Carrier Frequency Synchronization in OFDM-Downlink LTE Systems
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ABSTRACT: Higher the data rates and spectrum efficiency of wireless mobile communications have been significantly
improved over the last decade, such as 3GPP Long-Term Evolution (LTE) and terrestrial digital TV broadcasting which
are sophisticatedly devel oped using OFDM. Orthogonal frequency division multiplexing (OFDM) isa modul ation technique
that achieves high data rates, increased bandwidth efficiency and robustness in multipath environments. However, OFDM
has some disadvantages, such as sensitivity to channel fading, large peak to average ratio and sensitivity to frequency
offset. The latter causes inter carrier interference (ICI) and a reduction in the amplitude of the desired subcarrier which
resultsin loss of orthogonality. In this paper, the effects of frequency offset are studied in terms of loss of orthogonality. The
main goals of this paper is to understand the effects of frequency offset on OFDM systems and to present frequency offset
estimation techniques so that we can correct for their effects. The performance of each technique is compared under various
conditions. The performance of the estimators is presented in terms of the mean sgquare error (MSE) and Sgnals to noise
ratio (SNR).

In this paper, we investigate carrier frequency synchronization in the downlink of 3GPP Long Term Evolution (LTE). A
complete carrier frequency offset estimation and compensation scheme based on standar dized synchronization signals and
reference symbols is presented. The estimation performance in terms of mean square error is derived analytically and
compared to simulation results.
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1. Introduction

Long Term Evolution (LTE) [1] has been standardized as the successor of the Universal M obile Telecommunication System

(UMTS). The downlink transmission utilizes Orthogonal Frequency Division MultipleAccess (OFDMA) asthe physical layer
technique which enables high datarate transmission in frequency sel ective fading scenarios. However, one of the drawbacks
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of OFDMA isitsvulnerability to Carrier Frequency Offset (CFO).Given acarrier frequency of 2.5 GHz, atypical frequency drift
of 10ppm (10 x 10°) of thelocal oscillator resultsin an offset of 25 kHz. In LTE, which employsafixed subcarrier spacing of 15
kHz, such an offset correspondsto 1.67 subcarrier spacing. Synchronization for general OFDM systems has been investigated
for example in [2-8]. The basic idea in these publicationsis to split the CFO into a Fractional Frequency Offset (FFO), an
Integer Frequency Offset (IFO), and aResidua Frequency Offset (RFO), which can be estimated individually. In[2—4], aCyclic
Prefix (CP) based FFO estimator has been presented and the Cramer-Rao lower bound of thisestimator hasbeen derived in[8].
In order to expand the estimation range, an | FO estimator based on the maximum likelihood principle hasbeen derivedin [5].
Theimpact of RFO aswell as RFO compensation schemeswereinvestigated in[4, 6, 7]. Specifically for LTE, asynchronization
concept was presented in[9]. However, the performance was only evaluated in terms of simulated Mean Squared Error (M SE).
Inthiswork, we present aentire chain of carrier frequency offset estimation blocks based on the standardized synchronization
signals and reference symbols of LTE. Furthermore, we derive analytic expressions for the M SE of the CFO estimators. The
paper is organized as follows. In Section 11, the synchronization and reference signals of LTE are described. Section 111
explains our system model and the impact of CFO on an OFDM system. Resultsanalysisisexplainin Section IV. Finally we
draw our conclusionsin Section V.

2. Synchronisation and Reference Signalsin LTE

A radio framesin an LTE downlink transmission have aduration of Tframe = 10 ms.Each frame consists of 10 sub frames of
equal length. Each sub frame contains two consecutive slots of time duration Ty , = 0.5 ms.The smallest scheduling unit is
called oneresource block whichisatimefrequency grid of 12 subcarriersover N.= 7 OFDM symbolsfor thenormal CPlength

and N, = 6 for the extended CP length. In the LTE downlink two kinds of signals can be utilized for synchronization at the
receiver. Firstly, the dedicated synchronization signals, and secondly the cellspecific reference symbols.

2.1 Downlink Synchronization Signals

The LTE standard definestwo synchronization signals, namely the primary (PSCH) and the secondary (SSCH). In FDD mode,
these signals are located on the 62 subcarriers symmetrically arranged around the DC-carrier in the first slot in the sixth and
seventh OFDM symbols of the first and the sixth sub frames, as shown in Figure 1.
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Figure 1. Synchronization signalsin LTE FDD downlink

Downlink synchronization for OFDM -based communication and broadcasting systems can be either preamble-based or pilot-
based. The cellular system requires a process of cell searching in addition to synchronization and channel estimation. After
initial synchronization, MS searches for the target BS with the best link connection among adjacent BSs, and continues to
search for the possibility of handover. Depending on the standardsin the cellular systems, slightly different terminologiesare
used for cell searching and downlink synchronization: preamblein PSS (Primary Synchronization Signal) and SSS (Secondary
Synchronization Signal) in 3GPPLTE systems.
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3.Carrier Frequency Offset in OFDM

The baseband transmit signal is converted up to the pass band by a carrier modulation and then, converted down to the
baseband by using a local carrier signal of the same carrier frequency at the receiver. In general, there are two types of
distortion associated with the carrier signal. Oneis the phase noise due to the instability of carrier signal generators used at
the transmitter and receiver, which can be modelled as azero-mean Wiener random process. The other isthe carrier frequency

offset (CFO) caused by Doppler frequency shiftf, . Letf . denotetheir difference(i.e., f , =f.— f ). Meanwhile, Doppler

v. f .
frequency f, is determined by the carrier frequency f_and the velocity v of the terminal (receiver) as f,= —= wherecisthe

c
the speed of light, let us define the normalized CFO as aratio of the CFO to subcarrier spacing Af, shown as € = Zﬁfﬂ-c':o
of & exists between transmitter and receiver, without any phase noise. The time-domain received signal can be written as
_1 Nt 27 (k+ &) n/N
Y= X, HIKX [T € +7,[n] @
(HWhere X isthetransmitted signal, H is channel matrix and additive white gaussian noise Z.
X [0] — > X [0] X [0] @2 O/N » > X [0€]
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Figure 2. Effect of integer CFO on thereceived signal

If two identical training symbols are transmitted consecutively, the corresponding signalswith CFO of arerelated with each
other asfollows:

y2 [n] =yl[l'l] g2me Y2 [k] :Yl [k] d2ne (2)
The CFO estimated as

N
E =

1 { vor (LY [k]-Yl[k]]]} 5

2 k=0 Re[Y; [d. Y, []

Although the range of CFO estimated by Equation (3) is |e|< 2%: % Equation (3) is applied to the subcarriers with non-

zero value and then, averaged over the subcarriers. Note that this particular CFO estimation technique requires a special
period, usualy known as a preamble period, in which the consecutive training symbols are provided for facilitating the
computation in Equation (3). In other words, it is only applicable during the preamble period, for which data symbol s cannot
be transmitted.

4. ResultsAnalysis

E .
The degradation of the SNR, Dfreq, caused by the frequency off-set, is approximated as Dfreq ~ (rAf T)2. N7b where Af isthe

(o]
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Figure 3. SNR degradation of frequency offset for different N_b values(5, 10, 15, 17 dB)

(o]

the frequency offset, T isthe symbol duration in seconds, isthe energy per bit of the OFDM signal and isthe one-sided noise
power spectrum density (PSD). The frequency offset has an effect like noise and it degrades the signal-to-noiseratio (SNR),

whereSNRisthe :\El_b Figure 6 shows the calculated degradation of the SNR due to the frequency offset. For smaller SNR

[0}
values, the degradation is less than for bigger SNR values as shown in Figure 6. The mean squared CFO estimation errors
decrease asthe SNR of received signal increases (see Figure 5.17). Performances of estimation techniquesvary depending on
the number of samplesin CP, the number of samplesin preamble, and the number of pilot tones, used for CFO estimation.
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5. Conclusion

Figure 4. M SE of CFO estimation techniques

In this paper, a CFO compensation scheme for 3GPP LTE is presented and evaluated. Simulation results show that the
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presented three stage scheme is sufficient to compensate even relatively large CFOs in slow fading scenarios. Compared to
perfect synchronization, the performance loss is hardly noticeable. Since the synchronization and reference signals in the
standard are not dedicated for carrier frequency synchronization but mainly used for cell search and channel estimation.
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