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Content
This document contains the capacity simulations and coupling loss calculation for the combined narrow-band and CSS physical layer proposal. The document also contains the Packet Error Rate curves of both the CSS and narrow-band GMSK modulations.


Link budget analysis: narrow band mode
The table below gives the calculation of the maximum coupling loss for the minimum bit rate of 100bit/sec 
The following parameters are used:
· 200 symbol/sec GMSK , BT=0.3 with ½ Viterbi coding
· 22 symbol preamble
· 20 bytes payload
· 1T1R for downlink , 1T1R for uplink
· Packet error rate : 10%
· 0.1ppm frequency drift during transmission
The table also gives the downlink beacon maximum coupling loss assuming SF7 (the fastest available beacon rate).




	Transmitter
	GMSK Uplink 122b/sec @ 20dBm
	GMSK Uplink 122b/sec @ 14dBm
	GMSK downlink 976b/sec
	Beacon downlink SF7

	(0) Total Tx power  (dBm)
	20.0
	14.0
	45.0
	45.0

	(1) Tx power per channel (dBm)
	20.0
	14.0
	31.0
	37.0

	Receiver
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174.0
	-174.0
	-174.0
	-174.0

	(3) Receiver noise figure (dB)
	5.0
	5.0
	7.0
	7.0

	(4) Interference margin (dB)
	0.0
	0.0
	0.0
	0.0

	(5) Occupied channel bandwidth (Hz)
	200.0
	200.0
	1600.0
	125000.0

	(6) Effective noise power                              = (2) + (3) + (4) + 10 log((5))  (dBm)
	-146.0
	-146.0
	-135.0
	-116.0

	
	
	
	
	

	(7) Required SINR (dB)
	2.0
	2.0
	3.0
	-9.5

	(8) Receiver sensitivity                                  = (6) + (7) (dBm)
	-144.0
	-144.0
	-132.0
	-125.5

	
	
	
	
	

	Maximum coupling loss (MCL)                                        = (1) – (8) (dB)
	164.0
	158.0
	163.0
	162.5




 (*) A 2dB improvement is expected on the uplink coupling loss if 1T2R is implemented.
Each time the data rate is doubled, it results in a 3dB degradation of the maximum coupling loss.

Downlink Beacon Link budget trade-off
The beacon is transmitted by the BTS overlaid with the narrow-band downlink sub-channels. The narrow band downlinks and the beacon can be simultaneously demodulated by the end-devices. The beacon transmission does not need to be synchronized with the narrow-band downlinks in any way. CSS Beacon and GMSK downlinks are mutually noise like.
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 following table gives an overview 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

	(0) Total Tx power  (dBm)
	45.0
	45.0

	(1) Tx power per channel (dBm)
	37.0
	37.0

	Receiver
	
	

	(2) Thermal noise density (dBm/Hz)
	-174.0
	-174.0

	(3) Receiver noise figure (dB)
	7.0
	7.0

	(4) Interference margin (dB)
	0.0
	0.0

	(5) Occupied channel bandwidth (Hz)
	62500.0
	125000.0

	(6) Effective noise power                              = (2) + (3) + (4) + 10 log((5))  (dBm)
	-119.0
	-116.0

	
	
	

	(7) Required SINR (dB)
	-14.5
	-9.5

	(8) Receiver sensitivity                                  = (6) + (7) (dBm)
	-133.5
	-125.5

	
	
	

	Maximum coupling loss (MCL)                                        = (1) – (8) (dB)
	170.5
	162.5

	
	
	

	Beacon period (30 bytes)
	230mSec
	72mSec





Narrow band physical layer capacity

The capacity for a 200kHz spectrum block is simulated with the following hypothesis:
· 100 bytes uplink + 13  bytes protocol overhead (taken from the LoRaWAN protocol)
· ALOHA access in every sub-channel , the uplinks are random and not scheduled
· The BTS antennas have +14dB front gain , -30dB back isolation
· Each BTS has 3 sectored antennas
· The down tilt is such that the BTS antennas exhibit 10db front-gain reduction at twice the inter-site distance.
· The end-devices are statics, a slow power control loop can tune 20dB of attenuation on the end-devices output power keeping at least 10dB demodulation margin. 
· The path loss is 120.9 + 37.6log10(Distance_Km) + 8dB log normal random 
· On top of this path loss a uniformly distribute 0 to 40dB additional penetration loss is added, therefore the simulation corresponds to a mix of outdoor to deep indoor devices uniformly spread.
· The end-device geographic distribution is uniform.
· Frequency reuse of 1, no cell frequency planning.
· The End-devices perform Random frequency hopping for each transmission.
· The end-devices maximum output poser is +20dBm or +14dBm with -4dB global antenna efficiency (compact 900Mhz antenna)
· 1T1R antenna configuration, polarization diversity on the BTS side has not been simulated.

For each inter-site distance, the number of uplinks per hour is progressively increased until the 10% weakest end-devices exhibit 20% packet loss rate.
[image: ]
Figure 1 : narrow-band uplink ALOHA capacity

Link budget analysis: CSS spread-spectrum mode
The following table gives the calculation of the maximum coupling loss for the CSS minimum bit rate of 290bit/sec.
The following parameters are used:
· 125kHz BW CSS modulation
· 20 bytes payload
· 1T1R for downlink , 1T1R for uplink
· Packet error rate : 10%
· 0.5ppm frequency drift during transmission
· The BTS transmits up to 4 different spreading factors simultaneously



 
	Transmitter
	CSS uplink    290bit/sec @ 20dBm
	CSS uplink   5.5kbit @ 20dBm
	CSS downlink    290bit/sec @ 20dBm
	CSS downlink   5.5kbit @ 20dBm

	(0) Total Tx power  (dBm)
	20.0
	20.0
	28.0
	28.0

	(1) Tx power per channel (dBm)
	20.0
	20.0
	22.0
	22.0

	Receiver
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174.0
	-174.0
	-174.0
	-174.0

	(3) Receiver noise figure (dB)
	5.0
	5.0
	7.0
	7.0

	(4) Interference margin (dB)
	0.0
	0.0
	0.0
	0.0

	(5) Occupied channel bandwidth (Hz)
	125000.0
	125000.0
	125000.0
	125000.0

	(6) Effective noise power                              = (2) + (3) + (4) + 10 log((5))  (dBm)
	-118.0
	-118.0
	-116.0
	-116.0

	
	
	
	
	

	(7) Required SINR (dB)
	-22.0
	-9.5
	-22.0
	-9.0

	(8) Receiver sensitivity                                  = (6) + (7) (dBm)
	-140.0
	-127.5
	-138.0
	-125.0

	
	
	
	
	

	Maximum coupling loss (MCL)                                        = (1) – (8) (dB)
	160.0(*)
	147.5
	160.0(*)
	147.0



(*) A 2dB improvement is expected on the uplink coupling loss if 1T2R is implemented.
(**) Symmetrical data rates are considered for uplink and downlink to minimize the required Transmit power for the BTS. It is off course possible to use a higher data rate on the downlink if the output  




Spread-spectrum data & positioning capacity evaluation

Uplink
The following simulations assume a single uplink 200kHz channel, with all base stations tuned to the same frequency (frequency re-use of 1). No power control or adaptive data rate is assumed. Each node selects randomly a spreading factor of 5, 6 or 7, with SF7 twice as likely as SF6, in turn twice as likely as SF5. This scenario is representative of outdoor and mild-indoor tracking. It does not apply to deep-indoor where higher spreading factors might have to be used for increased link margin.
For each inter-site distance, the number of uplinks per hour is progressively increased until the 10% weakest end-devices exhibit 20% packet loss rate. The frames payload is 20bytes as it is assumed that in this case the main information of interest is the position. At the target load, 80% of collisions are within the same spreading code, and 20% are caused by other codes interference.
It is possible to use spreading factor 10,11,12 instead of 5,6,7.  The link margin is increased by 12.5dB, so that is able to reach deep indoor nodes. The capacity would be reduced by a factor of 32 in the same fully random access mechanism, but this mode should be reserved for scheduled traffic, for instance to position on demand a lost, deep indoor item. 
The average number of receiving BTS is quickly above 3, meaning TDOA solver operates on an over-determined system.
 [image: cid:image001.png@01D055A3.D12DBC10]
Figure 2 : served users x 1000 per cell every hour

[image: cid:image002.png@01D05515.2EC43870]
Figure 3 : average uplink reception diversity


Downlink
In the same scenario, the downlink capacity is higher. It is possible to transmit at the same time SF5, SF6, SF7, assuming SF6 frames have a power offset of -2.1dB, and SF7 a power offset of -4.0 dB. This way, all 3 rates can be received with a SIR margin of 3.4dB.  Assuming the downlinks are centrally scheduled by the network, such that one quarter of stations transmit at a given time, the downlink capacity of the above scenario is 100 000 served users per hour per base station (20 bytes frames). 

Modulation performance
The two modulation used in this PHY layer proposal have very comparable performances.
The following curves compare the packet error rate vs energy per bit performance of the narrow-band GMSK with ½ Viterbi encoding to the CSS spread-spectrum modulation.
[image: cid:image001.png@01D055B2.36A8B4B0]
Figure 4 : CSS & GMSK PER vs Eb/N0
This means that independently of the modulation used, the maximum link budget is only a function of the data rate used. 


	Summary
The narrow-band data communication PHY layer and CSS data + positioning PHY layer achieve better than 160dB coupling loss with 20dBm end-device RF output power . 
Assuming a 200kHz uplink & downlink spectrum block and using the 3GPP propagation loss with an additional 0 to 40dB penetration loss randomly distributed amongst end-devices, the following capacities are simulated for 1km radius cells:
	Scenario
	Number of uplinks per hour per cell

	Narrow-band data : 100 bytes @ 20dBm
	90 000

	Narrow-band data : 100 bytes @ 14dBm
	65 000

	CSS positioning : 20 bytes @ 14dBm
	[bookmark: _GoBack]25 000



This capacity is achieved with a frequency re-use of 1 and no cell frequency planning. This lowers the complexity of the lowest power end-devices which does not have to manage hand-over any more and simplifies the network deployment.
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