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Abstract. In order to solve the problem that Fraction Frequency Offset
(FFO) estimation algorithm has the problem of low estimation precision,
small range and high occupancy rate of spectrum resource, this paper
proposed a FFO estimation method based on the combination of Cyclic
Prefix (CP) and Cell-specific reference signals (CRS). First, judging the
range of the true frequency offset value according to the results of the fre-
quency offset estimation algorithm based on CP. Then the possible true
frequency offset value obtained by adding value calculated by frequency
offset estimation algorithm based on CRS and the possible rotation value
of 2000 nHz. Finally, comparison the results of the frequency offset esti-
mation algorithm based on CP and the possible true frequency offset,
the minimum deviation is its true. The accuracy is the same as that
frequency offset estimation algorithm that based on CRS. The range is
the same as frequency offset estimation algorithm based on CP, which
is [-7500 Hz, 7500 Hz]. The principle of the algorithm is simple and does
not occupy additional bandwidth resources.
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1 Introduction

As a key technology in wireless communication, OFDM has the advantages of
high spectrum resource utilization and strong anti-fading ability, but its disad-
vantage is strict requirements on the orthogonality among sub- carriers. Carrier
frequency offset can destroy the orthogonality between subcarriers, leading to
Inter-Channel Interference (ICI), which severely degrades receiver performance.
Therefore, the frequency offset must be estimated and compensated at the receive
side.
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Frequency offset estimation methods include Integer Frequency Offset (IFO)
methods and Fractional Frequency Offset (FFO) methods. IFO causes a cyclic
shift in the received data, making the demodulated data completely wrong;
the FFO destroys the orthogonality among the subcarriers and seriously affects
the performance of the receiver. The research on integer frequency multiplica-
tion bias estimation algorithm is already mature [1-3], but the fractional fre-
quency multiplication frequency estimation algorithm still has the problems of
low estimation accuracy, small estimation range and high utilization of spec-
trum resources [4]. Especially In high-speed scenarios, it is difficult to achieve
a balance in the frequency offset estimation range, the frequency offset estima-
tion accuracy, and the spectrum resource utilization. Fractional frequency offset
estimation methods mainly include frequency offset estimation based on Cyclic
Prefix (CP) [5,6], frequency offset estimation based on Reference Signal (RS)
[7], and training based on Sequence frequency offset estimation algorithm [8,9],
or combination of the above algorithms for frequency offset estimation [10,11].

In this paper, Combination the advantages of estimation range based on
CP is large, and the estimation accuracy based on cell-specific reference signals
(CRS) is high, and the two algorithms are simple and do not occupy additional
frequency offset resources. A fractional frequency offset estimation method based
on the combination of CP and CRS is proposed, and the frequency offset esti-
mation range is extended from [—1000Hz, 1000 Hz] to [—7500 Hz, 7500 Hz]; the
frequency offset estimation accuracy and CRS-based frequency offset estimation
are extended. The accuracy of the algorithm is the same; it does not occupy
additional frequency band resources; it has little impact on noise and multipath
interference. It has very practical in communication engineering.

2 Traditional Frequency Offset Estimation Method

2.1 Frequency Offset Estimation Algorithm Based on CP

The cyclic prefix structure shown in Fig. 1, which can be used to eliminate Inter
Symbol Interference (ISI), and it can be used to estimate frequency offset. The
CP-based frequency offset estimation algorithm uses a strong correlation between
the cyclic prefix part of the OFDM symbol and the end of the signal to calcu-
late the frequency offset. In the CP-based frequency offset estimation algorithm,
the performance of the bias estimation algorithm based on one CP is poor [5].
Jointly multiple CPs of OFDM symbols to perform frequency offset estimation
can obtain significant performance improvements. Therefore, in order to improve
the accuracy of CP-based frequency offset estimation algorithm, this paper com-
bines the information of multiple OFDM symbols to estimate the frequency offset
[6]. The CP-based frequency offset estimation algorithm described in paper [6].
Its frequency deviation is:

Nr Ny no

cop =g 3 Ul (1)
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where yl(? is the received signal includes the CP in time domain. m € [1, Ng]
is the received antenna index. N represents the number of FFT points. Ny is
calculating the number of relevant receiving antennas. [ is used to calculate the
position of the related OFDM symbol in the subframe. [ € [1, Ny| is the OFDM
symbol index, and Ny represents the number of OFDM symbols in a subframe
used for calculating the correlation; n € [n1,ns2] denotes the time index within
one OFDM symbol, n; denotes the starting position for calculating the relevant
cyclic prefix, and ny denotes the ending position for calculating the relevant
cyclic prefix.

In order to obtain the performance of the CP-based frequency offset estima-
tion algorithm, the CP-based frequency offset estimation algorithm is simulated
in the AWGN channel, multipath fading channel, and Rice channel (for simula-
tion parameter settings, see the fourth Section).

Figure 1 shows the performance simulation of the frequency offset estimation
algorithm based on CP. In the simulation diagram, the MSE of the frequency
offset estimation algorithm is less than 10~3. When the SNR is less than 10dB,
the performance of the frequency offset estimation algorithm in the multipath
fading channel and Rice channel is slightly better than that in the AWGN chan-
nel. In multipath fading channels and Rician channels, the performance of the
frequency offset estimation algorithm is less affected by SNR when the SNR
more than 10 dB.

SNR = 15dB
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Figure2 shows the relationship between the actual frequency offset and
the estimated frequency offset under the SNR = 15dB and AWGN channel.
From the simulation results, when the value is less than 7500 Hz, the CP-based
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frequency offset estimation algorithm can obtain better estimation performance,
but when the value is greater than 7500 Hz, the frequency offset estimation
panning performance drops sharply. Therefore, the estimation range of this fre-
quency offset estimation algorithm is [—7500 Hz, 7500 Hz].

2.2 Frequency Offset Estimation Algorithm Based on CRS

In paper [7], the frequency offset estimation algorithm based on CRS uses the
correlation of the reference symbols of the same subcarrier position of two OFDM
symbols in one subframe to calculate the frequency offset.

First, cross-correlate the transmitted CRS reference signal with the CRS
reference signal of the receiving end to obtain a channel value for removing noise
and multipath interference. Assume that the frequency domain transmit signal
is X l(;’:’p ) and the frequency domain receive signal is Ylf?’p )

antenna port index value. then:

. p is the transmit

Hl(f:,p) _ }/vlflzn,p)Xl(;%,p)* (2)

Then, to do a cross-correlation operation to calculate the frequency offset
with two channel values of reference signal of the OFDM symbol in the same
sub-carrier position.

. 1 N (m p) pr(m p)
ECRS = *arg H, 7 H) (3)
Rt R PP

I =1,2,3,4 corresponding to the location of the reference signal in one sub-
frame. Ny is the number of OFDM symbols that are reference signal intervals
for the same subcarrier position in one subframe. x is the number of reference
symbols in one OFDM symbol. Because the algorithm uses the correlation of the
reference symbols of the same subcarrier position in a subframe to calculate the
frequency offset, according to the cell-specific reference signal structure, port3
and port4 are the subcarriers of reference symbols in two different OFDM in one
subframe. The location is not the same, so port3 and port4 do not participate
in the calculation.

Figure 3 shows the accuracy simulation of the frequency offset estimation
algorithm based on CRS in different channels. In the simulation results, the fre-
quency offset estimation algorithm based on CRS can obtain good performance
in AWGN channel, multipath fading channel and Rice channel, the maximum
MSE is less than 10-4. Among them, the performance is best under the AWGN
channel. In Rician channel and multi-path fading channel, the signal-to-noise
ratio has little effect on the performance of this frequency offset estimation algo-
rithm.

Figure 4 shows the relationship between the actual frequency offset and the
estimated frequency offset under a fixed SNR = 15 dB, AWGN channel condition.
From the simulation results, we can see that when the value is less than 1000 Hz,
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the frequency offset estimation algorithm based on CRS can obtain good esti-
mation performance. When the value is greater than 1000 Hz, the accuracy of
the estimation method sharply decreases.

2.3 Traditional Joint Frequency Offset Estimation Method

The existing joint frequency offset estimation algorithm is mainly to increase the
frequency offset estimation range by increasing symbol estimation. For example,
in paper [10,11], the symbol (positive and negative) of frequency offset is judged
by using the polarity parameters A in CP.
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Fig. 3. Accuracy of frequency offset Fig. 4. The relationship between the
estimation algorithm based on CRS actual frequency offset and the esti-
mated frequency offset in the AWGN
channel

1 0 <écp < 7500
A= sign(écp) = 0 e’-fcp =0 (4)
—1 —=7500 < écp< O

Sign is used to determine the polarity of £cp.
Ecrs + 2000 A> 0&Ecrs <0

€crs = X £CRsS others (5)
Ecrs — 2000 A< O&éc}gs >0

The frequency offset estimation method extends the frequency offset estima-
tion range of £écrg to [—2000 Hz, 2000 Hz] in theoretically.
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However, this method of calculating frequency deviation has the following
problems:
(1) The frequency offset symbol judgment is crucial to the final frequency offset
estimation value. If the symbol is judged incorrectly, the frequency offset esti-
mation result will differ by 2. The frequency offset estimation algorithm based
on CP is easily affected by noise, fading, etc. And when the frequency offset
value is close to the edge of the frequency offset estimation range, the sign of the
frequency offset value is easily reversed, resulting in incorrect polarity parameter
A determination.
(2) The above frequency offset estimation algorithm only doubles the frequency
offset estimation range based on the original frequency offset estimation range.

3 A Joint Frequency Offset Estimation Method Based on
CP and CRS

The frequency offset estimation algorithm based on CP is easily affect by noise,
multipath, etc. When the estimation value is close to the edge of the frequency
offset estimation range, polarity inversion tends to occur. Therefore, it is nec-
essary to correct the frequency offset value estimated by the frequency offset
estimation algorithm based on the CP, and use the corrected value to deter-
mine the range of the true frequency offset value. Although the frequency offset
estimation algorithm based on CP is inferior to the frequency offset estima-
tion algorithm based on CRS in accuracy, the estimated range of the modi-
fied frequency offset estimation algorithm based on CP is still accurate. When
the true frequency offset value is greater than 1000 Hz or less than —1000 Hz,
the deviation between the value estimated by the frequency offset estimation
algorithm based on the CRS and the true frequency offset value is 2000 nHz
(n=...-3,-2,-1,1,2,3...), so the modified CP-based frequency offset is
needed. The estimation value estimated by the estimation algorithm corrects
the value calculated by the frequency offset estimation algorithm based on CRS.
The overall algorithm flow is as follows (Fig.5):
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Fig. 5. Algorithm flow
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3.1 Polarity Correction of Frequency Offset Estimation Algorithm
Based on CP

The polarity correction method of the frequency offset estimation algorithm
based on CP is: using the mirror symmetry property of PSS to give the polarity
of the frequency offset value, and then using the CP-based frequency offset esti-
mation algorithm to calculate the absolute value of the frequency offset value
[6]. Finally, the absolute value of the value calculated by the frequency offset
estimation algorithm based on the CP is polarity-maintained with \.

1 0 <épgss < 7500
A= sign(épss) =< 0 €pss =0 (6)
—1 —=7500 < épgs< O

Eep = Aléep (7)

3.2 Frequency Offset Correction of Frequency Offset Estimation
Algorithm Based on CRS

The frequency offset estimation algorithm based on CP and the frequency offset
estimation algorithm based on CRS are all based on the sequence phase difference
introduced by the frequency offset, and the frequency offset value is obtained by
tangent cutting the phase difference. However, the scope of this method is only
that [—, 7], it constrains the frequency offset estimation range, resulting in the
frequency offset estimation range of the frequency offset estimation algorithm
based on CRS being [—1000 Hz, 1000 Hz], and phase angle rotation will occur if
this frequency offset estimation range is exceeded. For every rotation 27 of the
phase angle, the value is differs 2000 Hz. the rotation of the phase angle 27, the
corresponding deviation value of the frequency deviation is 2000 Hz; the rotation
of the phase angle 47, corresponds to a deviation of the frequency deviation of
4000 Hz; In this way, if you know how many weeks the phase angle rotates, you
can expand the frequency offset estimation range.

First, calculate frequency offset value of based on CRS. Compare the esti-
mation value and the real value, the rotation of phase angle 2nm (n = ... —
3,—2,—1,1,2,3...), the corresponding value is different by 2000 nHz. Using the
frequency offset estimate £écprg plus its possible rotation frequency offset gives
its possible true frequency offset value ecrs (ecrs = écrs+2000n). Finally,
compare the CP-based frequency offset estimation value écp and the CRS value
ecrs, and the smallest difference is the true frequency offset value. In the fre-
quency offset estimation method, because the estimated range of the CP-based
frequency offset estimation algorithm is [—7500 Hz, 7500 Hz], if the frequency off-
set value exceeds 7500 Hz, the CP-based frequency offset estimation algorithm
will not be able to compare the true frequency offset value. The range is effec-
tively judged so that the frequency offset estimation range based on CRS is
limited to [—7500Hz, 7500 Hz]. The specific steps of correction based on the
CRS frequency offset estimation algorithm are as follows.
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(1) First set up an A sequence, which is the frequency offset it may rotate:

A= [0,1, az, as, a4, as, ae, v, as, ag}
— [~8000, —6000, —4000, —2000, 0, 2000, 4000, 6000, 8000] ®)

(2) écrs add each value in the A sequence separately to get its possible true
frequency offset value.

B = a1, a2, a3,a4, a5, a6, a7, ag, ag|
= [b1, b2, b3, ba, b5, bg, b7, bg, bo] 9)

(3) Find the smallestabs (b; — écp) of i, then the real frequency offset value:
offset_final = b;.

4 Analysis of Simulation Results

In order to verify the performance of the joint frequency offset estimation algo-
rithm, this method, the frequency offset estimation algorithm based on CP, and
the frequency offset estimation algorithm based on CRS are simulated under the
AWGN channel, multipath fading channel and Rice channel, and the simulation
parameter settings are as follows (Table1).

Table 1. Simulation parameters setting

Parameter name Value

System channel bandwidth 20 MHz
Subcarrier interval 15kHz

FF'T points 2048

CP length 144

The number of antenna ports | 1 x 4
Subcarrier number 1200

Channel type AWGN
Doppler shift AWGN channel
modulation mode 64QAM
Number of users 1

transmission mode Open loop spatial multiplexing

Figure 6 shows the relationship between the actual frequency offset and the
estimated frequency offset under a fixed SN R = 30dB condition. As can be seen
from the figure, the estimation effect is no error.

Figure 7 simulates the frequency offset estimation range of the three algo-
rithms under SNR = 15dB. We can see from the figure that the deviation
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estimation method rapidly increases when the estimation value is greater than
7500 Hz. Therefore, the estimation range of this frequency offset estimation algo-
rithm is [—7500 Hz, 7500 Hz|, which is the same as the estimation range of the
frequency offset estimation algorithm based on CP. Therefore, this algorithm
extends the frequency offset estimation range based on the frequency offset esti-

mation algorithm based on CRS.
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Figure 8 shows the relationship between system SNR and root-mean-squared
error for a fixed frequency offset of 500 Hz, AWGN channel, multi-path fading
channel, and Rice channel. It can be seen from the figure that the frequency offset
estimation accuracy curve of the present algorithm coincides with the frequency
offset estimation accuracy curve of the frequency offset estimation algorithm
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based on CRS, and the root mean square error thereof under the condition of
low signal to noise ratio or high signal to noise ratio. Both are much smaller
than the root mean square error of the CP-based frequency offset estimation
algorithm. Therefore, the accuracy of the frequency offset estimation method is
as high as that of the CRS-based frequency offset estimation algorithm.

5 Conclusion

This paper presents a method based on the combination of CP and CRS for frac-
tional frequency multiplication estimation. The theoretical and simulation anal-
ysis shows that the frequency offset estimation method takes into account the
advantages of CP-based frequency offset estimation algorithm and CRS-based
frequency offset estimation algorithm. The frequency offset estimation algorithm
of this frequency offset estimation range is [—7500 Hz, 7500 Hz]. When the esti-
mation value is within the frequency offset estimation range, this algorithm can
well limit the frequency offset estimation deviation to 0.00034 subcarriers. The
algorithm is especially suitable for high-speed scenarios where the frequency
offset estimation accuracy is high and the frequency offset estimation range is
large.
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