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GSM optimization for Internet of Things
1 Introduction
Machine type communication (MTC) has in recent years shown to be a growing market segment for cellular technologies, especially for GSM/EDGE with its global coverage, ubiquitous connectivity and price competitive devices.

3GPP TSG GERAN has already done extensive work within the area of MTC with the main focus on congestion control and reducing the control signaling overhead, protecting current network deployments.

With more and more diverse MTC applications, more and more diverse set of MTC requirements arise. Among these is a low-end market segment characterized by some or all of the following requirements:

· Extended coverage
· Long battery life

· Low device complexity
· Large number of connected devices
At the same time, many of the applications in this segment have properties such as small, infrequent transmissions, and relaxed requirements on data rates, latency and mobility, which can be exploited.
It should be noted that: 

· Long battery life: Work on providing long battery life is already ongoing in 3GPP GERAN in the study on ‘Power savings for MTC devices’, see [2].

· Large number of connected devices: Looking into the system capacity from a large number of devices accessing the system has already been done in [1]. Hence the system capacity, in the context of the GSM evolution should be limited to impact from extended coverage applications.

This paper outlines an evolution of GSM to primary cater for extended coverage and lower device complexity.
The evolution of GSM is also compared with a proposal on a new system dedicated for low end MTC, see [6] and [7]. Different terminology is used in [6] and [7] talking both about a NB M2M (narrowband M2M system) or a ‘Clean Slate’ approach. The terminology of ‘Clean Slate’ is used throughout this document.
2 Enhancements to GERAN for MTC 
Work related to MTC in 3GPP TSG GERAN has been going on since November 2009 when the Study item on “GERAN Improvements for Machine-type Communications” was started, see [1].
Although the objectives of the study were quite extensive, the work mainly focused on congestion control related to the capacity and handling of the common control channels for both synchronous and asynchronous accesses of devices used for MTC.
Resulting specification work related to MTC includes:
· Extended access class barring

· Extended functionality to bar classes of devices

· Implicit Reject

· Ways to defer devices configured for low access priority attempting to access the system.

· Immediate Packet Assignment

· Increased multiplexing rate for the assignment of resources on the DL.

Other work that is currently ongoing in GERAN related to MTC is:

· Power Savings for MTC devices, see [2].

· Improving device battery life

· UL MU-MIMO, see [4].

· Increasing UL capacity
3 Further evolution of GSM towards IoT
While there has already been rather extensive work in the area of MTC in GERAN it has mainly been focused on protecting users with higher priority, e.g. voice users.
Requirements coming from the application of devices used for MTC have not been served, although this was to some extent also part of the objectives in [1]:

· Investigate ultra-low power MTC devices: prolonged period between transmission/reception, occasional active use, optimized for minimal data only applications with no mobility support, etc.

To address ultra-low power MTC devices, the Power Saving Mode (PSM) was specified in 3GPP Rel-12 where the device can go into a power saving state between accesses to the network, and/or between Routing Area updates (RAUs). Also, a study on “Power savings for MTC devices” was started at GERAN#60, see [2], where further enhancements are studied.
With its world wide deployment, harmonized frequency band usage, superior coverage, mature technology and economies of scale, GSM already today provides the most suitable low cost/complexity solution for cellular devices used for MTC. To make these devices not only possible to deploy in more and more diverse areas (with extended coverage), but also possible to use with more and more diverse applications, a lower device complexity could enable an even more ubiquitous usage. 
Aspects of extending coverage
Coverage for data channel can typically be defined as a certain maximum coupling loss (MCL) where a minimum throughput requirement can be maintained. Typically the minimum throughput should not imply that a very high block error rate is used, but rather that the rate is achieved at a reasonably low error rate level.

Different channels could however allow for different “coverage improvements”. For example, a coverage improvement of the synchronization channel could be to allow for a longer acquisition time. 

This however will typically not provide a substantial coverage improvement. To do that either a re-design of the physical layer, or a scheme of blind repetitions (i.e. allowing the transmitter to repeatedly transmit the same block a number of times) can be used. Blind repetitions have been commonly used in for example [5] where the possibility to extend LTE coverage has been investigated.
Using blind repetitions also for GSM would provide a straightforward evolution of the GSM coverage with no impact on the physical layer (rather an update to the receiver how the reception of blocks are handled is needed).
To ensure that the GSM system coverage is improved, the relevant logical channels used to operate in the system need to be analyzed. This is also similar to how the work was performed in [5].

In Table 1 the extended coverage is of GSM is investigated using the assumptions from [5] on output power and receiver noise figure for reaching 160 dB MCL. The MCL is assumed to reach roughly a 20 dB improvement compared to coverage in GSM/EDGE. Blind repetitions have been used in each logical channel to achieve the stated MCL. For SCH the extended coverage also include a somewhat higher operating point (i.e. longer acquisition time of the network synchronization).
Table 1. Extended coverage of some logical channels in GSM.

	Logical channel
	Repetions [#]

	PDTCH
	16 UL
16 DL

	RACH
	16

	SCH
	4

	FCCH
	8

	AGCH/PCH/BCCH
	16


A more detailed link budget calculation is provided for the PDTCH channel MCS-1 in UL and DL respectively.
Table 2. Detailed link budget for PDTCH (MCS-1).

	
	PDTCH, MCS-1
UL
	PDTCH, MCS-1
DL

	Data rate [kbps](1)
	4.4
	4.4

	Number of repetitions [nr]
	16
	16

	Transmitter

	Tx power [dBm] {1}
	33
	43

	Receiver

	Thermal noise density [dBm/Hz] {2}
	-174
	-174

	Receiver noise figure [dB] {3}
	5
	9

	Interference margin [dB] {4}
	0
	0

	Occupied channel bandwidth [Hz] {5}
	180000
	180000

	Effective noise power {6}
= {2} + {3} + {4} + 10 log( {5} )  [dBm]
	-116.4
	-112.4

	Required SINR [dB] {7}
	-9.5
	-4.5

	Receiver sensitivity  [dBm] {8} 

= (6) + (7) 
	-125.9
	-116.9

	MCL 
	-158.9
	-159.9


The extent of the maximum coverage enhancement needed to serve the diverse deployments of devices used for MTC, and also to what extent devices will require extended coverage, is however not fully clear and hence this aspect needs further consideration.
Aspects of device complexity

GSM is already today a cost competitive technology when it comes to its low device complexity (half-duplex operation, single/dual band RF design providing global coverage, single antenna receivers) and its large economies of scale. 

It should however be considered to further evolve the technology towards an ultra-low complexity design exploiting the relaxed requirements from the low-end devices used for MTC. Areas of further investigation include:
· Reducing device Tx power

· Although recognized that this could have a severe negative impact on the device coverage, it is one area where substantial cost reduction is possible by not using an external PA in the module design, for more information see [5].

· Relaxing RF related requirements

· Traditionally the RF related requirements are more stringent in GSM than for other systems. These requirements are however there for a reason and possible relaxations should be carefully considered together with possible complexity reduction. It is the view of the sourcing companies that further investigation in this area should be carefully considered in its relation to regulatory requirements and co-existence issues.

· Relaxation to baseband related requirements

· Considering the low data rates used for many of the devices in the low-end market segment for MTC and its relaxed requirements on latency, it should be considered to minimize functionality that drives memory and/or processing power, such as HARQ buffer, RLC transmit/receive window.
4 Evolving GSM compared to developing a new Radio Access Technology

In [6] a proposal to define a new system dedicated for devices used for MTC is proposed.  This implies a ‘Clean Slate’ design where no or little common ground is used from existing technologies from the physical layer up to the core network.

It is the view of the sourcing company that considering starting such a huge task for a system with limited applicability (only for low-end devices used for MTC) needs careful consideration and overall 3GPP commitment.
In the following sections an evolution of GSM is compared to developing a system along the lines of what is described in [6] and [7].
Device complexity

In the sourcing companies’ view there is no reason to believe that GSM cannot be evolved to a complexity similar to what is provided by a new system design, taking aspects of the design as outlined in Section 3.2 into account. 
	No, or small, differences in possible device complexity is expected between GSM and Clean Slate


System capacity

To cater for a large amount of devices used for MTC, the system capacity of GSM has been investigated in [1] with the objective to:

· “Study the bounds on the number of possible MTC devices that can be supported in a GERAN cell and possible impact on the RACH capacity, channel capacity, device addressing formats, etc.”

The main focus in the study was related to RACH capacity and other common control channels where no improvements to the RACH was concluded to be needed but that both implicit reject and immediate packet assignment was specified for the DL, see Section 2.

Extended coverage was not part of the study and when allowing for extended coverage more system capacity per connection will be consumed, negatively impacting system capacity.

However, considering that applications characterized by extreme coverage, also could have characteristics, such as small, infrequent transmissions, and relaxed requirements on data rates, latency and mobility, these can be exploited to reduce the negative impact to system capacity from users requiring extended coverage.

In Figure 1 the hourly traffic profile from a cluster of cells in a GSM network has been collected, normalized to the highest traffic peak.
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Figure 1. Hourly traffic profile from a GSM network.

As can be seen, the traffic has large variations during the hours of a day that allows for traffic steering of delay tolerant traffic.
This example is only showing the traffic profile collected each hour, but also smaller variations on for example second-level can be utilized to optimize the usage of the network resources in existing deployments.

Possibilities for traffic steering also apply to the Clean Slate approach but it will not have the benefit of utilizing the extensive amount of resources available in deployed public GSM networks dimensioned for both human communication as well as MTC.  
In this example, if assuming the peak hour represents 100% resource utilization, there is on average around 40% of the resources not utilized during a day. However, assuming 100% resource utilization during a full hour, even if during busy hour, is not realistic. Hence, significantly more than 40% of the resources are typically available during the day.
Assuming for example a GSM network deployment of 5 MHz where 60% of the resources are available during the day for MTC, compared to a 200 kHz deployment of the Clean Slate proposal dedicated to MTC the system capacity is expected to be to GSM’s advantage. 

Further, as shown in Section 4.5 the significantly increased average ON time in both UL and DL will further consume resources to the Clean Slate proposal’s disadvantage.

One advantage however of the Clean Slate proposal is the use of narrowband FDMA in the UL where multiple devices can be transmitting on separate frequency channels, each using the maximum output power of the device. This benefit is however mostly limited to the case of extended coverage where GSM and Clean Slate compare in the utilization of the spectrum (see for example Figure 2). However, it is believed that a simple CDMA scheme (i.e. simultaneous transmission for multiple users) could be used in GSM to improve the UL capacity in extended coverage (without impact to the spectrum).

	GSM is believed to provide superior system capacity due to the possibility have users requiring extended coverage multiplexed in existing GSM deployments


Deployment in existing networks

Existing radio network infrastructure

In current radio network infrastructure, the power amplifier is an integral part of the radio unit which is typically optimized for the signal characteristics of the RAT it is intended to operate. The 3GPP specifications today allow for a diverse manufacturer’s declaration of the BTS with for example different carrier output power depending on the number of carriers operated, different instantaneous bandwidths, IBWs, depending on the RATs operated, separate requirements for non-contiguous spectrum deployments etc. 
Signal characteristics to be considered in the design that will have implications to the capabilities of the base station are for example the power spectral density (PSD), peak-to-average, bandwidth, modulation and spectral requirements of the signal.
Hence, whether or not a new signal type can be deployed in existing infrastructure need careful consideration.
On the transmitter side the intermodulation (IM3 and IM5) performance need to be ensured to be kept at low levels. Hence it should be assumed, as a minimum requirement, that the PSD of any new signal type should not be higher than the RAT it has been designed for. In the case of Clean Slate proposal and its relation to radio units supporting GSM, equal or lower PSD than GSM should be assumed.
Existing deployments
A clear advantage of evolving an existing technology is the possibility to fully re-use, or have small impact, to existing network deployments. Also, users in extended coverage should be possible to multiplex with regular users on the same physical channels allowing for resource pooling gains. As already pointed out in Section 4.2, headroom in the resource utilization in existing deployments makes the demand on system capacity less of an issue compared to having to deploy a stand-alone system in a narrow system bandwidth with limited opportunities of expanding the network due to capacity problems.
Since no or little impact on the physical layer is expected due to the support of users requiring extended coverage, a software upgrade of current GSM radio access network is expected. No impact on the core network is foreseen. 

This is compared to a Clean Slate approach where the impact on digital units and radio units are not clear, see Section 4.3.1, as well as the need to define new network interfaces and network nodes.
	A clear advantage with GSM is that existing network deployments can be fully utilized whilst the impact from Clean Slate is unclear and need careful investigation.


Coverage

Given a specific modulation scheme and coding scheme, the sensitivity performance (/coverage) is fundamentally specified by the energy per information bit, and the resulting performance limited by the relation of the energy per information bit and the power spectral density of the thermal noise in the receiver (Eb/N0).
If comparing different systems using different bandwidth (/symbol rate) the energy per information bit transmitted will reduce with a reduced symbol rate (increased bandwidth). However, also the time to transmit the bit will be reduced in proportion to the reduced symbol rate, and hence there is instead time to repeat the information bit by the same factor that the symbol rate is reduced, and maintain the energy per transmitted information bit (alternatively a lower code rate can for example be used, which essentially achieves the same purpose).
Hence, fundamentally there is no reason to believe that a specific bandwidth /modulation technique provides significant better coverage than other alternatives.
Other aspects can however come into play when deploying the system. One aspect of deployment in existing radio units have been highlighted in Section 4.3.1. Another aspect when considering GSM deployments compared to a very narrowband Clean Slate deployment is the gain of frequency diversity with GSM (by frequency hopping).
In [6] a reference is provided with more details on a potential design of the new system, see [7]. The latter reference has been used for the link budget comparison in Table 3 and Table 4. 

The link budget for the Clean Slate proposal is directly copied from [7], and for GSM, the same assumptions on for example noise figure and application throughput (230 bps on the DL and 160 bps on the UL) has been assumed to get a side-by-side comparison. The required SNR has been derived from link level simulations.
Table 3. DL link budget comparison between GSM and design in [7].
	
	GSM
	Clean Slate

	Carrier Tx power [dBm]
	43
	43

	Transmitted carrier power [dBm]
	43
	32,2

	Occupied channel BW [kHz]
	180
	12

	Effective noise power [dBm]
	-112,4
	-124,2

	Required SNR [dB]
	-18,6
	-4,7

	Receiver sensitivity [dBm]
	-131,0
	-128,9

	Maximum Coupling Loss [dB]
	173
	161,1


Table 4. UL link budget comparison between GSM and design in [7].
	
	GSM
	Clean Slate

	Carrier output power [dBm]
	23
	23

	Occupied channel BW [kHz]
	180
	3,75

	Effective noise power [dBm]
	-116,4
	-133,3

	Required SNR [dB]
	-23,2
	-5

	Receiver sensitivity [dBm]
	-139,6
	-138,3

	Maximum Coupling Loss [dB]
	162,6
	161,3


In this specific comparison the UL coverage of GSM is on par with, or to a small advantage for GSM (frequency hopping over 4 frequencies assumed). It should be noted that if a typical output power class from GSM (power class 4) is used the UL output power would be 33 dBm providing a substantial coverage improvement compared to using 23 dBm.
The large difference is seen on the DL coverage where the assumption on not having higher PSD than GSM (see Section 4.3.1) implies an 11 dB penalty in the DL coverage for Clean Slate. Considering that broadcast information (system information, synchronization) is expected to have to be designed for the worst case coverage class, an 11 dB disadvantage in coverage implies a 12 times higher resource needed to transmit the same information between the two systems.
	The UL coverage is expected to be on par between GSM and Clean Slate or to the advantage of GSM due to the frequency diversity gains possible to get in existing deployments.

The DL coverage is expected to be to around a 11 dB advantage for GSM.


Battery life

As already pointed out in Section 2 and Section 3 the battery life is an important aspect for some applications used for MTC. This applies for example to gas meters where connectivity to the electricity grid is typically not allowed.

It is assumed that the energy consumption in idle mode will be comparable between different technologies, and so also for GSM and Clean Slate. For example, the Power Savings Mode defined in the 3GPP Rel-12 specifications or extended DRX cycles investigated in [2] is expected to apply similarly for different technologies. 
Hence this section is focused on the device in active mode.

To minimize the battery consumption a general assumption should be that the ON-time, i.e. the time when the RF and baseband units are active for transmissions and/or reception, should be minimized.
In Figure 2 the transmission ON-time for GPRS/EDGE and Clean Slate is shown. 
ON time in this regard refers to the time it takes to transmit one bit of information. For example, if 100 bytes of information need to be transmitted at a certain MCL, the reading on the y-axis in Figure 2 and Figure 3 needs to be increased by a factor 100*8. 
It could noticed that depending on the granularity of the information blocks, this does not fully translate to exact figures, for example if transmitting 100 bytes and the MCS to carry the information can only carry 18 bytes, 6 blocks need to be transmitted, since 5.6 is not possible to transmit.
The alternative of channel bonding (i.e. combination of multiple UL channels of low rate to a single channel of higher rate), as described in [7], is shown separately in the figure. 
It can be seen that even when using the highest channel bonding, i.e. creating a 40 kHz channel for one user, there is still 18 times longer ON time for the Clean Slate proposal compared to EDGE:
· ON time for MCS-9 for EDGE is 577(s per burst, carried by a radio block consisting of 4 bursts, carrying 2*74 information bytes: 577e-6*4 seconds to transmit 2*74*8 bits = 1.9e-6.

· ON time for the highest MCS in the UL with 8 times channel bonding is using a raw data rate of 45 kbps, using a 60% overhead for RLC/MAC as assumed in [7], is: 1.6/45e3 = 3.5e-5.

The ON time for the extreme coverage situations are expected to be similar between the two proposals on the UL (expected performance shown with dashed green line in Figure 2) since the performance in extreme coverage is similar (see Section 4.4), if assuming the same transmit power. 
However, it is of importance, when the radio quality allows, having a short ON-time, reducing network interference and increasing battery life, which is to the advantage of GSM.
NOTE: The reason for not having the ON time for the Clean Slate proposal over the full MCL range is due to not having a complete design with target performance (SNR figures) at different operating points. I.e. the performance lines plotted at MCL 100-110 dB should be interpreted as, ‘good enough radio condition to have no block error rate for the highest modulation and coding scheme’ (and the information rate for the highest MCS is something that is known from [7]).
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Figure 2. ON time (Tx)/information bit transferred vs MCL for GPRS/EDGE and Clean Slate. 

Although transmission time is at first glance considered of most importance for device operation, especially when the traffic is mostly mobile originating (MO), the reception time could have significant impact on battery life. The device needs to read for example paging channel, broadcast information etc. In [3] the ratio between energy consumption in transmission and reception, using the highest transmission output power is a factor of 24, but this factor reduces with reduced output power. 
As described in Section 3.1  to give a fair comparison when considering already deployed radio units, any signal should be limited to the same PSD as the GSM carrier.  With this assumption the Clean Slate carrier is roughly reduced in output power by 10.8 dB due to its smaller bandwidth, as also assumed in [7]. The resulting MCL on the DL with its associated ON-time is shown in Figure 3.
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Figure 3. ON time (Rx)/information bit transferred vs MCL for GPRS/EDGE and Clean Slate.

Also in this case, only the expected ON time at extreme coverage is shown with dashed green line.
As for the UL, the reception ON time in the DL is vastly superior for GSM compared to the Clean Slate proposal with a 22 times longer reception time at good radio coverage (compared to EDGE) but also around 12 times longer reception times at extreme coverage due to the lower per carrier output power.

	The battery life is expected to be to the advantage of GSM due to a vastly shorter ON time compared to Clean Slate of a factor of up to 18 and 22 on the UL and DL respectively.


Testing and Regulatory aspects

Apart from the vast amount of resources required to evolve a completely new system from ground up, to arrive at a core specification, there will be a corresponding amount of work needed to define the test specifications for both the MS and base station.
Further, a new radio access technology will not only have to prove its compatibility with existing deployed infrastructure (see Section 4.3.1) but also prove its co-existence with other systems operating in the same and other frequency bands (not only technologies under 3GPP responsibility).
A comparable work was undertaken for MCBTS in 3GPP GERAN. Although, the work “only“ involved a modification to exist RF related requirements for the BTS (i.e. no changes to the GSM system design) the work took over 4 years to finish from the triggering the discussion in 3GPP GERAN until a harmonized standard was published in Europe.

Evolving GSM to cater for the requirements coming from IoT is from the sourcing company’s perspective not expected to have any impact on RF related / regulatory requirements and can thus be kept as a GERAN specific work with no impact on other 3GPP TSGs/standardization bodies/regulatory bodies.

	Evolving GSM will be fully transparent to other 3GPP groups and other regulatory bodies or regional harmonization of requirements while a clean slate approach will require co-existence studies within 3GPP but also in other regulatory bodies before any regional harmonization of requirements can be considered.


System design

Other advantages of evolving GSM are those associated with the ability to leverage the legacy RLC/MAC protocol layers as well as the LLC and SNDCP layers. The RLC/MAC layers can be kept virtually intact since they are fully flexible regarding payload sizes received from higher layers but optimizations can also be considered in light of the very limited range of MTC payload sizes anticipated. Using the existing and well known RLC/MAC layers as the basis for these optimizations will allow for a very rapid specification and testing effort compared to an approach where a completely new Layer 2 is to be specified and for which text scripts must be developed. It should also be noted that allowing existing RLC/MAC control messages to serve as the basis for L2 control plane optimizations will also prove to be beneficial considering the years of fine tuning of radio resource control concepts that they represent. 
Similarly, optimizations of the LLC and SNDCP layers can be considered while still leaving the ciphering feature of LLC intact and thereby avoid a an effort required for defining new security layer functionality. 
Finally, leveraging the legacy Non-Access Stratum represents an extremely important benefit of evolving GSM as these signaling procedures can be left completely intact to thereby avoid a specification effort involving the identification of new Core Network procedures and extensive liaisons between the affected 3GPP groups that would be needed. In summary, limiting the specification effort to the radio access network to the greatest degree possible as well as leveraging legacy protocols and procedures is seen as being of critical importance as such an approach will be far more focused compared to developing new protocols/procedures from scratch and yet will still allow for optimization of the protocols/procedures affecting the radio interface towards realizing the unique requirements of GSM IoT. 

	Limiting the specification effort to the radio access network as well as leveraging legacy protocols and procedures is seen of critical importance for satisfying time-to-market concerns compared to developing new protocols/procedures from scratch. 

Still, optimization of the protocols/procedures affecting the radio interface towards realizing the unique requirements of GSM IoT.


5 Conclusions

Machine type communication (MTC) has in recent years shown to be a growing market segment for cellular technologies, especially for GSM/EDGE with its global coverage, ubiquitous connectivity and price competitive devices.

To cater for more diverse applications of MTC it is proposed to further evolve the GSM technology towards primarily:

· Extended coverage range

· Lower device complexity
In [6] a proposal to define a new system to cater for the same requirements is proposed.  Defining a new system in this regard implies a ‘Clean Slate’ design where no or little common ground is used from existing technologies - from the physical layer up to the core network.

It is the view of the sourcing company that considering starting such a huge task for a system with limited applicability (only for low-end devices used for MTC) needs careful consideration and overall 3GPP commitment. 
Indeed, the sourcing company believes that an evolutionary approach, during which necessary changes – and only those – are made to the current GSM baseline, will fulfill the requirements of the low-end MTC market segment with a significantly smaller effort and shorter time-to-market than the alternative, revolutionary approach of ‘Clean Slate’.
From investigations in this paper, the following conclusions have been drawn:

· No, or small, differences in possible device complexity is expected between GSM and a Clean Slate approach
· GSM is believed to provide superior system capacity due to the possibility to have users requiring extended coverage multiplexed in existing GSM deployments.
· A clear advantage with GSM is that existing network deployments can be fully utilized whilst the impact from a Clean Slate solution is unclear and needs careful investigation.
· Coverage:

· The UL performance in extreme coverage is expected to be on par between GSM and Clean Slate or to the advantage of GSM due to the frequency diversity gains possible to get in existing deployments.

· The DL performance in extreme coverage is expected to be to an 11 dB advantage for GSM

· Battery life:

· In good coverage: is expected to be to the advantage of GSM due to a vastly shorter ON time compared to Clean Slate of a factor of 18 and 22 on the UL and DL respectively 

· In extreme coverage: is expected to be on par on the UL while in the DL to the advantage of GSM with a factor of around 12 in the ON time required for reception.
· Evolving GSM will be fully transparent to other 3GPP groups and other regulatory bodies or regional harmonization of requirements while a clean slate approach will require co-existence studies within 3GPP but also in other regulatory bodies before any regional harmonization of requirements can be considered.
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