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1. Introduction

At the RAN1 #47 Riga meeting, we agreed on the basic structure of the uplink reference signal (RS) both for demodulation and sounding. However, the use of multiple bandwidths for the sounding RS was not agreed upon yet mainly due to the lack of time. Our view is that a few bandwidth options for the sounding RS are necessary to avoid CQI measurement error and severe inter-cell interference caused by an excessively wide bandwidth for cell-edge UEs [1]. Therefore, in this contribution we show the effect of multiple bandwidths on the sounding RS based on system-level simulation results.
2. Multiple Transmission Bandwidth for Sounding RS
The sounding RS for CQI measurement must be transmitted with a wideband, which covers the entire bandwidth of the frequency blocks to be scheduled for frequency domain channel-dependent scheduling in the uplink. However, the excessively wideband transmission of a sounding RS degrades the achievable throughput, particularly for a UE that is located near the cell boundary, for two reasons. The first reason is increased inter-cell interference especially from the UE at the cell edge. The second is CQI measurement error due to the decreased received signal power density when the UE transmission power is restricted. Therefore, to address this problem, we proposed adaptively controlling the transmission bandwidth of the sounding RS in frequency domain channel-dependent scheduling [1]. In this method, the transmission bandwidth of the RS for CQI measurement is adaptively selected among the pre-determined candidates according to the path loss between a UE and a Node B as shown in Fig. 1. Therefore, by avoiding excessively wideband transmission for the sounding RS, other-cell interference of the sounding RS and CQI measurement error are adequately suppressed. This brings about increased cell and user throughput especially at the cell edge.
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Figure 1 – Adaptive control of the transmission bandwidth for sounding RS
3. Simulation Configuration for Throughput Evaluation of Adaptive Sounding RS Transmission Bandwidth

3.1. Simulation Configuration
We investigated the achievable user and cell throughput performance using adaptive transmission bandwidth for the sounding RS considering the CQI measurement error and overhead due to the sounding RS. Tables 1 and 2 give the simulation parameters, which correspond to the agreed parameters in [2]. In the system-level simulation, we employ a 19-cell site configuration, where each cell site has 3-cells. We assumed the Node B antenna beam pattern with a 70-degree beam width. We set the inter-site distance (ISD) to 500 and 1732 m. The locations of the UEs are randomly assigned with a uniform distribution within each cell. However, we set the minimum distance between a Node B and a UE to 35 m. The propagation model follows a distance-dependent path loss with the decay factor of 3.76, lognormal shadowing with a standard deviation of 8 dB, and instantaneous multipath fading. It is assumed that the distance-dependent path loss is constant during the throughput measurement period, while the shadowing and instantaneous fading variations are added. The correlation values for inter site and intra site are 0.5 and 1.0, respectively. The six-ray Typical Urban (TU) model was assumed for the multipath delay profile with the root mean square (r.m.s.) delay spread of 1.06 sec and the maximum Doppler frequency of fD = 5.55 Hz (corresponding speed of 3 km/h at 2-GHz carrier frequency). The maximum UE transmission power is 24 dBm with the antenna gain of 0 dBi. The antenna gain at a Node B is 14 dBi. The sub-frame length is set to 1 msec. We assume 16 UEs per cell with the On/Off traffic model with the activity factor as a parameter.
Table 1 – Major simulation parameters
[image: image2.emf]100 msec Control interval

Sounding RS

Data channel

Closed loop TPC

Closed loop fractional TPC

TPC

1 msec Sub-frame length

8.64 MHz (= 48-RU) Measurement bandwidth

1.08 MHz (6-RU), 4.32 MHz (24-RU), 8.64 MHz (48-RU) Bandwidth of sounding RS

180 kHz x 1 msec Resource unit (RU) size

RS replica-based in time domain Path search and channel estimation

Turbo coding (K = 4) / Max-Log-MAP decoding Channel coding / decoding

On/Off model Traffic model

16 Number of UEs per cell

4.0 msec Round trip delay

Chase combining Combining scheme

Hybrid ARQ

PF based frequency and time scheduling Scheduling algorithm

4.0 msec Control delay (scheduling, AMC)

100 msec Control interval

Sounding RS

Data channel

Closed loop TPC

Closed loop fractional TPC

TPC

1 msec Sub-frame length

8.64 MHz (= 48-RU) Measurement bandwidth

1.08 MHz (6-RU), 4.32 MHz (24-RU), 8.64 MHz (48-RU) Bandwidth of sounding RS

180 kHz x 1 msec Resource unit (RU) size

RS replica-based in time domain Path search and channel estimation

Turbo coding (K = 4) / Max-Log-MAP decoding Channel coding / decoding

On/Off model Traffic model

16 Number of UEs per cell

4.0 msec Round trip delay

Chase combining Combining scheme

Hybrid ARQ

PF based frequency and time scheduling Scheduling algorithm

4.0 msec Control delay (scheduling, AMC)


Table 2 – System-level simulation parameters
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Remarkable simulation assumptions are described as follows.

· Adaptive Control of Sounding RS Bandwidth and Frequency Domain Channel-Dependent Scheduling
Based on the current working assumption, the sounding RS is multiplexed using a SC-FDMA symbol within a sub-frame. The transmission period of the sounding RS per UE is set to 1.0 msec. We assume the following three sets of sounding RS bandwidths
Combination 1:
Only 8.64 MHz (= 48-resource unit (RU))

Combination 2:
8.64 MHz (= 48-RU) and 4.32 MHz (= 24-RU)

Combination 3:
8.64 MHz (= 48-RU), 4.32 MHz (= 24-RU), and 1.08 MHz (= 6-RU)

In adaptive control of the transmission bandwidth of the sounding RS, when the average received signal-to-interference plus noise power ratio (SINR) of the sounding RS can not achieve the target SINR for the sounding RS, the transmission bandwidth is changed to a narrower one. The control interval of the transmission bandwidth is set to 100 msec. We assumed that when the bandwidth of the sounding RS is narrower than the system bandwidth (see Fig. 2), by hopping the frequency of the sounding RS, the CQI of the entire bandwidth is obtained at the cost of the CQI measurement interval for the respective frequency band for that UE. 
Proportional fairness-based time and frequency-domain channel dependent scheduling is used. By employing the hopping of the RS, the UEs with a narrower sounding RS transmission bandwidth can also be scheduled over the entire system bandwidth depending on the measured CQI value.
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Figure 2 – Hopping pattern of sounding RS
· Inter-cell Interference Caused by Sounding RS
Inter-cell interference caused by the sounding RS is taken into account in the system-level simulation. However, for the sake of simplicity in the simulation, we assume that the sounding RS is continuously distributed over the entire sub-frame duration with the same total transmission power as that of the TDM structure. Thus we assume that all the SC-FDMA symbols within a sub-frame suffer from the same level of interference from the sounding RS of the other cells. 

· CQI Measurement Error 
CQI measurement error using the sounding RS is considered in the channel dependent scheduling using the proportional fairness criterion. We first measure the CQI measurement error as a function of the SINR of the sounding RS in the link-level simulation and the CQI measurement error is modeled using a lognormal distribution with a different variance according to the SINR value of the sounding RS. Then, we add random errors following a lognormal distribution to the CQI value in the system-level simulations. Detailed assumptions on the CQI measurement error are given in Section 3.2. 

· Link Adaptation
As link adaptation of the uplink data channel, the adaptive modulation and channel coding scheme (AMC) and slow transmission power control (TPC) are applied. Table 3 lists the modulation and channel coding scheme (MCS) sets including the repetition (spreading) factor. The control interval of the MCS selection is 1.0 msec. Slow TPC is based on the average received SINR at the Node B. We assumed that the slow TPC is ideally performed based on the path loss between the UE and Node B and the interference plus noise power that is observed at the target Node B averaged over 100 msec. For the shared data channel, we apply the closed-loop fractional slow TPC [3],[4] based on the average received SINR at the Node B, i.e., only the distance-dependent path loss and shadowing variations are compensated. We decide the target received SINR of the fractional TPC as follows. The region containing the UE is divided into eight groups according to the path-loss distribution as shown in Fig. 3. Then, within the same range in the path loss between a UE and the Node B, the same target received SINR is used, which is decided based on the path loss of the group. The target received SINR of the n-th group, TSINRn, is decided based on the following equation.

TSINRn (dB) = TSINR0 (dB) – n x TSINR (dB),                                      (1)

where we employ TSINR0 = 10 dB and TSINR = 2 dB along with the number of groups of n = 0, 1, 2, …, 7 in the subsequent simulations. In the fractional TPC, we assume the ideal path loss measurement, i.e., distance-dependent path loss, penetration loss, and shadowing variation. The update interval of the UE transmission power is set to 100 msec. For the sounding RS, we applied slow TPC with the target SINR of 0 dB. 
Table 3 –  MCS sets
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Figure 3 – Operation of intra-cell fractional TPC method

3.2. Estimation of CQI Measurement Error
In this contribution, we use the received signal power as CQI because in the uplink, the received SINR is affected by discontinuous variation in interference due to changing of the assigned UE. In the simulation, we considered CQI measurement error in the following manner. First, we evaluated the distributions of the measurement error of the received signal power as a parameter of the ideal instantaneous signal-to-noise power ratio (SNR) based on link level simulations. By using Eq. (1), the received signal power is obtained by power averaging after coherent averaging over M-carrier for complex vector  = {,,} derived by multiplying the complex conjugate of the frequency response of a constant amplitude zero auto-correlation (CAZAC) sequence and the received signal after fast Fourier transform operation, as shown in Figs. 4 and 5.
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Figure 4 – Signal for measuring required signal power
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Figure 5 – Measurement scheme for received signal power
On the other hand, the ideal received signal power is calculated from the ideal channel gain in the frequency domain, h = {h0, h1, …} using Eq. (2).
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(2)

Let Smeasure be the measured received signal power in one RU (= 180 kHz) over one SC-FDMA symbol in the link-level simulation. Then, the measurement error of the received signal power is calculated as Smeasure / SIdeal. In the system level simulation, we calculate the instantaneous received SINR, SINRInst, and the instantaneous received signal power. Here, the SINRInst value is defined as the ratio between the received signal power of the target UE and inter-cell interference plus background noise power. Then, we add random errors following a log normal distribution to the instantaneous received signal power. In the distribution, we set the average and variance to the average and variance of Smeasure / Sideal. Figure 6 shows the probability distribution function (PDF) of the measurement error of the received signal power in 180-kHz bandwidth for the six-ray TU channel model with the fading maximum Doppler frequency of fD = 5.55 Hz. The PDF is plotted with the range of the ideal SNR as a parameter. The figure shows that the measurement error of the received signal power is increased according to the decrease in the SNR value. The average and variance in the measurement error of the received signal power are summarized in the table to the right of the figure for the respective ideal SNR ranges. Assuming the same maximum transmission power of 24 dBm, the average received signal density is decreased according to the increase in the transmission bandwidth. Accordingly, it is estimated that the CQI measurement error is increased when a wide transmission band is applied to the sounding RS for a UE near the cell edge.
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Figure 6 – PDF of measurement error of received signal power

4. Simulation Results

The 5% cumulative distribution function (CDF) of user throughput and cell throughput considering the following three combinations of transmission bandwidths for the sounding RSs described in Section. 3.1 are evaluated. 
Figure 7 plots the 5% CDF value of user throughput as a function of cell throughput for the ISD of 500 m. In Fig. 7, we generated different cell throughput conditions by changing the activity factor  of the On/Off traffic model from 0.2 to 1.0. Figure 7 shows that in a comparison of the 5% CDF value of user throughput at the same cell throughput, the multiple transmission bandwidths of sounding RS can achieve higher user throughput. This is because the accuracy of the CQI measurement for UEs near the cell edge is improved due to the increase in the received signal power density by using a narrow bandwidth sounding RS and the decreased inter-cell interference caused by sounding RS. For example, when the cell throughput is 7 Mbps, Combination 3, which includes 1.08-MHz bandwidth, improves the 5% CDF value of the user throughput by 22% (12%) compared to Combination 1 (Combination 2). Concerning the activity factor , the performance difference among the three combinations becomes larger according to the increase in  (corresponding to the increase in the cell throughput). Therefore, adaptive control of the multiple sounding RS bandwidths is beneficial especially for high-volume traffic cells in urban areas.


Figure 8 plots the 5% CDF of the user throughput as a function of the cell throughput for the ISD of 1732 m. Figure 8 indicates a similar tendency to Fig. 7, but the throughput gain using the adaptive bandwidth for the sounding RS is slightly decreased. This is because the increased ISD results in the noise-limited link conditions. Based on Fig. 8, when the cell throughput is 6 Mbps, Combination 3 improves 5% CDF value of the user throughput by 18% (14%) compared to Combination 1 (Combination 2).
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Figure 7 – 5% CDF of user throughput as a function of cell throughput

 (ISD = 500 m)
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Figure 8 – 5% CDF of user throughput as a function of cell throughput

(ISD = 1732 m)

5. Conclusion

This contribution presented the effect of multiple bandwidths for the sounding RS based on system-level simulation results. The results showed that adaptive control of the bandwidths for sounding RS is especially effective in small cells with high-volume traffic, which are typically assumed in urban areas. Therefore, we recommend that E-UTRA should support multiple bandwidths for the sounding RS. Our current recommendation is to define three bandwidths: around 1.25, 5, and 10 MHz [5]. It may be noted that the excessively increased number of bandwidth options may results in the increased number of testing and increased signalling overhead for indicating the bandwidth to be used to the UEs. Also, considering that the exact system bandwidth is not defined in RAN4, the sounding RS bandwidth options may be defined by the normalized value by the system bandwidth. However, in this case the required number of sounding RS bandwidth options will be increased.
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