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Abstract. Random access preamble sequences are sent from the user equip-
ment (UE) to gNodeB though Physical Random Access Channel to access to
the network. In high-speed scenarios, the performance of random access based
on Zadoff-Chu sequences degrades due to the Doppler frequency offset which
breaks the sub-carrier orthogonality. In this paper, a random access preamble
sequence with linear change in phase is proposed based on the analysis of the
influence of frequency offset on the correlation results of random access pream-
ble sequence. The method of decreasing the peak-to-average power ratio of time
domain sequence and the random access preamble sequence design compatible
with orthogonal time-frequency space technology are proposed. The false detec-
tion rate and the timing error distribution are evaluated. The simulation results
show that the proposed designs of random access preamble sequence are insen-
sitive to frequency offset, and the detection performance and timing performance
are almost unaffected by frequency offset.
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1 Introduction

The random access procedure is very important in realizing user equipment (UE) access
to the network and uplink timing synchronization, in which UE sends a random access
preamble to gNodeB (gNB) through Physical Random Access Channel (PRACH), and
the gNB determines whether any UE accesses to the network and which UE accesses to
the network by detecting the random access preamble sequence in the received signal
based on peak energy and position of sequence correlation [1]. In 5G new radio (NR) sys-
tem, random access preambles are generated based on the Zadoff-Chu (ZC) sequences.
The good correlation of the ZC sequence avoids the problems of access conflict and
inter-user interference when multiple UEs access [2, 3].

The Doppler frequency offset caused by the rapid movement of the UE will destroy
the good correlation of the ZC sequence, thus affecting the random access performance.
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For the problemof random access in high-speed scenarios, Refs. [4] and [5] analyzed that
the frequency offset would lead to the leakage of the peak energy of sequence correlation,
resulting inmultiple pseudo-peaks. Refs. [6] and [7] proposed amulti-window combined
detection method at the receiver to overcome the problem of leakage of the peak energy,
but its detection performance in high-speed scenarios will still deteriorate. Refs. [8] and
[9] proposed frequency offset estimation methods based on PRACH, and then detect the
random access preamble after frequency offset compensation, but it can only estimate
the frequency offset in a certain range, and it is only suitable for a single frequency offset
scenario.

According to the influence of frequency offset on peak energy and position of corre-
lation, this paper designs an anti-frequency offset random access preamble sequence. On
this basis, a method to solve the problem of large Peak-to-Average Power Ratio (PAPR)
of time domain sequence is given. Considering the compatibility withmulti-carrier mod-
ulation technology in 6G, this paper also proposes the design of anti-frequency offset
random access sequences based on Orthogonal Time and Frequency Space (OTFS).
The sequences proposed in this paper can meet the demand for the number of available
sequences in the cell, and the demand for random access preamble detection and timing
performance with the traditional single window detection method.

The rest of this paper is organized as follows. Section 2 describes the system model.
Section 3 analyzes the influence of frequency offset on peak position and energy of cor-
relation result. Section 4 puts forward an anti-frequency offset random access preamble
sequence design and a method to decrease the PAPR, and Sect. 5 gives the design of
random access preamble sequence based on OTFS. Section 6 presents the simulation
results followed by the conclusion in Sect. 7.

Notations: |·| denotes the absolute value, 〈·〉 represents rounding up, and (·)∗ denotes
the conjugate.

2 System Model

The 5G standard specifies [10] that the random access preamble sequences are generated
from ZC sequences and different preambles are obtained by cyclic shift to meet the
requirements of cell reuse. The rules for generating random access preamble sequences
defined in 3GPP 38.211 protocol [10] can be denoted as

xu(n) = e
−j πun(n+1)

LRA , n = 0, 1, ...,LRA − 1

xu,v(n) = xu[(n + Cv) mod LRA]
(1)

where u is the physical root sequence number, LRA refers to the length of ZC sequence,
Cv is the cyclic shift, mod refers to Modulo operation. xu,v(n) is the random access
preamble sequence generated by cyclic-shifting the root sequence xu(n).

Figure 1 shows the procedure of PRACH transmitter and receiver in the 5G system.
Y (m) is the frequency domain expression of xu,v(n).The time domain sequence xt(p) is
obtained by Y (m) with sub-carrier mapping and Inverse Fast Fourier Transform (IFFT),
and then adds Cyclic Prefix (CP) to get random access transmission signal.
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The gNB removes CP of received random access signal and then obtains the time
domain sequence xr(p) denoted as

xr(p) = Hxt(p)e
j 2π�f
NFFT�fRA

p+q(p) p= 0, 1, · · · ,NFFT−1 (2)

where H is the Line of Sight (LOS) channel gain, �f denotes the Doppler frequency
offset, NFFT refers to the size of Fast Fourier Transform (FFT), �fRA is sub-carrier
interval, and q(p) refers to the noise [11]. Then xr(p) is transformed into the frequency
domain sequence Yr(m) by FFT and sub-carrier de-mapping. The root sequence Yroot(m)

is the frequency domain expression of xu(n). Using the method of frequency domain
correlation detection, Yr(m) and Yroot(m) are conjugated multiplied to get Yc(m), and
then the time domain correlation result is obtained through Inverse Discrete Fourier
Transform (IDFT). Next, receiver implements preamble detection and timing estimation
according to the energy and position of the peak of the time domain correlation result.

Fig. 1. System Model

3 Influence of Frequency Offset on Correlation Receiver

In high-speed scenarios, the frequency offset leads to the leakage of the peak energy of
the correlation result of ZC sequence, which will reduce the detection performance and
timing accuracy.

Reference [12] analyzes the influence of frequency offset on the correlation result
of general sequence in the frequency domain. Without considering the noise, the result
of the frequency domain correlation result at the receiver is simplified as

Yc(m) ≈ |K(0)|Yc,pre(m) + Yc,interf (m)m = 0, 1, . . . ,LRA − 1 (3)
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where LRA is the sequence length. Set

Yc,pre(m) = HY (m)Yroot(m)∗

Yc,interf (m) =
LRA−1∑

k=1

Yc,interf ,k(m) −
−1∑

k=−(LRA−1)

Yc,interf ,k(m)

Yc,interf ,k(m) = H |K(k)|Y1,k(m)Yroot(m)∗

Y1,k(m) =
{
Y (m + k),max(0, − k) ≤ m ≤ min(LRA − 1,LRA − 1 − k)

0, else

k = −(LRA − 1),−(LRA − 2), · · · ,−1, 1, 2, · · · ,LRA − 1

(4)

where H is the LOS channel gain, Yc,pre(m) refers to the frequency domain correlation
result without frequency offset, while Yc(m) has an additional interference Yc,interf (m)

consisting of Yc,interf ,k(m) compared to it. Yc,interf ,k(m) is the interference to the current
sub-carrier by a sub-carrier with distance k from the current sub-carrier, and K(k) is the
coefficient of this interference, denotes as

K(k) =

⎧
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θ0 = (NFFT − 1)�f π

NFFT�f RA

(5)

where NFFT is the FFT size. The absolute value of K(k) decreases to close to 0 as the
absolute value of k increases.

The time domain correlation result can be denoted as

xc(p) ≈ |K(0)|xc,pre(p) + xc,interf (p) p = 0, 1, . . . ,LRA − 1 (6)

where xc(p), xc,pre(p) and xc,interf (p) are the time domain expressions corresponding to
the terms in Eq. (3), and

xc,interf (p) =
LRA−1∑

k=1

xc,interf ,k(p) −
−1∑

k=−(LRA−1)

xc,interf ,k(p) (7)

xc,interf ,k(p) is the time domain expression of Yc,interf ,k(m). Set pc, pc,pre, pc,interf and
pc,interf ,k to be the peak positions of xc(p), xc,pre(p), xc,interf (p) and xc,interf ,k(p) respec-
tively. According to (6) and (7), when pc,interf ,k = pc,pre, the frequency offset has no
effect on the peak position of the correlation result, but the peak energy is slightly
affected; when pc,interf ,k �= pc,pre, the peak energy and position of the correlation result
are greatly affected by the frequency offset.



Random Access Preamble Sequence Design in High-Speed Scenario 75

Applying the ZC sequence to the above analysis, results in an offset kdu
〈
NFFT

/
LRA

〉

in pc,interf ,k compared to pc,pre [12]. du is defined as

du =
{
q, 0 ≤ q < LRA/2

LRA − q, else

(uq) mod LRA = 1

(8)

Figure 2 shows the peak position relationships between xc,pre(p) and xc,interf ,k(p)
with different values of du. When du = 1, both the peak energy and position of ZC
sequence have affected by frequency offset. When du �= 1, the offset of the peak position
of the interference leads to multiple pseudo-peaks instead of only one main peak in the
correlation result. In addition, as the frequency offset increases, the energy of the main
peak decreases and the energy of the pseudo-peak increases. When the frequency offset
is equal to the sub-carrier interval, the energy will be concentrated on the pseudo-peak,
and the energy of the main peak is too weak to be detected, so the detection and timing
performance of the random access seriously decreases.

u FFT RAkd N LFFT RAk N L

Fig. 2. Peak position relationship between xc,pre(p) and xc,interf ,k (p) of ZC sequence

4 The Design of Random Access Preamble Sequence

4.1 Anti-frequency Offset Random Access Preamble Sequence

Based on the analysis of the influence of frequency offset on the correlation result in
Sect. 3, a sequence with a constant module value of 1 and linear change in phase are
proposed as the randomaccess preamble sequence in frequency domain,which is defined
as

X(m) = e
jm

(
θh+ 2πCv

LRA

)

m= 0, 1, · · · ,LRA − 1 (9)

whereCv is cyclic shift, and θh refers to phase slope, that is, the phase difference between
two points in the sequence when the cyclic shift is 0, θh ∈ [0, 2π).

Themodule value of the frequency domain sequence is constant, and the correspond-
ing time domain sequence has good autocorrelation characteristic. Applying X(m) to
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Eq. (4), the result of time domain correlation calculation without frequency offset can
be denoted as

xc,pre(p) =
∑

LRA

e
jm

(
2π(Cv+p)

LRA

)

p = 1, 2, . . . ,LRA − 1 (10)

and the kth interference can be denoted as

xc,interf ,k(p) = H |K(k)|
∑

LRA

ejkθh · ejm
(
2π(Cv+p)

LRA

)

p = 1, 2, . . . ,LRA − 1 (11)

where max(0, − k) ≤ m ≤ min(LRA − 1,LRA − 1 − k). It is easy to get that the
peak position of the kth interference and the correlation without frequency offset are the
same from (10) and (11), that is pc,interf ,k = pc,pre. Figure 3 shows the peak position
relationships between xc,pre(p) and xc,interf ,k(p) of X sequence. According to Sect. 3,
X(m) avoid influenceof frequencyoffset onpeakpositionof correlation result effectively.

,c prex
c,interf,kx

Fig. 3. Peak position relationships between xc,pre(p) and xc,interf ,k (p) of X sequence

According to (7), the interference of the correlation result at receiver is essentially
the sum of all kth Interference. In fact, it is not enough to achieve pc,interf ,k = pc,pre. It
is necessary to further determine whether pc,interf = pc,pre is satisfied. According to (7)
and (11), the interference of the correlation result at receiver can be denoted as

xc,interf (p) = H
LRA−1∑

m=0

e
j
(
2πm(Cv+p)

LRA

)

·
⎡

⎣
LRA−m−1∑

k=1

|K(k)|ejkθh −
−1∑

k=−m

|K(k)|ejkθh

⎤

⎦ (12)

From Eq. (12), it can be found that after summing all the kth interferences the peak
position may change due to θh and the characteristic of K(k). Let

G(m) =
LRA−m−1∑

k=1

|K(k)|ejkθh −
−1∑

k=−m

|K(k)|ejkθh (13)

When the absolute value andphase ofG(m) are constant,pc,interf = pc,pre. According
to Eq. (5), |K(k)| takes its maximum value at k = 0, the larger |k|, the smaller |K(k)|,
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and |K(k)| = |K(k − LRA)|, k = 1, 2, . . . ,LRA − 1. On this basis, the absolute value
and phase of G(m) are constant when θh = π . As |θh − π | increases, the absolute value
and phase of G(m) will vary more significantly with m, and vary greatest with m when
θh = 0. Consider θh as close to π as possible, but not close to 0.

4.2 Anti-frequency Offset Random Access Preamble Sequence with Low PAPR

The time domain expression of X(m) can be denoted as

x(p) = 1√
LRA

sin
(
LRA
2

)

sin
(

θh
2 + (p+Cv)π

LRA

)ej
[
(LRA−1)θh

2 + (p+Cv )π
LRA

]

p = 0, 1, . . . ,LRA − 1 (14)

It can be obtained that the time domain sequence has a significant peak at〈∣∣θhLRA
/
2π

∣∣〉 − Cv with a high PAPR. A high PAPR in the time domain sequence
increases the demands on the linear power amplifiers of transmitter and receiver and
reduces transmission efficiency. The linear change in phase of the X(m) makes it resis-
tant to frequency offset, but also introduces the problemof large PAPRof the time domain
sequence. Consider reducing the PAPR of the time domain sequence by appropriately
reducing the linear characteristics of the sequence, while meeting the requirement of
random access performance.

According to analysis in Sect. 3 |K(k)| close to 0 when |k| is large. It can be ignored
whetherYc,interf ,k(m)with large |k| is affectedby frequencyoffset,which is the frequency
domain correlation result of sequence with cyclic shift k and root sequence. On the other
hand, the sequence only needs to keep a linear change in phase over a certain length.

Thus, a spliced sequence of multiple X sequences is proposed. In order to achieve
a balance between the anti-frequency offset and low PAPR characteristics, the length
of each subsequence is set to be equal and the phase slope difference between adjacent
subsequences is equal, with the phase slope distributed around π . The spliced sequence
is defined as

Xa(m) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

e
jm(π−b′�θ+�θ+ 2πCv

LRA
)
,m = 0, 1, · · · ,Lb − 1

.. .

e
jm(π−�θ+ 2πCv

LRA
)
,m = (b′ − 2)Lb, (b

′ − 2)Lb+1, · · · , (b′ − 1)Lb − 1

e
jm(π+ 2πCv

LRA
)
,m = (b′ − 1)Lb, (b

′ − 1)Lb+1, · · · ,b′Lb − 1

.. .

e
jm(π+b�θ−b′�θ+ 2πCv

LRA
)
,m = (b−1)Lb, (b−1)Lb+1, · · · ,LRA − 1

(15)

where b is the number of subsequence, b′ = 〈b/2〉, Lb = 〈LRA/b〉 refers to the length
of subsequence, �θ is the difference of phase slope between adjacent subsequences, Cv

denotes the cyclic shift. The stronger the linearity of the sequence, the better characteris-
tic of anti-frequency offset and the higher PAPR of the time domain sequence. Increasing
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the number of subsequences or increasing the phase slope difference of adjacent sub-
sequences weakens the sequence linearity, which will deteriorate the anti-frequency
offset characteristic. Therefore, the number of subsequences and the phase slope differ-
ence need to be set according to different scenarios to control the phase linearity of the
sequences.

5 The Design of Random Access Preamble Sequence Based
on OTFS

The OTFS technology proposed for 6G enables highly reliable, high-speed data trans-
mission in doubly-selective fading channel, which modulates data directly in the Delay-
Doppler (DD) domain and extends over the time-frequency domain [13]. Consider
designing a random access preamble sequence in the DD domain. Discrete signals in
DD domain can be transformed into the time-frequency domain though anM-point FFT
and an N-point IFFT on the columns and rows of a M × N DD domain signal matrix,
respectively. Thus, define the random access preamble sequences in the DD domain as

Xo[k, l] =
{
1 k = a, l = 0
0 else

{
k = 0, 1, . . . ,M − 1
l = 0, 1, . . . ,N − 1

(16)

After IFFT, the signal of time-frequency domain can be denoted as

x[m, n] = 1√
NM

N−1∑

l=0

M−1∑

k=0

Xo[k, l]ej2π( nlN −mk
M ) = 1√

NM
e−j 2πamM

{
m = 0, 1, . . . ,M − 1
n = 0, 1, . . . ,N − 1

(17)

It is obtained that the signal is linear change in phase in the frequency domain and
can be regarded as an X sequence with θh + 2πCv

/
M = −2πa

/
M in Sect. 4.1. The

value of a is determined by the phase slope θh and the cyclic shift Cv.
Several 1s are placed at different locations in the delay domain as random access

preamble sequences of different UEs for different UEs in the DD domain, and then the
time-frequency domain signals are obtained though Inverse Symplectic Finite Fourier
Transform (ISFFT). The sequences of different users are orthogonal in the time domain,
which leads to multiple separated peaks in the time domain correlation results. Different
UEs are identified based on the peak locations. Themaximumnumber ofUEs for random
access that can be carried in an OTFS frame is determined by the length of the delay
domain and the timing error tolerance of channel.

In addition, it can be found that the time-frequency domain signal includesN OFDM
symbols based on Eq. (17). The receiver performs correlation on the N OFDM symbols
respectively. The detection performance can be improved by combining theN correlation
results in high-speed scenario.

6 Simulation Results and Analysis

In this section, the detection performance and timing performance of the proposed anti-
frequency offset random access preamble sequence are simulated and evaluated in high-
speed scenarios and compared with the performance of PRACH format 0 defined in
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3GPP 38.211 protocol [10]. The simulations are carried out on Additive White Gaus-
sian Noise (AWGN) channel and Tapped Delay Line-D (TDL-D) channel respectively
and the antenna configuration and channel model are based on the 3GPP 38.104 pro-
tocol [14]. In the case of restricted type A for ZC sequence, the receiver in simulation
adopts multiple-windows combined detection algorithm [6, 7], while in all other cases
the conventional receiver with single-window detection algorithm is adopted [15]. For
OTFS-based random access preamble sequence, only the correlation result of the first
OFDM symbol received is used for detection and timing. Table 1 and Table 2 show the
system simulation parameters and sequence design parameters respectively.

Table 1. System simulation parameters

Parameters Values

Carrier Frequency 2.6 GHz

Bandwidth 40 MHz

Sub-carrier Interval 1.25 kHz

Antenna Configuration 1Tx, 2Rx

Delay Spread TDL-D: 300 ns

Time Error Tolerance AWGN: 1.04μs
TDL-D:2.55μs

Table 2. Sequence Design parameters

Parameters Values

PRACH format 0 (ZC sequence) Unrestricted (0Hz), restricted type A (625
Hz\1340 Hz):
u = 40, Cv = 0

Anti-frequency offset sequence (X sequence) Cv = 0, θh = π
/
2

Low PAPR sequence (Xa sequence) M = 1024, d = 10, �θ = π
/
20, Cv = 0

OTFS-based sequence (Xo sequence) N = 12,M = 1024, a = 257, Cv = 0

6.1 Detection Performance

This section evaluates the detection performance of different random access preamble
sequence based on 3GPP38.104 protocol [14],which specifies that the PRACHdetection
performance must meet the false alarm probability of no more than 0.1% and the false
detection rate of less than 1%. While satisfying the false alarm probability, the signal-
to-noise ratio (SNR) at the false detection rate of 1% is taken as the metric of detection
performance.
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From Fig. 4 and Fig. 5, the detection performance of X sequence on AWGN and
TDL-D is almost unaffected by frequency offset, while the performance of Xa and
Xo sequence is slightly degraded with increasing frequency offset. The performance
degradation of Xa and Xo sequence at 1340 Hz is less than 0.5 dB compared to no
frequency offset.

In addition, the sequence proposed in this paper has a significant performance gain
over the ZC sequence. When the frequency offset is 1340 Hz, the performance gain of
X, Xa and Xo sequence are 0.91 dB, 0.76 dB and 1.82 dB respectively compared to the
ZC sequence on AWGN, and the performance gain are 1.28 dB, 1.02 dB and 2.35 dB
on TDL-D. And the performance gain of 625 Hz will larger than that frequency offset
of 1340 Hz. The reason is that when frequency offset is 625 Hz, i.e., half the sub-carrier
interval, the energy of peak spreads more, the pseudo-peak in the correlation result is the
almost same energy as the main peak, while at a frequency offset close to the sub-carrier
interval (1340 Hz), the correlation results still only have a distinct peak, which leads to
better detection performance at frequency offset of 1340 Hz than 625 Hz.

The Xo sequence has the same phase slope as the X sequence, and its sequence
length is 1024, which is larger than the sequence length of the X sequence, resulting
in its detection performance is slightly better than that of the X sequence. Combining
the correlation of all OFDM symbols in receiver, the performance gain is approximately
8 dB compared to receiver using only the correlation of the first OFDM symbol.
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Fig. 4. Detection performance on AWGN



Random Access Preamble Sequence Design in High-Speed Scenario 81

-18.5 -18.0 -17.5 -17.0 -16.5 -16.0 -15.5 -15.0
10-3

10-2

10-1

Fa
ls

e 
D

et
ec

tio
n 

R
at

e

SNR(dB)

Δf          0Hz        625Hz       1340Hz
ZCseq   
X_seq  
Xa_seq  
Xo_seq  

Fig. 5. Detection Performance on TDL-D

The PAPRs of the X and Xa sequences are evaluated in the simulations and are 187.8
and 6.2 respectively. Thus, the Xa sequence is achieving a large decrease in PAPR at the
expense of slight anti-frequency offset characteristic.

6.2 Timing Performance

This section evaluates the timing performance of different random access preamble
sequences based on the timing error distribution, the specificmethod iswith the limitation
of timing error tolerance, timing based on the peak position of the correlation results,
the difference with the ideal peak position as the timing error, �t = 1

/
�fRA · NIFFT

as the unit of timing error, statistics to obtain the timing error Cumulative Distribution
Function (CDF).

Figure 6 and Fig. 7 show the timing error distributions of the ZC, X andXa sequences
for SNR of−18 dB on AWGN and−16 dB on TDL-D, respectively. It can be found that
the timing errors of the sequences on both channels are controlled within 13 �t. With
the influence of frequency offset, the timing performance of the ZC sequence based on
the multiple-window combined detection algorithm slightly decreases, the timing error
distribution of theX sequence is the same aswhen there is no frequency offset. The timing
performance of the Xa sequence decreases due to frequency offset, and the larger the
frequency offset, the larger the timing error. The reason is that the linear characteristic
of the Xa sequence is weakened compared to the X sequence, and its anti-frequency
offset characteristic is consequently weakened, resulting in a larger peak position offset.
However, the timing error of Xa sequence is still controlled within 13 �t, which is less
than 16 �t, the timing accuracy of PRACH in 5G NR system [16] and satisfies the
requirement of PRACH timing performance.
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7 Conclusion

This paper proposes a design of anti-frequency offset random access preamble sequence
for high-speed scenarios, replacing the random access preamble sequence generated
from the ZC sequence, avoiding the problem of frequency offset destroying the good
correlation of the ZC sequence, which causes random access performance degradation.
This paper also provides a method to reduce the time-domain PAPR of this sequence, as
well as a sequence designmethod based onOTFS. According to the simulation results on
AWGN and TDL-D channels, it is concluded that the proposed sequence is insensitive
to frequency offset and can improve the detection performance and timing performance
of random access in high-speed scenarios.
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