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1 Introduction
In regard to multi-cell broadcast, TR 25.814 states:
For multi-cell broadcast, soft combining of radio links should be supported, assuming a sufficient degree of inter-Node-B synchronization, at least among a sub-set of Node B’s.
A single-frequency network (SFN) operation can be realized for broadcast traffic transmitted using OFDM/A from multiple cells with timing errors within the cyclic prefix length.  In the presence of SFN operation, the broadcast SINR can be improved by transmitting the broadcast signal at a higher transmit power because signals from multiple cells do not interfere with each other. A time-multiplexing based approach for unicast and broadcast traffic multiplexing has been suggested by some companies [1].  The problem with time-multiplexing approach is that the Node-B power cannot be shared between broadcast and unicast traffic. We know that in an interference-limited situation, unicast traffic does not benefit from full Node-B power and therefore extra power is available in Node-B.  This extra power can not be used for broadcast if only a pure time-multiplexing of broadcast and unicast traffic is considered. However, if the broadcast traffic is frequency-multiplexed with the unicast traffic, the unused power can be used to the advantage of broadcast traffic possibly improving the overall system spectral efficiency. In this contribution, we propose a scheme that allows frequency-multiplexing of broadcast and unicast traffic in addition to pure time-multiplexing approach. 
2 Motivation for Frequency-Multiplexing
The main motivation for frequency-multiplexing of broadcast and unicast traffic is flexibility in power sharing between the broadcast traffic and the unicast traffic based on the operating scenario. We demonstrate that excess power may be available at the base station carrying only unicast traffic and operating in an interference limited situation. This excess power can then be allocated to broadcast traffic resulting in enhanced broadcast performance in an SFN-based transmission. The Geometry or SINR for unicast traffic can simply be written as:
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Where f represents the ratio between other-cell and own-cell signal. f is in general larger for users at the cell edge. In an interference limited situation (case for most cellular deployments) with fP>>N0W, increasing power P does not help in improving the unicast SINR.
In case of broadcast traffic using OFDM, the signals received from multiple synchronized base stations do not interfere with each other as long as the relative delays of the received signals are within the OFDM symbol cyclic prefix length. Therefore, there is no interference when the same broadcast content is transmitted system-wide apart from the background noise. The average SINR in an OFDM-based broadcast approach is then given as:
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Where K is the number of base stations from which broadcast content is received (assuming equal received power from K base stations). It can be noted that increasing transmit power results in linear increase (within practical receiver limits) of broadcast SINR.
It can be observed from the above discussion that the overall system spectral efficiency can be improved if broadcast and unicast traffic are transmitted simultaneously and power is shared between the two traffic types. The power allocated to the unicast traffic can be lowered without affecting the unicast SINR. The additional available power can then be allocated to broadcast traffic. It should be noted that increasing power allocated to broadcast traffic results in increase in SINR of broadcast traffic. The broadcast and unicast Geometry or SINR for various values of base station transmit power are shown in Figure 1 for an interference limited situation with 2 Km cell-site to cell-site distance. It can be observed that increasing transmit power does not change the unicast SINR. However, increasing transmit power for broadcast traffic result in linear increase in broadcast SINR.
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Figure 1 Unicast and Broadcast Geometry for various base stations transmit powers

An example of power sharing between broadcast and unicast traffic is shown in Figure 2. In unicast slots for the time-multiplexed case, a power of P Watts is used for unicast traffic and (1-)P Watts is wasted because transmission at increased power does not help to improve unicast SINR. However, during broadcast slots, the transmission happens at the full power P Watts because transmitting at a higher power always helps the broadcast traffic. The total energy transmitted for broadcast for the time-multiplexed case is then P/4 Joules assuming 1/4th duty cycle for the broadcast traffic. In the frequency-multiplexed case, however, the power can be shared between the unicast and broadcast traffic. Therefore, when broadcast traffic is transmitted at the same time as the unciast traffic using orthogonal sucbarriers, the unused power can be allocated to broadcast traffic. This unused power that was not helping the unicast traffic can now help to improve the broadcast performance. In case of frequency-multiplexing, 1/4th of the subcarrier resource is allocated to broadcast in order to account for the same bandwidth fraction as with 1/4th duty cycle with time-multiplexing. Therefore, the performance of the unciast traffic is unaffected. However, the energy for broadcast traffic is now (1-0.75*)P Joules. Therefore, the broadcast energy is always equal to or better with frequency-multiplexing compared to the time-multiplexing case. 
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Figure 2: An example of power sharing between broadcast and unicast traffic
3 Potential Gains with Frequency-Multiplexing

We have shown that under-SFN operation, broadcast SINR improves when more power is concentrated on broadcast subcarriers in case of frequency multiplexing. The gains with broadcast/unicast frequency-multiplexing are shown in Table 1.  We used Shannon capacity formula to map SINR to capacity. We assumed a 0.0dB Geometry for broadcast when full power is allocated to broadcast in case of time-multiplexing. It should be noted that for the case of frequency-multiplexing, the broadcast SINR would be higher depending upon the amount of power available for broadcast that is not otherwise used by the unicast traffic. We also expect that gains from frequency-multiplexing of broadcast and unicast would be smaller for larger broadcast Geometry where increasing SINR does not result in “linear” increase in capacity. However, it is possible to envisage MIMO spatial multiplexing for broadcast traffic operating under higher Geometry. Therefore, further broadcast performance and capacity improvements can be realized by flexible power allocation between broadcast and unicast traffic enabled by frequency-multiplexing.
The performance of unicast is unaffected due to frequency-multiplexing because unicast Geometry is unaffected. In this simple performance analysis, we ignored the effect of cyclic prefix overhead. In some cases with small cell deployments, it is possible to use the unicast cyclic prefix for the broadcast traffic as well. Therefore, there would not be any impact on unicast performance. In cases where unicast is forced to use long cyclic prefix, the gains from broadcast frequency-multiplexing should overcome the loss due to longer cyclic prefix. It is also possible for the unicast users to use the longer CP soft combining to improve the SINR recovering some of the loss due to longer cyclic prefix.
Table 1 Gain with Broadcast/Unicast Frequency-Multiplexing

	
	Time-Multiplexing

[b/s/Hz]
	Frequency-Multiplexing

 [b/s/Hz]
	Gain with Frequency-Multiplexing

	=0.5
	0.25
	0.3962
	58%

	=0.25
	0.25
	0.5
	100%

	=0.10
	0.25
	0.55
	120%


4 Multiplexing Structure
The broadcast traffic is frequency-multiplexed along with the unicast traffic in the same subframe. Such hybrid subframe containing broadcast and unicast traffic can further be time-multiplexed with the unicast traffic as shown in Figure 3. In the example of Figure 3, a hybrid subframe is transmitted every fourth subframe. The amount of frequency and time resource needed for broadcast can be configured based on the broadcast traffic requirements. A pure time-multiplexing of broadcast and unicast can be realized by allocating the whole frequency resource in the hybrid subframes to the broadcast traffic. It can be noted that with the same amount of resource allocation for the broadcast traffic, frequency-multiplexing approach can stretch a transmission longer in time therefore benefiting from additional time-diversity. It is also noted that broadcast can still benefit from full frequency diversity by distributed allocation of subcarriers to the broadcast traffic when the total frequency resource in a hybrid subframe is shared between unicast and broadcast traffic.
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Figure 3: An example of broadcast and unicast traffic multiplexing
4.1 Broadcast Pilot 

Since broadcast and unicast traffic is transmitted in the same subframe, both a broadcast and unicast pilot is required in every hybrid subframe in order to enable the SFN broadcast operation in the presence of sufficient level of synchronization between the Node-Bs. In this case, the broadcast pilot can be scrambled using content specific scrambling code i.e. all the Node-Bs transmitting the same content use the same scrambling code. This allows for multi-cell composite channel estimation for the SFN operation. 
4.2 Transmission of Control Signaling

The frequency-multiplexing of broadcast and unicast allows transmitting the uplink related signaling such as uplink scheduling grants and ACK/NACK for uplink transmissions in the hybrid broadcast/unicast subframes. Since both unicast and broadcast pilot is present in the hybrid subframe, the control information can be demodulated/decoded reliably. 
5 Conclusion
We noted that in some cases, the overall system spectral efficiency can be improved if broadcast and unicast traffic are transmitted simultaneously using frequency multiplexing and power is shared between the two traffic types. In interference limited scenarios, the power allocated to the unicast traffic can be lowered without affecting the unicast performance. The additional available power can then be allocated to broadcast traffic improving broadcast spectral efficiency in an SFN operation.
It is also noted that frequency multiplexing of broadcast and unicast traffic can provide good time-frequency diversity. The frequency-multiplexing approach also allows for a simpler control channel design because unicast related signaling information can be transmitted along with broadcast traffic in the hybrid subframes. In some cases, with frequency-multiplexing, a longer CP is used for both broadcast and unicast traffic. However, unicast traffic can use part of the CP for SINR improvement recovering some of the loss due to longer CP.
We propose that frequency-multiplexing of broadcast and unicast within the same subframe is considered for Evolved UTRA. 
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