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1 Introduction

Broadcast services enable a spectrally-efficient means of delivering multimedia content allowing for an enrichment of user experience.  For the network operator, broadcast multimedia services present many opportunities for differentiation and to develop new revenue streams.

Broadcast services are uni-directional in nature and are therefore suited to simplex operation.  There is still however a need for associated unicast signalling between the mobile device and the network for the purposes of authentication/authorisation, electronic service guide handling and support for unicast/broadcast service transitions.  Nonetheless, the signalling loads are relatively low, hence overall, the resulting traffic remains heavily asymmetry in the downlink direction.  In such a situation, the use of paired spectrum for broadcast service delivery becomes spectrally inefficient and the use of unpaired spectrum, a more natural choice.

Unpaired carriers may be either wholly dedicated to broadcast (in which case the associated unicast signalling must be carried via other carriers), or may contain a mix of broadcast and unicast traffic (in which case the unicast signalling may be carried either via TDD communication on the same carrier, or via other carriers).  These two scenarios (represented in Figure 1) are here-on referred to as “dedicated carrier” and “mixed carrier” respectively.
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Figure 1 – Dedicated and Mixed Carriers for Broadcast
In this paper we describe the attributes required of a radio technology that enable efficient and flexible delivery of broadcast services.  We demonstrate that the presence of a TDMA component is fundamental to the broadcast proposition and that without it, disadvantages associated with spectral efficiency, baseband complexity and terminal battery life result, along with the imposition of restrictions on service applications and deployment scenarios.

TDD MBSFN technology conforms to the existing 3GPP Release 7 standard which may be operated in unpaired spectrum and which possesses this necessary TDMA component that is considered essential for broadcast.  The developing LTE eMBMS system is also based around the principle of a TDMA component, as are other non-3GPP broadcast technologies.  However, the DOB proposal lacks the necessary TDMA component rendering it sub-optimum for broadcast services.

2 Background

2.1 SFN Transmission

Spectral efficiencies of the order of 1 bps/Hz and above (depending upon deployment scenario) are made possible for broadcast services through the use of the Single Frequency Network transmission scheme (SFN).  In this case, identical waveforms are transmitted from multiple base station sites that convey the broadcast information.  The signals undergo individual propagation paths and delays as they travel towards the mobile terminal (UE).  CDMA receiver structures supporting equalisation are able to capture the resolvable paths and to constructively combine them to improve the SNIR (note however that because energy is captured from more distant base stations, the equaliser must be operable over an extended spread of signal delays compared to unicast reception).  Additionally, since neighbouring sites transmit the same signals, interference is transformed into useful energy, dramatically improving the distribution of SNIR observed at locations throughout the deployment area.  Furthermore, the macro diversity inherent in the SFN transmission scheme means that deep fades are rarely encountered, thereby improving the resultant block error rate (BLER) for a given SNIR and enabling reduced forward error correction and higher transmission rates.  This situation is yet further improved by the provision of dual receive antennas at the mobile terminal.  The presence of higher SNIR and more benign fading conditions is then exploited through the use of higher order modulation (16-QAM) to deliver higher throughput.
	Characteristic
	Contribution to high spectral efficiency

	SFN transmission
	Removal of interference improves SNIR

Macro diversity reduces fade depth

	Widened equalisation window
	Ensures the capture of useful signal energy even from more distant transmission sites

	Receive diversity at the mobile
	SNIR improvement and reduced fade depth

	Support for 16-QAM
	Exploitation of higher SNIR distribution to deliver higher data rates


Figure 2 – Basic enablers for high spectral efficiency of CDMA broadcast
Both TDD MBSFN and DOB utilise the above techniques to deliver high spectral efficiency.  TDD MBSFN receivers use chip-level equalisation techniques to maintain orthogonalisation of the downlink channels in the presence of multipath.  DOB receivers may use similar receiver technology or may use RAKE reception (with some associated performance loss).  However, TDD MBSFN offers features and benefits on top of these basic techniques to deliver a system better optimised for broadcast.

2.2 Physical Layer Framing and Multiplexing

In order to provide the necessary background, in this section we outline the basic principles of the TDD MBSFN and DOB physical layers and the manner in which multiple channels and services are multiplexed onto the same carrier.

The physical layer of both TDD MBSFN and DOB consists of a radio frame 10ms in length, divided into 15 slots of 0.667(s as shown in Figure 3.  Both DOB and TDD MBSFN support the dedicated carrier case in which all timeslots are configured in the downlink direction.  TDD MBSFN also supports the mixed carrier case whereas DOB does not.
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Figure 3 – Downlink-only frame structure of TDD MBSFN and DOB
In the case of DOB, only CDMA multiplexing within a frame is possible.  This applies to all channels including pilots, common control signalling and broadcast data.  In the case of TDD MBSFN, both CDMA and TDMA multiplexing are possible within a radio frame.  Pilots are time-division-multiplexed (TDM) within each timeslot.  Control signalling and broadcast data may be time and/or code multiplexed at the timeslot level within the frame.  An example situation is shown in Figure 4 together with that for DOB.
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Figure 4 – Framing and multiplexing for TDD MBSFN and DOB
All leading broadcast technologies include the ability to perform time division multiplexing and for good reasons.  A TDMA component enables:

1. prolonged battery life of the mobile terminal (see section 3)

2. reduced baseband complexity of the mobile terminal (see section 3)

3. improved spectral efficiency and coverage (see section 4)

4. flexible deployment of services with differing coverage areas (see section 5)

Thus, a time division multiplexing component is an essential part of a system that is truly optimised for broadcast.  The absence of this TDMA component for DOB carries significant drawbacks.

3 DRX and UE Complexity

With spectral efficiencies exceeding 1bps/Hz and with a 5MHz carrier bandwidth, it is clear that the data delivery rate of the system (of the order of 5Mbps or more) significantly exceeds the typical data rate required of mobile TV and broadcast services.  Typical per-channel mobile TV data rates are around 320kbps per channel (combined video and audio), thus the ratio of the system throughput to the channel throughput is of the order of 15 (i.e. support for 15 or more 320kbps channels is possible
 depending on the deployment scenario).

By segmenting services in the time domain (for example, one service per timeslot), the UE’s receiver need only be activated for a small percentage of the time in order to tune in to the channel of interest.  This dynamic switching on and off of the receiver in time is known as Discontinuous Reception (DRX).  DRX is important for broadcast services as it enables significant savings in the power consumption of the mobile terminal.  These are of high importance for mobile TV services for which relatively long viewing times may apply.  Thus minimisation of RF and baseband processing power consumption are of paramount importance.  DRX is employed by all leading mobile broadcast solutions.  The basic principle of DRX is shown in Figure 5.
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Figure 5 – principles of burst transmission and DRX
The maximum degree to which this method may be exploited is limited by the maximum burst data rate that the system is able to achieve with the desired coverage.  The DRX duty cycle is then determined by the maximum achievable burst data rate divided by the service data rate.
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It is noted that essentially the optimised broadcast system is a TDMA system since to introduce much of a CDMA component would decrease the burst rate and hence increase the DRX “on-time”.  The increased power consumption can degrade user viewing times whilst terminal complexity can also be impacted.  Some CDMA usage however can be useful when performing physical layer multiplexing of lower-data-rate control channels (such as MCCH, BCH, and MICH in the case of 3GPP MBMS).  In this case, the CDMA component can be used to perform physical layer multiplexing of the multiple lower-rate channels within the slot duration but without further extending the DRX on-time (see for example, Figure 4).

Both Rel-7 TDD MBSFN and DOB support UE DRX.  However, DOB supports DRX only on a TTI-by-TTI basis (receive 1 TTI then DRX n TTIs, referred to as “macro-DRX”) whereas TDD MBSFN supports intra-TTI DRX (referred to as “micro-DRX”).  Note that a TTI is at least 10ms in duration, and more typically for broadcast, around 40 or 80ms.  DOB does not allow for transmission of a service on a particular timeslot of the radio frame, only across a whole continuous TTI period.  This type of macro-DRX unfortunately carries a penalty in terms of UE complexity which is further explained below.

Due to the lack of reception by the UE during “off” TTIs, in DOB/macro-DRX the active TTI itself must carry more information bits than for micro-DRX.  For example, the transport block set size for a 512kbps service with 80ms TTI transmitted using DOB with an on:off ratio of 1:1 (50%) is equal to 5120 * 8 * 2 = 81,920 bits.  The corresponding transport block set size for TDD MBSFN with the same on:off ratio however is equal to only 5120 * 8 = 40,960 bits.

This is shown diagrammatically in Figure 6.  The blue-coloured blocks constitute the volume of data that must be processed as one block (i.e. a TTI) by the UE.  Notice that the blue area in the upper figure is half of that in the lower figure.
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Figure 6 – principles of micro-DRX and macro-DRX
Both the average data rates and the DRX ratios are the same in each case.  However, the block size is doubled in the above example for the case of macro-DRX.  This doubling would then be further increased for lower DRX on:off ratios as shown in Figure 7.  It can be seen that DOB is unable to support useful DRX duty cycles without an associated complexity increase, whereas TDD MBSFN complexity is not a function of the DRX duty cycle.
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Figure 7 – Effect of DRX on transport block size and UE complexity
The consequence of the increased transport block size is that proportionally more RAM is required for storing the channel-coded bits prior to decoding, to perform associated de-interleaving and other receive transport channel processing functions.

Thus, in order to support a service rate of, for example 512kbps, when implemented with 13.3% duty cycle (equivalent to 2 slots per radio frame for TDD MBSFN) many parts of a DOB UE are in-fact then 7.5 times more complex than they should be (i.e. they are the same as would be required for a 3.84Mbps-capable UE).  In the current FDD MBSFN standard for Rel-7 on which the DOB physical layer is based, the UE capabilities are limited to values significantly lower than this, resulting in corresponding limitations on the achievable DRX duty cycle.  In this case, the DOB-like receiver (FDD MBSFN) is required to support 153,600 channel bits and is limited to only 50% DRX whereas a TDD MBSFN receiver is required to support only 69,696 bits (45% of the DOB receiver value) but can support DRX duty cycles down to 6.6%.  The service rate supported by both is the same (512kbps), yet the complexity of large parts of the DOB receiver is significantly higher and the effectiveness of DRX is heavily diluted.

We conclude in this section that low DRX duty cycles are required for broadcast to enable acceptable battery life.  The means by which DRX is achieved (macro vs. micro DRX) has a large influence on the UE complexity.  The TDD MBSFN design conforms to the micro DRX principle and the UE complexity is then immune from changes in the DRX duty cycle.  The DOB design is based upon the macro-DRX principle and exhibits a large complexity increase as the DRX duty cycle is reduced.  Practical realities of terminal design limit the complexity increase and this correspondingly limits the usefulness of DRX for DOB.  Conversely, the ability to deliver efficient DRX at the same time as low UE complexity (such as is exhibited by TDD MBSFN) is necessary to ensure that the broadcast solutions applicable to the 3GPP unpaired bands remain cost- and performance-competitive against non-3GPP broadcast technologies.

4 PAPR, Coverage and Spectral Efficiency

The existing Rel-7 TDD MBSFN solution may operate with spreading factors 16 or 1 on the downlink.  SF16 is often used for low-rate control signalling and whenever there is a need to multiplex different users within the same slot at the physical layer.  SF1 may be used (in preference to multiple SF16 codes) for high rate transmission to single (or multiple in the case of p-t-m) users, or for transmission to multiple users on common channels using higher layer multiplexing techniques.

As discussed in section 3, high rate burst transmission allows for lower duty-cycle DRX.  As such, the need to multiplex services within a slot happens only when the services are lower rate than the burst rate of the system (to the cell edge) multiplied by the minimum DRX “on” time fraction (1/15 in this case).  For mobile-TV channel bit rates, it is often the case that SF1 can be selected for transmission of a service.  At lower data rates, either CDMA multiplexing (SF16) or SF1 with higher layer multiplexing of services can be used.

The primary advantage of SF1 over its CDM (multicode) counterpart is that the peak-to-average power ratio (PAPR) of the transmitted signal may be significantly reduced and hence allows for a higher mean output power from the same Node-B power amplifier.  Due to the nature of SFN transmission, interference is transformed into useful signal energy and hence the system becomes inherently noise-limited.  Thus, this ability to increase output power translates into significant coverage or capacity gains for broadcast systems.

However, as shown in Figure 4 the physical layer structure of DOB enforces CDM of control and data, thereby precluding the use of lower spreading factors (including SF1) for data transmission.  DOB is therefore unable to take advantage of the lower PAPR offered by reduced spreading factors, whereas TDD MBSFN does not suffer from this limitation.

The size of the available increase in power amplifier output power that results from the use of SF1 is dependent upon the specific configuration of the CDM physical channels with which the comparison is made, and on the modulation type (QPSK / 16-QAM) employed.  Figure 8 illustrates the difference in the distribution of instantaneous signal amplitude between 1x SF1 code and 16x SF16 codes for both QPSK and 16-QAM modulation.  It can be observed that SF1 can offer a significant advantage over SF16.  At the 99.9%’ile, the gain from using SF1 is around 3.6dB for QPSK and 2.4dB for 16-QAM.
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Figure 8 – Signal Amplitude CDFs of CDMA multicode (SF16) and SF1 waveforms
Further analysis reveals that between 2.1dB and 3.5dB more output power is possible when comparing TDD MBSFN to DOB for the same size base station power amplifier and with the same modulation order (see Table 1).  Comparing configuration pairs {1,5} and {2,6} which support a similar number of 256kbps services per cell an available power increase for TDD MBSFN of 2.4dB (QPSK) and 2.1dB (16-QAM) is observed.

	Channel Configuration
	Technology applicability
	Approximate service rates
	Required PA Backoff Relative to SF1 QPSK

	1
	SF1, QPSK
	TDD MBSFN
	14 × 256kbps / 56  × 64 kbps
	0 dB

	2
	SF1, 16QAM
	TDD MBSFN
	28 × 256kbps / 112  × 64 kbps
	1.12 dB

	3
	25×SF32 (QPSK) + 13×SF64 (QPSK) + 1×SF256 (QPSK) *
	DOB
	38 × 64kbps
	3.49 dB

	4
	58×SF64 (QPSK) + 11×SF128 (16QAM) + 1×SF256 *
	DOB
	69 × 64kbps
	3.56 dB

	5
	3×SF4 (QPSK) + 1×SF256 (QPSK) *
	DOB
	12 × 256 kbps
	2.37 dB

	6
	7×SF8 (16QAM) + 1×SF256 (QPSK) *
	DOB
	28 × 256 kbps
	3.22 dB


* P-CPICH allocated 10% power.  P-CCPCH, P-SCH and S-SCH not considered.

Table 1 – PAPR comparison for TDD MBSFN and DOB waveforms
As aforementioned, such reductions in PAPR allow for reduced PA backoff and for increases in the effective radiated power for the same power amplification device.  The improvement in the SNIR distribution across the deployment area can be seen in Figure 9 for a macro-cellular deployment model and for two cases of 10dB and 20dB building penetration loss respectively.  For the 2.4dB and 2.1dB gains over DOB that are possible with TDD MBSFN, the achievable inter-site distances (ISDs) at the 5%-ile CDF point are increased by around 15% irrespective of building loss, resulting in cell area increases of the order of 30-35% for the same data rate.
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Figure 9.  SINR vs. Inter-site distance, m.
These coverage gains translate into reduced CAPEX for the operator.  Alternatively, the spectral efficiency may be increased whilst maintaining the same ISD.  These gains are a function of modulation and coderate but are summarised in Table 2 for the 256kbps service scenario.  They can be seen to be substantial (of the order of 30%).

	Building Loss
	ISD, m
	0dB power boost
	2.1dB power boost
	2.4dB power boost

	
	
	5%-ile C/I
	5%-ile C/I
	Increase in spectral efficiency
	C/I
	Increase in spectral efficiency

	10dB
	1780
	6dB
	8.0
	30%
	8.2
	33%

	20dB
	3280
	6dB
	7.9
	28%
	8.1
	31%


Table 2.  Increase in C/I and spectral efficiency for fixed inter-site distance resulting from lower PAPR.
We conclude in this section that DOB suffers from an approximate 30% reduction in either coverage or spectral efficiency compared to the existing Rel-7 TDD MBSFN solution using SF1 for unpaired spectrum.  This translates into additional capital expenditure for the network operator to support the additional sites.

5 Service and Deployment Flexibility

For broadcast systems the UE requires that a pilot signal is provided which is common to the cells participating in the SFN data transmission of interest (i.e. the cells transmitting the user’s desired content must all transmit the same pilot).  This ensures that the composite SFN propagation channel characteristics may be determined by the UE for the purposes of data service demodulation.

It is further important that the transmission of this pilot information occurs within a limited time period surrounding the data transmission itself such that the derived channel response information is valid during the data reception period.

Using the TDD MBSFN system, the network operator is able to flexibly deploy SFN areas of different sizes within the same network.  This is a key component of the system which allows for localised service delivery as well as wider-area (e.g. national) coverage of particular content using the same network infrastructure (i.e. locality-sensitive distribution of information).

In this scenario, individual cells may belong to multiple SFN areas.  Take for example the case in which local traffic bulletin information is delivered over a region covering the city of Osaka in Japan.  This information is not of interest to users commuting home in Tokyo.  However, the national Japanese news is of potential interest to users both in Osaka and in Tokyo.

By assigning the local and national content to different TDMA regions (i.e. timeslots) and by appropriate assignment of timeslot-specific scrambling sequences, three SFN transmission areas may be established on two slots.  These SFN areas are shown diagrammatically in Figure 10 and carry the following content as shown in Table 3:

	SFN area
	Content delivered
	Slot index
	Scrambling code index

	A
	Japanese national news
	1
	1

	B
	Osaka travel (local)
	2
	1

	C
	Tokyo travel (local)
	2
	2


Table 3 – distribution of locality-sensitive information via multiple SFN areas
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Figure 10 – Local and national SFN areas supported by TDD MBSFN
To support SFN areas A, B and C, a TDD MBSFN base station would be configured as shown in Figure 11.  Each base station belongs to two separate SFN areas, local and national.  In this example, the control signalling and the local service timeslots belong to the local SFN areas B and C for each base station respectively whilst the national service timeslot of both base stations belongs to a common national SFN area A.
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Figure 11 – Frame configuration for a TDD MBSFN base station’s participation in multiple SFN areas
In order to provide such flexibility of service deployment, the individual base stations must be capable of transmitting SFN-area-specific pilot signals.  It is required that the base stations are able to transmit a pilot signal associated with each content type (control cluster, local cluster, national cluster).

The TDD MBSFN physical layer is able to support such functionality due to the use of TDMA between these content types.  Timeslot-specific pilot signals embedded within each timeslot duration are present and hence may be used for channel estimation of the time-local content (burst-oriented transmission).  Such pilots are referred to as midambles due to their existence in the middle portion of the burst (see Figure 4).  By linking the assigned timeslot-specific scrambling code to an associated timeslot-specific midamble, the base station may then belong to multiple different TDMA SFN areas, limited only by the number of available slots in a radio frame (15).

This type of functionality is also supported by the LTE physical layer for eMBMS and is seen in the community as a key attribute of broadcast systems.  However, this functionality is not supported by DOB due to the absence of the necessary TDMA component (only CDMA is supported for pilot, control and content multiplexing).  Thus, DOB is less flexible.  TDD MBSFN enables the operator to deliver localised services whilst at the same still supporting efficient transmission of wide area service content, all from the same unified infrastructure and on the same carrier.  DOB is unable to offer this functionality.

6 Conclusion

This paper has discussed the various technical areas of optimisation that are considered important for broadcast system design.  Comparisons between TDD MBSFN and DOB have been drawn where relevant.

The TDD MBSFN solution offers support for high spectral efficiency via the use of SFN transmission, 16-QAM modulation, advanced receiver equalisation technology, low PAPR and an optimised burst and framing structure supporting TDMA.  It delivers flexible support for multiple SFN areas via the inclusion of the TDMA component and via its use of timeslot-oriented transmission of data and associated pilots.  It supports low UE complexity and low power consumption via the use of framing structures that allow for extensive DRX in the terminal.

In comparison, the current DOB proposal has been shown to offer reduced service flexibility, reduced spectral efficiency/coverage, higher CAPEX, higher UE complexity and increased UE power consumption, all of reduce its aptitude as a broadcast technology.  These disadvantages result mainly from its lack of support for TDMA.

Specifically, TDD MBSFN offers the following advantages compared to DOB:

· A 30-35% increase in spectral efficiency or area coverage

· Support for multiple SFN areas (national/local services from the same base station)

· A 55% reduction in transport channel processing RAM requirements at the UE

· 4 times reduction in DRX duty cycle, significantly increasing battery life

· Its inclusion within 3GPP standards, available from Rel-7 onwards
It has further been shown in [1] that TDD MBSFN offers a smooth migration for UMTS FDD operators.

TDD MBSFN is therefore better suited to the broadcast application and provides tangible technological benefits compared to the current DOB proposal.  These translate directly into associated opportunities for the network operator to reduce network deployment costs, to enhance the user experience, to differentiate from a service perspective and to increase revenue.
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� we ignore for the purposes of the present discussion the presence of control overheads
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