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1. Introduction
Release 6 adds new components to the GSM/EDGE air interface in support of Multicast Broadcast Multimedia Subsystem (MBMS) operation, including MBMS-specific re-transmission protocols and enhanced outer coding techniques. Perhaps as a consequence of this recent activity within GERAN on MBMS, the current Technical Report (TR) on GERAN Evolution [1] makes little reference to enhanced MBMS modes, except for tangential references to improved MBMS efficiency with multi-carrier downlink mode and dual-port mobile stations (MS).
Nevertheless, multimedia services are playing an increasing role in contemporary GERAN and UMTS network deployments, and are seen as a core component of new system designs, such as the long-term evolution (LTE) concept currently under study within RAN [2]. Further, although new and efficient competitive technologies are becoming available for multimedia service delivery, re-use of the existing GSM infrastructure and mobile designs remains a highly cost-effective option for multimedia service delivery. Indeed maintaining the value of the installed GERAN infrastructure base suggests that enhancements to broadcast service delivery continues to be an important goal. Further, as GSM/EDGE networks evolve to include substantial UMTS companion networks, there is increasing pressure to achieve higher levels of spectral efficiency in the delivery of all services, including MBMS, in geographic areas not served by UMTS. Accordingly, techniques for improving broadcast operation merit discussion in the current GERAN Evolution study.
2. Broadcast Services in Synchronous GSM Networks
Contemporary network designs for the delivery of spectrally efficient broadcast services – such as DVB-H and MediaFLO, and even hybrid systems such as 3GPP2 BCMCS – make use of cyclically extended OFDM modulation formats. Transmissions from individual cells are simulcast in single-frequency network (SFN) fashion where the participating cells support sufficiently precise time- and frequency-synchronization to construct a single multipath channel from the network to the mobile device consisting of the sum of the individual per-cell channel impulse responses. Provided the composite multipath channel impulse response length is less than the cyclic prefix (CP) duration, broadcast receiver performance is limited not by interference, but rather by a) base station (BS) and MS implementation impairments (such as transmitter non-linearities, receiver thermal and phase noise, quadrature error etc.), b) Doppler-induced inter-subcarrier leakage, and c) any residual excess time-delay components beyond the CP. Provided such effects are sufficiently controlled, this permits much higher signal-noise ratios (SNR’s) to be achieved in the system for the same cell locations and radiated power levels as for unicast traffic, and enables high broadcast network spectral efficiency [3].
Clearly, while it is beyond the scope of the compatibility constraints of the GERAN Evolution TR to envisage the construction of downlink bursts based on OFDM modulation, the deployment of synchronous GSM networks is becoming more widespread. The possibility of enabling SFN operation based on existing GSM burst definitions is then potentially enabled, but depends critically on the capability of current- and next-generation GSM/EDGE MS equalizers – especially when operating at the targeted high MCS range – to deal effectively with the concatenated multipath channels formed by the SFN. Ultimately, this depends on both the capability of the MS equalizers and the time-dispersion of the composite channel.
The root mean square (RMS) delay spread measure provides a crude means of assessing the amount of time dispersion in the resulting SFN. In order to assess the effect of the SFN operation on RMS delay spread, System Configuration 2 defined in the GERAN SAIC Feasibility Study ([4], Section 4) was used as the basis for assessing the RMS delay spread distribution of a simulated network. The primary parameters of the simulated network are reproduced in Appendix A, Table 3. Key parameters to note for the present purpose is the cell radius (1000m) and BS per-carrier radiated power level (43dBm).
Figure 1 (left plot) shows an example composite multipath intensity profile (MIP), with an RMS delay spread of 2.39s, constructed by combining the delayed MIP associated with each cell (i.e. sector) when the per-cell MIP is the 3GPP Typical Urban (TU) channel. The particular MIP shown in Figure 1 was generated at position A in the network topology of Figure 2. Figure 1 (right plot) shows the effective MIP generated by re-distributing the composite MIP onto a uniformly-sampled grid at 16x the GSM symbol rate. This approach will be used later to permit direct assessment of equalizer performance in the resulting composite channel.
Clearly, the composite MIP changes with each location in the network due to variation in path loss, shadow fading, antenna angle, relative BTS delay and so on. Figure 3 and Figure 4 show the distribution of the composite RMS delay spread for all locations in the simulated network where sector 0 (see Figure 2) of the centre cell is the best-serving cell (the serving cell distance is therefore distance to sector 0 of the centre site) and when a) the per-cell multipath channel is respectively TU and flat, and b) when all network cells are assumed to participate in the SFN. By comparing the figures, it can be seen that the distribution of RMS delay spread is dominated not by the per-cell MIP, but rather by the SFN dimensions.
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Figure 1 – Broadcast channel example MIP.
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Figure 2 – Example MIP reference location.
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Figure 3 – Broadcast RMS delay spread distribution – TU channel.
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Figure 4 – Broadcast RMS delay spread distribution – flat channel.
The RMS delay spread of the standard 3GPP GSM (TU, HT) and ITU channel models (PA, PB, VA, VB) also appear in Figure 3 and Figure 4. It can be seen that the composite MIP of the broadcast network is generally distributed between the TU and HT RMS delay spread values of 1.02s and 5.10s respectively. The median delay spread for the broadcast network is 2.3s for the TU channel case, and 2.0s for the flat channel case. Accordingly, since GSM MS receiver conformance testing includes the HT channel condition, there is some indication that contemporary GSM mobile receivers could maintain good link performance in the presence of SFN-induced delay spread. This suggests a more detailed comparison with conventional re-use based interference avoidance broadcast modes. 
3. Broadcast Network C/I and C/N Distributions
At the outset of the original GERAN MBMS work [5]

 REF _Ref131390196 \r \h 
[6] the channel to interference plus noise ratios (CINR) characterising GERAN networks in a variety of re-use patterns were studied. The CINR distributions for the centre site (all sectors) of System Configuration 2 of [4] assuming an MS noise-equivalent bandwidth of 200kHz appear in Figure 5, where the triplet (p,q,r) corresponds to:
a) p – site re-use group dimension,
b) q – number of sectors per site,
c) r – number of carrier frequency groups,
and where MS receiver impairments and BTS transmitter impairments are neglected, but the BTS antenna front-back ratio (20dB) is included (as evidenced by the (1,3,1) reuse pattern whose asymptotic CINR is equal to the front-back ratio minus 3dB).
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Figure 5 – CINR distribution vs. re-use pattern.
Assuming, say, 95% broadcast channel coverage is required, the 5%-ile CINR values for each re-use pattern appear in Table 1. Note that for the system configuration parameters studied here, network operation is substantially interference-limited and so the CINR and CIR distributions are virtually identical.
	Re-use Pattern
	5%-ile CINR (dB)

	(1,3,1)
	-4.2

	(1,3,3)
	1.5

	(4,3,12)
	10.7


Table 1 – 5%-ile CINR values.
Of course, in contemporary network design, the 5%-ile CINR values of Table 1 are moderated by various techniques including fraction loading, discontinuous transmission, power control and so on. Nevertheless, application of these techniques here would reduce area spectral efficiency. Accordingly, for simplicity, the present analysis does not consider those approaches.
Further assuming that all of the cells in the simulated system are participating in the broadcast SFN, the performance-limiting C/I ratio is replaced with a signal to noise ratio distribution, or more usefully for link performance assessment, the ratio 
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 of coded (i.e. transmitted) bit energy to receiver thermal noise density. Note again that it is assumed for the present purpose that other performance-limiting aspects – such as transmitter/receiver impairments, and adjacent channel interference – are neglected.
The resulting distribution of 
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 for the center site (sector 0) of the simulated network appears in Figure 6. It can be seen that the 5%-ile points for 
[image: image8.wmf]/

bt

EN

 at the GMSK and 8PSK coded bit rates are 38.6dB and 33.8dB respectively, although of course in this case, the broadcast channel has a larger delay spread than the underlying cell multipath channel.
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Figure 6 – 
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 distributions for centre cell.
Accordingly, while the optimum approach to establishing broadcast channel coverage is to apply an appropriate link-system mapping at each point in the simulated network and then assessing the distribution of broadcast channel block error probability, a crude means of establishing broadcast channel coverage is to compare:
a) Re-use Mode – interference-limited performance at the 
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 ratios specified in Table 1 for the TU channel, and
b) SFN Mode – noise-limited performance at 
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 for GMSK and 8PSK respectively, using a example broadcast channel such as that of Figure 1.
Note that in the SFN mode b), however, the RMS delay spread of the composite MIP example of Figure 1 is approximately equal to the median RMS delay spread of Figure 3. Accordingly, an example composite MIP with larger delay spread equal to the 3.6s 95%-ile point in Figure 3 was selected. This MIP – which had an RMS delay spread of 3.68s (still 1.4s less RMS delay spread than the HT channel) – appears in Figure 7. Note that the simultaneous assumption of 5%-ile SNR and 95%-ile delay spread is potentially pessimistic, although in practice these parameters would be correlated.
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Figure 7 – 95%-ile broadcast channel example MIP. (Left: simulated; right: uniformly sampled.)
4. Receiver Link Performance
Table 2 lists 
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 values required for operation at 10% radio link control (RLC) block error rate (BLER) under the SFN mode and re-use mode defined above for the example MIP’s defined in Figure 1 and Figure 7 respectively. The specified values were derived from single-port receiver link simulations, but obviously dual-port (MSRD) receivers will offer better performance. Note that the selection of RLC block BLER was based on an assessment of potential application layer coding gain and H-ARQ, but this value could be further refined. Note also that the simulated values are ideal, since they disregard several significant implementation elements, but they do provide a useful guide to performance.
Here, it is assumed that the interference experienced in the conventional re-use case of Figure 5 is structured according to the multi-interferer DARP model of TS 45.005, Annex L. For each MIP, ideal frequency hopping at 3km/h was applied.
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Table 2 – 
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 values required for 10% PDTCH BLER.
Comparing the 95%-ile 
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 values of Table 1 with the required targets of Table 2 suggest that for the conventional reuse system only relatively relaxed re-use patterns such as the (4,3,12) pattern are feasible at the required BLER. For the (4,3,12) pattern, MCS-2 is feasible. MCS-2 delivers an RLC PDU payload of 226 bits, which – neglecting H-ARQ re-transmissions – supports a per-cell throughput on the PDTCH logical channel of 
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 is the radio frame duration of 4.615ms. For the (4,3,12) re-use factor, this corresponds to an area spectral efficiency of 
[image: image22.wmf]90.4/(12*0.2)37.7//

kbpsMHzcell

=

.
Figure 6 and the 5%-ile 8PSK coded bit 
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 of 33.8dB suggests that – again neglecting adjacent channel interference effects and BS/MS implementation SNR limitations – MCS-9 could be feasible for the median MIP of Figure 1. MCS-9 delivers an RLC PDU payload of 1188 bits, and would therefore support a per-carrier throughput of 
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. Since this could nominally be supported by a single carrier SFN, the area spectral efficiency is 
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This represents an improvement in area spectral efficiency of 
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-fold. It is again noted that the assumption of the (4,3,12) pattern may be a conservative assumption, and that the use of ‘tighter’ re-use patterns (such as (1,3,1) or (1,3,3)) with fraction loading etc. could result in higher spectral efficiencies for the re-use mode, but such modifications are not expected to match the spectral efficiency of the SFN.
The 95%-ile MIP of Figure 7 gives marginally worse performance, suggesting support of only MCS-8 may be feasible at the 10% RLC block error rate. This would slightly reduce the overall SFN spectral efficiency, but would not radically alter the conclusions.
5. Radio Resource Management
A number of options could be available for providing radio resources to support a GSM SFN broadcast mode.
In the simplest approach, one or more non-hopping radio frequency channels could be dedicated on a network-wide basis or over a local set 
[image: image27.wmf]W

 of cells to support the SFN, with a common training sequence code (TSC) applied to the common channel(s) at each participating cell (the TSC need not be tied to the Base Station Colour Codes, or BCC’s). When the SFN is applied substantially over the entire network, there would appear to be relatively few TSC planning issues associated with such a deployment. When the SFN is constructed over a local set 
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 of cells, TSC planning could be required at the edge of the SFN, but this challenge appears similar to conventional TSC planning (if used). In order to prevent adjacent channel interference of the BCCH pattern, the SFN radio channel or channels could be located non-adjacent to the BCCH carriers. Note that SFN operation would not be applicable to BCCH carrier frequencies since the SFN apparent (1,3,1) re-use pattern would deviate from conventional (3,3,9) or (4,3,12) (or larger) patterns, leading to an unallowed variation in the MS-observed RSSI on the BCCH carrier during timeslots devoted to broadcast use.
One drawback with such a configuration, however, is that an entire carrier frequency would be dedicated to the SFN. This could consume an excessive amount of radio frequency or BTS transceiver (TRX) resources in lightly resourced cells. As an alternative, individual timeslots on each non-hopping radio channel could be associated with the SFN on a per-timeslot basis, permitting improved granularity of radio resource assignment to the broadcast service. Of course, the associated SFN timeslot assignments would need to be coordinated between the participating cells in set 
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, but the required TRX hardware resources would be available for other logical channels (TCH/AxS, PDTCH etc.) on timeslots not dedicated to SFN operation. For example, similar to conventional practice during the BCCH timeslot, the Mobile Allocation (MA) of MS’s receiving a hopping TCH/AxS logical channel could be modified to exclude SFN-dedicated radio channels in any particular timeslot.
Neither of these approaches support, however, the use of frequency hopping. Clearly, unidirectional broadcast services generally allow larger interleaving delays – and so improved time diversity – compared to real time services. This potentially allows the loss of hopping-induced frequency diversity benefits to be overcome. Reuse, however, of the current set of EDGE PDTCH MCS block structures (and 20ms TTI) would minimise the impact of SFN operation on both the base and mobile station implementations. Notwithstanding, therefore, the marginal benefit (and occasional performance loss) of frequency hopping at very high code rates (e.g. MCS-4, MCS-9) the application of frequency hopping to a GSM SFN could offer performance benefits.
Permitting SFN frequency hopping over a set of cells 
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 in a network supporting intra-cell orthogonal hopping such as GSM presents some obvious challenges. In order to maximise compatibility with existing specifications, the application of a common Hopping Sequence Number (HSN) and common TSC to the SFN over the set of participating cells 
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 appears feasible. Contention or ‘collisions’ with other non-orthogonal transmissions from each cell could be handled by either a) defining a set of rules to permit arbitration of physical channel contention, or b) in the case of BTS’ equipped with more than one transmit antenna (to support, for example, delay diversity), permit the broadcast burst to be transmitted on one antenna, and the contending burst on the second antenna.
6. BS and MS Impact

If the existing PDTCH MCS are retained for use in a GSM SFN broadcast channel mode, there would appear to be marginal impact on the BTS hardware, with the exception of the frequency hopping case. Existing transmitter designs capable of supporting error vector magnitudes consistent with MCS-9 transmission can clearly support adequate transmitter waveform qualities for MCS-9 delivery over SFN.

The same comment applies to the MS RF subsystem specification, with the exception of the ability of the equalizer to deal with SFN-induced delay spread. However, as discussed above, for contemporary medium- to small-cell GSM network deployments where spectral efficiency is most critical,  the resulting composite channel delay spread does not appear to exceed the capability of current-generation MS’.
Core network requirement appear consistent with current GERAN/RAN MBMS requirements.

7. Conclusions
Single frequency networking modes of operation appear to be a viable means of achieving high levels of area spectral efficiency when delivering wide-area broadcast services in synchronous GSM networks. An initial assessment suggests the impact of SFN techniques on BS and MS hardware implementations is relatively light, and yet the benefits of SFN mode to networks capable of synchronous operation appear substantial. It is proposed to capture the analysis and conclusions of this contribution in the GERAN Evolution TR.
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9. Appendix A

	Parameter
	Units
	Value
	Comment

	Number of Rings
	Rings
	3
	

	Total # Sites
	Sites
	37
	

	Sectors (cells) per site
	Sectors
	3
	

	Carrier Frequency 
	MHz
	1900
	

	Cell Radius
	m
	1000
	

	BS Antenna Gain
	dBi
	17.0
	

	Sector Antenna Gain
	dB
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 is angle w.r.t. antenna bore sight. 
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 is 3dB antenna beam width.

	BS Front-Back Ratio (
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A

)
	dB
	20.0
	

	Sector Antenna 3dB Beamwidth
	degs
	70.0
	

	Path Loss Model
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	UMTS 30.03, Section B.1.4.1.3

	Min. Path Loss
	dB
	70.0
	

	BTS Output Power
	dBm
	43.0
	

	MS Noise Figure
	dB
	10.0
	

	Shadowing Lognormal Standard Dev.
	dB
	8.0
	

	Shadowing Inter-site Correl. Coeff.
	
	0.5
	

	Shadowing Intra-site Correl. Coeff.
	
	1.0
	

	Power Control
	
	Disabled
	Maximum power radiated continuously per cell.


Table 3 – Simulated network parameters.
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