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ABSTRACT

In order to solve the problem of Doppler shift caused by high speed movement of maglev train and high carrier
frequency of train-ground wireless communication system, this paper studies the Doppler shift estimation algorithm of
SC-FDE system, and proposes a two-stage estimation algorithm based on the excellent correlation characteristics of Gray
sequence. Firstly, the coarse estimation and compensation of Doppler shift are carried out by using the gray sequence in
the preamble training sequence. Then the fine estimation and compensation of Doppler shift are carried out by using the
gray sequence inserted in the data block. Simulation analysis and experimental verification are carried out. The results
show that the proposed algorithm can significantly improve the throughput performance of train-ground wireless
communication system in high-speed mobile environment. The algorithm has high estimation accuracy and is easy to be
implemented by hardware. It can be extended to SC-FDE systems in other large Doppler scenarios.
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1. INTRODUCTION

With the rapid development of rail transit technology, the development of high-speed maglev train with a running speed
of 600km/h has become a hot topic. The position, speed, status monitoring and other information of the maglev train
during running need to be transmitted from the train to the ground control station through the train-ground wireless
communication system. These information relate to the safety of train running, and should reach millisecond
transmission delay and ensure extremely high transmission reliability [1], which poses a great challenge to the design of
the train-ground wireless communication system. The design of train-ground wireless communication mainly faces two
difficulties: one is to deal with the influence of complex channel environment such as multipath fading and Doppler shift,
and the other is to solve the problem of frequent base station handover [2][3].

In digital wireless communication systems, in order to overcome the influence of multipath fading, OFDM (orthogonal
frequency division multiplexing) or SC-FDE (single carrier frequency domain equalization) technology is usually used
[4]. SC-FDE is currently the most widely used single carrier transmission scheme. Compared with OFDM multicarrier
transmission scheme, SC-FDE has the same hardware implementation complexity, but has lower peak-to-average power
ratio and carrier frequency offset sensitivity, which is more suitable for scenes with more severe Doppler shift. Therefore,
SC-FDE is more suitable for high-speed maglev train-ground wireless communication system than OFDM. However, the
spectrum efficiency of SC-FDE is lower, and the current spectrum resources in the low-frequency band are scarce, so it
becomes a more reasonable choice to construct a high-speed maglev train-ground wireless communication network in
the Millimeter wave band [5].

The Millimeter wave frequency band not only brings large bandwidth, but also brings larger Doppler shift. According to
the channel model of single path High Speed Train (HST) proposed in 3GPP TS 38.101-4 specification [6], the Doppler
shift is

£, (1) = f.~cosB(t). (1)
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Where, f. is the carrier frequency, v is the train moving speed, c is the speed of light, and 8(?) is the Angle between the
train moving direction and the base station signal propagation direction.

Although SC-FDE system has lower carrier frequency offset sensitivity, its performance is still seriously affected in
large Doppler shift scenarios. When SC-FDE technology is applied in train-ground wireless communication system,
Doppler shift estimation and compensation must be performed.

In recent years, many scholars have done a lot of research on Doppler shift estimation and compensation algorithms, it
can be divided into three categories: blind estimation, data-aided estimation and prior information-based estimation [7].
The Doppler shift estimation and compensation algorithms in OFDM system are very mature, such as the estimation
algorithm based on cyclic prefix in time domain, the maximum likelihood estimation algorithm based on pilot in
frequency domain, and the estimation algorithm based on training sequence, etc. [8-10]. The characteristics of SC-FDE
system determine that the Doppler shift estimation should be performed in the time domain, so the time domain
estimation algorithm based on OFDM system also has the potential to be applied to SC-FDE system. Jan-jaap van de
Beek proposed a Doppler shift estimation algorithm based on cyclic prefix [8], according to the characteristics that the
cyclic prefix of OFDM symbols and the tail data of symbols are the same, the correlation operation is carried out, and the
Doppler shift is obtained by maximum likelihood estimation. This algorithm has low computational complexity and does
not require additional data assistance, but cyclic prefixes are susceptible to multipath delay signals, and their
performance is poor in high-speed mobile multipath fading channels. Timothy M.Schmidl and Donald C. Ox proposed a
data-assisted algorithm, called SC algorithm [11], the core idea is to add cyclic prefix and two identical training
sequences with half of the symbol length to the head of the data frame, and use the characteristic that two training
sequences are identical to perform correlation operations to obtain Doppler shift estimation. The algorithm uses cyclic
prefix to avoid the interference of multipath delay signals to the training sequence, but its repeated training sequence is
easy to produce a long time peak platform after correlation operation, which has a great impact on timing
synchronization accuracy. H. Minn improved the SC algorithm [12], the training sequence was changed to 4 sequences
whose length was one quarter of the symbol length, effectively avoid the occurrence of the correlation peak platform,
and the estimation range is doubled. However, the shorter training sequence also caused a decline in estimation accuracy,
and in the scene of extremely fast motion such as high-speed maglev, the Doppler shift also changes rapidly, which has a
great impact on the performance of the algorithm.

In order to solve the Doppler shift problem caused by the extremely fast moving speed and high carrier frequency of the
high-speed maglev train-ground wireless communication system, this paper proposes a two-stage Doppler shift
estimation algorithm based on Gray complementary sequence.

2. ATWO-STAGE DOPPLER SHIFT ESTIMATION ALGORITHM

2.1 Design of frame structure

Referring to the IEEE 802.11ad standard, the design of the system frame structure is shown in Figure 1. At the beginning
of the frame structure is the preamble training sequence, filled with multiple identical gray sequences, followed by the
channel estimation sequence, followed by the message header, including data length, CRC (cyclic redundancy check)
and other information, followed by the transmitted data block.

PTS CES Header Data block

Figure 1. Frame structure design

The training sequence uses Gray complementary sequence, Ga,,, and Gb,,, are a pair of complementary sequences.

Gray sequence has the following characteristics: First, it has good autocorrelation and cross-correlation characteristics.
The autocorrelation value of Gray complementary sequence is large, but the cross-correlation value is almost zero [13],
which shows significant peak characteristics after autocorrelation operation. This algorithm uses the peak characteristic
of correlation operation to estimate Doppler shift. Second, the sequence is generated by recursion, which satisfies the
properties as follows [14]
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where N is the length of the sequence. Gray sequence generator and correlator based on multi-level iterative structure are
easy to be implemented by hardware [15].

The Doppler shift correction is implemented in two steps. The first step is the coarse estimation and compensation based
on the preamble training sequence to meet the requirements of a large estimation range. The second step is the fine
estimation and compensation after frequency domain equalization to meet the requirements of high accuracy of
estimation.

2.2 Doppler shift coarse estimation

Since several consecutive identical Ga,,; sequences are sent in the preamble training sequence, the Ga,,, can be used
for coarse estimation of Doppler shift. After the matching filter is completed at the receiver, the sliding cross-correlation
between the local Gray sequence c(n) and the received signal r(n) is carried out in the Gray correlator. Because the

preamble training sequence of the received signal contains Gray sequence, when sliding to the position where the two
gray sequences are aligned, an obvious correlation peak will appear. The training sequence in the received signal can be
extracted by using this correlation peak, and symbol timing synchronization and carrier frequency synchronization can
be carried out according to the obtained training sequence.

Assuming that the preamble training sequence sent by the transmitter generates the Doppler shift of &£ after being
transmitted through the wireless channel, then the signal after cross-correlation can be expressed as

y(n)=r(n)c (n)
:c(n)ej(z”"E/N“”)c* (n). 3)

|c ( n)|2 o/ (27melN+0)

Since the value of Ga,, is {1} ,|c(n)| =1, and the phase information is obtained after the correlation operation

between the preamble training sequence and the local sequence. The preamble training sequence is a repeated Gray
sequence, and then the repeated part in the sequence y(n) obtained after correlation is used for autocorrelation

detection. Assuming that the length of correlation window is N and the correlation delay interval is L, the result after
correlation operation can be expressed as
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Finally, the Doppler shift is estimated as

L

arg{gr(n+L)c*(n+L)c(n)r* (n)}. )

Since the value range of the arg{ } is (-7, 7), the estimation range of this algorithm is
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It can be seen from Equation (6) that the estimation range is related to the autocorrelation delay interval. Since the
preamble training sequence is a repeated gray sequence, the correlation delay interval can be flexibly selected. When the
Doppler shift of the system is large, a smaller correlation delay interval is recommended. For example, two adjacent
Gray sequences are used for autocorrelation to obtain a larger estimation range of Doppler shift. When the Doppler shift
is small, a larger correlation delay interval is recommended. For example, the first Gray sequence of the leader training
sequence is used for autocorrelation with the last Gray sequence to improve the tracking accuracy of Doppler shift.

Two correlation operations are performed in the coarse estimation stage, which has the following advantages:

(1) Cross-correlation detection using local Gray sequence and received signals can reduce the impact of interference
signals and improve the detection accuracy and SNR.

(2) The strong correlation between adjacent periodic signals can be used to reduce the interference of multipath signals
and Doppler shift by the sliding autocorrelation operation of the signal after cross-correlation.

2.3 Doppler shift fine estimation

After coarse estimation and compensation, the residual Doppler shift is already small, and the received signal after
frequency correction can be used for channel estimation, frequency domain equalization and decoding. However, in
high-speed mobile scenarios, the residual Doppler shift may still have a certain impact on the system performance due to
the variation of Doppler shift, hardware processing speed, algorithm accuracy and other reasons. In order to further
reduce the bit error rate and improve the system performance, Doppler shift fine estimation and compensation are
performed again after frequency domain equalization.

In the case of fast time-varying channels, block technology is usually used to improve the channel estimation accuracy
[16], that is, a long data block is divided into several short data sub-blocks, and a UW (Unique Word) is inserted into
each sub-block, as shown in Figure 2. Shortening the size of symbol blocks is equivalent to shortening the distance of
channel estimation sampling points. UW inserted into each sub block also improves the tracking ability of channel
changes Therefore, the performance degradation caused by the fast time-varying channel can be effectively suppressed.

< N -
) >
uw Data block Uw
»i N ' A
) Ll
UW | Subblock-1 | UW | Subblock-2 | UW | @ e e| Subblock-M | UW

Figure 2. Diagram of dividing data blocks

The UW inserted in the sub-block can be used not only for channel estimation and interference avoidance between sub-
blocks, but also for Doppler shift estimation and compensation.

The Doppler shift fine estimation is performed after the frequency domain equalization is completed. It is assumed that
the UW inserted in each sub block is filled with the gray sequence Gay,, and the UW signal r(n) of the received signal

is cross correlated with the local gray sequence c(n) to obtain the cross-correlation peak. The correlated signal can be

expressed as
y(n)=r(n)c (n). (7)

The cross-correlation of UW signal without Doppler shift is the autocorrelation operation of local gray sequence. The
correlated signal can be expressed as
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z(n)=c(n)c (n). (3)

The residual Doppler shift can be estimated by calculating the phase difference between the maximum cross-correlation
peak of the UW signal with Doppler shift and the maximum cross-correlation peak of the UW signal without Doppler
shift,

y(n) _max{e(me™ ' ()} .. ©)

z(n) max{c(n)c*(n)}

.1 [y(n)
“ _Earg{z(n)}

=Larg max{r(n)c*(n)}
27 max{c(n)c*(n)}

The Doppler shift is estimated as

(10)

Since the Doppler shift is finely estimated and compensated in each sub block, the influence of the residual Doppler shift
can be limited to each sub block, and the gradual amplification over time can be avoided. In addition, the Doppler shift
estimation of each sub-block uses the existing UW in the sub-block, which does not add additional training sequence
overhead to the system.

3. SIMULATION ANALYSIS

In order to verify the performance of the Doppler shift estimation algorithm proposed in this paper, the link-level
simulation model of SC-FDE system is established in this section to conduct simulation experiments and compare the
system BER performance under three conditions: SC algorithm, Minn algorithm and the proposed algorithm. The
simulation parameters are set as shown in Table 1. The result is shown in Figure 3.

Table 1. SC-FDE link-level simulation parameters. 102 : :
—&—SC algorithm
Parameter Value —&— Minn algorithm
—#— Proposed algorithm 4
Symbol rate [Msymbol/s] 500 /9/ ‘
Carrier center frequency [GHz] 38 — ]
Modulation mode QPSK ~ v
jsa]
m
Root raised cosine roll off coefficient 0.25
Root raised cosine filter order 24
Receiver moving speed [km/h] 0~600
Channel coding None 105t _
Channel model TDL-D 0 160 260 360 450 5(30 600
Moving speed [km/h]
SNR 13
Figure 3. Comparison of BER under different technical conditions

As can be seen from Figure 3, the bit error rate of the three algorithms keeps rising with the increase of moving speed. At
the same moving speed, the performance of the Minn algorithm is slightly better than that of the SC algorithm, and the
performance of the proposed algorithm is significantly better than that of the Minn algorithm.

4. EXPERIMENTAL VERIFICATION

In order to verify the performance of this algorithm, a train-ground wireless communication test platform was built on
the basis of the previous work in the laboratory. The schematic layout of the test platform scene is shown in Figure 4.
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The whole track is 200 m long and the train runs on it During the test, the train firstly stops at the starting position, then
accelerates to 288 km/h at a distance of 90 m. After running at a constant speed of 20 m, the train stops to 0 at a distance
of 90 m.

: Workshop : Open outdoor

| Ground terminal Vehicle terminal |

| (@)

;

:_ ___________________ écceleration section Constant speed Brake section
section

Figure 4. Layout of the test scene

The vehicular communication terminal is installed on the train, as shown in Figure 5(a), and the ground communication
terminal is installed on the support on the ground 40 m away from the starting of the track, as shown in Figure 5(b).
When the train runs along the track, the ground communication terminal and the vehicle communication terminal always
keep the line-of-sight. The ground communication terminal is connected to test computer A, and the vehicle
communication terminal is connected to test computer B.

: Tunuu,yumnﬂr :

(a) Vehicle communication terminal (b) Ground communication terminal

Figure 5. Test equipment

The main parameter configuration of ground communication terminal and vehicle communication terminal is shown in
Table 2.

Table 2. Parameter configuration of SC-FDE terminal equipment.

Parameter Value
Symbol rate [Msymbol/s] 500
Carrier center frequency [GHz] 38
Modulation mode QPSK
Channel coding LDPC

Because bit error rate is difficult to measure in practice, network throughput rate is mainly tested to evaluate the
performance of train-ground wireless communication system. The network test software uses the open source Iperf3. The
test computer A sends network packets to the test computer B, and the real-time throughput of the wireless network can
be viewed through the interface of the Iperf3.

In order to compare and verify the actual effect of this algorithm, it is necessary to install the software of the train-ground
wireless communication system into two states, SC algorithm ( Ga,,, is used for the training sequence) and the algorithm
proposed in this paper, and test it in running state. The throughput test results are shown in Figure 6.

As can be seen from Figure 6, when SC algorithm is used, the peak throughput rate when the movement speed reaches

288km/h is significantly lower than that in the stationary state. When the proposed algorithm is used, the network
throughput remains at about 460 Mbit/s when the moving speed reaches 288km/h, which is almost the same as that in the
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static state, and significantly higher than that of the SC algorithm. It is shown that the proposed algorithm can obviously
improve the throughput performance of the system when moving at high speed.

500 T T T T T T T 500 500

450 W |

400 1
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—©— Measured |

= 300 —#—SC algorithm Hao0 = — 350 -
a / . g a
= —©— Proposed algorithm s} L
s h\\ o = < 300
= \ oving speed 32 =
2 200 4200 2 2250 1
= / N\ @ =
S on )
2 / £ 2 200 4
£ 100 / 100 2 =
/ 150
/ N\
)z \ 100
0 - 0
50
-100 I I . ) I I I 100 0 . . . . |
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Time [s] Moving speed [km/s]
Figure 6. Test results of vehicle terminal throughput during Figure 7. Comparison between simulation and measured data
movement

Convert the measured throughput data into the "throughput / moving speed" coordinate curve according to the "moving
speed/time" coordinate curve of the train, and then set the system simulation parameters to be consistent with the actual
wireless communication terminal to simulate the throughput under the same conditions. The simulation results are
compared with the experimental throughput, as shown in Figure 7.

It can be seen from Figure 7 that the throughput simulation results hardly change with the change of mobile speed, and
the measured throughput fluctuates in a small range, this fluctuation does not reflect the correlation with the moving
speed of the communication terminal, the reason for the fluctuation may be that it is affected by the change of the
wireless channel when moving, and even if Iperf3 software is used for throughput testing in a static state, there will be
some fluctuations. Therefore, it can be considered that the network throughput obtained in the experiment is not affected
by the moving speed of the receiver, that is, the Doppler shift is well compensated.

5. CONCLUSION

In this paper, a two-stage Doppler shift estimation algorithm for SC-FDE system based on the excellent correlation
characteristics of the Golay sequence is proposed. The algorithm uses the repeated preamble gray sequences in the
received signal to cross correlate with the local gray sequences, and then uses the cross-correlation results to calculate
the autocorrelation to obtain the coarse estimation. After the frequency domain equalization is completed, the gray
sequence inserted in the sub block UW is used for cross-correlation calculation to obtain the fine estimation. Through
twice Doppler shift estimation and compensation, both the requirements of large estimation range and high estimation
accuracy are met. Although the computational complexity is increased, the increased hardware overhead of the algorithm
in FPGA is affordable. The gray sequences used for Doppler shift estimation are all existing sequences in the system,
which can simultaneously complete the functions of frame synchronization, channel estimation, guard interval, Doppler
shift estimation, etc., without adding additional training sequences for Doppler shift estimation, and without reducing the
spectral efficiency of the system. Simulation and experiment show that the algorithm proposed in this paper can
significantly improve the performance of train-ground wireless communication system in high-speed mobile state, and
has good practicability. In the next step, further experimental verification can be carried out when the experimental
conditions of higher moving speed are available.

REFERENCES

[1] Saghir H, Heddebaut M , Elbahhar F , et al, "Train-to-wayside wireless communication in tunnel using ultra-
wide-band and time reversal," Transportation Research Part C Emerging Technologies, 17(1):81-97 (2009).

Proc. of SPIE Vol. 12462 124620C-7



[2] Ding J, Jiang W, Zhong Z , et al, "Measurement and analysis of Doppler shift for high-speed rail scenario,"
High Technology Letters, 21(02): 192-199 (2015).

[3] Wang K, Liu L, Yu M, et al, "System performance analysis on train-ground wireless communication for the
ultra high-speed train," Journal of Beijing Jiaotong University,45(4):117-126 (2021)

[4] Liu Q L, Yang L X, "Theoretical comparison of BER performance between single-carrier frequency-domain
equalization and multi-carrier OFDM," Journal of Electronics & Information Technology,27(3):411-414 (2005).

[5] Lin Y C, Zhong Z D, Guan K, et al, "Channel characteristic of millimeter wave massive MIMO under train-to-
infrastructure scenario based on ray tracing method," Chinese jouranl of radio science, 32(5):595-601 (2017).

[6] 3GPP, "3GPP TS 38.101-4: User Equipment (UE) radio transmission and reception, Part 4: Performance
requirements (Release 16) ," (2020).

[7] Fan P Z, Zhou W X, "Advances in anti-doppler effect techniques for high mobility wireless communications,"
Journal of southwest jiaotong university,51(3):405-417 (2016).

[8] Van d B J J , Sandell M , "ML Estimation of Time and Frequency Offset in OFDM Systems," IEEE
Transactions On Signal Processing, 45(7): 1800-1805 (1997).

[9] Moose P H, "A Technique for Orthogonal Frequency Division Multiplexing Frequency Offset Correction,"”
IEEE Transaction On Communications, 42(10): 2908-2914 (1994).

[10]Classen F , Meyr H, "Frequency Synchronization Algorithms for OFDM Systems suitable for Communication
over Frequency Selective Fading Channels," IEEE VTC’94, 1655-1659 (1994).

[11]Schmidl T M, Cox C, "Robust frequency and timing synchronization for OFDM," IEEE Transactions on
Communications, 45(12):1613-1621 (1997).

[12]Minn H, Zeng M, "On timing offset estimation for OFDM systems," IEEE Communications Letters, 4(7):242-
244 (2000).

[13]Chen L M, "Study on Equalization Technology of Millimeter Wave Communication Systems," School of
Information Science and Engineering Southeast University. (2018).

[14] Golay M ] E, "Complementary series," Ire Transactions on Information Theory, 7(2):82-87 (1961).

[15]Yuan Y C, "Research on the Performance of Millimeter-wave Communication System in High-speed Mobile
Environment," National Key Laboratory of Science and Technology on Communications. (2019).

[16] Hlawatsch F, Matz G, "Wireless communication over rapidly Time-Varying Channels," Elsevier Ltd, (2011).

Proc. of SPIE Vol. 12462 124620C-8



