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1 Introduction
This contribution describes an update to uplink FDMA for NB-IoT [1] in which the baseline symbol rate and sub-channel spacing are both reduced by a factor of two – a bonding factor of 0.5 is used in the design in section 7.3 of [2]. The baseline sub-channel spacing of 2.5 kHz is now aligned with the alternative SC-FDMA uplink design, which is helpful for making more meaningful performance comparisons of FDMA vs SC-FDMA. Alternatively, the SC-FDMA channel spacing could have been increased, but it was anticipated that there would be far fewer comparable results.

Other than the alignment for comparison, the impact of the updated parameter is to increase the maximum number of uplink sub-channels and so increase uplink capacity when many UEs have very high coupling loss (and so can operate efficiently using the minimum transmission bandwidth). There is no impact on UE transmitter complexity since a reduction in the minimum transmission bandwidth from a UE is not expected to impact the transmitter architecture. Similarly, there is no impact on the UE transmitter energy efficiency since the PAPR of the UE transmission is independent of the transmission bandwidth when using FDMA (the PAPR for FDMA depends only on the underlying choice of modulation since higher data rates are achieved simply by scaling the symbol rate). 
2 Updated FDMA baseline sub-channel symbol rate and spacing
In the update, the baseline subcarrier symbol rate is 3.75 kHz / 2 = 1.875 kHz, and the baseline subcarrier spacing is 5 kHz / 2 = 2.5 kHz. These values are a factor of two lower (a bonding parameter value of 0.5) in the design in section 7.3 of [2]. This means that the maximum number of uplink subcarriers (when using no sub-channel bonding) is increased from 36 to 72. We note that the baseline sub-channel spacing of 2.5 kHz is now aligned with the alternative SC-FDMA uplink design, which may be helpful for making more meaningful performance comparisons.
The modulation modes and pulse shaping parameters are unchanged from the design in section 7.3 of [2]. The resulting power spectral density for the modulated sub-channels (with no sub-channel bonding) is illustrated in Figure 1 when using GSMK modulation and in Figure 2 when using PSK (π/2-BPSK, π/4-QPSK and π/8-8PSK) modulation. 
It should be noted that there are no restrictions on mixing GMSK and PSK on different sub-channels, because the sub-channels are separated in frequency without relying on orthogonality properties (the use of separate plots for the two modulation classes is just for ease of illustration).

Observation #1: Reducing the baseline sub-channel symbol rate for the FDMA uplink from 3.75 kHz to 1.875 kHz and reducing the baseline sub-channel spacing from 5 kHz to 2.5 kHz increases the number of uplink sub-channels (when using no sub-channel bonding) from 36 to 72. This increases uplink capacity when a significant proportion of UEs have very high coupling loss. 
Observation #2: The modulation modes and pulse shaping parameters are as in section 7.3 of 3GPP TR 45.820. 
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Figure 1: GMSK uplink sub-channels using 1.875 kHz symbol rate, 2.5 kHz spacing
[image: image2.png]PSD (dB/Hz)

-10

-20

-30

-40

-50
-100

Uplink subcarriers within 200 kHz channel

10

-80

-60

-40 -20 0 20 40

Frequency (kHz)

60

80

100




Figure 2: PSK uplink sub-channels using 1.875 kHz symbol rate, 2.5 kHz spacing

In the design in section 7.3 of [2], sub-channel bonding is used to provide higher uplink data rates for UEs that have sufficient link budget to benefit from a wider transmission bandwidth. It should be noted that a sub-channel bonding factor of 2 on top of 1.875kHz sub-channel symbol rate gives the 3.75 kHz sub-channel symbol rate (and also 2.5kHz to 5kHz sub-channel spacing). Furthermore, the maximum supported sub-channel bonding factor is increased by a factor of two such that the maximum transmission bandwidth (and so the maximum uplink data rate from a given UE) is matches the values described in 7.3. 
Figure 3 shows an example of the uplink sub-channel bonding using GMSK modulation. As can be seen, the bonded sub-channels are modulated as a single carrier but operate with a higher symbol rate (the total power for the bonded sub-channels is the same as for the unbonded sub-channels in this illustration). Therefore, sub-channel 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 3: GMSK uplink sub-channels using sub-channel bonding

Figure 4 shows an example of the uplink sub-channels using PSK modulation when using sub-channel bonding for some UEs (the total power for the bonded sub-channels is the same as for the unbonded sub-channels in this illustration).
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Figure 4: PSK uplink sub-channels using sub-channel bonding
Observation #3: A sub-channel bonding factor of 2k (k = 1 to N) from a 2.5kHz sub-channel spacing provides an identical transmission waveform to a bonding factor of 2k-1 with a 5kHz sub-channel spacing. 

Observation #4: The maximum uplink data rate from a given UE is unchanged, because the maximum sub-channel bonding factor is increased by a factor of two.

Observation #5: There is no impact on UE transmitter complexity since a reduction in the minimum transmission bandwidth from a UE is not expected to impact the transmitter architecture. 
Observation #6: There is no impact on the UE transmitter energy efficiency since the PAPR of the UE transmission is independent of the transmission bandwidth when using FDMA (the PAPR for FDMA depends only on the underlying choice of modulation since higher data rates are achieved simply by scaling the symbol rate). 
3 Further reduction of guard band

In [2], the guard band for FDMA based uplink is 1.25 kHz, which is 25% of the 5 kHz sub-channel spacing. With the smaller sub-channel spacing used here, the guard band of 0.625 kHz is also 25% of the 2.5kHz sub-channel spacing. This is coincidental to the pulse-shaping filter used, and other filter designs may be able to reduce the guard band overhead, for PSK modulations as well as GMSK.
4 Conclusion

In this contribution, an updated baseline sub-channel symbol rate and spacing is introduced for the FDMA, in which these baseline values have simply been reduced by a factor of two. The baseline sub-channel spacing of 2.5 kHz is now aligned with the alternative SC-FDMA uplink design, which is helpful for making more meaningful performance comparisons of FDMA vs SC-FDMA. Alternatively, the SC-FDMA channel spacing could have been increased, but it was anticipated that there would be far fewer comparable results. 
The following observations have been made:
Observation #1: Reducing the baseline sub-channel symbol rate for the FDMA uplink from 3.75 kHz to 1.875 kHz and reducing the baseline sub-channel spacing from 5 kHz to 2.5 kHz increases the number of uplink sub-channels (when using no sub-channel bonding) from 36 to 72. This increases uplink capacity when a significant proportion of UEs have very high coupling loss. 

Observation #2: The modulation modes and pulse shaping parameters are as in section 7.3 of 3GPP TR 45.820. 

Observation #3: A sub-channel bonding factor of 2k (k = 1 to N) from a 2.5kHz sub-channel spacing provides an identical transmission waveform to a bonding factor of 2k-1 with a 5kHz sub-channel spacing. 

Observation #4: The maximum uplink data rate from a given UE is unchanged, because the maximum sub-channel bonding factor is increased by a factor of two.

Observation #5: There is no impact on UE transmitter complexity since a reduction in the minimum transmission bandwidth from a UE is not expected to impact the transmitter architecture. 

Observation #6: There is no impact on the UE transmitter energy efficiency since the PAPR of the UE transmission is independent of the transmission bandwidth when using FDMA (the PAPR for FDMA depends only on the underlying choice of modulation since higher data rates are achieved simply by scaling the symbol rate). 
Link level and system level simulation results are provided in separate contributions.  
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