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1. Introduction

Localized and distributed transmissions are considered for OFDMA radio access in the E-UTRA downlink. Distributed transmission is very effective in reducing the required received signal-to-interference plus noise power ratio (SINR) particularly in high mobility environments, where channel-dependent scheduling cannot track the instantaneous fading variation. In [1], we demonstrated that the difference in throughput is small between sub-carrier-level distributed transmission and resource block (RB)-level distributed transmission with only two or three RBs. In this paper, first, we elucidate that RB-level distributed transmission is advantageous in achieving simple multiplexing with localized transmission and reducing the signaling overhead since the resource allocation of distributed transmission UEs does not affect the resource allocation of localized transmission UEs. Next, we further demonstrate the achievable throughput between the RB-level and sub-carrier-level distributed transmissions considering hybrid ARQ with packet combining in the E-UTRA downlink.

2. Distributed OFDMA Transmission
In the past meetings, there were discussions focused on whether or not sub-carrier-level distributed transmission by puncturing bits in the localized transmission RB is necessary [2]–[10]. Figures 1(a) and 1(b) illustrate the multiplexing scheme for RB-level and sub-carrier-level distributed transmissions. 

· RB-level distributed transmission

In the RB-level distributed transmission, we do not allow for the coexistence of localized and distributed transmission UEs within the same RB. For low data-rate traffic such as VoIP, the data size accommodated within only one RB is sufficient. In this case, we use TDM or FDM multiplexing of multiple distributed transmission UEs to obtain the frequency diversity effect as shown in Figs. 2(a) and 2(b). We call this scheme RB-level distributed transmission with ND-block division where ND indicates the number of virtual RBs (VRBs) within one physical RB (PRB). Note that in the schemes in Figs. 2, distributed and localized transmission UEs are still assigned to different RBs.

· Sub-carrier-level distributed transmission
In the sub-carrier-level distributed transmission, distributed transmission is achieved by puncturing bits of the localized transmission within the same PRB.
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Figure 1 – Example of distributed transmission methods
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Figure 2 – Example of RB-level distributed transmission with ND-block division 

(ND = 2 is assumed in this figure)

3. Complexity of Multiplexing of Localized and Distributed Transmission and Required Number of Control Signaling Bits for Resource Assignment
In this section, we compare the RB-level and sub-carrier-level distributed transmissions from the viewpoint of multiplexing complexity and required signaling information. In the following evaluations, we assumed that there are NPRB PRBs and they are indexed as 0, …, NPRB –1 from the smaller frequency band as shown in Fig. 3. Furthermore, the Node B informs the radio resource assignment information using the indices of VRBs assigned to the UE. In Fig. 3, when there are only localized VRBs (L-VRBs), the indices of the L-VRB and PRB are the same. Therefore, the UE can identify the position of the PRBs that should be decoded based on the indices of the assigned L-VRBs.
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Figure 3 – Basic configuration of PRB index and VRB index

· Sub-carrier-level distributed transmission
In the sub-carrier-level distributed transmission, the multiplexing of the L-VRBs and distributed VRBs (D-VRBs) is performed as follows (see Fig. 4).

(1) When distributed transmission is required, D-VRB is generated by puncturing the resource (symbols) of the L-VRBs.

(2) The positions of the D-VRBs (punctured symbol positions) may be determined by a fixed rule according to the number of D-VRBs.

(3) The fixed rule indicating how to index the L-VRBs and D-VRBs is used. In the example in Fig. 4, L-VRBs are first numbered from the left. After that D-VRBs are numbered.

From the first feature, the total number of VRBs, NVRB, varies according to the number of D-VRBs, NDVRB, as shown in Fig. 4, where NVRB = NLVRB + NDVRB and NLVRB = NPRB. Therefore, sub-carrier-level multiplexing requires a redundant L1/L2 control signaling channel format. For example, the control channel should be designed to accommodate the maximum number of RBs as shown in Fig. 5. This brings about a larger control signaling overhead compared to that for RB-level distributed transmission.

Furthermore, due to the first feature, the size of the L-VRB varies according to the number of D-VRBs. Therefore, the optimum RB size cannot be maintained. This variable size of the VRBs also affects the scheduling, since the accommodated number of coded bits per RB varies.

Finally, the localized transmission UE must change the position of the demodulation symbols within the assigned PRBs according to the number of D-VRBs. Therefore, information pertaining to the D-VRB is necessary for a UE with localized RB transmission.
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Figure 4 – Multiplexing of different VRBs with sub-carrier-level distributed transmission
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Figure 5 – Example of the downlink control signaling format with sub-carrier-level distributed transmission
· RB-level distributed transmission

In the RB-level distributed transmission with ND-block division, the L-VRBs and D-VRBs can be multiplexed for example as follows. More general RB-level distributions than the example can be considered.

(1) When distributed transmission is required, some of the L-VRBs are replaced by D-VRBs.

(2) The positions of D-VRBs (PRB indices) are determined by a fixed rule according to the number of D-VRBs. In this paper, the following positions are used (see other examples in [3] and [11]):

· One D-VRB is mapped on to the ND PRBs which are separated by 
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· NDVRB is the number of D-VRBs, and we assume that 
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). Then, in total ND-PRB paired PRBs are used for distributed transmission. The position k becomes
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. Figure 6 show examples assuming NPRB = 12 and ND = 2 for the cases with NDVRB of two and four.
(3) The fixed rule indicating how to index the L-VRBs and D-VRBs is used. In Fig. 6, the indices of the L-VRBs are constant irrespective of the D-VRBs allocation, i.e. the corresponding PRB index is used. After that D-VRBs are numbered from the left. In Fig. 6, index of the D-VRB is one of the used PRBs’ indices.
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Figure 6 – Multiplexing of different VRBs with RB-level distributed transmission with ND-block division (ND = 2 is assumed in this figure)

From the first feature, the size of the VRBs and the total number of VRBs, NVRB = NLVRB + NDVRB, are constant (equals to NPRB). This allows for a very simple scheduling procedure and simple L1/L2 control signaling channel structure. For example a fixed L1/L2 control channel structure can be used irrespective of NDVRB. Furthermore, based on the second and third features described above, to identify the positions (PRB indices) of the UE receiver for localized resource allocation, no additional information on the resource assignment of the distributed transmission is required. For the UE with distributed resource assignment, we can consider the following two approaches (additional information) to inform assigned UEs of the resource assignment.

(1) Approach 1: Inform of the number of D-VRBs
· Since the relationship between the used PRB index and D-VRB indices is only dependent on the number of D-VRBs, after the number of D-VRBs is known to the UEs, all the UE can know which PRB should be decoded from the assigned VRB indices.

(2) Approach 2: Inform of the resource assignment type

· From another point of view, the relationship between the PRB index and D-VRB indices can be identified if the UE can identify the assigned VRB as localized or distributed.

Figures 7(a) and 7(b) show examples of the downlink control signaling format for radio resource assignment for Approaches 1 and 2, respectively. We assumed that the resource assignment information is jointly coded among multiple UEs to which radio resources are assigned [12],[13] and “table based approach” [14] is used for the joint radio resource assignment. Approaches 1 and 2 are also applicable to the separated radio resource assignment control signaling to different UEs. In general, when joint coding is used, Approach 1 is more attractive because the information regarding the number of D-VRBs used in this approach is common to all UEs. On the other hand, Approach 2 is more appropriate for the separated coding of the control information regarding the radio resource assignment since only one additional bit is required for each UE.
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Figure 7 – Example of the downlink control signaling format with RB-level distributed transmission
In summary, RB-level distributed transmission with ND-block division has the following advantages compared to the sub-carrier-level distributed transmission from the viewpoint of complexity of the multiplexing localized and distributed transmissions and the required number of control signaling bits for resource assignment.

(1) Since the number of the total VRBs is constant irrespective of the number of the D-VRBs, redundancy in the L1/L2 control channel of RB-level distributed transmission with ND-block division can be minimized. Meanwhile, sub-carrier-level distributed transmission requires a redundant L1/L2 control channel configuration since the number of the total VRBs is increased according to the increase in the number of D-VRBs.

(2) In RB-level distributed transmission with ND-block division, localized UEs can decode own data channel without the knowledge of the distributed resource allocation to other UEs. Meanwhile, in sub-carrier-level distributed transmission, localized UE should know the distributed resource allocation of all other UEs having distributed resource allocations and should change the position of the demodulation symbols within the assigned PRBs according to the number of D-VRBs.

4. Simulation Evaluations

In this section, we further compared the achievable throughput between sub-carrier-level and RB-level distributed transmissions when hybrid ARQ with packet combining is used. Table 1 lists the simulation parameters, which follow the approved parameters in [15]. We assume that 9.0 MHz of the 10-MHz channel bandwidth is occupied. The resource block bandwidth is set to 375 kHz. Furthermore, we employ the TDM-based pilot channel structure, in which pilot symbols are mapped at every other sub-carrier in the second OFDM symbol duration at each sub-frame. In the simulation, we assume ideal FFT timing detection, although channel estimation is performed using the linear interpolation of two successive TDM-based pilot channels in the time domain. We employed two-branch antenna diversity reception at the UE. Moreover, we used incremental redundancy (IR) as the hybrid ARQ with packet combining. 

Table 1 – Simulation Parameters

	System bandwidth
	10 MHz

	Number of sub-carriers
	600

	Sub-carrier spacing
	15 kHz

	Occupied bandwidth
	9 MHz

	Resource block bandwidth
	375 kHz (24 resource blocks / 9 MHz)

	Symbol duration
	Useful data
	66.67 sec

	
	Cyclic prefix
	4.75 sec

	Sub-frame length
	0.5 msec (7 OFDM symbols)

	Modulation scheme

and

channel coding rate
	QPSK (R = 1/7, 1/3, 1/2, 3/4),
16QAM (R = 1/2, 3/4),

64QAM (R = 2/3, 3/4)

	Channel coding / decoding
	Turbo code (K = 4) /

Max-Log-MAP decoding (8 iterations)

	Hybrid ARQ
	Packet combining scheme
	Incremental Redundancy

	
	Round trip delay
	3.0 msec (6 sub-frames)

	Receiver diversity
	2 branches

	Channel model
	6-ray Typical Urban

	Maximum Doppler frequency, fD
	222.0 Hz 


5. Simulation Results

We first compare the Packet Error Rate (PER) and throughput performance of the sub-carrier-level distributed transmission to that of thr RB-level distributed transmission and the RB-level distributed transmission with ND-block division assuming the data size of 180 bits. In the RB-level distributed transmission with ND-block division, the coded bits are interleaved over ND blocks. Table 2 indicates the numbers of RBs in the RB-level distributed transmission and the RB-level distributed transmission with ND-block division for respective modulation and channel coding schemes (MCSs) from QPSK with the coding rate of R = 1/7 to 64QAM with R = 3/4.

Table 2 – Numbers of RBs in RB-level distributed transmission and RB-level distributed transmission with ND-block division with the data size of 180 bits

	
	RB-level distributed
	RB-level distributed with ND -block division

	
	
	ND = 2
	ND = 3

	QPSK, R = 1/7
	6
	12
	18

	QPSK, R = 1/3
	3
	6
	9

	QPSK, R = 1/2
	2
	4
	6

	QPSK, R = 3/4
	
	
	

	16QAM, R = 1/2
	1
	2
	3

	16QAM, R = 3/4
	
	
	

	64QAM, R = 2/3
	1
	2
	N/A

	64QAM, R = 3/4
	
	
	


Figures 8(a), 8(b), and 8(c) show the average residual PER performance as a function of the average received Es/N0 per branch with fD = 222.0 Hz (120 km/h), for QPSK with the channel coding rate of R = 1/2, 16QAM with R = 3/4, and 64QAM modulation with R = 3/4, respectively. The maximum number of retransmissions, NARQ, is set to NARQ = 0, 1, and 3. First, Fig. 8(a) shows that the loss in the required average received Es/N0 at the average residual PER of 10-1 using the RB-level distributed transmission from that using the sub-carrier-level distributed transmission is small for QPSK modulation even without hybrid ARQ. Moreover, the loss is negligible when hybrid ARQ with packet combining is used with NARQ = 1 and 3.  Next, Fig. 8(b) shows that in 16QAM with R = 3/4, the loss in the required average received Es/N0 at the average residual PER of 10-1 using the RB-level distributed transmission with ND = 2 from that using sub-carrier-level distributed transmission is approximately 0.9, 0.6, and 0.3 dB for NARQ = 0, 1, and 3, respectively. Similarly, we find from Fig. 8(c) that in 64 QAM with R = 3/4, the loss in the required average received Es/N0 at the average residual PER of 10-1 using RB-level distributed transmission with ND = 2 from that using sub-carrier-level distributed transmission is approximately 1.0, 0.7, and 0.4 dB for NARQ = 0, 1, and 3, respectively. Therefore, we see that by applying hybrid ARQ with NARQ = 1 and 3, the sub-carrier-level distributed transmission is slightly superior to the RB-level distributed transmission with small ND.
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(a) QPSK, R = 1/2
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(b) 16QAM, R = 3/4
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(c) 64QAM, R = 3/4
Figure 8 – Comparison based on PER performance using sub-carrier-level and RB-level distributed transmissions with the data size of 180 bits

Figures 9(a) and (b) show the throughput performance using the sub-carrier-level and RB-level distributed transmission methods for fD = 222.0 Hz without and with hybrid ARQ, respectively, as a function of the average received Es/N0 per branch. In the case with hybrid ARQ, we set the maximum number of retransmissions to one. Comparing the PER performance, we see that the difference of throughput performance is small between the sub-carrier-level distributed transmission and the RB-level distributed transmission. Figure 9 (a) shows that the loss in the required average received Es/N0 employing the RB-level distributed transmission with ND = 2-block division compared to the sub-carrier-level one is negligible for QPSK modulations. Furthermore, the loss is only 1.0 and 1.2 dB for 16QAM and 64QAM modulations with R = 3/4, respectively. Figure 9(b) shows that the loss in the required average received Es/N0 of the RB-level distributed transmission compared to that of the sub-carrier-level one becomes slightly smaller by applying hybrid ARQ with only NARQ = 1. 
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(a) NARQ = 0
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(b) NARQ = 1
Figure 9 – Comparison based on throughputs of each MCS using sub-carrier-level and RB-level distributed transmissions with the data size of 180 bits

Figure 10 shows a throughput comparison between the RB-level and sub-carrier-level distributed transmissions assuming the adaptive modulation and coding (AMC) scheme with ideal MCS selections. For the hybrid ARQ, NARQ is set to one. The figure shows that the achievable throughput performance using RB-level distributed transmission with ND = 2 is almost identical to that using the sub-carrier-level one. 
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Figure 10 – Comparison based on throughputs of hull curve using sub-carrier-level and RB-level distributed transmissions with the data size of 180 bits

Finally, based on the link-level simulation results, we evaluated the cumulative distribution function (CDF) of the throughput assuming a 19-cell environment. Figure 11 shows the CDF of the geometry value. The simulation parameters follow the agreed simulation parameters given in [15]. We assumed the inter-site distance (ISD) of 500 m and the penetration loss of 20 dB. The Full queue model is assumed. 

By convoluting the geometry distribution in Fig. 11 and link-level throughput performance in Fig. 10, the system level throughput performance is estimated as shown in Fig. 12. In Fig. 12, NARQ is set to one, and the RB-level distributed transmission with ND = 2 with FDM (corresponding to Fig. 2(b)) is evaluated in addition to that with TDM. From the figure, we can see that the throughput of RB-level distributed transmission with ND = 2 with TDM and FDM are almost same as that of the sub-carrier-level distributed transmission. Therefore, from the viewpoint of the achievable throughput, the merit of the sub-carrier-level distributed transmission is negligible compared to the RB-level distributed transmission with ND-block division. Accordingly, we cannot find any merit using the sub-carrier-level distributed transmission.
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Figure 11 – Cumulative distribution of geometry in multicell environment.
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Figure 12 – Comparison based on frequency efficiency in multicell environment.

6. Conclusion

In this paper, we compared the RB-level and sub-carrier-level distributed transmissions from the viewpoint of the complexity of multiplexing and the required signaling information and the achievable throughput considering hybrid ARQ with packet combining. We clearly showed that the RB-level distributed transmissions with ND-block division achieve a much simpler multiplexing scheme between the localized and distributed RBs and a reduced control signaling overhead compared to the sub-carrier-level distributed transmissions. Furthermore, we demonstrated that RB-level distributed transmissions with ND-block division achieve almost the same throughput performance as that with the sub-carrier-level distributed transmissions especially when hybrid ARQ with a few retransmissions is used. Therefore, RB-level distributed transmissions with ND-block division should be a working assumption for the E-UTRA downlink.
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