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1 Introduction
The MBMS feature was introduced in release 6 for both FDD and TDD modes.  From a physical layer perspective, macro-diversity is a key enabler in providing higher data rates and coverage for point to multi-point and broadcast channels (this is clearly demonstrated in [1] where for example, soft combining of 3 radio links provides approximately 6.5dB gain over no combining at 95% coverage – enough to facilitate a potential 4x increase in spectral efficiency).
Prior to release 6, FDD receivers had in-built macro-diversity functionality due to the presence of soft handover.  Using this functionality, and from [1], soft combining of 3 radio links in Veh-A for FDD results in an ability to support 16 x 64kbps channels (~1Mbps) using 80% of the power resources of 1 cell at 95% coverage.

For TDD, receivers prior to release 6 did not support combining of multiple cells as soft handover is not used.  However, the benefits of macro diversity transmission were realized via the use of soft combining on different timeslots in conjunction with a timeslot reuse pattern (e.g. 1x3) for MBMS.  The UE was therefore able to receive and combine the signals from multiple cells without a significant change in receiver architecture with respect to previous releases.  Referring again to [1], this provided similar gains to those shown for FDD (20 x 64kbps channels can be supported at 95% coverage for 3.84Mcps TDD using 12 timeslots equivalent to the same 80% cell resource utilization).
As such, it can be said that the spectral efficiency of MBMS in release 6 is of the order of 0.2 to 0.25 bps/Hz.
One attribute of UTRA TDD is that broadcast/multi-cast services may be separated from other (unicast) services in the time domain (i.e. they may exist on different timeslots of the TDD radio frame).  When this is the case, and when broadcast content (e.g. mobile TV) is being delivered, the possibility arises to transmit identical signals from each cell on the broadcast timeslots and to treat these signals in the UE receiver as multi-path components.  Similar principles form the basis of broadcast services in LTE (SFN).  Network synchronisation is required to realize SFN operation although this is in any case an inherent feature of TDD networks where it is used to avoid UE-to-UE and Node-B-to-Node-B interferences.
In this paper we provide results on the spectral efficiency potential of SFN transmission for UTRA TDD MBMS compared to release 6.  We also discuss the changes that would be required to enable this functionality for UTRA TDD.
2 System Description

2.1 Physical Layer

To support SFN operation, the following minor extensions to the UTRA TDD physical layer are required.

· Common cell ID

· Each cell retains its usual cell ID for unicast and any other non-SFN traffic timeslots.  For SFN timeslots (i.e. those configured by the network to carry MBMS broadcast traffic in an SFN mode), a separate SFN-specific cell ID is assigned.  The assigned SFN-cell ID is common between cells participating in the SFN.  The SFN cell ID is signalled to the Node-B via a small modification to the NBAP protocol.  It is also signalled to the UE via higher layer signalling (e.g. via MCCH).

· Modified midamble construction

· The current UTRA TDD midambles are constructed via cyclic shifts of a base sequence.  Each midamble also has a cyclic extension which facilitates the use of zero-forcing and FFT-based channel estimation techniques.  This cyclic extension should be of a length sufficient to capture all of the multipath energy.  To accommodate the propagation delays from multiple sites participating in the SFN, a longer cyclic extension is (i.e. >57 chips) is desirable.  For the purposes of this document, a cyclic extension of 256 chips (66μs) has been used.  Furthermore, a single midamble sequence per timeslot is assumed (as per the existing “common midamble” mode of the UTRA TDD specifications).
· Increased guard period

· An increased guard period length accommodates the multipath energy arriving from multiple cells.  The current GP is 25μs (96 chips).  For the purposes of this document, an increased guard period of 256 chips is assumed (66μs), in alignment with the midamble cyclic extension described above.
2.2 Deployment Scenarios for Simulation
We consider four deployment scenarios, all corresponding to 5MHz macro-cellular deployments.  Scenarios I, II and III are taken to be in line with those considered appropriate for the study of LTE MBMS [2] and scenario IV is taken to be in line with the assumptions of [1], i.e. that of TDD (and generally FDD) release 6 MBMS.  Scenarios I, II and III correspond with cases 1, 2 and 3 respectively of [2], with the exception that a 5MHz bandwidth is naturally considered in lieu of 10MHz and scenario II has a considerably increased site-to-site distance than the corresponding case 2 in [2].  The parameters for the four deployment scenarios are listed in Table 1.
	Parameter
	Scenario I (case 1 LTE [2])
	Scenario II (case 2 LTE [2])
	Scenario III (case 3 LTE [2])
	Scenario IV (TDD R6 MBMS [1])

	Cellular layout
	Hexagonal grid, 37 sites

	Sectorisation
	3 sectors/site, total 111 sectors

	Carrier frequency
	2000 MHz

	Site-to-site distance
	500m
	2500m‡
	1732m
	1000m

	Node B antenna gain (including cable loss)
	14dBi

	Node B horizontal antenna pattern
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	Propagation model
	PL = 128.1 + 37.6*log(Rkm) dB

	Std. of shadow fading
	8dB
	8dB
	8dB
	10dB

	Correlation between sites for shadow fading
	0.5

	Penetration loss
	20dB
	10dB
	20dB
	10dB

	Cell total transmit power
	43dBm
	43dBm
	43dBm
	36dBm

	Thermal noise
	-174dBm/Hz

	UE noise figure
	5dB*
	5dB*
	5dB*
	5dB

	UE antenna gain
	0dBi

	UE receiver diversity
	2 branch
	2 branch
	2 branch
	None

	UE antenna correlation
	50%†
	50%†
	50%†
	N/A

	Propagation channel
	TU
	TU
	TU
	Vehicular A

	UE speed
	3kmph
	30kmph
	3kmph
	30kmph

	Timeslots per frame for MBMS
	12


Table 1.  System simulation parameters.
‡ In [2] case 2 has an inter-site distance of 500m.  This has been extended here to demonstrate the capabilities of TDD MBMS with SFN operation.
* Note that although the reference UE noise figure in [2] is 9dB this is considered to be an overly pessimistic value for a TDD receiver which does not suffer duplexer insertion loss.  Consequently a more realistic value of 5dB is used here.
† Note that although the UTRA (Release 6) and the EUTRA reference UE is specified to have 2 receiver antennas [2], there is no correlation value specified for the initial (non-MIMO) simulations so a realistic value of 50% has been assumed here.

For each of the deployment scenarios listed above, we plot the geometry CDFs under the physical layer assumptions listed in section 2.1.  In particular, only signals arriving within a 256 chip window of the strongest signal are considered as part of the SFN composite signal, outside of this any other power is considered as interference.  Additionally, the channel estimator is assumed to have a 20dB dynamic range, i.e. any signal arriving more than 20dB down from the total composite received signal power is considered an interference term irrespective of its arrival time.  Although this last aspect does not strictly model the behaviour of the signal combining and channel estimation aspects in an SFN receiver, it is considered indicative of the performance obtained in such a network.  Full account of these effects is modelled using a system and link simulator as discussed in the following section.
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Figure 1.  Geometry CDF for macrocell scenario I. 
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Figure 2.  Geometry CDF for macrocell scenario II.
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Figure 3.  Geometry CDF for macrocell scenario III.
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Figure 4.  Geometry CDF for macrocell scenario IV.
It can be observed from the above figures that an SFN affords a dramatic improvement in the geometry distribution for all of the scenarios outlined.  In particular for the high coverage region (low outage) an SFN implementation allows for a far higher geometry than even a timeslot reuse pattern as described in [1].  In addition, unlike the timeslot reuse scenario of TDD release 6 MBMS, the SFN operation does not require an additional stage of network planning to ensure the optimum reuse pattern is achieved.  The 95% coverage geometries for all four scenarios are summarised in Table 2.  Note that for low coverage values the SFN geometry appears worse than the timeslot reuse scenario.  This is an artefact of the channel estimation dynamic range assumption in high C/I conditions as described above.  In the next section a full system and link-level simulation is described where no such assumptions need to be made.
	
	Geometry for 95% coverage

	
	Scenario I
	Scenario II
	Scenario III
	Scenario IV

	No SFN
	-3.57 dB
	-4.03 dB
	-4.05 dB
	-3.91 dB

	No SFN, reuse
	3.09 dB
	1.81 dB
	1.10 dB
	1.57 dB

	SFN
	10.71 dB
	8.02 dB
	6.80 dB
	10.51 dB


Table 2.  Geometry values for 95% coverage.

2.3 System and Link Simulations

In order to accurately assess the potential performance improvement obtained with an SFN macro-cellular deployment scenario, proper account of all the signals impinging upon UEs located throughout the network, including the relative powers and delays of these signals, needs to be considered.  This process can be performed with a combination of system and link-level simulation methodologies as described below.
Initially a system simulation is performed with the parameters as outlined in Table 1 and a random placement of several thousand UEs throughout the central cell.  For each of these UEs a note is made of the power of each of the impinging signals (from all 111 sectors within the SFN), the relative delay of each of these signals and the thermal noise floor.
The next stage is to perform link simulations for each of the UE locations determined from the system level simulator as described above.  For each link simulation, the impinging signals from all 111 sectors within the SFN are explicitly modelled with independent propagation channels and velocities as listed in Table 1.  The power and delay aspect of these signals is included in the link-level simulation at a sub-chip level along with the thermal noise floor.  The link-level simulator provides an environment to investigate the performance of the S-CCPCH in an SFN with QPSK modulation and coding of the FACH transport channel as defined in [3].  Details of additional link-level simulation assumptions are presented in Table 3 below.
	Parameter
	Value
	Comment

	Receiver type
	MMSE equaliser
	Fixed precision realistic implementation

	Channel estimation
	Zero-forcing channel estimator
	Fixed precision amplitude and phase estimation

	Digital AGC
	YES
	

	Chip rate
	3.84 Mcps
	

	Over-samples per chip
	4
	

	Carrier frequency
	2000 MHz
	

	Propagation conditions
	GSM TU and ITU Veh. A
	As listed in Table 1

	Receiver diversity
	2 branch
	For scenarios I, II, and III as listed in Table 1

	Receiver diversity correlation
	50%
	For scenarios I, II, and III impinging signals at the UE diversity branches are assumed to be 50% correlated

	Physical channels per timeslot
	16
	16 codes of SF 16

	Modulation
	QPSK or 16QAM
	

	Transmission time interval
	80ms
	

	UE drops
	5000
	


Table 3.  Link-level simulation parameters.
The output of the link-level simulator is a BER metric for each UE location for 8 consecutive frames, corresponding to the TTI of 80ms.  The BER is then averaged across these 8 frames, thus representing the FEC interleaving, and then converted to a code rate using a FEC decoder BER to code rate map for a given BLER target.  The BER code rate map assumes a BLER of 1%, the FEC is assumed to be a turbo code as described in [3] with a moderate block size of 1000 bits and the decoder is assumed to be of a realistic implementation (quantised LLRs, fixed precision log-MAP with 7 iterations).  
2.4 SFN S-CCPCH Simulation Results

Employing the system and link level simulation methodology described above, we obtain the timeslot throughput results for an SFN presented in Figure 5.  For a coverage level of 95% it is observed that in all scenarios the timeslot throughput is approximately 290 kbps.  Assuming 12 timeslots out of 15 are dedicated to the transmission of SFN MTCH then this corresponds to a spectral efficiency of 0.7bps/Hz (including the overhead of the 3 non-SFN timeslots).  These results are summarised in Table 4.  
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Figure 5.  SFN S-CCPCH throughput.
	
	Scenario I
	Scenario II
	Scenario III
	Scenario IV

	Timeslot throughput
	290 kbps
	290 kbps
	290 kbps
	290 kbps

	Spectral efficiency (12/15 timeslots)
	0.7 bps/Hz
	0.7 bps/Hz
	0.7 bps/Hz
	0.7 bps/Hz


Table 4.  SFN S-CCPCH throughput at 95% coverage.

Recalling from section 1 that the MBMS spectral efficiency for TDD is of the order of 0.25bps/Hz (in a scenario identical to that of scenario IV in this document), it is clear that the use of SFN operation in conjunction with TDM of unicast and multicast transmissions in the TDD frame can provide very significant gains over the spectral efficiency of TDD release 6 MBMS.

The results for scenarios I, II and III also demonstrate that these gains apply across a broad range of deployment types and conditions (including those considered appropriate for study of LTE MBMS [2]).  From the results presented in Table 4 it can be observed that by employing an SFN the spectral efficiency of TDD release 6 MBMS can be improved by approximately a factor of 3 for all of the varied macro-cellular deployment scenarios of section 2.2.
The throughput results obtained in the simulation scenario II demonstrate that considerable site-to-site distances can be achieved when employing a SFN operation for multicast TDD MBMS.  This demonstrates the requirement for the modification of the midamble and guard period to 256 chips as described in section 2.1.  In hardware the additional channel estimation window length is readily accommodated by employing frequency domain processing techniques in the channel estimation and equalisation processes and thus does not pose a significant additional complexity burden upon the UE baseband processing. 
It can be observed from the throughput results of Figure 5 that for a coverage level of 95%, in all of the macro-cellular simulation scenarios, the timeslot throughput has reached a maximum value of approximately 290 kbps.  This corresponds to the maximum simulated code rate of approximately 0.81.  This suggests that the when operating in an SFN the S-CCPCH is somewhat code limited.  Thus in the next section we investigate the possibility of employing 16QAM for S-CCPCH transmission on multicast timeslots in an SFN.
2.5 SFN S-CCPCH with 16QAM Simulation Results

As for section 2.4, we again investigate the achievable MBMS throughput using the SFN method but this time assuming that 16QAM is used for the S-CCPCH.  All other system and link assumptions remain as listed in Table 1 and Table 3 respectively.  The timeslot throughput results for an SFN are presented in Figure 6 and the 95% coverage results and spectral efficiencies are summarised in Table 5.
From the results it is evident that the use of 16QAM is able to deliver further spectral efficiency improvements for SFN-based MBMS in UTRA TDD.  This is due to the ability of 16QAM to move the system away from the code-limited situation that is evident for the QPSK results of section 2.4.

Specifically, 16QAM is able to provide further improvements in timeslot throughput and spectral efficiency for all of the studied scenarios with the exception of scenario III (where there is a modest reduction in throughput).  Furthermore, for scenarios I and IV, where the system is not power limited, 16QAM enables enhancements in throughput at 95% coverage of greater than 70% over the QPSK case.  These values correspond to spectral efficiencies in excess of 1.1bps/Hz, a value which represents a four-fold increase upon that of TDD release 6 MBMS.
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Figure 6.  SFN S-CCPCH with 16QAM throughput.
	
	Scenario I
	Scenario II
	Scenario III
	Scenario IV

	Timeslot throughput
	590 kbps
	348 kbps
	265 kbps
	497 kbps

	Spectral efficiency (12/15 timeslots)
	1.42 bps/Hz
	0.83 bps/Hz
	0.64 bps/Hz
	1.19 bps/Hz


Table 5.  SFN S-CCPCH with 16QAM throughput at 95% coverage.

3 Backwards Compatibility
As mentioned in the introduction, SFN timeslots are time-division-multiplexed with non-SFN timeslots.  For green-field deployments, it is anticipated that all MBMS slots would use the more spectrally efficient SFN method of transmission.  For brown-field deployments, the introduction of progressively more SFN timeslots as the network matures enables the operator to deliver additional or enhanced content and services to newer UEs over the SFN timeslots.  In this scenario, legacy UEs (i.e. Rel-6) may continue to use MBMS in the normal way for as long as the operator decides.
In both green-field and brown-field deployments, other non-SFN and non-MBMS timeslots may continue to be used for unicast services in the normal manner (e.g. HSDPA, HSUPA) all under control of the associated existing scheduling and RRM functionality.
As such, it is foreseen that backwards compatibility of SFN MBMS is readily achievable from both a services and a user terminal perspective.

4 Conclusions
In this paper we have highlighted the fact that SFN operation for UTRA TDD MBMS with TDM of multicast/unicast traffic represents a simple yet highly attractive improvement over MBMS release 6.
The gains achieved via SFN alone are of the order of 300% at 95% coverage compared to release 6 TDD.  The use of 16QAM is able to further increase these gains, and facilitates an overall increase in throughput to more than 4× that of release 6 TDD under code limited scenarios, leading to spectral efficiencies in excess of 1.1bps/Hz.
The changes required to support SFN operation in UTRA TDD have been briefly discussed and are thought to be of only minor significance.  This further improves the attractiveness of this option and leads us to suggest that standardisation of this feature should be considered at RAN level.
Backwards compatibility with existing terminals and services has been discussed and is thought to be easily achievable due to the inherent TDM nature of the SFN/non-SFN timeslots.  Hence SFN MBMS may be smoothly integrated into existing brown-field deployments whilst providing highly efficient delivery from the outset in greenfield deployments.
This document is thus intended to provide background technical detail on SFN MBMS for UTRA TDD and to present detailed simulations in a number of macro-cellular scenarios such that its performance may be accurately known prior to other discussions taking place.
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