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1
Introduction
In [1]-[2], data and control decoding performances were evaluated for the FDM scattered and TDM pilot structures. The FDM scattered pilots are uniformly distribued over the entire time-frequency in the sub-frame, while the TDM pilots are located only on the 1st symbol of the sub-frame. According to [1], data decoding performance with the TDM pilot structure may become much worse than that of the FDM scattered pilot structure in the high velocity (e.g., 350km/h), while the control decoding performances are quite similar in both the pilot structures when the same time-bandwidth and power resources are allocated to the pilot channels and the L1/L2 control channel is located only on the 1st or the 2nd symbol in the sub-frame [2]. 

In this document we compare the TDM control channel and FDM control channel in terms of control overhead. 

2
Overhead Analysis of TDM vs. FDM of L1/L2 Control Channels

In this section, we compare the TDM and FDM control channels in terms of the overall overhead in the 5MHz bandwidth, which is based on the L1/L2 control channel design shown in [3]. 
In [3], we designed the downlink L1/L2 control channel in support of downlink shared data channel (i.e., SDCCH [4]) for 2 Node B transmit antennas and 2 UE receive antennas, 1.5 MHz subband size, and 375 kHz resource block size.  The designed payload size is 37 bits for each individual user as described in Table 1. We also designed the downlink L1/L2 control channel in support of uplink shared data channel (i.e., SUACH [4]) for 2 Node B receive antennas and 1 UE transmit antenna, 1.5 MHz subband size, ad 375 kHz resource block size. The designed SUACH needs a payload size of 33 bits as described in Table 2.
As to the time-bandwidth resource allocation, we showed in [5] and [6] that we should use at least 60 QPSK tones for the SDCCH and 50 QPSK tones for the SUACH in order to meet the 1% BLER target at 30km/h velocity around cell boundaries (lower than 0dB geometry). In the simulation, the allocated power percentage was assumed to be proportional to the allocaed time-bandwidth percentage. Note that the effective channel coding rate is about 1/3 for both SDCCH and SUACH.
For the overhead analysis in 5MHz bandwidth, we assumed the following resource allocation and operating scenario:

· 2 Node B transmit antennas with 2 sets of orthogonal pilot tones

· 100 common pilot tones per antenna per subframe [7]

· 6 tones per ACKCH [8]
· 1 SUACH and 1 ACKCH to support each UL user   

	
	Bitwidth
	Note

	Resource block (RB) assignment
	9
	3 bits (allocated sub-band map) + 2 bits (starting RB ID in the first sub-band) + 2 bits (ending RB ID in the last sub-band) + 2 bits (spacing of allocated RBs)

	MCS
	8
	5 bits (MCS for base layer) + 3 bits (differential MCS for the 2nd layer or virtual antenna selection)



	Duration of assignment
	1
	Persistency of assignment

	Precoding Matrix ID
	3
	8 precoding matrices are available for SDMA 

	CRC/UE ID
	16
	CRC masked by UE MAC ID

	Allocated tones per SDCCH
	60
	QPSK (120 rate-matched bits, effective code rate = 0.31)


Table 1
Payload for DL control channel in support of DL shared data channel

	
	Bitwidth
	Note

	Resource block (RB) assignment
	9
	3 bits (allocated sub-band map) + 2 bits (starting RB ID in the first sub-band) + 2 bits (ending RB ID in the last sub-band) + 2 bits (spacing of allocated RBs)

	MCS
	5
	32 MCS choices

	Duration of assignment
	1
	Persistency of assignment

	Pilot resource indication
	2
	To support both SDMA and single user transmission 

	CRC/UE ID
	16
	CRC masked by UE MAC ID

	Allocated tones per SUACH
	50
	QPSK (100 rate-matched bits, effective code rate = 0.33)


Table 2
Payload for DL control channel in support of UL shared data channel

2.1. TDM Control Channel with Individual Coding

With the 5MHz system numerology in TR 25.814 [7], the subframe is composed of 7 OFDM symbols and each OFDM symbol is composed of 300 tones. In order to support two sets of pilot tones for two transmit antennas, we need 200 tones. However, assuming that we do not use STTD or SFTD for control channel, one of the two sets of orthogonal tones need not be transmitted on the 1st or the 2nd OFDM symbol in the subframe. Thus, the pilot channel takes only 100 tones out of 600 tones in the 1st and 2nd OFDM symbol. If we take the individual coding of L1/L2 control channel for each UE, each downlink UE consumes 60 tones (for SDCCH) and each uplink UE consumes 56 tones (for SUACH and ACKCH. 
In summary, the number of tones required to support Nd downlink users and Nu uplink users is

· 60Nd + 56Nu 
and the available number of tones to accommodate L1/L2 control channels is 500 if the TDM control channels are on the 1st and the 2nd OFDM symbol in the subframe. 
Thererfore, the total number of downlink and uplink UEs is limited to 
· 4  DL UEs + 4 UL UEs, etc. 

· 8 UL UEs
· 8 DL UEs. 
Considering that the minimum allocation is 1 resource block per UE, we are likely to need more than 8 users in the subframe, especially for VOIP or SDMA applications.  
2.2. TDM Control Channel with Joint Coding

As described in [9], the L1/L2 control channel of multiple users can be jointly encoded and located on the 1st and the 2nd symbols in the TTI. This joint coding may reduce the overall payload size and accommodate more users than the individual coding scheme in the TDM control channel structure, but we cannot achieve such a significant payload reduction as described in [9]. The factors that contributed to the payload size reduction in [9] are less CRC overhead and the ability to share resource allocation bit maps taking the implicit advantage of UEID ordering.
The CRC overhead reduction in [9] occurred as the UE ID size was unfairly reduced from 16 bits in the individual coding to 9 bits in the joint coding. In fact, as the joint coding introduces an additional CRC, the CRC overhead increases if we keep the 16 bits  for the UE ID in both the individual coding and the joint coding.
On the other hand, it is true that the sharing of resouce allocation bit maps reduces the payload size. However, the efficiency is not as high as shown in [9] if Node B supports downlink SDMA operation by use of multiple transmit antennas. When Node B can support maximum M downlink SDMA users per resource block, the bit map sharing method in [9] needs 12M
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Now based on Table 1 and Table 2, we can calculate the maximum number of users in the joint coding, applying the resouce map sharing method [9]. But in the analysis we still keep the 16-bit UE ID for fair comparisons. Then, in order to accommodate Nd downlink users and Nu uplink users 
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, respectively. Assuming that the jointly coded channel can also meet the desired target BLER with the channel code rate of about 1/3 and QPSK modulation is used, the number of tones required to support Nd downlink users and Nu uplink users (including Nu ACKCHs each of which needs 6 tones) is 
· 42Nd + 18M
[image: image8.wmf]é

ù

)

(

log

2

d

N

+  42Nu + 42,
[image: image9.wmf])

0

,

0

(

¹

¹

u

d

N

N

,
· 42Nu + 42, (
[image: image10.wmf]0

=

d

N

),
· 42Nd + 18M
[image: image11.wmf]é

ù

)

(

log

2

d

N

+ 24, (
[image: image12.wmf]0

=

u

N

).
Therefore, if the jointly coded SDCCH and uplink all SUACHs are located on the 1st and 2nd OFDM symbol in the subframe and maximum 2 SDMA users are supported per resource block , the maximum number of users that the system can support becomes

· 4 DL UEs + 5 UL UEs, etc.,
· 10 UL UEs,
· 8 DL UEs.
The joint coding can support one or two more uplink users than the individual encoding in the 5MHz bandwidth, but it cannot improve the number of downlink users due to the inefficiency in supporting the SDMA downlik operation, which is more serious if Node B can support up to 4 SDMA users instead of 2. In order to support 4 SDMA users, the number of common pilots in the 1st and 2nd OFDM symbols should increase from 100 to 200, reducing the number of tones available for the L1/L2 control channel to 400. Assuming that the each field of the control channel requires almost the same number of bits
 to support 4 SDMA users and 2 SDMA users, we can calculate the maximum number of users  that the system can support as

· 3 DL UEs + 2 UL UEs, etc.,

· 8 UL UEs,

· 4 DL UEs,

when maximum 4 SDMA users can be allocated to a resource block. On the other hand, if we use the TDM control channel with an individual coding, the maximum number of users that the system can support becomes
· 3 DL UEs + 3 UL UEs, etc.,

· 7 UL UEs,

· 6 DL UEs.
Therefore, we can conclude that the joint coding is likely to reduce the user capacity compared to the individual coding if the system supports up to 4 SDMA users per resource block.  In any case, the TDM control channel with joint coding is not an efficient scheme to support a large number of VOIP or SDMA users.  

2.3. TDM Control Channel with Joint/Individual Coding

As described in TR 25.814 [7] and [10], category 1 information of SDCCHs of multiple users can be jointly encoded and located on the TDM control channel while the remaining category 2-3 information is transmitted together with the downlink shared data channel. This hierarchical joint/individual coding scheme introduces several drawbacks as described in [10] but can accommodate more users than the individual coding scheme or the joint coding scheme in the TDM control channel structure.

Category 1 information of the SDCCH is composed of UE ID, resource block assignment, and duration of assignment field, which amounts for 26 bits, in all, in Table 1. Therefore, in order to accommodate Nd donwlink users (category-1 information only) and Nu uplink users, we need a payload size of (1+16)Nd + (5+1+2+16)Nu+ 12M
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Therefore, if the jointly coded category 1 information of SDCCHs and SUACHs are located on the 1st and 2nd OFDM symbol in the subframe and maximum 2 SDMA users are supported per resource block, the maximum number of users that the system can support becomes
· 5 DL UEs + 5 UL UEs, etc.,
· 10 UL UEs,
· 13 DL UEs.
Note that the category 2-3 information of the SDCCH, which corresponds to 11 bits in Table 1 (MCS and precoding information) should be transmitted together with the downlink shared channel. Assuming that we use an 8-bit CRC and the effective code rate of 1/3 and QPSK modulation, we need 29Nd tones to transmit the category 2-3 information for Nd downlink users.
Therefore, the total number of tones to be allocated to L1/L2 control channels to support Nd downlink users and Nu uplink users roughly becomes 
· 
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and with the number of users exemplified above, we need

· 635 tones with 5 DL UEs and 5 UL UEs,
· 464 tones with 10 UL UEs,
· 883 tones with 13 DL UEs.
On the other hand, if maximum 4 SDMA users are supported per resource block, 400 tones are available for the TDM control channnel, and the maximum number of users that the system can support becomes (compare with Section 2.2)

· 3 DL UEs + 3 UL UEs, etc.,

· 8 UL UEs,

· 6 DL UEs,
which confirms that the effciency of the joint coding significantly decreases as the maximum degree of the SDMA increases. In this case, the total number of tones to be allocated to L1/L2 control channels becomes

· 477 tones with 3 DL UEs and 3 UL UEs,

· 378 tones with 8 UL UEs,

· 570 tones with 6 DL UEs.
2.4. FDM Control Channel with Individual Coding

With FDM control channel, the L1/L2 control channel is not a limiting factor that constrains the number of maximum supportable users any more. When we use a simple individual coding for the FDM control channel, the number of tones required to support Nd downlink users and Nu uplink users is

· 60Nd + 56Nu.
Table 1 compares the number of tones required to support maximum 2 SDMA users and 4 SDMA users per resource block between TDM control channel with joint/individual coding and FDM control channel with individual coding for the maximum number of users that the TDM control channel can support (see Section 2.3).
	
	Maximum number of UEs that TDM control channel can accommodate in the first two OFDM symbols
	Corresponding number of tones for TDM with joint/individual coding
	Corresponding number of tones for FDM with 
individual coding

	2 SDMA Users per RB

(2 Tx antennas)
	5 DL + 5 UL
	635
	580

	
	10 UL
	464
	560

	
	13 DL
	883
	780

	4 SDMA Users per RB

(4 Tx antennas)
	3 DL + 3 UL
	477
	348

	
	8 UL
	378
	448

	
	6 DL
	570
	360


Table 1
Number of subcarriers to support 2 SDMA users and 4 SDMA users per resource block

By comparing the number of tones to support the same number of UEs between the TDM joint/individual coding and the FDM individual coding, we can find that the joint/individual coding may reduce the SUACH overhead but significantly increases the SDCCH overhead.  
3
System Performance of TDM vs. FDM
In [9], advantages and disadvantages of TDM and FDM control channels are discussed as follows: 
· Delay (Latency of decoding) – TDM control channel can reduce the decoding latency
· “Micro-sleep” – TDM can reduce battery consumption by entering the sleep mode for a few symbols within the subframe
· Overhead – TDM can reduce control overhead in conjunction with joint coding
· Scheduling diversity gain – If FDM control channel is diagonally arranged in the time-frequency resoure of the subframe, frequency-selective scheduling gain of the control channel cannot be obtained. Only frequency diversity gain is obtained 
· Link budget – gain in link budget of the FDM control channel is available only through the sacrifice of the power borrowing from the shared data channel, which brings about a loss of throughput

In the following, we critically review the discussions. 

· Delay – TDM control channel is likely to use joint coding to maximally accommodate users in the 1st and 2nd symbols of the subframe, and turbo coding (rather than convolutional coding) is a proper error correction coding scheme if the code block size becomes large due to the joint coding across multiple users. The use of turbo coding will substantially diminish the gain of the short decoding delay. 
· “Micro-sleep” – Increase of battery life through a sleep mode operation is an important feature that E-UTRA should support. But “micro-sleep” operation is not a convincing way to support it. By using the DRX cycles of RRC_ACTIVE state with the wake-up period corresponding to several subframes, we can significantly prolong the battery life. Then, the additional gain that might potentially originate from the micro-sleep will become marginal. Furthermore, when the SUACHs are multiplexed into the downlink E-MBMS subframes, the overhead is 2 out of 6 symbols instead of 7 symbols. Therefore, the battery life improvement coming from the “micro-sleep” operation will further diminish.  
· Overhead – As is analyzed in Section 2, the overhead reduction method through joint coding is not effective when the system supports downlink SDMA. On the other hand, the TDM control channel limits the maximum number of users supportable in a subframe, which is undesirable for SDMA or VOIP applications.  
· Scheduling diversity gain – Node B can place each control channel in a desirable subband in freuency so that the frequency selective scheduling gain is obtained. The diagonal arrangement is just an option.
· Link budget – Power trade-off between control and data channel can improve the overall system performance. Each control channel can individually be power-controlled to optimally distribute power between control channel and data channel as well as among users

4
Conclusions

In this contribution, we analyzed the TDM control channel with individual coding, joint coding, and joint/individual coding in contrast to the FDM control channel with individual coding in terms of maximum number of supportable users and the overhead of L1/L2 control channel. 

The analysis shows that the TDM control channel may become a limiting factor of the number of supportable users in the SDMA or VOIP applications, while the overhead is similar between the TDM control channel and the FDM control channel. The joint coding to accommodate more users in the TDM control channel becomes very inefficient as the number of transmit antennas (or, maximum degree of SDMA) increases in Node B. Moreover, the FDM control channel is advantageous over TDM control channel in terms of cell coverage. The battery life improvement claimed by the “micro-sleep” operation can mostly be obtained through an efficient design of DRX cycles of RRC_ACTIVE state. 
Therefore, we propose to use an FDM control channel strucutre with individual coding for E-UTRA downlink. 
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� This is an optimistic assumption as we naturally need more bits to describe the L1/L2 control information to support a higher degree of SDMA.


� This is an optimistic assumption as the hierarchical struccture of the control channel originating from the joint coding requires lower BLER target for each part of the control channel. 
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