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1 Introduction

There are two issues in synchronization: 

1. Timing synchronization

2. Frequency synchronization

Frequency synchronization has received limited attention in LTE compared with time synchronization. Frequency error can occur due to mobility and can degrade receiver performance, particularly, for users in otherwise good channel conditions (ie good SNR when there is no frequency offset). To achieve target performance in E-UTRA, accurate frequency synchronization is critical. This is challenging in case of multi-user FDM such as in SC-FDMA, where implementation of frequency offset compensation at the eNodeB receiver is difficult. 

E-UTRAN requires network operation at UE speeds of up to 350 kmph or even at higher speed of 500 kmph [2]. Such high-speed operation introduces inter-carrier interference due to residual frequency offset. For robust receiver performance in the presence of large Doppler spread, a tight frequency control is required.

In this contribution, we analyze the impact of frequency offset on SINR performance. Possible solutions for obtaining and maintaining frequency synchronization are discussed.

2 Analysis of Frequency Offset

In this section, we analyze the amount of frequency offset due to frequency mismatch between the eNodeB and the UE or due to Doppler. Then, we investigate the impact of frequency offset on SINR performance.

2.1 Maximum Frequency Offset

The maximum frequency offset 
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 seen at the eNode B receiver is 
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(Eq.  1)

where 
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 denote the base station frequency drift, UE frequency error, and the maximum Doppler frequency, respectively. In the UMTS W-CDMA system, the frequency error requirements at the base station and the UE are 0.05 ppm and 0.1 ppm of the carrier frequency, respectively. For carrier frequency of 2.1 GHz, the maximum frequency offset is 781 Hz for a UE moving at the velocity 120 kmph, and can be as large as 2260, when the velocity is 500 kmph.

What is important in SC-FDMA receiver performance is the frequency offset relative to sub-carrier spacing. The ‘normalized frequency offset’ denoted as ( is obtained as


[image: image6.wmf]offset

subcarrier

f

f

e

-

=

D

 

(Eq.  2)

Figure 2 illustrates the normalized frequency offset. The maximum normalized frequency offset is 0.23, indicating that the amount of frequency offset can be a significant fraction of sub-carrier spacing. It is interesting to see that normalized frequency offset does not exceed 0.5 and only fractional frequency offset needs to be compensated for. This simplifies the frequency offset control problem to a certain degree. 
However, when there are two UEs travelling in opposite direction, the amount of residual frequency offset for the interfering user can be twice that of the frequency offset between the UE and the eNodeB. 
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Figure 1: Maximum frequency offset depending on UE velocity.

[image: image8.png]Normalized frequency offset

025

02

015

01

005

20 250 30
Velacity [kmph]

3850

500




Figure 2: Normalized frequency offset depending on UE velocity.

2.2 Impact of Frequency Offset on SINR

Figures 3 and 4 show the impact of frequency offset on the modulation symbol of the SC-FDMA system. As in any single-carrier system, frequency offset introduces rotation of the signal constellation. The amount of rotation depends on the sampling rate and the symbol duration. With a frequency offset estimation and compensation algorithm, the signal can be rotated back to the original constellation. However, in a multi-user FDM system, the inter-carrier interference (ICI) cannot be corrected easily. In the following, we show that indeed, the ICI can be significant and limit the performance of multi-user SC-FDMA system. This is particularly true, when a user with good channel condition is scheduled in frequency next to a weak user. 

Figure 5 shows the degradation in received signal power due to frequency offset. We assume that symbol SNR Es/N0 of the user of interest and the one of interfering user are equal. Derivation of signal power degradation and SNR is shown in the Appendix. The figure shows that the signal power can degrade up to 4 dB when the frequency offset is large. However, with frequency offset correction algorithm at the receiver, one can limit the residual frequency offset to be small. 

Figure 6 shows the SINR after the frequency offset compensation. The analysis shows that even in the presence of small residual frequency offset, the amount of SINR degradation can be significant. The degradation is larger when the SNR is large. The frequency offset of the interfering user is not easily compensated for, resulting in significant degradation in SINR. This can be a limiting factor in achieving the target data rate for LTE uplink. At the base station receiver, frequency offset can be estimated accurately. A frequency offset control loop can be effective in limiting the ICI due to frequency offset.
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Figure 3: Received signal constellation in the presence of frequency offset  (QPSK modulation, Normalized frequency offset = 0.1).
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Figure 4: Received signal constellation in the presence of frequency offset  (16-QAM modulation, Normalized frequency offset = 0.1).
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Figure 5: Degradation in sub-carrier signal power due to frequency offset.
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Figure 6: Degradation in sub-carrier SINR due to ICI.

3 Possible Solutions

Two types of frequency control mechanisms are needed.

1. Initial frequency synchronization

· Frequency error is limited to within a fraction of sub-carrier spacing. 

· Frequency offset is estimated from non-synchronized RACH. 

· A control signal FA (Frequency Advance) is transmitted in the RACH response at the time TA is transmitted.   

2. Frequency update:

· Frequency error is maintained to within a small fraction of sub-carrier spacing. 

· Frequency offset is estimated from UL reference signal.

· A control signal FU (Frequency Update) is sent to each UE 

3.1 Initial Frequency Control

From non-synchronized RACH, frequency offset is estimated for each UE. In non-synchronized RACH response, ‘FA (Frequency Advance)’ is sent to the UE. FA can have finite number of steps, in the possible frequency offset range. 

Range: Based on our analysis, FA in the range of [-½ sub-carrier spacing, ½ sub-carrier spacing] would work. It is FFS whether larger frequency offset range needs to be supported. 

Resolution: X % (ex. 10 %) of sub-carrier spacing is FFS. This depends on the non-synchronized RACH channel structure and the accuracy of the frequency offset estimation algorithm.

3.2 Frequency Update

A closed-loop frequency synchronization mechanism is used when UL synchronization is maintained. A control signal ‘FU (Frequency Update)’ is sent to each UE. FU can be designed  

Step Size: The step size should be determined from link-level simulation. Y % (ex. 5 %) of sub-carrier spacing. It is FFS whether a finite number of frequency adjustment steps, or a relative FU [UP, DOWN] can be used.

It is FFS whether it is possible to update frequency periodically, or when the frequency error exceeds a pre-defined required value.

4 Conclusion

In this contribution, we have analyzed the effect of frequency offset on sub-carrier SINR. Our study shows that significant SINR degradation arises due to ICI. A framework for controlling UE frequency at the base station is discussed. In this framework, we propose two frequency control mechanisms:

· Initial frequency synchronization based on non-synchronized RACH and FA (Frequency Advance)

· Frequency update based on UL pilot and FU (Frequency Update)

Additional control signals need to be defined to support frequency control.
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Appendix: Derivation of SINR in the Presence of Frequency Offset

Let 
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be the modulation symbol and 
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 be the DFT pre-coded signal. The signal is subjected to frequency –selective fading with channel 
[image: image15.wmf]k

H

 where k denotes the sub-carrier index. The received signal 
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(Eq.  3)

where ( denotes the frequency offset of the user of interest, in denotes the interference and zn denotes the complex white Gaussian noise with mean-zero and variance (2. The inter-carrier interference from an adjacent user is be obtained as
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(Eq.  4)

where ( denotes the set of sub-carriers for the user of interest, (’ denotes the residual frequency offset after frequency offset correction. Assuming that the frequency domain signal Sl is zero-mean and uncorrelated, and the average channel gain is constant, we have
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(Eq.  5)

A lower bound for the SINR per sub-carrier is obtained as
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(Eq.  6)

The lower bound is tight for small values of ( and can be used as the approximate value of SINR. With frequency offset compensation, the SINR bound is written as
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(Eq.  7)
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