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Introduction
This proposal for a clean-slate physical layer for the IoT devices in the cellular bands is driven by Semtech’s experience of the low power sensors requirements and aims to:
· Propose a very low power, simple and spectrally efficient communication channel for physically very small, low cost, battery operated objects. 
· Allow a precise positioning of stationary or fast moving objects by the network infrastructure for asset tracking or other applications that require location information.
The first goal is reached by using narrow to ultra-narrow band uplink and downlink channelization with asynchronous access.
Positioning is achieved using a CSS (Chirp Spread Spectrum) modulation for both uplink and downlink. This modulation allows data communication and positioning from deep indoor to fast moving outdoor devices, at the cost of a lower spectral efficiency compared to the narrow band alternative.
The two physical layers can operate simultaneously either in separate blocks of the spectrum or in the same block using Time Division. Mobile devices should be capable of both modes of operations. The selection of the physical layer (narrow-band or CSS spread spectrum) is application driven. Static end-devices generating a lot of data to be transmitted should use the narrow-band PHY layer; more mobile devices with positioning requirement should use the CSS PHY layer. A device may switch from one to the other as often as required.

Narrow band access key features
The narrow band communication system described in this proposal targets any FDD system. The physical layer is organized to fit in at least a 200kHz uplink band and 200kHz downlink. 
Based on the very specific power constraints of new IoT devices and given that a huge percentage of the applications imply ultra-low power mobile devices, a frequency re-use of 1 is proposed to totally remove hand-over overhead for the simplest device. All BTS may be configured to demodulate the complete set of sub-channels. A mobile device hence does not have to manage hand-over when changing cell. Inter cell cooperative demodulation is also an enhancement possible given the very narrow bandwidth of the signals to process.
This can be a decommissioned GSM channel or any currently unoccupied spectrum in the licensed band owned by the operators. The preferred band of operation is the 700 to 950MHz band as it simultaneously exhibits:
· Good indoor penetration
· Very good propagation
· Small antennas for size constrained objects.
The proposed narrow band approach achieves 20dB improvement in link budget compared to GSM using only 17dBm (50mW) RF output power from the MS at 122bits/sec in a 1T1R configuration. When the path loss allows it the MS data rate can be in increased up to 7.8kbits/sec
The narrow band uplink and downlink channels are arranged to minimize the spectral leakage into the adjacent cellular channels. 
A spread spectrum beacon is constantly broadcasted on the same spectrum block than the narrow band downlink channels to allow very fast and robust frequency acquisition and alignment of the MS. 
The low RF output power allows a fully integrated transceiver to be used in the MS (including the power amplifier and antenna switch). It also allows the use of small and low cost batteries that can only handle very low peak currents.
 
Narrow-band Uplink
The proposed 200kHz uplink narrow-band FDMA system could be organized into 72 uplink sub-channels as follow:
	nb channels
	Channel BW (Hz)
	 
	Symbol rate

	
	
	
	

	32
	400
	
	244.1

	16
	800
	
	488.3

	8
	1600
	
	976.6

	4
	3200
	
	1953.1

	4
	6400
	
	3906.3

	8
	12800
	
	7812.5

	
	
	
	

	Total uplink spectrum (Hz)
	179200
	



The number of channels per bandwidth is selected based on our experience of typical link margin spread in M2M deployments. The repartition can off course be changed freely as long as the total spectrum usage stays < 180kHz and the widest channels are kept in the center to minimize spectral leakage.
A guard band is allowed on each side to guarantee coexistence with the adjacent cellular uplinks.
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Additionally the narrowest channels are placed on each side and the widest channels in the center so as to minimize spectral leakage as illustrated in the following plot showing the left first 16 400Hz channels followed by the first 2 800Hz channels..

[image: ]
All uplink channels are GMSK modulated with a BT product of 0.3 like GSM. The symbol rate of each channel is equal to the channel bandwidth multiplied by 0,61. This allows better than 80dB channel to adjacent channel rejection and hence allows removing completely any form of a real time power control loop.  It also allows simple derivation of all the required clocks from a 32Mhz XTAL. 
A slow data rate adaptation and/or power control system of the MS is off course beneficial for the overall network capacity.
The error correction code used is a convolutional code with a rate of 1, ¾ or ½. The ¾ rate is obtained by puncturing the ½ rate.
Except for the preamble portion of the uplink frames, all symbols carry data, there are no pilot symbols. The symbols are mapped onto the GMSK modulator such that the GMSK can be treated as two interleaved BPSK modulations. The exact modulation performance is given in the companion document “physical layer capacity simulation” chapter of this document.

Narrow-band Downlink
The downlink 200kHz block is organized similarly to the uplink except the narrowest channel bandwidth used is 3200Hz .
	nb channels
	Channel BW
	 
	Symbol rate

	
	
	
	

	16
	3200
	
	1953.1

	4
	6400
	
	3906.3

	8
	12800
	
	7812.5

	
	
	
	

	Total downlink spectrum 
	179200
	Hz



The downlink also features an overlaid spread-spectrum beacon for fast MS frequency and timing acquisition. The same modulation and coding scheme is used for the uplink and downlink narrow-band sub-channels.
The beacon’s 3dB bandwidth is 125kHz centered in the middle of the 200kHz downlink block.
The transmit power of this beacon is set to be 7dB under the maximum aggregated downlink power of the overlaid sub-channels using the same spectrum. This beacon can be demodulated by the MS with BLER < 1% for an SINR of -9.5dB, hence with a 2.5dB margin in case all overlaid downlink sub-channel are being transmitted simultaneously.
For the downlink the widest channels are placed on each side as they exhibit the lowest power spectral density and the dominant out-of-spectral leakage mechanism it expected to be the BTS power amplifier non-linearity. 
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Beacon
The beacon is transmitted using the CSS modulation with a spreading factor of 128  (SF7)  or 512 (SF9) and 125kHz bandwidth. The spreading factor choice provides a possible trade-off between downlink beacon maximum coupling loss and beacon acquisition time (hence energy consumption of the end-device)
The companion document on capacity and coupling loss gives the details of the downlink beacon maximum coupling loss and associated period. Coupling loss well in excess of GSM+20dB is achievable. This might be of interest for small end-devices which cannot implement antenna diversity and might therefore experience deep fading in the downlink spectrum block.



	Transmitter
	Beacon downlink SF9
	Beacon downlink SF7

	
	
	

	Maximum coupling loss (MCL)                                        
	170.5dB
	162.5dB

	
	
	

	Beacon period (30 bytes)
	230mSec
	72mSec



The beacon allows the end-device to estimate its frequency error with an accuracy of +/- 122Hz at the carrier frequency, (id 0.13 ppm at 900MHz for example) in 200mSec. The device XTAL tolerance to instantly acquire the beacon is +/- 30ppm which is the stability achieved by all mass produced XTALs including production variability, temperature and aging. The spread-spectrum beacon also allows ultra-low cost MEMs based time references with +/-200ppm tolerance, in this case a sequential search will have to be performed the first time. The subsequent aging and temperature drift will be in the +/-30ppm range and are tolerated by the beacon demodulation.
This use of the beacon allows an efficient uplink FDMA access even with ultra-narrow band sub-channels.
The beacon can also carry timing information to enable MS synchronous downlink reception or downlink multicast. The beacon is sent synchronously by all the BTS participating in the network, the required timing alignment between BTS is +/-1uSec. 



Spread-spectrum uplink & downlink
In parallel with the narrow-band physical layer, a spread-spectrum PHY layer is proposed in a separate 200kHz FDD spectrum block to achieve the following:
· Data communication with fast moving nodes
· Positioning of static  and mobile nodes
Chirp Spread Spectrum is used both on the uplink and downlink. The reasons for this choice are:
· A sensitivity of -142dBm with single receive and single transmit on the BTS side and -138dBm on the MS side. The CSS modulation has a very good Eb/No efficiency for short packets.
· Constant envelope on transmit side, also for low power
· Low complexity and power consumption of the MS receiver, in particular for frequency synchronization. The complete modulator/demodulator hardware implementation represents less than 150kGates
· Very good performance in high velocity mobile channel, because reception is coherent at the symbol level, but non coherent over the frame duration.
· Positioning capability: all uplink transmissions can be located if they can be received by multiple BTS, through Time Difference Of Arrival (TDOA) principles. The measured accuracy is between 10 and 100 meters, depending on propagation conditions and reception spatial diversity. 
The network deployment uses a frequency reuse of 1. All uplink (resp downlink) transmissions use the same uplink (resp downlink) 200kHz block. If several 200kHz channels are available, different rates are assigned to different channels to maximize the overall capacity.
The CSS spectral power density fits with margin in the GSM spectral mask.
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Figure 2 : CSS spectrum
Simultaneous uplink using different spreading factors can be demodulated simultaneously by the BTS given the required SNIR conditions are met. Different spreading factors are mutually noise-like. No synchronization whatsoever is required between MS uplinks.
Spread-spectrum modulation details
Spreading factors (SF) from 32 to 4096 are defined. The chip rate is 125Ksps. For each spreading factor, two spreading codes are defined, up chirp and down chirp. The mathematical definition of these waveforms is:  
s(t) =  with 
 where SF = 5..12 is the log2 of spreading factor, and BW is the spreading bandwidth used.
There is no zero padding nor cyclic prefix. 
The modulation relies on cyclic shifts of a base chirp, which can encode SF bits. The phase of this symbol does not carry information. This modulation scheme can be seen as orthogonal sequences modulation: one sequence amongst 2^SF possible is chosen and transmitted. 
The symbol durations, and raw data rate before FEC are the following:
 
	SF
	5
	6
	7
	8
	9
	10
	11
	12

	symbol length
	256us
	512us
	1ms
	2ms
	4ms
	8ms
	16ms
	32ms

	Uncoded rate, bps
	19500
	11700
	6800
	3900
	2200
	1200
	670
	360



The frame structure used is the following, where each rectangle represents a symbol.
[image: ]
Figure 3 : CSS radio frame structure

Forward error correction
A very simple scheme is proposed, to allow a very simple receiver implementation. For the header, a (8,4) hamming code with parity bit is used, along with diagonal interleaving, over 8 coded symbols. For the payload, the same scheme can be used, but higher rates are preferred, for instance the (5,4) parity code. The SNR performance of the overall scheme are given below, for a 20bytes data frames at 10% PER. The sensitivity for a single receive antenna is also shown, assuming a noise figure of 5dB. 
	 SF
	5
	6
	7
	8
	9
	10
	11
	12

	Info rate
	15600
	9400
	5500
	3100
	1800
	1000
	530
	290

	Required SINR
	-4.5dB
	-7dB
	-9.5dB
	-12dB
	-14.5dB
	-17dB
	-19.5dB
	-22dB

	Sensitivity (dBm)
	-122.5
	-125
	-127.5
	-130
	-132.5
	-135
	-137.5
	-140



The different spreading sequences are mutually noise like without any timing synchronization.

Positioning principle


Figure 4 : positioning principle
The fine time stamping is performed over the preamble part of the frame only. A very fine frequency error estimation is required, which is enough to estimate the Doppler speed. Gathering this frequency offset estimation from several stations allows to estimate the velocity and heading of the device. The TDOA solver takes as input for each receiving antenna (and each polarization): precise time of arrival, RSSI, estimated frequency error, and sector information. The accuracy is mainly limited by multi-path and is between 10m to 100m. Outdoor accuracy is better than indoor.  As soon as signal level is 10dB above demodulation threshold, the timestamp accuracy is driven by the multipath impairments, and GPS timing reference accuracy. In direct line of sight, the timestamp accuracy measured is around 35ns RMS for a single measurement that corresponds to 3 meters RMS positioning accuracy. Averaging over several transmissions can further improve this measurement. Frequency hopping between several 200kHz channels also improves performance by bringing channel diversity.
This positioning system does NOT require any downlink.  

End-device implementation
If the maximum output power of the UE device is <= 20dBm the solution can be fully integrated in a single chip including the protocol stack and a simple user application.
The UE then consists of the SOC, a low cost XTAL, a 32kHz watch crystal for time keeping, an optional SAW filter on the receiver path, an optional antenna switch (only required if the design includes a SAW filter)
An existing radio transceiver integrating the entire physical layer presented in this proposal (both CSS spread-spectrum and narrow band GMSK, for both uplink and downlink) and uses 5mm2 in 90nm CMOS technology. The cost of this device is <$1.
The UE key features are summarized in the following table. The current consumptions are independent of the modulation (CSS or narrow band GMSK):
	Frequency of operation (*)
	150MHz to 1GHz

	TX current from battery @ 10dBm
	18mA

	TX current from battery @ 14dBm
	30mA

	TX current from battery @ 20dBm
	85mA

	RX current in CSS or GMSK  mode
	5.5mA

	Sleep with RTC on and memory retention
	1.5uA

	Sleep without RTC and memory retention (asynchronous access only)
	500nA


Table 1 : end-device parameters
(*) the antenna matching is band specific
Battery life
All scenarios include a constant 1.5uA platform leakage.
The main contributor to determine the battery life will be the complexity of the channel access protocol and in particular whether the device can perform asynchronous random uplinks or if all transactions have to be scheduled. The numbers given here assume a short beacon acquisition to perform frequency alignment followed by a non-scheduled uplink and an acknowledge reception.
The following table gives the required battery capacity for an hourly 100bytes uplink and an operating life of 10years.
	
	Mode
	Coupling loss
	Battery cap

	CSS 290bit/sec @ 20dBm
	160dB
	6.3 A/h (*)

	CSS 5.5kbit/sec @ 20dBm
	147dB
	480mA/h (*)

	GMSK 100bit/sec @ 20dBm
	163dB
	18 A/h  (*)

	GMSK 3.9kbit/sec @ 20dBm
	147dB
	620mA/h (*)

	GMSK 3.9kbit/sec @ 14dBm
	141dB
	320mA/h (**)

	GMSK 3.9kbit/sec @ 14dBm no RTC
	141dB
	230mA/h 



Table 2 : Hourly 100 bytes uplink + acknowledge

(*) 10 years of operation requires a very specific low self-discharge battery chemistry which are NOT compatible with the current pulses required by the +20dBm transmission.  For +20dBm operation, a super-cap or HLC cell is required in parallel with the battery.  The operation at +14dBm is possible without parallel element and enables lower cost for the UE. 
(**) for that scenario the platform RTC current and leakage start to contribute significantly. The same scenario without RTC supposing totally asynchronous access is also given for information 
The following table gives the required battery capacity for positioning operation. In that case the payload to be transported is supposed to be 10 bytes as the main information expected is the position of the device. The device operates at +14dBm as positioning in the 5% most difficult deep indoor situation is not representative of the majority of applications.
	Mode
	Coupling loss
	Battery cap
	

	CSS 290bit/sec @ 14dBm
	154dB
	450 mA/h 
	Indoor positioning

	CSS 5.5kbit/sec @ 14dBm with RTC (*)
	141dB
	<150mA/h 
	Outdoor fast moving positioning

	CSS 5.5kbit/sec @ 14dBm without RTC
	141dB
	<100mA/h 
	Outdoor fast moving positioning



Table 3 : Hourly 10 bytes uplink + positioning + acknowledge
(*) for that mode the platform leakage of 1.5uA becomes dominant. Removing the 32kHz RTC lowers this current by 1uA and nearly halves the current consumption. This is of course only relevant if the platform micro-controller and associated memory leakage is kept to a minimum. The assumption here is an ARM M0 core with 128kByte Flash.




	Summary
[bookmark: _GoBack]This physical layer proposal allows:
· A spectrally efficient narrow-band ultra-low power communication channel with >162dB coupling loss and fast beacon acquisition. 
· A spread-spectrum, fast-fading resistant, mobile end-device positioning with >160dB coupling loss.
· The connection of extremely low power objects powered by <500mA/h batteries
This is achieved through the use of two combined physical layers each operating in a GSM like 200 kHz FDD blocks of spectrum. Multiple blocks can be used for increased capacity.
With GSM like coverage a single chip device can report 100 bytes every hour during 10 years using less than 200mA/h from a Lithium primary cell with a peak current < 35mA. This is only possible under the assumption that a very simple asynchronous access protocol is allowed that doesn’t require complex scheduling.
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