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1 Introduction
The WID agreed at TSG RAN meeting #69 [1] states the following about the selection of the uplink physical layer design for NB-CIoT:
· For the uplink, two options will be considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 

· Technical analysis will either perform a down-selection or decide on inclusion of both 

This contribution discusses the benefits and performance of the FDMA uplink option.
It is important to note that many of the objectives for the NB-IoT system are quite different from the objectives of a mobile broadband system such as LTE. For mobile broadband, the emphasis is on high data rates, low latency and support of streaming data services. In contrast, the emphasis for NB-IoT is on delivery of relatively small datagrams with extremely low cost devices and high energy efficiency, but with much less constrained latency requirements. In fact, there are many similarities between the techniques proposed in this submission and those used in many other systems that target low-cost IoT and M2M, particularly the use of constant envelope modulation in an FDMA framework. 

Key principles of the proposed FDMA uplink are:

· Supports modulation that is exactly constant envelope (0 dB PAPR), including when scaled to higher data rates, allowing very high energy efficiency for the transmitter (PA can be operated in saturation throughout the burst).

· Modulation has a very well-behaved spectrum, with very low side-lobes, allowing use in all deployment scenarios (in-band, guard-band and standalone) due to minimal energy leakage into adjacent carriers such as LTE PRBs.

· Robust system performance due to low sensitivity of FDMA to inter-user timing errors, frequency errors and received power imbalance, and so avoids the need for closed-loop control.

Key benefits of the proposed uplink are:

1. Compatible with ultra-low cost and energy efficient UE implementations
· Through compatibility with constant envelope, continuous phase modulation [6].
2. Achieves system capacity objective

· Meets the capacity objective defined in the Cellular IoT study (52k devices per cell sector).

· This is achieved with the conservative assumptions that all devices use only constant envelope modulation and that the uplink is configured for reuse-1/3. 
3. Low complexity base station implementation, compatible with software update to existing LTE base stations

· Receiver complexity is comparable with an SC-FDMA uplink, and in any case the complexity is dominated by the Turbo decoder which is common to both uplink options.

· We cannot see any reasonable argument why the proposed uplink is not compatible with software update of LTE base stations.
The structure of the paper is as follows. Section 2 describes and justifies the benefits of FDMA for a robust uplink for ultra-low cost NB-IoT devices. Section 3 summarizes the key conclusions. 
2 FDMA for robust uplink suitable for ultra-low cost NB-IoT devices
2.1 Background

In the context of this submission, “FDMA” is used to refer to a system where the uplink subcarriers are separated in frequency, with minimal overlapping sidelobes. The term is used to distinguish the approach from OFDMA or SC-FDMA which have overlapping subcarriers, and so rely on maintaining the orthogonality property between subcarriers.

Again, there appears to have been some misunderstanding that FDMA was proposed as the uplink scheme for NB-CIoT (and indeed several of the other clean-slate candidate solutions) because this is used in GSM when considering multiple carriers per basestation sector. This is not the case. Instead, the motivation is a robust, low complexity uplink design that supports low cost devices yet can meet the Cellular-IoT objectives in terms of capacity. It should be noted that FDMA is the typical approach used for non-cellular low cost IoT systems.
It is accepted that OFDMA or SC-FDMA can provide higher spectral efficiency which is a key driver for mobile broadband systems. However, this is achieved at the expense of introducing constraints and complexities that are not well suited to a low cost IoT technology. Furthermore, it is shown in [2] that the system capacity objectives of the Cellular IoT study are met with the proposed FDMA uplink, even assuming all devices use the mandatory GMSK modulation mode and that the frequency reuse is conservatively chosen to be 1/3.
2.2 Benefits of FDMA 
There are a number of key benefits of using FDMA in the context of the NB-IoT uplink. In this discussion, it is assumed that the individual subcarriers are bandlimited, as is the case for GMSK and root-raised-cosine filtered PSK. These benefits are summarised as follows:
· FDMA is a very well established “text-book” approach

· Widely used in a huge number of communications systems over many years.
· FDMA is very robust to timing errors 

· FDMA does not use a cyclic prefix, and instead different subcarriers are separated in frequency without relying on any orthogonality properties.
· This greatly reduces the sensitivity to timing errors, since inter-user interference between subcarriers is unrelated to timing.
· No need for accurate time of arrival processing at the base station. This allows the use of a narrowband RACH sharing the same modulation as the PUSCH, so, for example, the RACH can be constant envelope. This avoids the RACH being the limiting factor in the transmitter architecture [5].
· No timing advance functionality is required, even for fast moving devices, and so no feedback loops are required between base station and device.
· The lack of a CP partially mitigates the lower spectral efficiency achieved with FDMA due to the additional frequency separation between the subcarriers.
· FDMA is very robust to frequency errors

· Since the subcarriers are separated in frequency, with a symbol rate that is lower than the subcarrier spacing, the impact of frequency errors on inter-user interference is minimal. 

· Therefore, accurate frequency error estimation and compensation is not needed to control inter-user interference. 

· FDMA is robust to power imbalance between subcarriers allocated to different users

· This is a consequence of the separation of users in the frequency domain, rather than relying on orthogonality properties that are sensitive to frequency errors.
· The subcarrier spacing is sufficient that there is only a very small leakage of energy from a user allocated to one subcarrier into an adjacent subcarrier allocated to a different user.
· Furthermore, the base station receiver may choose to apply a digital receive filter that further attenuates the adjacent subcarrier leakage with minor impact on the EVM of the wanted subcarrier.
· Therefore, simple open loop power control is expected to be sufficient.
· FDMA does not require closed-loop feedback between base station and device

· This follows from the previous discussion of robustness to timing errors, frequency errors, and power imbalance.

· This is a very important benefit for NB-IoT since typical IoT traffic is very different from mobile broadband traffic, being largely a datagram delivery service requiring very high energy efficiency for short transactions. 

· FDMA can still use pilot symbols to enable channel tracking, just like OFDMA/SC-FDMA

· There is no drawback in terms of channel tracking capability.
· FDMA can still use single-tap equalisation provided the subcarrier bandwidth is low compared with the coherency bandwidth of the channel, just like OFDMA/SC-FDMA

· There is no drawback in terms of equalisation complexity or support for high Doppler.
· FDMA receiver can use a filterbank to efficiently separate the channel into multiple subcarriers

· See section 2.4 for more discussion on receiver complexity.
· FDMA data rate per user can be scaled by subcarrier bonding in which a single subcarrier occupies a higher bandwidth 
· This means that the underlying properties of the modulation in terms of PAPR and continuous phase are unaffected since the modulation remains single carrier and the only change is an increase in the symbol rate.
· In contrast, higher data rates in an SC-FDMA uplink are achieved at the expense of increased PAPR as more subcarriers are allocated to a user.

· FDMA supports mixing GMSK and PSK modulation on different subcarriers

· This follows from the separation in frequency between different subcarriers, rather than relying on orthogonality between subcarriers.
· Therefore, FDMA supports the benefits of GMSK modulation in terms of ultra-low cost devices.

Observation #1: The FDMA uplink is ccompatible with ultra-low cost and energy efficient UE implementations.
2.3 Illustration of FDMA with GMSK

Figure 1 shows the uplink subcarriers using GMSK modulation, for the case of no subcarrier bonding. It can be seen that the side-lobes of the GMSK waveform are very well-behaved, and this means that the energy leakage from one subcarrier (allocated to a given user) into an adjacent subcarrier (allocated to a different user) is inherently extremely low. This also means the system performance is very robust to frequency errors that differ between users (due to frequency estimation errors at the device and also due to Doppler). 
Timing errors do not create any inter-user interference since there is no cyclic prefix. Similarly, inter-cell interference when using frequency reuse-1 is limited to co-channel interference, since non-time-aligned adjacent subcarriers do not create interference.
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Figure 1: GMSK uplink subcarriers using 1.875 kHz symbol rate, 2.5 kHz spacing
Figure 2 shows an example of the uplink subcarriers using GMSK modulation, for the case of subcarrier bonding. As can be seen, the bonded subcarriers are modulated as a single carrier but operate with a higher symbol rate (the total power for the bonded subcarriers is the same as for the unbonded subcarriers in this illustration). Therefore, subcarrier bonding is used to increase the uplink data rate from individual devices, without impacting the constant envelope and continuous phase properties of the modulation.
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Figure 2: GMSK uplink subcarriers using subcarrier bonding
2.4 Illustration of FDMA with PSK

Figure 3 shows the uplink subcarriers using QPSK modulation, for the case of no subcarrier bonding. It can be seen that spectrum of each subcarrier is fully contained within the 2.5 kHz subcarrier spacing, and this means that in the ideal case there is no energy leakage between subcarriers. 
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Figure 3: PSK uplink subcarriers using 1.875 kHz symbol rate, 2.5 kHz spacing

Similar to FDMA with GMSK, the system performance is very robust to frequency errors and timing errors between users, and inter-cell interference when using frequency reuse-1 is limited to co-channel interference.
Figure 4 shows an example of the uplink subcarriers using QPSK modulation, for the case of subcarrier bonding (the total power for the bonded subcarriers is the same as for the unbonded subcarriers in this illustration).
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Figure 4: PSK uplink subcarriers using subcarrier bonding
It should be noted that there are no restrictions on mixing GMSK and PSK on different subcarriers, because the subcarriers are separated in frequency without relying on orthogonality properties.
2.5 FDMA adjacent subcarrier leakage performance

Table 1 shows the leakage from a GMSK subcarrier (with bonding factor of 1, 2, 4 or 8) into the adjacent subcarrier, assuming an ideal transmit waveform. It can be seen that the leakage is less than -40 dBc into the first adjacent subcarrier for all bonding factors. The leakage is substantially lower for second and subsequent adjacent subcarrier, especially for lower bonding factors. This illustrates the robustness to power imbalance from different users at the receiver without relying on orthogonality properties that are eroded by frequency and timing errors.
Table 1: Adjacent subcarrier leakage for GMSK modulation

	
	Adjacent subcarrier leakage (dBc)

	Adjacent subcarrier
	Bonding factor

	
	1x
	2x
	4x
	8x

	1
	-40.2
	-40.2
	-40.3
	-42.1

	2
	>100
	-73.3
	-54.9
	-44.9

	3
	>100
	>100
	-73.4
	-55.0

	4
	>100
	>100
	-98.9
	-66.6

	5
	>100
	>100
	>100
	-73.8

	6
	>100
	>100
	>100
	-82.3

	7
	>100
	>100
	>100
	-99.9


For the case of PSK modulation, there is no leakage into adjacent subcarriers assuming an ideal transmit waveform. This is due to the root-raised cosine pulse shaping filter which ensures that the signal energy is fully contained within the subcarrier. 
These results are for ideal transmit waveforms. In a real implementation, there will be some degradation due to phase noise and, in the case of PSK modulation, due to spectral regrowth which will be constrained by the selected ACP mask.

Observation #2: FDMA uplink has very low adjacent subcarrier leakage ratios. With an ideal GMSK transmit waveform, the adjacent subcarrier leakage ratio is better than -40 dBc in the first adjacent subcarrier. With an ideal PSK transmit waveform there is no subcarrier leakage.
2.6 FDMA receiver complexity

The first step in the FDMA receiver is to channelize the input signal into M sub-channels, and then to decimate the sampling rate by a factor of N, prior to demodulating the signal within each sub-channel. Note that the input sampling rate to the channelization filtering can be very low, for example 240 kHz.
A direct filtering method is to apply a digital filter for each sub-channel, in the form of a digital mixer followed by a low pass filter. Since the output of each digital filter needs to be decimated by N, the filter only needs to be evaluated for 1 in N output samples, assuming an FIR filter. The computational load is constrained by the low sampling rate given that the bandwidth of the overall channel is only 180 kHz. 
Further complexity reduction can be achieved by using multi-stage filtering, in which a succession of filtering stages (e.g. three) is applied, with decimation between each stage. The complexity of this approach is evaluated in detail in [4], and is found to account for less than 10% of the total base station receiver baseband complexity. 
An alternative approach is to use a polyphase filterbank. This is a text-book digital signal processing technique to partition a signal into multiple subbands. It has similarities with the FFT used in an OFDMA receiver, but in this case the FFT is preceded by a polyphase filter that defines the frequency response of each subband. The length of the polyphase filter defines the quality of the channelization. Multiple such filterbanks can be used to accommodate subcarrier bonding, noting that the filterbank complexity reduces with the number of subbands. 
After channelization filtering, the processing of each subcarrier is very similar to an OFDMA receiver. It is important to note that the complexity for demodulating subcarriers using GMSK modulation is not significantly greater than for subcarriers using PSK modulation. This is because, unlike GSM, a Viterbi equaliser is not required as the modulation bandwidth is relatively low, as explained in [6].
Another important conclusion from [4] is that by far the largest single component of the base station receiver complexity is the Turbo decoder, which is common to both uplink options.

Given the above analysis, and also the further detail in [4], it is the sourcing companies view that software update of LTE base station is entirely realistic for the “FDMA with GMSK modulation” uplink option. We cannot see a reasonable argument why software update would be possible for the SC-FDMA uplink option, but not possible for the FDMA/GMSK uplink option, especially as the SC-FDMA uplink option has different numerology to the LTE uplink, and the single largest component of complexity of both uplink options is the Turbo decoding which is a common feature. 

Observation #3: Software update of an LTE eNB to support FDMA with GMSK and PSK is feasible.
3 Conclusion

In this contribution, the benefits and performance of an FDMA framework for the NB-IoT uplink are discussed. The key observations are as follows:
Observation #1: The FDMA uplink is ccompatible with ultra-low cost and energy efficient UE implementations.

Observation #2: FDMA uplink has very low adjacent subcarrier leakage ratios. With an ideal GMSK transmit waveform, the adjacent subcarrier leakage ratio is better than -40 dBc in the first adjacent subcarrier. With an ideal PSK transmit waveform there is no subcarrier leakage.
Observation #3: Software update of an LTE eNB to support FDMA with GMSK and PSK is feasible.
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