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Outline proposal for “clean-slate” physical layer for IoT
Introduction
Recent studies [1] have highlighted that there is an attractive opportunity for Mobile Network Operators to exploit the emerging IoT market. A particular area of interest is support for low cost, low throughput IoT applications, since these are projected to be the most substantial segment by volume.  At GERAN#62, a new SI [2] was approved to study cellular support for this type of application. 
Cellular systems operating in licensed spectrum have some important potential advantages compared with alternative technologies. For example, they can re-use existing base station infrastructure and licensed spectrum. In principle, this should allow such systems to achieve a far better link budget, quality of service, scalability, and ease of deployment than systems that attempt to use licensed-exempt spectrum. 
However, the challenge facing a system that is designed to re-use existing cellular infrastructure and spectrum is that the nature and requirements of typical IoT applications are substantially different from the applications for which existing cellular systems were designed and optimized.  For example, the typical traffic model for low throughput devices requires the IoT network to support infrequent and small data transfers for each UE (for example, 20 to 100 bytes of application, once per hour or once every few hours). Furthermore, a competitive technology must achieve the following [1]:
· Much lower UE cost compared with GPRS (closer to Bluetooth Smart and Zigbee than current GPRS solutions).
· Considerably improved battery life compared with GPRS (many years, assuming reasonable traffic models).
· Greatly enhanced indoor coverage compared with GPRS (UEs can be deep indoors, they are often static in bad locations, and they may have rather poor antennas due to form-factor and cost constraints).
The likely consequence of not achieving these objectives is that the opportunity for Cellular systems to capture a substantial segment of the IoT market will be lost. This is because there are a variety of competing, non-cellular technologies being deployed or under development that may adequately achieve the needs of particular IoT applications. 
This is the reasoning that has led us to propose a “clean-slate” solution for Cellular IoT. The proposed system can be deployed using existing cellular infrastructure and using existing cellular spectrum, but is optimized for low throughput IoT. The objective is that it has clear competitive advantages compared with alternative technologies, such as Bluetooth Smart, Zigbee, WiFi and indeed proprietary WAN solutions, for many IoT applications.  
Key features
The key features of the clean-slate solution are summarized below, and then described in detail in the following sections of this paper and in the accompanying papers [3], [4] and [5].
· The IoT network can be deployed in a small bandwidth (200 kHz downlink, 200 kHz uplink)
· Offers a wide range of deployment options, including re-farming of a GSM carrier which is the focus of this paper
· Capacity for huge numbers of terminals per cell (tens of thousands)
· Modulation methods have been selected to minimize spectral leakage and therefore to mitigate coexistence issues with adjacent bands
· Optimized for ultra-low terminal cost (< $2 eBOM in 2016)
· Designed from the ground-up to deliver the required performance for IoT at very low cost
· Removes unnecessary complexity and legacy overhead
· Simple air-interface should avoid significant IPR licensing costs
· Optimized for very long terminal battery life (10 years feasible in many scenarios)
· Efficiently supports very low duty cycle modes
· Supports both scheduled and event driven traffic
· Single-carrier modulation allows high efficiency, high power transmitters
· Extended coverage compared with existing cellular (20 dB enhancement)
· Provides deep indoor penetration
· Very flexible trade-off between data rate and link budget
· Narrowband approach provides coverage enhancement without compromising uplink capacity
System bandwidth
The system is designed to be deployed in resource blocks of 200 kHz bandwidth. The minimum system bandwidth is a single resource block, and this provides substantial network capacity as will be shown in this paper. Additional resource blocks can be used to increase network capacity, and can have the additional benefit of providing frequency diversity if they are sufficiently separated in frequency.
This resource block bandwidth allows the system to be deployed by re-farming one or more GSM carriers, which is the focus of this paper. However, other deployment options are also available, such as deploying the system stand-alone in any suitable fragment of spectrum, or potentially within the guard-bands of another system (subject to ongoing study).
Downlink channelization
For the downlink, it is proposed that the 200 kHz resource block is sub-divided into multiple physical downlink channels, for example 12 channels, which occupy a total of 180 kHz, plus a 10 kHz guard band at each edge. This is illustrated in Figure 1. Each base station sector is allocated a number of downlink channels according to the frequency re-use strategy. Typically, a base station sector will be allocated 4 or more downlink channels. In addition, one pre-determined physical downlink channel is reserved for the BCCH logical channel, and this is shared between all base stations using code division techniques. There is no requirement for different base stations to be time aligned. 
The definition of the MAC layer is outside the scope of this paper, but the suggested architecture is that UEs requiring substantially different levels of coverage enhancement would be multiplexed onto different physical downlink channels. This allows higher data rate traffic to be carried on a physical channel that operates with relatively low latency (i.e. a shorter MAC frame duration), whilst lower data rate traffic is carried on a different physical channel that operates with higher latency. 
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[bookmark: _Ref392520738]Figure 1: Downlink channelization, assuming 12 physical channels
This approach to channelization of the downlink has several benefits compared with using a single physical downlink channel that occupies the entire resource block:
· An IoT network can be deployed using a total of only 200 kHz system bandwidth, since frequency re-use is incorporated within this system bandwidth by allocating subsets of downlink channels to neighboring base stations.
· Flexible and spectrally efficient frequency re-use is possible by appropriate selection of the frequency re-use factors according to the coverage enhancement associated with the traffic being carried on each channel.
· Receiver equalization is very simple for the UE, due to the channel bandwidth being lower than the coherence bandwidth of the propagation channel. This reduces UE complexity whilst making the system performance very robust to channels with large delay spreads (similar to OFDM, though with no requirement for an FFT).
· The individual pulse shaping of the modulation on each downlink channel means that there is no requirement to time-align base stations since ‘orthogonality’ is achieved by frequency separation.
· By allocating a single, deterministic physical channel to the BCCH logical channel, a UE can efficiently identify the presence of a Cellular IoT signal and find the strongest base station.
· Downlink control and traffic to UEs requiring different levels of coverage enhancement can be separated by physical downlink channel, which allows characteristics of the overall system, such as latency, to be optimized separately for each coverage class.
Some suggested parameters for the downlink channel configuration, modulation modes and coding are shown in Table 1.
	Parameter
	Suggested value

	Total occupied bandwidth
	180 kHz + 2 x 10 kHz guard

	Number of channels
	12

	Channel spacing
	15 kHz

	Symbol rate
	12 kHz

	Modulation
	BPSK, QPSK, 16QAM

	Pulse shaping
	Root-raised cosine, roll-off = 0.22

	Pilots
	Comb: 2-pilots, 8-data

	Spreading factors
	x1, x2, x4

	Repetition factors
	x1, x2, x4, x8

	Coding
	1/2, 3/4 rate convolutional


[bookmark: _Ref392607920]Table 1: Suggested downlink parameters
Some further explanation of these suggested parameters is as follows:
· Pilot symbols are inserted at regular intervals into the stream of data symbols, using 2 pilots for every 8 data symbols. This enables channel tracking and so coherent demodulation.
· Processing gain is achieved through a combination of symbol rate spreading and burst rate repetition. 
· Symbol rate spreading is applied to both pilot and data symbols, and uses conventional direct sequence spread spectrum techniques to increase the integration time per symbol. This technique gives very good processing gain against noise, but the maximum spreading factor is limited by the required channel tracking rate. 
· Burst rate repetition is used in addition to symbol rate spreading in order to maintain the required channel tracking rate; however, it gives reduced incremental processing gain against noise at higher repetition factors due to loss of channel tracking accuracy at low SNR.
· Coding is convolutional in order to reduce UE complexity.
Uplink channelization
For the uplink, it is proposed that the 200 kHz resource block is sub-divided into multiple physical uplink channels, for example 36 channels, which occupy a total of 180 kHz, plus a 10 kHz guard band at each edge. This is illustrated in Figure 2. Each base station sector can be allocated a subset of these physical channels, depending on the uplink frequency re-use strategy. Typically, a base station sector will be allocated 12 or more uplink channels. 
Note that the proposed system is half-duplex for the UE, which is achieved by appropriate MAC layer scheduling of resource by the base station.
[image: ]
[bookmark: _Ref392608135][bookmark: _Ref392608129]Figure 2: Uplink channelization, assuming 36 physical channels
This approach to channelization of the uplink has several benefits compared with using a single uplink channel that occupies the entire resource block:
· An IoT network can be deployed using a total of only 200 kHz system bandwidth, since frequency re-use is incorporated within this system bandwidth by allocating subsets of physical uplink channels to neighboring base stations.
· Capacity of the uplink is greatly increased through the use of frequency division multiple access (FDMA) which means that many UEs can transmit simultaneously. Uplink capacity is a key consideration in an IoT network because the majority of IoT applications are uplink centric in terms of their traffic profile.
· The individual pulse shaping of the modulation on each uplink channel means that there is no requirement to time-align UEs that may be transmitting simultaneously (since simultaneous transmissions from UEs are separated in frequency). Also, due to the long symbol duration relative to the maximum round-trip delay, there is no requirement for a timing-advance capability assuming a suitably defined MAC layer.
For UEs that have good link budget, it is beneficial to increase their uplink data rate in order to reduce the duration of their transmissions and so improve their power consumption (as an alternative to reducing their transmit power, which may degrade network capacity). This is achieved by bonding the uplink channels into wider bandwidth channels, as illustrated in Figure 3. A bonded channel is modulated as a single carrier, so the peak to average power ratio of the UE transmission is not increased.
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[bookmark: _Ref392609506]Figure 3: Use of bonded channels on the uplink, showing x2 and x4 bonding
The use of FDMA on the uplink to increase uplink capacity, through the use of narrow uplink channels, has some important benefits compared with using code division multiple access (CDMA) with wider channels:
· The narrow channels are individually modulated and pulse shaped with sufficient channel spacing that they are not significantly overlapping in frequency. This means that timing errors, frequency errors and time-varying propagation channels do not significantly erode orthogonality between different users.  
· In comparison, CDMA techniques rely on maintaining orthogonality between the different codes, whether the codes are applied at the symbol rate or the burst repetition rate. This orthogonality can be eroded due to many effects such as frequency errors, timing errors, and time-varying propagation channels. Once orthogonality has been eroded, the “near-far” problem becomes very significant.
· Consequently, the proposed system has no requirement for closed loop power control, whilst a CDMA based system is likely to require relatively accurate power control. This is an important performance consideration because closed loop power control is ill-suited to an IoT network given that the typical traffic is short and sporadic (in contrast with a voice or data streaming service). Furthermore, minimizing control traffic is crucial to meeting the power consumption targets.
Some suggested parameters for the uplink channel configuration, modulation modes and coding are shown in Table 2.
	Parameter
	Suggested value

	Total occupied bandwidth
	[bookmark: _GoBack]180 kHz + 2 x 10 kHz guard

	Number of channels
	36

	Channel spacing
	5 kHz (x bonding factor)

	Symbol rate
	3.75 kHz (x bonding factor)

	Modulation
	GMSK, BPSK, QPSK

	Pulse shaping
	GMSK: BT product = 0.3
B/QPSK: Root-raised cosine, roll-off = 0.4

	Pilots
	GMSK: Comb: 5-pilot, 10-data
B/QPSK: Comb: 2-pilots, 8-data

	Spreading factors
	x1

	Repetition factors
	x1, x2, x4

	Channel bonding factor
	x1, x2, x4, x8

	Coding
	1/3, 2/3 rate Turbo 


[bookmark: _Ref392610635]Table 2: Suggested parameters for uplink
Some further explanation of these suggested parameters is as follows:
· Both GMSK and PSK (BPSK and QPSK) modulation types are supported. GMSK has benefits in terms of higher transmit power amplifier efficiency, though has broader spectral skirts and reduced demodulation performance.
· Processing gain is achieved through burst rate repetition. 
· Channel bonding is available to increase the data rate for UEs that have adequate link budget.
· Pilot symbols are inserted at regular intervals into the stream of data symbols. This enables channel phase tracking and so coherent demodulation. For GMSK, the outer pilot symbols are discarded as these are affected by inter-symbol interference.
· Coding is turbo because this has only a small impact on UE modulator complexity, whilst giving improved decoder performance compared with convolutional coding. A similar turbo encoder structure to that used in LTE is assumed.
UE cost reductions
The overall UE solution cost is reduced with the proposed Cellular IoT solution as a result of the following system design choices:
· Removal of legacy support enables a clean system design and implementation for minimum cost, with unnecessary UE functionality removed since backwards compatibility is not needed.
· Compatible with highly integrated single-chip, RF/BB solution (though requiring an external FEM for higher transmit powers).
· Low channel bandwidths, and so low symbol rates, enable a software defined UE modem architecture (using a low cost, audio grade DSP processor), which reduces digital gate count and increases hardware re-use.
· Narrow downlink channel bandwidth allows very simple equalization at the UE receiver, because the channel bandwidth is below the coherence bandwidth of the propagation channel even for high delay spreads (similar to OFDM). 
· Narrow downlink channels also provide the opportunity to use low-IF receivers with less constrained choices of IF frequency and high/low-pass filtering responses compared with common GSM receiver architectures. This has the potential to simplify implementation and reduce cost.
· Narrow uplink channel bandwidth is well suited to low cost and power efficient polar modulator architectures.
· Uplink coverage enhancement techniques with high processing gain (based on narrowband modulation, spreading and repetition) may allow the UE transmit power to be reduced, and this can reduce overall solution costs due to:
· Ability to integrate the power amplifier for output power levels up to about +23 dBm.
· Reduced peak current draw which can enable the use of lower cost batteries.
· The coverage enhancement techniques can also allow the use of a lower cost, but lower gain, UE antenna.
· With appropriate system design and implementation, it should be possible to operate with a low cost XO rather than a TCXO.
· No diplexer is required, since the system is half-duplex for the UE.
A quantified analysis of the cost savings will be provided in a future paper.
Summary
An outline proposal for the physical layer of a “clean-slate” solution for Cellular IoT has been described. Suggestions for some of the key parameters of the physical layer have been provided. Furthermore, in the companion papers [3], [4] and [5] the impact on link budget, cell capacity, cell coverage, and power consumption has been studied. 
The clean-slate proposal offers some significant benefits:
· An IoT network can be deployed by re-farming a GSM carrier (200 kHz) in the downlink and uplink (or using other available spectrum of similar bandwidth) 
· It is optimized for ultra-low terminal module cost
· It is optimized for very long terminal battery life, including when coverage enhancement is required (10 years is feasible in many scenarios, based on a suitable MAC layer design)
· It provides extended coverage compared with existing cellular (20 dB enhancement)
These benefits are important in providing a solution that is competitive with alternative, non-cellular technologies. This paper and the companion papers [3], [4] and [5] have provided justifications for these benefits in terms of the physical layer. The MAC layer is also being studied, and is very important in achieving the overall requirements of the system, but is outside the scope of this paper. 
It is also noted that equivalent benefits may be rather hard to achieve through a more incremental evolution of existing cellular radio access technologies such as GPRS. This is because the requirements of IoT are so different from those of mobile broadband and voice for which these existing systems were originally designed and optimized. 
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Example of bonded uplink channels
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Downlink channels within one resource block
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