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1. Introduction
The agreed upon requirements for the downlink E-UTRA demand 3-4x increase in the user throughput and spectral efficiency relative to the Release 6 systems [1]. To achieve this spectral efficiency, it is necessary to use multiple antennas at the node-B and the UEs, so as to enable simultaneous transmission of multiple spatial streams. Significant downlink throughput gains are obtained (see, for example, [2]) by the use of four transmit and receive antennas, along with the feedback of channel quality indicator (CQI) to perform rank and link adaptation. 

While devising MIMO techniques to achieve the downlink throughput gains, efforts must also be made to reduce the L1/L2 signaling overhead required to support the proposed techniques. In this contribution, we analyze the signaling overhead associated with downlink control signaling and uplink CQI feedback & ACK / NACK. The analysis shows that the associated overhead increases significantly with the number of codewords. Consequently, we propose a maximum of two codewords per UE per resource-block. A MIMO signaling scheme which applies this restriction, namely per-group rate control (PGRC) has been shown ([3-7]) to achieve at least 98% of the downlink throughput of PARC. 

Section 2 describes the setup for transmitting multiple codewords. Section 3 analyzes the downlink control signaling overhead. Section 4 presents an analysis of the uplink CQI feedback overhead. Section 5 evaluates the uplink ACK / NACK overhead. Section 6 lists some concerns about the latency requirements with increased number of codewords. Section 7 summarizes the conclusions.
2. Multiple-Codeword Transmission
In this section, we review the transmitter set-up to achieve multiple codeword transmission. Figure 1 illustrates the case where there are N​C codewords, each of which has a modulation and coding scheme (MCS) independent of other codewords. Crucially, the number of codewords Nc could be less than the rank R, defined as number of active virtual / physical antennas. In this case, one codeword is multiplexed over two different antennas. (Thus, the ‘grouping’ module in Figure 1 consists of many serial-to-parallel converters). For example, rank-4 transmission with two codewords can be achieved by transmitting one codeword on antennas 1 and 2, and the other codeword on antennas 3 and 4. There is an optional precoder mapping virtual antennas to physical antennas.  Note that each codeword could potentially be transmitted to a different UE.
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Figure 1: Transmitter Structure To Support Multiple Codewords
Increasing the number of codewords increases the scheduling flexibility, since the MCS scheme of each codeword can be tuned independently to best fit the channel-quality indicator for that stream. However, increasing the number of codewords also increases the signaling requirements. Specifically,
· Downlink Control Signaling: For each codeword, the modulation & coding scheme, the HARQ status information and payload size need to be signaled on the downlink.
· Uplink CQI Feedback: To optimally use the increased number of streams, the CQI for each codeword needs to be fed back.

· ACK / NACK: To support HARQ, ACK / NACK information needs to be fed back for each codeword.
In Sections 3-5, we take up the overhead associated with each of the above. For all the illustrative examples, we focus on the 4-antenna case, which requires the highest signaling. Further, different MIMO transmission schemes have different number of codewords for each rank. To illustrate the overhead requirements of different schemes, we consider two examples with different numbers of codewords:
1. Per-antenna rate control (PARC): Here, each codeword is mapped directly onto a virtual antenna. The number of codewords is, therefore, equal to the rank.

2. Per-group rate control (PGRC): PGRC [3-7] restricts the maximum number of codewords per UE to two. For transmission ranks 1 and 2, PGRC is identical to PARC. However, for transmission ranks 3 and 4, PGRC transmits two codewords by grouping two antennas into one codeword [7].
Downlink throughput results comparing PARC and PGRC were presented in [4-7] and are summarized in Table 1 for convenience. Note that these results did not account for the saving in signaling and feedback overhead. As seen from Table 1, PGRC suffers at most 1.9% loss in downlink average sector throughput when compared to PARC. In the remainder of this document, we will demonstrate that this loss is offset by the reduced signaling overhead of PGRC.
	MIMO Decoder used at the UE
	% loss in downlink sector throughput for PGRC compared to PARC

	LMMSE
	0-1.5%

	SIC
	0.5-1.9%


TABLE 1: Summary of downlink throughput loss of PGRC compared to PARC

3. Downlink Control Signaling
As mentioned in Section 2, downlink control signaling needs to signal the resource block allocation and MCS for each codeword. The control signaling overhead for each codeword has the following components:
· Modulation signaling (QPSK, 16QAM, or 64QAM), requiring requires 2 bits. 

· Transport Block Size, requiring 6 bits [8]. 

· HARQ status information, requiring 6 bits [8].

Thus, each additional codeword requires (2 + 6 + 6) = 14 bits of signaling. In addition, it is possible that the resource block assignment would also be signaled per codeword, particularly in the case of multi-user MIMO. But we make the optimistic assumption that the RB assignment for each codeword can be derived from the RB assignment of the corresponding UE. Under the assumption that each codeword requires 14 bits of signaling, Table 2 lists the signaling requirements of PARC and PGRC for various transmission ranks. In line with [8], the transmission spectral efficiency of control signaling is assumed to be 0.67 b / s / Hz (obtained by using QPSK modulation with rate 1/3 code). Thus, the number of tones to signal N bits is N / 0.67. For the 5 MHz case, there are 14 OFDM symbols per TTI containing 300 tones each. Thus, N signaling bits occupy a fraction (N / 0.67) / (14 * 300) of the downlink resources.
	Transmission Rank (No. of active virtual antennas)
	Number of Codewords
	Number of bits for signaling

(# codewords * (14))
	% of 5 MHz TTI used for signaling
(= (#bits / 0.67) / (300 * 14)

	
	PARC
	PGRC
	PARC
	PGRC
	PARC
	PGRC

	1
	1
	1
	14
	14
	0.5%
	0.5%

	2
	2
	2
	28
	28
	1.0%
	1.0%

	3
	3
	2
	42
	28
	1.5%
	1.0%

	4
	4
	2
	56
	28
	2.0%
	1.0%


TABLE 2: Downlink Control Signaling requirements per UE for PARC & PGRC for 4 Node-B antennas
By setting the maximum number of codewords to 4 instead of 2, 50% and 100% increase in control overhead are incurred for rank 3 and 4, respectively.

It is also informative to see the average increase in control signaling overhead for the simulation environments in [7], which is a non-isolated macro cells. In this case, the empirical probability distribution of the various ranks (averaged over 500 m / 1732 m ISD, and over LMMSE / SIC decoding) is given in Table 3. Clearly, this distribution depends strongly on the deployment scenario. For more isolated cells, the relative probability of using high ranks increases. In that case, the increase in control signaling overhead becomes more significant when the maximum number of codewords is chosen to be 4 instead of 2. 

Using the rank distribution of Table 3, the weighted average of the downlink signaling overhead of Table 2 is computed to give the average signaling overhead per UE. This results in 1.2% and 0.9% overhead per UE for PARC and PGRC, respectively, which constitutes to 33% increase in control overhead. 

	Transmission Rank
	(Experimental) Probability That Rank Is Used

	1
	20%

	2
	35%

	3
	30%

	4
	15%


TABLE 3: Empirical Probability Distribution of Transmission Ranks For Fully-Loaded Macro Cells
Relative to the overall DL resource,  it is conservatively assumed that 5 UEs are scheduled per TTI, based on the preliminary results of [9]. With this assumption, the average downlink overhead of PARC and PGRC are 6.0% and 4.5% respectively. Note that even for fully loaded macro-cell deployments, 4-codeword transmission incurs a 1.5% downlink throughput overhead when compared to 2-codeword transmission. Thus, the additional downlink control overhead required by PARC should offset its small throughput gain over PGRC (see Table 4).  In addition, PARC incurs further penalty in the uplink overhead as discussed in Sections 4 and 5.
4. Uplink CQI Feedback Requirements

In this section, we analyze the uplink CQI feedback requirements, and their dependence on the number of codewords. To quantify the CQI feedback requirements, we assume 5 bits per CQI. Consequently, the number of signaling bits for Nc codewords is (Nc * 5). The CQI feedback overhead for PARC and PGRC per RB is listed in Table 4. 
	Transmission Rank (No. of active virtual antennas)
	Number of Codewords
	# CQI signalling bits

(# codewords * 5)

	
	PARC
	PGRC
	PARC
	PGRC

	1
	1
	1
	5
	5

	2
	2
	2
	10
	10

	3
	3
	2
	15
	10

	4
	4
	2
	20
	10


TABLE 4: Uplink CQI Feedback Requirements Per UE for PARC & PGRC 
From Table 4, it is easy to see that for ranks 3 and 4, PARC incurs an additional CQI feedback overhead of 50% and 100% respectively. Converting the CQI feedback overhead to a fraction of uplink resources requires assumptions on the CQI signaling spectral efficiency, the method used to combine CQIs across RB and so on. If one assumes 0.67 b / s / Hz of signaling efficiency and feedback for 8 RBs out of 25, PARC CQI feedback for rank-4 for one UE consumes 240 tones, or 80% of one symbol. Clearly, feeding back four CQIs incurs significant uplink feedback penalty, and  must be avoided.

5. Uplink ACK / NACK requirements

To avoid unnecessary retransmissions of correctly received codewords, ACK / NACK must be signaled separately for each codeword. Thus, the ACK/NACK signaling overhead increases linearly with the number of codewords. The method of ACK / NACK signaling is FFS, so the overhead is difficult to quantify. However, it is clear that using a maximum of 4 codewords doubles the ACK /NACK feedback requirements relative to 2 codewords. 
6. System-level Latency Requirements With Advanced MIMO Decoders

One important reason for increasing the number of codewords is to use advanced successive interference cancellation (SIC) decoders to increase system-level throughput. However, the following should also be considered for 4x4 configuration:

· The use of 4-iteration SIC decoders comes at the cost of increased memory requirement and UE area [12]. 
· The use of 4-iteration SIC decoders with 4 codewords increases the decoding latency at the UE, since each codeword has to be decoded, reencoded and used to cancel interference for other codewords. The latency cannot be strictly quantified since it is implementation-dependent. However, it is clear that the increased UE latency, particularly for the case of four codewords, could potentially increase the ACK / NACK feedback delay. In combination with the 1ms TTI, this increased decoding and feedback latency will make it more difficult to meet the U-plane latency requirement of E-UTRA.
Another disadvantage of using 3 or 4 codewords for rank-3 or rank-4 transmission is that the coding gain for each codeword is lower compared to that for 2 codewords. This holds especially when a UE is assigned a small number of RBs. In this case, some codewords will span only a few RBs and hence have low code lengths and consequently, poor coding gain.

7. Conclusions

In this contribution, we analyzed the signaling and feedback overhead for E-UTRA, specifically their dependence on the number of spatially multiplexed codewords per UE per chunk. It was shown that ACK/NACK signaling on the uplink; and the downlink control signaling necessary to specify HARQ status, payload size and MCS increases linearly with the number of codewords. Further, the CQI feedback requirement per RB per UE also increases with the number of codewords. Finally, it was argued that a large number of codewords, in combination with the advanced SIC-based receivers, increases the UE latency and makes it difficult to meet the U-plane latency requirement.

For the specific case of 4 node-B antennas, two schemes were compared: PARC uses the maximum number of codewords for each rank, while PGRC limits the maximum number of codewords to two. 
· When 4 codewords are used instead of 2 codewords, the increase in DL and UL overhead is 2x.   
· Due to fewer number of codewords, PGRC loses at most 1.9% in downlink data throughput, even with an advanced SIC decoder. However, this loss is compensated by the 1.5% saving in downlink control overhead (assuming non-isolated macro cell environment). In addition, PARC incurs higher UL overhead compared to PGRC. 

Since E-UTRA is known to be uplink-limited, we recommend supporting a maximum of 2 codewords per UE for 4x4 configuration based on PGRC.
While we recommend a maximum of 2 codewords per UE, this does not restrict the Node B from transmitting 4 codewords in MU-MIMO mode. That is, it imposes a maximum of 2 codewords from the Node B only in SU-MIMO mode.
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