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1. Introduction
In the RAN1#45 meeting in Shanghai, the multiplexing method for the downlink L1/L2 control channel with a shared data channel was discussed. There are two candidates: Time domain multiplexing (TDM) [1]-[3] and frequency domain multiplexing (FDM) [4]-[5]. The merit of TDM-based multiplexing is the possibility of a power savings using the micro-sleep operation and a short processing delay. The merit of the FDM-based multiplexing is the applicability of the power balancing between the L1/L2 control channel and the shared data channel to increase the coverage. 
This paper presents a comparison between the TDM-based and FDM-based multiplexing methods together with coverage evaluations for the downlink L1/L2 control channel.
2. Multiplexing Method for L1/L2 Control Channel: TDM and FDM

There are two possible candidates for the multiplexing method for the downlink L1/L2 control channel with a shared data channel: TDM and FDM as shown in Fig. 1 [6].
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Figure 1 – TDM and FDM multiplexing

In TDM-based multiplexing, approximately 2 – 3 OFDM symbols at the beginning of 1 msec TTI (= 14 OFDM symbols) are used to convey L1/L2 control signaling bits as shown in Fig. 1(a). Meanwhile, in FDM-based multiplexing, the predetermined sub-carrier with a constant interval is assigned to the L1/L2 control channel as shown in Fig. 1(b). Therefore, all OFDM symbols include the L1/L2 control channel.
3. Comparison between TDM-Based and FDM-Based Multiplexing
3.1. Power Saving Effect by Micro-sleep Operation
In TDM-based multiplexing, the UE decodes the L1/L2 control signaling symbols multiplexed at the beginning of each TTI and halts the operation of the receiver processing until the timing when the L1/L2 control signaling of the next TTI is received when a shared data channel is not assigned. Accordingly, the power consumption of the receiver circuitry can be decreased by halting the receiver operation while the shared data channel is received. The power saving effect contributes to the reduction in power consumption of a UE terminal [2], [7], [8]. Moreover, UE that is to transmit an uplink shared data channel has only to decode resource assignment information in the L1/L2 control information and can halt the receiver processing operation after receiving L1/L2 control signaling. 

On the other hand, in the FDM-based multiplexing, the UE must receive and demodulate L1/L2 control signaling during the entire TTI duration. The receiving and demodulation processing is operated over the TTI duration even for a UE, who is to decode L1/L2 control signaling only. Therefore, the power saving effect by micro-sleep is not gained in FDM-based multiplexing. 
From the viewpoint of the possibility of a power savings using the micro-sleep mode, obviously TDM-based multiplexing is more advantageous than the FDM-based one [2], [7], [8]. However, to achieve power saving effect, micro-sleep operations of RF components as well as the baseband signal processing part are necessary. It is considered that the micro-sleep operation with a very short time such as one-OFDM-symbol duration is very difficult assuming the requirement of ON/OFF performance in W-CDMA. So far, no clear prospective of micro-sleep operation capability for future RF components has been presented yet from manufactures, although we expect the power saving effect through micro-sleep operation of a UE.  
3.2. Short Control Loop Delay of Scheduling, AMC and Hybrid ARQ
It is desirable to achieve as much of a short round trip delay (RTD) in the control loop of scheduling, AMC and hybrid ARQ, to track fast channel variation due to fading and to achieve short RAN latency. We focus on the influence of the RTD of TDM-based and FDM-based multiplexing. In TDM-based multiplexing, demodulation and decoding processing delays of the shared data channel can be shortened by decoding the L1/L2 control signaling required for demodulation and decoding of coded data symbols, which is multiplexed at the beginning of a TTI duration. Accordingly, the UE can feedback an ACK/NACK signal to Node-B quickly. Thus, the RTD of the hybrid ARQ may be decreased. Similarly, the UE can transmit uplink retransmitted packets quickly right after the decoding uplink scheduling grant and/or ACK/NACK signal, which are multiplexed at the beginning of the downlink TTI. 

Therefore, we can recognize the benefit of TDM-based multiplexing compared to FDM-based multiplexing, from the viewpoints of the possibility to shorten the RTD of scheduling, AMC, and hybrid ARQ, and of easy implementation. However, RTD is basically normalized by the TTI duration. Thus, the reduction in the demodulation and decoding processing delays do not necessarily contribute to the total RTD. Furthermore, the processing delay depends on an actual implementation. In conclusion, although we recognize the possibility of an overall RTD decrease by shortening the demodulation and decoding processing delay of TDM-based multiplexing from FDM-based, the detailed gain is unclear.  

3.3. Flexible Resource Sharing Between Shared Data Channel and L1/L2 Control Channel
It was reported in [9] that by using separate channel coding among the L1/L2 control channels for different UEs, the required radio recourse such as the transmission power and symbols, i.e., bandwidth, for L1/L2 control signaling to satisfying the required PER is decreased due to the gain of transmission power control (TPC). Here, we consider the user throughput of the shared data channel, when the transmission power and symbol resources are shared between the L1/L2 control signaling symbols and coded data symbols of the shared data channel.

In TDM multiplexing, only the transmission powers of L1/L2 control signaling symbols, which are multiplexed into the same OFDM symbol duration, can be shared. Thus, when the transmission power of L1/L2 control signaling is in short, e.g., for a UE near cell boundary, the transmission power of other channels cannot be utilized. Accordingly, the number of available symbols assigned to L1/L2 control signaling in one-TTI duration must be increased at the cost of a decreased number of symbols available for the shared data channel. However, it should be noted that L1/L2 control signaling is demodulated and decoded by multiple UEs. Thus, a fast change in the number of assigned L1/L2 control signaling symbols accommodated at each-TTI duration for the sake of one UE is not possible without notifying the change in the frame format configuration to all UEs. Therefore, without this notification, the only slow change in the number of symbols per TTI assigned to L1/L2 control signaling is achieved with the update interval of e.g., several 100 msec.

On the other hand, L1/L2 control signaling symbols and coded data symbols are multiplexed into the same OFDM symbol duration in FDM-based multiplexing. As shown in Fig. 2, transmission power resources can be flexibly shared between the L1/L2 control signaling symbols and coded data symbols without change in the assigned symbols per TTI. For a UE near cell site, the user throughput is increased by increasing the transmission power of coded data symbols while the transmission power of L1/L2 control signaling symbol is reduced. Meanwhile, the transmission power of the L1/L2 control signaling symbols is increased to satisfy the required PER for the UE near cell edge at the cost of throughput of the shared data channel. In this way, the fast change in the total radio resource sharing between L1/L2 control signaling symbols and coded data symbols is flexibly achieved without changing the symbols assigned to the respective channels in FDM-based multiplexing. Note that when the transmission power of the coded data symbols is changed in FDM-based multiplexing, a UE is notified of the relative transmission power ratio of coded data symbols to the reference signal symbol for demodulation of 16QAM and 64QAM modulations using amplitude modulation or the UE must estimate the ratio using blind detection. 

In conclusion, FDM-based multiplexing is more advantageous than TDM-based multiplexing from the viewpoint of the achievable throughput by the flexible sharing of radio resource between L1/L2 control signaling and coded data symbols.

From the viewpoint of increasing the coverage using the given transmission power of a Node B, FDM can allow for power balancing between coded data symbols, reference symbols, and the L1/L2 control channel, which may improve coverage as shown in Fig. 2. In this case, for UEs near the cell edge, more power can be allocated to L1/L2 control information symbols by reducing the transmission power of data symbols at the cost of decreased throughput.
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Figure 2 – Power balancing in FDM

4. Throughput of Shared Data Channel Taking into Account Radio Resource Assigned to L1/L2 Control Signaling

4.1. Simulation Setup
In this section, we investigate the impact of the difference in resource sharing capability between TDM and FDM from the viewpoint of throughput of the shared data channel. Table 1 lists simulation parameters. The number of L1/L2 control signaling bits is set to 57 [9]. QPSK modulation and tail-biting convolutional coding with the coding rate of R = 1/3 and constraint length of 9 bits are assumed for L1/L2 control signalling. The required PER of the L1/L2 control signaling bits is set to 10-2. Then, the required average received signal-to-interference plus noise power ratio (SINR) is -0.4 dB from the preliminary evaluations [9]. Furthermore, the number of symbols assigned to the L1/L2 control signalling is decided as follows for TDM-based and FDM-based multiplexing. 
· TDM-based multiplexing
· Condition-1: Optimum number of symbols is assigned to the L1/L2 control channel assuming that the selection of multiplexed UEs is based only on proportional fairness scheduler. The number of symbols is optimized to maximize the sector throughput while keeping the degradation of the 5% user throughput to within 2%.
· Condition-2: In addition to Condition-1, the optimum number of symbols is assigned to the L1/L2 control channel so that NCE L1/L2 control channels can be simultaneously allocated to the UEs at the cell edge. Note that this assumption is used only for the determination of the number of the symbols for L1/L2 control channel. In the throughput evaluation we assumed the normal Proportional Fairness scheduler. The number of symbols to support UEs at the cell edge is determined by the required number of symbols to satisfying the PER of 10-2 at the 5% cell edge-SINR.
· FDM-based multiplexing
· The number of symbols is proportional to the number of multiplexed UEs. The number of symbols per UE is set to 57 control bits x 3(R=1/3) / 2(QPSK) [9].
In the real system, we must allocate the downlink shared data channel for the UE even under poor channel conditions to achieve the required Quality of Services (QoS). The purpose of Condition-2 in TDM-based multiplexing is to simulate such a situation. Meanwhile, in FDM-based multiplexing, if the Node B wants to allocate the L1/L2 control channel to a UE at the cell edge, it is achieved without increasing the number of symbols. Instead, the transmission power is borrowed from the shared data channel. Table 2 shows the number of symbols for the L1/L2 control channel in TDM and FDM-based multiplexing. 

The achievable throughput performance is obtained based on system-level simulations. The simulation parameters assumed in the evaluations follows the simulation assumptions given in [10]. We assume a 19-cell configuration, where each cell has three sectors. The UEs are randomly distributed within a cell, and we assume that distance dependent path loss and shadowing variation are taken into account. Figure 3 shows the cumulative distribution function (CDF) of the average received SINR for various inter-site distance (ISD) assumptions.

In Node-B, the frequency domain channel-dependent scheduling is performed to select the UEs to which the downlink radio resources are assigned. We assumed the proportional fairness scheduler in the evaluation. Meanwhile, a channel quality indicator (CQI)-based TPC is applied for the L1/L2 control channel, where the target SINR is set to -0.4 dB which achieves the average PER of 10-2. The scheduler assigns the resource blocks to the multiple UEs until the total transmission power of the L1/L2 control channel is less than the pre-determined maximum transmission power. The maximum transmission power is decided as follows.
· TDM-based multiplexing: the maximum total transmission power is decided as the summation of transmission powers of the assigned symbols, when the TPC is not performed. The transmission power is shared among the L1/L2 control signaling symbols within the maximum total transmission power. 
· FDM-based multiplexing: when the excess transmission power is assigned to L1/L2 control signaling symbols at the cost of reduction in the transmission power of the coded data symbols, the throughput is too degraded. Therefore, we set the upper limit of the transmission power assigned to L1/L2 control signaling symbols such that the sector throughput is maximized according to the maximum number of multiplexed UEs so that the loss in the sector throughput at the cell boundary is within 2 %.
In TDM-based multiplexing, even when the transmission power and symbol resources used for L1/L2 control signaling are less than the pre-assigned maximum resources, the residual resources cannot be used for the shared data channel. Accordingly, the efficiency of radio resource usage is degraded. Whereas, excess transmission power resources of the L1/L2 control signalling are used for coded data symbols of the shared data channel in FDM-based multiplexing. 
Finally, the throughput of the shared data channel is estimated using the Shannon formula.
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where,  of 4 dB is the degradation factor [11], SINR is the average received SINR of the shared data channel, Ndata is the number of symbols for the shared data channel, and T is the TTI duration of 1 msec.
Table 1 – Simulation parameters
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Table 2 –  Number of symbols for L1/L2 control channel in TDM and FDM-based multiplexing
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Figure 3 – CDF of average received SINR for various ISD

4.2. Simulation Results
Figures 4(a), 4(b), and 4(c) plot the CDF of the user throughput employing the TDM-based and FDM-based multiplexing of L1/L2 control signalling with the shared data channel for the ISD of 500, 1732, and 8860 m, respectively. The maximum number of UEs is set to NUE = 4 and the number of UEs located near the cell boundary NCE is parameterized, which is used to decide the assigned symbol resource for L1/L2 control signalling in TDM-based multiplexing. We see from Fig. 4(a) that the user throughput with TDM-based multiplexing is slightly degraded compared to FDM-based multiplexing in the high user throughput region. This is because the excess transmission power for L1/L2 control signalling symbols to satisfy the required PER is re-assigned to coded data symbols in the shared data channel for FDM-based multiplexing. Meanwhile, the almost the identical user throughput is observed between TDM-based and FDM-based multiplexing in the low throughput region. This is explained as follows. The maximum assigned transmission power of the L1/L2 control signalling symbol is used for a UE located near cell edge with a very low SINR. Accordingly, the effect of assigning excess transmission power of the L1/L2 control signalling symbols to coded data symbols in FDM is slight. 
Figure 4(b) shows that the user throughput using TDM-based multiplexing is degraded compared to that with FDM-based one according to the increase in NCE in the high user throughput region, when ISD is 1732 m. This is because the required number of symbols for the L1/L2 control signalling channel is increased to increase the received SINR for the ISD of 1732 m. Thus, in TDM-based multiplexing, many OFDM symbols are pre-assigned to L1/L2 control signalling to guarantee the required PER for a UE near the cell edge. Thus, the number of symbols assigned to the shared data channel is reduced. From Fig. 4(c), further performance difference is observed for the ISD of 8860 m (cell radius of 5 km).
[image: image7.emf]0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5 4

CDF

User throughput (Mbps)

FDM (

N

UE

= 4)

TDM (

N

UE

= 4, 

N

CE

= 0)

TDM (

N

UE

= 4, 

N

CE

= 1)

TDM (

N

UE

= 4, 

N

CE

= 2)

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5 4

CDF

User throughput (Mbps)

FDM (

N

UE

= 4)

TDM (

N

UE

= 4, 

N

CE

= 0)

TDM (

N

UE

= 4, 

N

CE

= 1)

TDM (

N

UE

= 4, 

N

CE

= 2)

ISD = 500 m

Penetration loss = 20 dB

(Case 1)

ISD = 1732 m

Penetration loss = 20 dB

(Case 3)


              (a) ISD = 500 m, Penetration loss = 20 dB       (b) ISD = 1732 m, Penetration loss = 20 dB

[image: image8.emf]0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5 4

CDF

User throughput (Mbps)

FDM (

N

UE

= 4)

TDM (

N

UE

= 4, 

N

CE

= 0)

TDM (

N

UE

= 4, 

N

CE

= 1)

TDM (

N

UE

= 4, 

N

CE

= 2)

ISD = 8660 m

(cell radius = 5000 m)

Penetration loss = 0 dB


(c) ISD = 8860 m (cell radius = 5 km), Penetration loss = 0 dB

Figures 4 – CDF of the user throughput


Figures 5(a), 5(b), and 5(c) show the average user throughput and user throughput at the 5% in the CDF as a function of the maximum number of multiplexed UEs for the ISD of 500, 1732, and 8860 m, respectively. Figure 5(a) shows that the average user throughput is first increased according to the increase in the maximum number of UEs due to the increasing multiuser diversity effect by frequency domain channel-dependent scheduling. As the maximum number of UEs is further increased beyond approximately NUE = 6, however, the average user throughput is gradually reduced due to the increasing L1/L2 control signaling overhead. We see that with the FDM-based multiplexing, the reduction in the average user throughput is suppressed to a low level by assigning the excess transmission power of the L1/L2 control signalling symbols to the coded data symbols. Moreover, according to the increase in NUE, the loss in the average user throughput with TDM-based multiplexing compared to the FDM-based one becomes large. For instance, the average user throughput with the TDM-based multiplexing is degraded by approximately 7% compared to that with the FDM-based multiplexing when NUE and NCE are 12 and 2, respectively. It is observed from Figs. 5(b) and 5(c) that the loss in the average user throughput using TDM-based multiplexing from the FDM-based is large for the ISD of 1732 m and 8860 m rather than for ISD of 500 m. This is because that the longer the ISD is, the larger the number of symbols is pre-assigned to L1/L2 control signaling. 

Finally, Figs 6(a), 6(b), and 6(c) plot the sector throughput as a function of the maximum number of multiplexed UEs for the ISD of 500, 1732, and 8860 m, respectively. The same tendency is observed as the average user throughput in Fig. 5. The sector throughput using the FDM-based multiplexing is improved by approximately 7, 11, and 18 % compared to that with TDM-based for ISD of 500, 1732 and 8860 m, respectively, when NUE and NCE are 12 and 2. Therefore, we see the flexible sharing of the transmission power resource is achieved between the L1/L2 control signaling symbols and coded data symbols within the same OFDM symbol duration in FDM-based multiplexing. As a result, the sector throughput is improved assuming the same coverage.
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Figures 5 – User throughput as a function of maximum number of multiplexed UEs
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Figures 6 – Sector throughput as a function of maximum number of multiplexed UEs

5. Conclusion
We compared TDM-based and FDM-based multiplexing for L1/L2 control signalling in the E-UTRA downlink using OFDM based radio access. Conclusions are as follows.

· Power saving effect by micro-sleep operation
TDM-based multiplexing is more advantageous than the FDM-based one from the viewpoint of the possibility of a power savings using the micro-sleep operation. However, so far, no clear prospective of micro-sleep operation capability for future RF components has been presented yet from manufactures, although we expect the power saving effect through micro-sleep operation of a UE.
· Possibility of short control loop delay of scheduling, AMC and hybrid ARQ
We recognize the possibility of a decrease in the total RTD by shortening the demodulation and decoding processing delay of TDM-based multiplexing compared to the FDM-based one. However, the detailed gain is unclear, because RTD is normalized by the TTI duration and that the decrease in the demodulation and decoding processing delays depend on the actual implementation.
· Flexible resource sharing between shared data channel and L1/L2 control channel
FDM-based multiplexing is more advantageous than TDM-based multiplexing from the viewpoint of increase in the coverage of the shared data channel, i.e., achievable user throughput at cell edge by the flexible sharing of the transmission power resource between L1/L2 control signaling and coded data symbols.
We clarified that the average user throughput and the sector throughput using the FDM-based multiplexing are improved by approximately 7, 11, and 18% compared to that with the TDM-based one for the ISDs of 500, 1732 and 8860 m, respectively, when NUE and NCE are 12 and 2, assuming the same coverage.

Finally, we conclude the following for the L1/L2 control channel multiplexing scheme in the downlink

· When clear benefits on power saving effect by micro-sleep operation including RF components and on the reduction gain of the overall RTD for TDM-based multiplexing compared to FDM-based one are presented from manufactures, we will support TDM-based multiplexing
· Otherwise, we prefer FDM-based multiplexing due to the benefit of the increasing coverage, which we clarified by simulation evaluations in the contribution.
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