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Random Access Channel Performance of CS-NB CIoT Solutions 

1. Introduction
A study item named “Cellular IoT” was approved in GERAN#62 for evaluating how to support low throughput and low complexity machine type communications [1].  Several proposals have been discussed under the categories of an extended coverage EGPRS (EC-GSM) and clean slate solutions (NB M2M and NB OFDMA). The evaluation methodology including the system assumptions, parameters and traffic models were captured in the draft TR 45.820 [2]. In this document, it was shown that the prospected Uplink (UL) system load is on average 6.81 devices/second. When these devices attempt to access the system, they send an access request on the Random Access Channel (RACH). However, under the current design, the number of collisions experienced between the devices might impede the system performance. In particular, when the number of devices accessing the system increase at a given instant, the number of collisions at the RACH channel will impose a constraint on the number of served devices. In such an instance, the colliding devices will suffer not only from packet delays, but also a significant power loss, which subsequently stresses their already limited power budget.
In this document, we discuss the RACH procedure currently proposed for the CS-NB CIoT solutions. In particular, we highlight the current inefficiencies in the RACH procedure leading to the system performance limitation.

2. Background
In UL cellular internet of things (CIoT) communications, an inactive IoT mobile station (MS) must execute a random access procedure in order to transmit its UL message. This procedure is contention based and is usually done using an ALOHA-based scheme on the RACH. For example, in CS-NB CIoT systems, a variation of Slotted-ALOHA procedure is used for random access. In this variation, the MSs are divided into coverage classes based on their channel quality and a class barring parameter is used by the base station (BS) to prevent certain coverage classes from system access to reduce the collision probability when the system is heavily loaded [3]. In addition, the access resources are divided into subsets of time-frequency slots, in which, each subset is dedicated to a specific coverage class. This subset-class association is conveyed to the MSs in the system broadcast information.
 In the proposed CS-NB CIoT solution, as noted above, separate RACH and physical downlink control channel (PDCCH) resources are allocated for each coverage class. When an inactive MS has data to send in the UL, it first listens to the broadcast channel to identify the time-frequency resources corresponding to its coverage class which are available for RACH. Subsequently, the MS randomly selects one of the available RACH resources to transmit its random access request. The payload in this request consists of a random number, access cause, coverage class, and buffer status report (BSR). After transmitting the random access request, the MS decodes the messages on the PDCCH resources allocated for its class in order to obtain the access grant message that contains the UL resource allocation. Once the BS successfully decodes this access request, it sends an UL resource allocation message on the PDCCH containing the same random number that the MS sent in the random access request. In addition, the UL resource allocation message also consists of the RACH resource identification used by the MS for random access request, and an uplink allocation [2]. If the random access procedure fails, then the MS waits for a period of time before transmitting another random access request, i.e., the random back-off time.
The unstructured access on the RACH channel implies that an increase in the number of CIoT MSs attempting random access concurrently results in an increase in access collisions. These collisions, not only increase the number of failed access attempts, but also helps in depleting the already scarce energy resources of the MS. In particular, when a collisions occurs, the MSs involved must stay awake for longer durations for contention resolution to acquire the UL resources, which has a direct impact on the energy consumed by these devices.
In this report, we will characterize the performance of the random access method defined in the CS-NB CIoT solution [2]. As the proposed method is a contention based procedure, we perform simulations and obtain the success rate of an MS, average number of attempts required for the MS to succeed, and the collision rate of the random access request messages.

3. Simulation Setup and Parameters
The major system level simulation assumptions and parameters are listed in Table 1.
Table 1: Simulation parameters and assumptions.
	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site 

	Frequency band
	900 MHz

	Inter site distance 
	1732 m

	Number of UL sub-bands per cell (1 sector)
	12

	Number of UL sub-bands used for RACH per cell (1 sector)
	2

	Coverage classes
	, , and 

	Scheduling interval for each coverage class
	320ms, 640ms, and 640ms

	Number of RACH resources allocated per scheduling interval
	4, 2, and 2

	System bandwidth
	200 kHz

	Frequency Hopping
	Off

	Modulation coding schemes
	MCS 0, MCS 5

	Doppler frequency 
	1 Hz

	User distribution
	MSs dropped uniformly in each sector

	MS transmit power
	23 dBm 

	Pathloss model
	L=I + 37.6log10(R), R in kilometers
I=120.9 dB for the 900 MHz band

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	110 m

	Shadowing correlation
	0.5 Between cell sites/ 1 Between sectors of the same cell site

	BS antenna pattern (horizontal)

	See table 5-7, 3GPP TR 45.914, 65° H-plane

	BS Antenna gain
	18 dBi

	MS Antenna gain
	-4 dBi

	BS cable loss
	 3 dB

	Building Penetration Loss
	Based on TR 45.820 Scenario 1 with correlation coefficient = 0.5

	Frequency reuse
	1/3

	Noise figure
	3 dB

	Thermal noise density
	-174 dBm/Hz


A MS is categorized into one of the 3 coverage classes based on its maximum coupling loss (MCL) with the serving base station (BS). The following conditions decide the coverage class of a MS:

Note that the interference margin and the receiver processing gain are assumed to be 0 dB for MCL calculation (see [2, Table 5.1-2]). This is because, the required SINR derived from link level simulations already take into account the receiver processing gain.
Even though the MCL thresholds [144, 154, 164] dB are suggested in [2] to be used for coverage class classification, the MCL thresholds [133, 142, 164] dB are used in this report. The reason for this is to classify the MSs into the 3 coverage classes in such a way that 80% of the MSs are of, 15% of the MSs are of, and 5% of the MSs are of. Perfect time and frequency synchronization and channel estimation are assumed in this study. Note that, we considered a frequency reuse factor of 1/3 which can be considered as the worst case scenario when compared to the nominal GPRS scenario where we have a reuse of 4/12, however in practical deployments, it can differ based on the operator’s strategy. When comparing the two reuse cases, in the 1/3 case, we have 18 interferers given a 57-cell layout, whereas in the 4/12 case we might have much less interferers for the same layout, i.e., can be as low as 6 interferers only.
A MS is said to be collided if the BS cannot decode the code block of the random access request correctly on the RACH. In our simulations, this is implemented by calculating the block error rate (BLER) of the RACH message (Note: BLER versus SINR plots obtained through the link level simulations were used). The BLER of a RACH message depends on the interference observed by the BS from the other MSs RACH messages simultaneously. Here, notice that the BS decoding a RACH message from the MS of a coverage class does not experience interference from the MSs in other coverage classes. This is because, separate RACH resources are allocated for each coverage class.
In this study, exponential back-off algorithm was used to determine the time durations between successive RACH attempts of a MS until it succeeds. In this algorithm, when the first RACH attempt of a MS results into a collision, it waits for 0 or 1 scheduling intervals randomly for the second RACH attempt. If the second RACH attempt also collides, the MS waits for 0, 1, 2 or 3 scheduling intervals randomly for the third RACH attempt. In general, after  collisions the MS waits for a random number of scheduling intervals between 0 to  for the next RACH attempt. If the MS collides for a defined maximum number of RACH attempts, then the MS fails and the data packet is lost. 
	The PHY parameters used for the uplink RACH transmissions are shown in Table 2 for the 3 coverage classes.
Table 2: PHY parameters for the UL RACH transmissions.
	Coverage Class
	PHY burst size
	Burst length (ms)
	Repetition factor
	Block duration (ms)
	MCS, CBS
	Modulation

	
	40 bits
	40
	1
	40
	5, 0
	π/2-BPSK

	
	40 bits
	40
	1
	40
	5, 0
	π/2-BPSK

	
	40 bits
	40
	8
	320
	1, 0
	π/2-BPSK


In TR 45.820 [2], two modulation classes are defined for uplink transmissions:
· Class-1: based on Gaussian minimum shift keying (GMSK)
· Class-2: based on phase shift keying (PSK), using π/2-BPSK, π/4-QPSK and π/8-8PSK
The simulation results provided in this report are based on Class-2 modulation (π/2-BPSK) for the RACH transmissions. For the case of Class-1 modulation (GMSK) for RACH transmissions, the results are expected to be similar to the results with Class-2 modulation.
4. System Level Simulations Results
4.1 Failure Rate of the MSs
	In this section, the failure rate of the MSs’ random access requests will be studied with respect to the arrival rate of the MSs. As mentioned before, an MS is said to be collided if the BS cannot correctly decode the RACH message from the MS. The number of RACH attempts that a MS can make is limited to a maximum value, after which the MS is said be unsuccessful/failed. The simulations were performed for a time of 3200 seconds, with different MS arrival rates and different max. RACH attempts. The failure rate of the MSs are captured in the plots of Figure 1.
[image: ]
Figure 1. Failure rate of the MSs versus the MS arrival rate.
	Figure 1 shows that as the MS arrival rate increases the failure rate of the MS increases. With an average load of 6.81 MSs/s mentioned in TR 45.820, the failure rate is about 15% or less depending on the Max. RACH attempts setting. For example, considering Max. RACH attempts = 4, the failure rate of the MSs is about 3% with an average load of 6.81 MSs/s. However, if the traffic load doubles to about 14 MSs/s, then the failure rate significantly increases to about 27%.
4.2 Average Number of RACH Attempts per MS
	Figure 2 shows the average number of RACH attempts an MS makes. It shows that with the increase in MS arrival rate, the MSs make more number of RACH attempts on average. This has a direct impact on the battery life of the MSs. Beyond certain MS arrival rate, the required average number of RACH attempts saturates, because of the maximum limit on the number of RACH attempts that an MS can make. 
[image: ] 
Figure 2. Average number of RACH attempts versus the MS arrival rate.
4.3 Collision Rate
	The issue of battery life can be seen from a different perspective by considering the collision rate as shown in Figure 3. As a result of collisions, a portion of the MS’s energy goes waste. Hence, the random access method should aim to reduce the number of collisions. 
[image: ]
Figure 3. Average number of collisions per second versus the MS arrival rate.
	It can be seen that the average number of collisions per second increases nonlinearly with the increase in MS arrival rate. With Max. RACH attempts = 4, there are on average 2.6 collisions per second for the arrival rate of 6.81 MSs/s, and about 21.5 collisions per second for the arrival rate of 14 MSs/s.
5. Observations
· Assuming Max. RACH attempts = 4 and MS arrival rate of 6.81 MSs/s, the failure probability of a MS in acquiring an uplink allocation through random access procedure is about 3%, on average 1.32 number of RACH attempts are made by an MS, and a network BS experiences 2.6 collisions per second on average.
· If the MS arrival rate increases to 14 MSs/s, the failure rate of an MS increases to 27%, the number of RACH attempts made by an MS on average increases to 2.23, and the collision rate increases to 21.5 collisions per second.
· Even though the proposed random access method in CS-NB CIoT solution provides acceptable performance in case of an average traffic of 6.81 MSs/s, the efficiency of this method reduces significantly with the increase in the MS arrival rate.

6. Proposal
· Other methods can be considered for the random access procedure which can provide smaller number of collisions and better efficiency even when the MS arrival rate is higher.

7. Summary
In this report, we have performed simulations of the random access method proposed in the CS-NB CIoT solution. Basically, an MS has to go through a contention based procedure in order to acquire an uplink allocation for sending the data. This procedure results into collisions of the random access request messages from different MSs, which becomes severe when the traffic load increases. This inefficiency of the random access method impacts the MSs with reduced battery lifetime and with increased channel access delays.
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