OOK or PR-PSK modulations with equal bitrate. 
Observation 9: OOK-MSK or PR-MSK modulations used for backscatter result with the same transmitter complexity as OOK or PR-PSK modulations with equal bitrate. 
Observation 10: OOK-MSK or PR-MSK modulations used for backscatter allow for continuous phase modulation transmission.
Observation 11: OOK-MSK or PR-MSK modulations used for backscatter reuse the same antenna impedance switch as OOK or PR-PSK modulations, respectively, with equal bitrate/BW.
Observation 12: OOK-FSK or PR-FSK or FSK transmitters are more flexible compared to OOK or PR-PSK in terms of Channels/Isolation/BW/bitrate trade-off. 
Observation 13: To save time, PR-PSK and OOK can be treated as the same modulation for the specification of backscatter transmitter. Only difference being the backscatter switch matching properties. All other components are the same.
Observation 14: In order to help market adoption, specifications of tags should not limit to a single mandatory modulation.  
 






And following the analysis and observations propose:
Proposal 1: Change 3.2 as follows:
3.2a: A-IoT UL study for baseband modulation includes
· OOK and narrowband-FSK BPSK
· Other baseband modulation can be proposed (e.g. Binary FSK), and further discussion will consider whether or not they are included in the study.
· Identify Binary FSK aspects including:
· Spectral or resource efficiency compared to other included modulations
· Power consumption and complexity feasibility for the devices in the SID
· Impacts of phase discontinuity
· Possible imperfection in the modulation can be studied under 9.4.1.2/9.4.1.1

3.2c(III): A-IoT UL study assumes all A-IoT devices support at least OOK, generated as per a line code (details of which are TBD). FFS: whether mandatory or optional support of other included modulation(s), if any.
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