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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]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 with GMSK modulation (as described in 3GPP TR 45.820 section 7.3)” option. It should be noted that 3GPP TR 45.820 section 7.3 proposes two modulation classes based on FDMA: a mandatory class using GMSK and an optional class using PSK with root-raised cosine pulse shaping. Both modulation classes are considered in this document.

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 uplink are:
· Mandatory modulation mode is constant envelope (truly 0 dB PAPR), including when scaled to higher data rates, allowing very high energy efficiency for the transmitter.
· Modulation has a very well-behaved spectrum, with very low side-lobes, allowing use in all operation modes (in-band, guard-band and standalone) due to minimal energy leakage into adjacent carriers such as LTE PRBs.
· Modulation is both narrowband and continuous phase to support very low complexity, energy efficient transmitter architectures.
· Same modulation is used for all uplink channels, with RACH transmissions being modulated as PUSCH transmissionsand thus being also narrowband and constant envelope, so does not impose any additional requirements on the transmitter architecture.
· 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 that are demonstrated in this submission are:
1. Ultra-low cost UE implementation
· Simplified on-chip UE transmit architecture, feasible integration of a 23 dBm power amplifier, and simplified, lower loss RF filtering.
· Based on well-established “text-book” techniques, used in many existing systems over decades (including competing IoT communications systems). 
2. High UE energy efficiency
· Due to constant envelope modulation (including RACH transmission) and simple transmitter implementation.
3. 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 the mandatory, constant envelope modulation mode (GMSK) and that the uplink is configured for reuse-1/3. 
4. 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.
· The proposed uplink is compatible with software update of LTE base stations [5].
The structure of the paper is as follows. Section 2 describes the benefits of GMSK and pulse-shaped PSK modulation for ultra-low cost, energy efficient NB-IoT devices. Section 3 describes the benefits of FDMA for a robust uplink for ultra-low cost NB-IoT devices. Section 4 summarizes the key conclusions. 
2. GMSK/PSK uplink for ultra-low cost, energy efficient NB-IoT devices
2.1 Background
The proposed uplink design, see section 7.3 of [2] for more details, uses two classes of modulation, which can be mixed within the same FDMA framework (as will be discussed in section 3):
· Class 1 [mandatory]: 	GMSK using BT = 0.3
· Class 2 [optional]: 	PSK (BPSK/QPSK/8PSK) with RRC pulse shape, roll-off = 0.3
For both modulation classes, the base symbol rate is 1.875 kHz but with support for sub-channel bonding in which the symbol rate is increased by a factor N to 1.875xN kHz, where N = 2, 4 or 8. 

GMSK was selected in order to support ultra-low device cost, whilst also providing very robust performance and high energy efficiency. It was not selected due to any particular relationship with GSM or GERAN. 

In fact, GMSK and similar single-carrier, constant envelope, continuous phase modulation schemes are very widely used in non-cellular ultra-low cost communication devices. Examples of systems that use such modulations in an FDMA framework include: Bluetooth Smart, Zigbee, SigFox, LoRA, and many proprietary systems designed to operate in licensed-exempt bands. Common to all these systems is the requirement for ultra-low cost devices, much lower than existing cellular standards including legacy GPRS, in order to enable the widest range of IoT or M2M applications. 

It should be noted that in 3GPP TR 45.820 section 7.3.6.2 [2], it was shown that the required system capacity (52k devices per cell sector) is achieved just using the mandatory GMSK modulation class for all devices, even with a conservative frequency reuse of 1/3 (i.e. only 1/3 of uplink sub-channels allocated to each sector).
2.2 [bookmark: _Ref430795387]Benefits of GMSK modulation 
GMSK modulation is proposed as the mandatory modulation class, since it provides the lowest complexity device implementation. The base symbol rate is 1.875 kHz, but increased data rates are supported by using sub-channel bonding in which the symbol rate is increased while maintaining the single carrier property. This is illustrated in Figure 1 which shows the GMSK spectrum for bonding factors of 1, 2, 4 and 8 (in this illustration, the total power is constant for each bonding factor).
[image: ]
[bookmark: _Ref430705121]Figure 1: GMSK spectrum for bonding factors of 1, 2, 4 and 8

The reasons that GMSK is very attractive for ultra-low cost devices are as follows:
· GMSK is a very well established “text-book” modulation scheme
· This is an important consideration for ultra-low cost devices.
· GMSK is a constant envelope modulation scheme
· GMSK is an inherently constant envelope waveform, while also achieving very low spectral side-lobes, which is a very attractive combination of properties. In contrast, waveforms that are constant envelope but have high sidelobes before band-limiting will lose their constant envelope property after band-limiting; for example, this applies to rectangular pulse-shaped PSK (e.g. the special case of SC-FDMA with a single active subcarrier).
· Allows power amplifiers to be operated in saturation with very high efficiency, which is very important for energy efficiency and so battery life.
· The output spectrum from a PA operating in saturation does not suffer from spectral regrowth, so it is much easier to meet a tight spectral mask. Distortion products are produced at harmonics of the carrier frequency, but these are easily removed by harmonic filtering, with low insertion loss since the frequency separation compared with the carrier frequency is large.
· GMSK is a continuous phase modulation scheme, suitable for very low complexity and efficient transmitter architectures
· A typical approach is to inject the phase modulation into the feedback divider of the local oscillator, using a delta-sigma modulator (a purely digital circuit). The local oscillator output provides the input to the power amplifier (no mixers are required). 
· Avoids the current consumption and silicon area of DACs, reconstruction filters and mixers that are required in a Cartesian modulator.
· Avoids spectral distortions due to image and carrier leakage that are inherent in Cartesian modulators.
· Avoids RF pulling of the VCO because the frequency of the RF output signal is directly related to the frequency of the VCO, since both contain the phase modulation.
· Cartesian modulators can also be used, if preferred, but will incur an overhead in terms of silicon area and current consumption, and will make integration of the PA much more challenging.
· GMSK has a very well-behaved spectrum, with very low side-lobes, so is suitable for all deployment scenarios: in-band, guard-band and standalone
· Low side-lobes minimise energy leakage into adjacent carriers, such as LTE PRBs.
· Also makes it attractive for use in FDMA systems since it provides very low adjacent channel leakage, based on a suitable choice of symbol rate and sub-channel spacing.
· Assuming a 1.875 kHz symbol rate and 2.5 kHz sub-channel spacing, the energy leakage from the ideal GMSK signal into the adjacent 2.5 kHz channel is less than -40 dBc. More details are provided in section 3.5.
· GMSK allows much easier integration of a 23 dBm (or more, to allow for external losses) power amplifier onto the SoC silicon
· The ability to operate the PA completely in saturation means that wasted energy dissipated as heat is minimised, which simplifies the design and also reduces the cost of packaging for heat management. This is very important in the context of IoT modules which may have a very small form factor.
· By injecting the phase modulation directly into the PLL (by exploiting the continuous phase and constant envelope properties), the instantaneous VCO frequency is an integer multiple of the RF output frequency from the PA. This avoids RF pulling of the VCO which otherwise would be a major challenge when integrating a high power PA.
· GMSK demodulation is straightforward, with similar complexity to pulse-shaped BPSK
· Due to the relatively narrow bandwidth of the signal, a Viterbi equaliser (as typically used in GSM receivers) is not needed because each sub-channel undergoes approximately flat fading. 
· Instead, a matched filter (defined by the principal component of the Laurent decomposition of the GMSK signal) can be used to transpose the GMSK signal into a Cartesian constellation, and then similar demodulation is used as for a PSK signal. More details are provided in section 2.4.
· Channel tracking can be performed using inserted pilot symbols in the same manner as for an OFDMA or SC-FDMA system. The pilot symbols are impacted by inter-symbol interference, but this can be addressed with a suitable pilot symbol design, see section 7.3 of [2].
· GMSK demodulation performance is very close to BPSK
· The Eb/N0 performance using the low complexity demodulation algorithm described in section 2.4 is only about 0.15 dB higher than BPSK, yet provides the implementation benefits listed above. 
· See section 2.5 for simulation results.
· GMSK can be used for both RACH transmission and PUSCH
· This is because a narrowband RACH transmission can be used, since the FDMA uplink is insensitive to timing accuracy with regard to inter-user interference. 
· Therefore, both RACH transmissions and PUSCH can share the same desirable properties for low cost and energy efficient transmitter implementation. 
· In contrast, a wideband PRACH is required for an SC-FDMA uplink, which can be the limiting factor on the transmitter architecture and so is undesirable [5]. 
2.3 Benefits of optional PSK modulation 
For some IoT applications, it may be useful to support a higher maximum data rate for devices that have relatively good coupling loss. This can be achieved by introducing PSK modulation as an optional modulation class. Particularly of interest are π/4-QPSK and π/8-8PSK, which provide an increase in data rate by a factor of x2 and x3, respectively, compared with GMSK for the same symbol rate. An increase in spectral efficiency is also achieved.

Root-raised cosine (RRC) pulse shaping with roll-off factor 0.3 is used to provide a well-defined bandwidth. For a symbol rate of 3.75 kHz, the ideal spectrum of the RRC filtered PSK sub-channel is fully contained within a bandwidth of 1.3x3.75 = 4.875 kHz. Therefore, this modulation can be used within an FDMA framework with a sub-channel spacing of 5 kHz without leakage of energy between sub-channels (assuming no spectral distortions). Similarly, it is suitable for all operation modes: in-band, guard-band and standalone, since the energy leakage into adjacent carriers is very low.

Increased data rates can be achieved either by increasing the modulation order, or by using sub-channel bonding in which the symbol rate is increased (while maintaining the single-carrier property), or a combination of both. This is shown in Figure 2 which shows the PSK spectrum for bonding factors of 1, 2, 4 and 8 (in this illustration, the total power is constant for each bonding factor).
[image: ]
[bookmark: _Ref430705450]Figure 2: PSK spectrum for bonding factors of 1, 2,  and 8

The benefits of the optional extension to single-carrier PSK modulation are as follows: 
· Single-carrier, RRC filtered PSK modulation has relatively low PAPR
· PAPR is 2.0 dB for π/2-BPSK, 3.7 dB for π/4-QPSK and 4.2 dB for π/8-8PSK, based on the proposed RRC roll-off factor of 0.3.
· This is lower than the PAPR of SC-FDMA with multiple subcarriers having the same underlying modulation.
· Single-carrier PSK data rate can be scaled simply by increasing the symbol rate
· The single-carrier property is maintained within the larger bandwidth, so the PAPR of the modulation is not increased, unlike multiple-carrier waveforms such as SC-FDMA.
· RRC filtered PSK is continuous phase, so is suitable for very low complexity and efficient transmitter architectures
· The phase modulation can be injected into the transmitter in the same manner as for GMSK.
· The amplitude modulation (due to the non-zero PAPR) can be injected at the power amplifier, retaining many of the benefits of the transmitter architecture that may be used for GMSK, but with some additional complexity. In this case, the transmitter architecture becomes a polar modulator.
· Cartesian modulators can also be used, if preferred, but will incur an overhead in terms of silicon area and current consumption, and will make integration of the PA more challenging.
· RRC filtered PSK has a very well-behaved spectrum, with low side-lobes (no side-lobes for the ideal waveform), so is suitable for all deployment scenarios: in-band, guard-band and standalone
· Low side-lobes minimise energy leakage into adjacent carriers, such as LTE PRBs.
· PSK demodulation is straightforward
· Pilot symbols are inserted for channel phase/amplitude tracking, and a trivial single-tap equaliser can be used due to the relatively narrow bandwidth (same principle as OFDMA receivers).
2.4 [bookmark: _Ref430770939]GMSK receiver complexity
Due to the flat channel fading in a narrow bandwidth, complex equalisers are not required to receive GMSK (unlike for GSM). Instead, a single tap equalizer can be applied in the same way as for a narrowband PSK/QAM signal such as an OFDM subcarrier. The receiver chain can be described as follows:
1. Apply a filter matched to the principle component of the Laurent decomposition of the GMSK signal. Since the matched filter response is not Nyquist, there is some inter-symbol interference.
2. Remove a π/2 phase rotation from the signal.
3. Approximate the matched response as the filter [j/2 1 –j/2]. In ideal conditions, this approximation results in the inter-symbol interference existing solely on the imaginary axis and the data solely on the real axis, as shown in Figure 3.
4. Perform single tap equalization on the signal, either by correcting for the estimated phase in the case of no repetitions or by multiplying by the complex conjugate of the channel estimate for maximal ratio combining over repetitions.
5. Take the real part of the signal and use this as soft information for the Turbo decoder.
The proposed method results in only a small reduction in AWGN performance compared with BPSK due to the reduced Hamming distance between constellation points. For Turbo decoding, this drop is of the order of 0.15 dB = 10.log10(0.965), where 0.965 is the mean of the absolute value of the real part of the signal.

Figure 3 shows the ideal constellation derived from step (3) of the receiver processing chain described above. The real axis corresponds to the data symbols, while the imaginary axis corresponds to the inter-symbol interference due to the non-Nyquist Gaussian pulse shaping. The larger offsets on the imaginary axis are a result of inter-symbol interference from first-adjacent symbols, while the smaller offsets within each cluster are a result of the second-adjacent symbols. It can be seen that this constellation can be readily decoded in a similar manner to a BPSK constellation.  
[image: ]
[bookmark: _Ref430794499]Figure 3: Ideal constellation derived from narrowband GMSK using Laurent decomposition
Pilot symbols are inserted into the symbol stream at the transmitter. These pilots allow channel tracking in a very similar way to an OFDMA system. The exact construction of the pilot groups is described in section 7.3 of [2].
2.5 [bookmark: _Ref430976166]GMSK receiver performance
The GMSK receiver performance can be found in [6].

3. Summary of benefits of GMSK/PSK
We have discussed the benefits and performance of GMSK/PSK modulation in an FDMA framework for the NB-IoT uplink are discussed. The key benefits are as follows:

1. Ultra-low cost UE implementation
· Simplified on-chip UE transmit architecture, feasible integration of a 23 dBm power amplifier, and simplified, lower loss RF filtering.
· Based on well-established “text-book” techniques, used in many existing systems over decades (including competing IoT communications systems). 
2. High UE energy efficiency
· Due to constant envelope modulation (including RACH transmissions) and simple transmitter implementation.
3. 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 the mandatory, constant envelope modulation mode (GMSK) and that the uplink is configured for reuse-1/3. 
4. 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.
· The proposed uplink is compatible with software update of LTE base stations.
4. Conclusion
In this paper, we have presented an analysis of the benefits of GMSK/PSK modulation, with some comparison to SC-FDMA. We make the following observations:

Observation 1: GMSK+FDMA has a truly 0 dB PAPR, for any channel bonding factor
Observation 2: PSK+FDMA has a low PAPR even with large channel bonding factors
Observation 3: GMSK and PSK can both be transmitted using a polar modulator, or a more-complex Cartesian modulator if preferred.
Observation 4: GMSK can be used to modulate RACH transmissions in the same way as NB-PUSCH transmissions, meaning no need for a new NB-PRACH design. 
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