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ABSTRACT This paper deals with the crucial issue of random access (RA) preamble design and detection for
fifth generation new radio (5G NR) enabled satellite communication systems. In consideration of the charac-
teristics of satellite environment and system compatibility, a long preamble sequence is first constructed by
cascading multiple different root Zadoff-Chu (ZC) sequences with large sub-carrier interval in time domain.
Then, we further present a multiple sequence joint correlation (MSJC) based one-step timing detection
scheme to effectively estimate the value of timing advance (TA), which is capable of flexibly adjusting
the number of available ZC sequences involved in correlation operation. The superiority of the proposed
method is mathematically validated in terms of robustness to carrier frequency offset (CFO), mitigation
of noise, as well as computational complexity. Numerical results in a typical low-earth-orbit (LEO) based
non-terrestrial network (NTN) scenario demonstrate that the proposedmethod, without the pre-compensation
of timing and frequency offset, can achieve a remarkable timing performance improvement in comparison
with the existing methods.

INDEX TERMS 5G, satellite communication, random access, preamble design, timing estimation.

I. INTRODUCTION
With the aim of service delivery in remote areas and improv-
ing service flexibility, it is predictable that satellite com-
munication will become an indispensable component of the
forthcoming fifth generation (5G) global networks. Ongoing
activities and efforts are undertaken by 3rd generation part-
nership project (3GPP) to go deeper into the role of satellites
in 5G new radio (NR) [1]. To this end, special attention should
be paid to the unique characteristics of the satellite environ-
ment [2], and several crucial air interface technologies need
to be modified to satisfy the satellite communication require-
ments [3], [17], in particular, the initial random access (RA)
procedure between user equipment (UE) and satellite base
station.

The associate editor coordinating the review of this manuscript and

approving it for publication was Junfeng Wang .

As is well known, RA is mainly used for the establishment
of the uplink connection from UE to base station in 5G
NR [4]. When a UE attempt to access the network, it will
select one of the available preambles to transmit on a RA
time slot. If the base station successfully detects the presence
of the transmitted preamble, the UE identity corresponding to
this preamble will be determined, and its timing advance (TA)
information, utilized to maintain the uplink synchronization,
can also be acquired. It is obvious that effective design and
detection of preamble sequence plays a pivotal role in the 5G
RA procedure. Although there have been some related works
in [5]–[8] with respect to this critical issue for terrestrial
scenario, however, it may be unsuitable to remain adopting
these methods in consideration of the characteristics of the
satellite environment, such as longer prorogation distance,
wider beam coverage, higher Doppler shift, and larger path
loss. Consequently, amore reasonable design of RA preamble
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and detection is undoubtedly required to cope with such
noteworthy characteristics.

To be specific, there are several necessary improvements
need to be highlighted. First, due to the longer proroga-
tion distance and wider beam coverage, the RA pream-
ble length should be significantly extended to tolerate the
lager differential round trip delay, especially in the case that
pre-compensation of timing offset is not performed at UE
side. Such that, the longer cyclic prefix (CP) and guard
interval (GT) is required to avoid the inter-symbol interfer-
ence (ISI) between the adjacent frames, while the preamble
sequence duration also needs to be increased on a large
scale to guarantee the sufficient coverage. Next, the preamble
detection method should work reliably under low received
signal-to-noise ratios (SNRs), and have the robustness to
large carrier frequency offset (CFO) for high-dynamic sce-
narios, e.g. low-earth-orbit (LEO) satellite communications.
In addition, with the guarantee of an acceptable detection
performance, a low-complexity timing estimator should be
further considered to save the resource overhead for the
load-limited satellite receiver. As aforementioned, effective
design and reliable detection of RA preamble could be
regarded as one of the predictable challenges for realizing the
future 5G based satellite communication systems.

A. RELATIVE WORK
To tackle this challenge, several RA preamble design and
detection methods for long term evolution (LTE)-satellite
systems [9], [10] could be considered as reference, since the
RA procedure in 5G systems is extremely similar to that in
LTE systems. According to the general design principles in
LTE [11], He et al. [12] utilized the difference of round trip
delay to eliminate the time uncertaintywithin a satellite beam,
so as to reduce both the durations of cyclic prefix (CP) and
guard interval (GT). However, the sequence duration must be
long enough to ensure the beam coverage performance, and
thus a small sub-carrier spacingmakes the preamble sequence
vulnerable to carrier frequency offsets (CFOs). Another feasi-
ble solution is proposed by Li et al. [13] to construct the long
sequence by cascading several same short Zadoff-Chu (ZC)
sequences, but only fractional TA (normalized to the duration
of short sequence) can be obtained, and additional preamble
sequence needs to be resent for integral TA estimation. As an
improvement in [14], we presented employing a single root
ZC sequence with different cyclic shifts to constitute the long
sequence, and jointly using all the correlation peaks for TA
estimation, which can further enhance the access efficiency.
Unfortunately, the fractional and integral TAs still need to
be respectively estimated, and the residual CFO due to the
oscillation instability will result in a reduction of TA estima-
tion accuracy. There are also methods in [15] and [16] that
took advantage of the conjugate symmetry of ZC sequences
to cope with large CFOs. Although better timing estimation
performance is achieved in the presence of integral CFO (nor-
malized to the sub-carrier interval), both methods will suffer
from a distinct performance degradation if the fractional

CFO exists. Moreover, the extra utilization of transmission
resources leads to high implementation complexities that are
hard to bear for the load-limited satellite receiver.

Recently, 3GPP has discussed some possible solutions
for RA preamble design in 5G NR enabled non-terrestrial
network (NTN) [17]. With assumption on pre-compensation
of timing and frequency offset, it is suggested that the
existing 5G RA preamble formats and sequences can be
reused. However, if pre-compensation of timing and fre-
quency offset is not performed at UE side, RA pream-
ble formats and sequences should be redesigned based on
enhanced ZC sequence or Gold/m-sequence. By employing
ZC sequence, there are two major advanced ideas: one is to
repeatedly cascade of a single root ZC sequence with larger
sub-carrier interval, which can be detected by the method
proposed in [13]; the other is to cascade two different root
long/repeated ZC sequences that can eliminate the influ-
ence of integral CFO. For Gold/m-sequence based preamble
sequence, the additional processing procedure is essential,
e.g., modulation and transform precoding.

B. CONTRIBUTION
In light of the 5G application requirements, the 5G enabled
satellite communication system is expected to be capable
of forcefully ensuring availability, reliability and robustness
without a degradation in performance or an increment in
cost [18]. Nevertheless, the unique and intricate satellite com-
munication environment presents considerable challenges to
satisfy this target in the real sense, especially for the core RA
technology in satellite air interface. In this paper, we focus
attention on the design of a more robust RA preamble and
the corresponding timing detection detection scheme without
the pre-compensation of timing and frequency offset, and the
main contributions of our paper are summarized as follows:
• By taking into account the system compatibility and
peculiarities of satellite environment, a novel pream-
ble sequence, named as multiple root-cascading long
sequence (MR-CLS), is constructed by concatenating a
series of different short root ZC sub-sequences in time
domain. Such that, the preamble sequence not only can
cope with the wide coverage and time uncertainty within
a satellite beam, but also has a relatively large sub-carrier
interval.

• For achieving a reliable TA estimation performance at
the presence of large CFOs and low received SNRs,
while considering the construction characteristics of
MR-CLS, we first propose a multiple sequence joint
correlation (MSJC) based timing metric for power delay
profile (PDP) computation. The key idea is to recon-
struct the local sequence and the received sequence
by flexibly changing the composition of their sub-
sequences, and perform the length-varying sliding corre-
lation between the constructed two sequences instead of
the traditional periodical correlation to obtain PDP. Fur-
ther, we theoretically derive the peak extraction thresh-
old according to the target probability of false alarm,
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by the statistical analysis of the timing metric at the
wrong timing position. Finally, the value of TA can
be directly obtained in one-step timing estimation, and
consequently is conducive to improving the access effi-
ciency compared to the state-of-the-art schemes in [13]
and [14].

• Though statistical analyzing the proposed method in
case of a full-sequence pattern match, we have demon-
strated that our method can essentially eliminate the
adverse impact of CFO on the timing detection, and is
able to obtain a much better noise-mitigation capability
by increasing the available sub-sequences involved in
PDP calculation. Moreover, a low-complexity timing
function is also presented to enhance the computational
efficiency of preamble detection for the load-limited
satellite receiver.

• Simulation results under a typical satellite line-of-sight
(LoS) channel indicate the validity of mathematical
analysis. It is shown that the proposed method can sig-
nificantly improve the timing detection performance in
terms of mean square error (MSE) and error detection
probability (EDP), comparedwith the previousmethods.

The rest of this paper is organized as follows. Section II
is dedicated to the RA preamble design in satellite envi-
ronments, wherein a new preamble MR-CLS is presented
and its signal model is described. In Section III, the corre-
sponding timing detection method based on MSJC is further
proposed from the aspects of PDP calculation, correlation
peak detection, and TA estimation. The performance of the
proposed method is theoretically and numerically assessed in
Section IV and Section V, respectively. Finally, Section VI
concludes the paper.

II. RANDOM ACCESS PREAMBLE DESIGN
Generally, random access (RA) preamble has a unified signal
format, which is made up of three components: sequence
(SEQ), cyclic prefix and guard time. We denote the duration
of each component as TSEQ, TCP, and TGT , respectively. Note
that, CP can address the time uncertainty and multipath delay
spread, so as to ensure the sequence integrity of the received
RA preamble in the observation window, while GT is used to
absorb the propagation delay and avoid ISI. Hence, their dura-
tions, TCP and TGT , can be both represented as the maximum
value of the difference of round trip delay within the cell.
Besides, the duration of SEQ, TSEQ, is closely related to cell
coverage, and a longer sequence stands for a wider coverage.
For preamble sequence, ZC sequence has been extensively
adopted to generate preamble sequences due to its perfect
auto-correlation properties and low peak-to-average power

ratio, and can be given by ZC [n]
1
= exp

[
−jπun (n+ 1)

/
Nzc
]

for n = 0, . . . ,Nzc − 1, where u ∈ {1, . . . ,Nzc − 1} denotes
the number of root and Nzc is the length of sequence.

According to the 3GPP technical specification [4], various
preamble formats have been provided for different terrestrial
cell scenarios, in which the maximum radius that can be

FIGURE 1. Preamble structure of the proposed MR-CLS.

supported is only 100 km and the corresponding TSEQ is
0.8 ms. It is worth noting that, compared with the terrestrial
scenarios, the satellite communication system usually has
a wider coverage range and longer propagation time delay.
Such that, the existing RA preamble formats cannot satisfy
the access performance requirements in satellite scenarios,
and consequently, TSEQ is necessary to be redesigned. Taking
the S-band LEO1200 based NTN scenario [17] as an example
(the detailed system parameters can be seen in Table 1),
it can be found that themaximum differential round-trip delay
difference could reach to be 3.4ms. Further, the satisfied TSEQ
is calculated as 6.4 ms from link budget [11], which becomes
8 times of that of terrestrial one. That is to say, the preamble
duration should be remarkably extended to provide adequate
beam coverage.

In order to satisfy the duration requirements in the satel-
lite environment, Li et al. [13] presented to construct the
preamble sequence by cascading the same root ZC sequences
used in terrestrial scene. However, at the receiver, by uti-
lizing the local root ZC sequence to detect the transmitted
sequence, the non-unique correlation peaks will emerge in
the detection window, so that only the normalized fractional
TA can be determined; then another sequence needs to be
sent for the estimation of integral TA. By considering the
long prorogation distance between the satellite and the user,
this method undoubtedly increases both the user access delay
and signaling overhead. For further improving the access
efficiency, we propose to create a long preamble sequence,
named as multiple root-cascading long sequence (MR-CLS),
by concatenating a series of different short root sequences in
time domain, as illustrated in Fig. 1. Here the long preamble
sequence is composed of K short different ZC root sequences
with the duration TSEQ, namely, the duration of the long
preamble sequence, TLS , is equal to KTSEQ. It is obvious
that, the proposed long sequence can not only reuse terrestrial
preamble sequence format with large sub-carrier interval, but
also satisfy the requirement of coverage performance within
a satellite beam.

Based on the sequence format in Fig. 1, without loss of
generality, the signal model of MR-CLS can be formulated
as

S = [s1, . . . , sK] (1)

where the sub-vector sl = ZCl represents the lth short ZC
sequence with length ofNzc, and the corresponding root index
is ul for l = 1, . . . ,K . It should be noted that, thanks to the
minimum cross-correlation property of ZC sequence, when
using any local root ZC sequence for timing detection, only a
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unique correlation peak will appear in the detection window.
That is to say, the utilization of the proposed MR-CLS can
directly acquire the accurate TA value though one-step timing
detection, which is significantly conducive to improving the
access efficiency.

If a user within the beam initiates random access request,
it will randomly select a local long sequence as the pream-
ble sequence to send. When the transmitted sequence
passes through a typical satellite line-of-sight (LoS) channel,
the sample of the received signal can be expressed as

R (n) = ρS (n− τ) e
j2πεn
KNzc + w (n) , 0 ≤ n ≤ KNZC − 1

(2)

where ρ, τ , ε, S(n), w (n) denote the channel gain, the propa-
gation delay, the normalized CFO to the sub-carrier interval,
the sample of the transmitted preamble sequence, and com-
plex additive white Gaussian noise (AWGN) with the mean
zero and variance σ 2

w, respectively.

III. ROBUST TIMING DETECTION BASED ON MR-CLS
In this section, by employing the proposed long sequence
MR-CLS, we focus on the design of the corresponding tim-
ing detection method from the aspects of power delay pro-
file (PDP) calculation, correlation peak detection, and TA
estimation.

A. PDP CALCULATION
With the aim of achieving a reliable timing estimation per-
formance at low received SNRs and the presence of large
CFOs, while considering the construction characteristics of
MR-CLS, we first propose a multiple sequence joint cor-
relation (MSJC) based timing metric for PDP computation.
The main idea of the proposed method is to reconstruct the
local sequence and the received sequence by flexibly chang-
ing the composition of their sub-sequences, and perform
length-varying sliding correlation between the constructed
two sequences instead of traditional discrete time-domain
periodical correlation to obtain the power delay profile.

Let Sm=
[
sm,1, . . . , sm,K

]
be the shifted vector obtained

from cyclic shifting the transmitted sequenceS = [s1, . . . , sK]
by m times of Nzc, i.e. Sm = circshift(S,mNZC ) for m ∈
{1,K − 1}, where circshift(·) is the cyclic shift operator, and
the reconstructed local vector can be denoted as

am =
[
am,1, . . . , am,K

]
, (3)

where the lth local sub-vector is expressed as am,l = s∗l ◦ sm,l
for l ∈ {1, . . . ,K }, (·)∗ denotes the complex conjugate
operation, and ◦ is the Hadamard product that represents
the element by element multiplication of the two vectors.
Similarly, the received sequence and its cyclic shift sequence
at the timing index d are represented as Rd

=
[
rd1, . . . , r

d
K

]
and Rd

m=
[
rdm,1, . . . , r

d
m,K

]
, respectively. We reconstruct the

received vector in terms of K sub-vectors as follows

bdm=
[
bdm,1, . . . ,b

d
m,K

]
, (4)

FIGURE 2. PDP calculation procedure based on the proposed MSJC.

where the lth received sub-vector is given by bdm,l=
(
rdl
)∗
◦

rdm,l.
As shown in Fig. 2, the PDP calculation procedure based on

the proposed MSJC is specifically described as follows: first
of all, the lth sub-sequence sl ofMR-CLS is cyclically shifted
by m times of Nzc to get sm,l; further, the Hadamard product
operation between s∗l and sm,l is performed to generate the
reconstructed local sequence, named as am,l, i.e., am,l =
sl∗ ◦ sm,l; meanwhile, at the timing index d , the lth received
sub-sequence rdl ofR

d is transformed according to the format
of am,l to obtain the reconstructed received sequence bdm,l,
namely, bdm,l =

(
rdl
)∗
◦ rdm,l; then, by leveraging the sliding

correlation between the two reconstructed sequences am,l
and bdm,l, the correlation result, corrm,l (d), is achieved as

corrm,l (d) = a∗m,l
(
bdm,l

)>
; (5)

finally, the normalized PDP, C (d), can be determined by
accumulating all the correlation results and multiplying the
corresponding normalization coefficient, which can be given
by

C (d) =
1

NzcML

M∑
m=1

L∑
l=1

∣∣corrm,l (d)∣∣, (6)

where M ∈ {1, . . . ,K − 1} denotes the time of cyclic
shifts and L ∈ {1, . . . ,K } is the total number of the used
sub-sequences.

B. PEAK DETECTION
For effective TA estimation, it is expected that the correlation
peak at the correct timing point should be lager than a pre-
defined detection threshold, while the other values of PDP at
the wrong timing points below this threshold. Accordingly,
the reliable detection threshold could be determined on the
basis of the required false alarm probability of the satellite
receiver, which can be defined as the probability that the
PDP value exceeds the threshold when no RA preamble is
transmitted. Next, through analyzing the statistical properties
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of the timing metric at the wrong timing position, we con-
centrate on designing the detection threshold corresponding
to the target probability of false alarm.

At the wrong timing index df , the received signal in (2)
only contains the noise term, i.e., R(df ) = w(df ). In this
case, submitting (2) to (6), the PDP function C

(
df
)
can be

described as

C
(
df
)

=

M∑
m=1

L∑
l=1

∣∣corrm,l (df )∣∣
NzcML

=

M∑
m=1

L∑
l=1

∣∣∣∣∣Nzc−1∑
n=0

a∗m,l (n) bm,l
(
n+ df

)∣∣∣∣∣
NzcML

=

M∑
m=1

L∑
l=1

∣∣∣∣∣Nzc−1∑
n=0

ZCl(n)ZC∗m,l(n)w
∗
l

(
n+df

)
wm,l

(
n+ df

)∣∣∣∣∣
NzcML

(7)

Since
∣∣∣ZCl (n)ZC∗m,l (n)∣∣∣ is equal to 1 always holds,

ZCl (n)ZC∗m,l (n) can be represented as a exponential form
so that each term in (7) is virtually the phase rotation of
w∗l
(
n+ df

)
wm,l

(
n+ df

)
, and thus it suffices to inspect its

distribution. By considering the fact that w∗l (n+ τ) and
wm,l

(
n+ df

)
are independent and identically distributed

(i.i.d.) complex Gaussian random variables with mean
zero and variance σ 2

w, it can be known in Appendix that
corrm,l

(
df
)
approximately obeys a complex Gaussian dis-

tribution with mean zero and variance Nzcσ 2
w. Hence we can

obtain that
∣∣corrm,l (df )∣∣ is a Rayleigh random variable, and

its mean and variance are expressed as

E
{∣∣corrm,l (df )∣∣} = √π4 Nzcσw (8)

and

Var
{∣∣corrm,l (df )∣∣} = 4− π

4
Nzcσ 2

w, (9)

whereE{·} andVar{·} denote the operators of expectation and
variance, respectively.

Note that in (7), C
(
df
)
can be regarded as the summation

of M × L i.i.d. Rayleigh random variables. In this case,
the probability of false alarm, PFA, which is defined as the
probability that the PDP function at the wrong timing index
exceeds the preset threshold β, is given by

PFA = P
(
C
(
df
)
> β

)
= P

(
1

NzcML

M∑
m=1

L∑
l=1

∣∣corrm,l (df )∣∣ > β

)
. (10)

However, the probability distribution of the sum of Rayleigh
random variables with any dimension does not have a
closed-form solution [19], [20]. That is to say, it is arduous
to derive out the exact distribution of the PDP function at

the wrong timing position, which also brings difficulties to
the determination of the detection threshold. Consequently,
we propose to utilize the properties of probability inequal-
ity [21] to solve this problem, i.e.

PFA ≤
M∑
m=1

L∑
l=1

P(|corrl,m(df )| > Nzcβ). (11)

According to the probability density function (PDF) of
Rayleigh random variable, (11) can be further derived as

PFA ≤
M∑
m=1

L∑
l=1

exp[−(Nzcβ)2/Var{corrl,m(df )}]

= ML exp[−Nzcβ2/σ 2
w]. (12)

Let PFAmax be the allowable maximum probability of false
alarm, then we have

PFAmax = ML exp[−Nzcβ2/σ 2
w]. (13)

It is noteworthy from (13) that the detection threshold β can
be obtained with regard to a given PFAmax for RA preamble
detection, and is determined as

β =

√
−σ 2

w ln
(
PFAmax

/
ML

)
Nzc

. (14)

C. TA ESTIMATION
Based on the aforementioned derivation of detection thresh-
old, the desirable value of TA can be finally obtained as
follows:

∧

d = argmax
d
{C (d) > β} , (15)

where
∧

d denotes the correct timing index that means a
full-sequence pattern match between the received preamble
and its local version, which can be determined by searching
the maximum PDP peak that exceeds the given detection
threshold. Note that, for achieving a reliable timing esti-
mation, β can be flexibly adjusted according to the target
probability of false alarm, the time of cyclic shifts, and the
number of the used sub-sequences.

In order to further demonstrate the estimation accuracy of
the proposed method, Fig. 3 depicts the PDP curve based
on MSJC in a typical LEO based NTN scenario, where
SNR, τ , and ε are set as -12 dB, 3000 samples, and 10.5,
respectively. In addition, the total number of sub-sequences
K is set as 8, the cyclic shift offset is Nzc, and the number
of short sequences utilized in PDP calculation is 8. It can
be observed from Fig. 3 that, at the correct timing detection
position, there exists a unique impulse-like correlation peak
larger than the predefined threshold without position offset
and energy leakage, which can effectively indicate the start of
the received preamble sequence. That is to say, the proposed
method can be applied to the satellite LoS channel with a
strong main diameter. Moreover, compared with the timing
detection method in [13] and [14], the proposed scheme can
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FIGURE 3. An illustration of the proposed timing estimation in a typical
LEO based NTN scenario.

directly determine the value of TA in one-step detection, and
consequently also improves the access efficiency.

IV. PERFORMANCE EVALUATION AND DISCUSSIONS
In order to reveal the suitability of the proposed timing detec-
tion method in satellite environments, we further assess its
performance in terms of robustness to CFO, mitigation of
noise, as well as computational complexity.

A. ROBUSTNESS TO CFO
As analyzed in [25] and [26], ZC sequence has been verified
to be sensitive to CFO for orthogonal frequency division
multiplexing (OFDM) systems, and thus large CFOs will
lead to severe performance degradation in timing estima-
tion. It should be mentioned that, for non-geostationary earth
orbit (NGEO) satellite communication systems, the max-
imum value of CFO can reach to be even more than
40 KHz [17], [27], in which case the RA preamble detection
method must have the capability of resisting to large CFOs.
In the following, we reveal the influence of CFO on the
correlation peak for the proposed MSJC.

At the correct detection position, i.e.,
∧

d = τ , the correla-
tion function can reach to be its maximum, by submitting (1)
and (2) to (5), it can be rewritten as

corrm,l (τ ) =
Nzc−1∑
n=0

ZCl (n)ZCm,l∗ (n)

×

(
ρ∗ZC∗l (n) e

−j2πε(n+τ)
KNzc + w∗l (n+ τ)

)
×

(
ρZCm,l (n) e

j2πε(n+mNzc+τ)
KNzc +wm,l (n+τ)

)
.

(16)

Since the phase rotation of noise does not affect its proba-
bility distribution, corrm,l (τ ) can be further given by

corrm,l (τ )=e
j2πεm
K
(
Pm,l + Qm,l + Xm,l +Wm,l

)
, (17)

where Pm,l , Qm,l , Xm,l , andWm,l are respectively represented
as

Pm,l =
Nzc−1∑
n=0

|ρ|2|ZCl (n) |2|ZCl (n+ mNzc) |2, (18)

Qm,l =
Nzc−1∑
n=0

ρ∗|ZCl (n) |2ZCm,l (n)wm,l (n+ τ), (19)

Xm,l =
Nzc−1∑
n=0

ρZC∗l (n) |ZCm,l (n) |
2w∗l (n+ τ), (20)

Wm,l =

Nzc−1∑
n=0

ZCl (n)ZC∗m,l (n)wm,l (n+ τ)w
∗
l (n+ τ).

(21)

It can be observed from (17) that the impact of CFO on the
correct detection peak eventually becomes a constant term,
that is ej2πεm/K . In this case, by taking the modulus operation
of corrm,l (τ ), this term is equal to one, which means that
CFO has no effect on the correlation |corrm,l(d)| and the PDP
C(d) at the correct timing index. Thus, we can obtain that
the proposed MSJC is capable of achieving the robustness to
large CFOs.

B. MITIGATION OF NOISE
The mitigation of noise is also an important issue to be
considered in timing detection. It is clear from (19), (20),
and (21) thatQm,l , Xm,l ,Wm,l are affected by noise. By deriv-
ing the probability distribution of these three terms in the
following, the anti-noise capability of the proposedMSJC can
be revealed. For convenience, we primarily concern with the
case that a fixed cyclic shift is employed.

It should be noted that the complex random variables
Qm,l and Xm,l are composed of mutually independent noise
terms. Due to the constant envelope property of ZC sequence,
i.e. |ZCl (n)|2 =

∣∣ZCm,l (n)∣∣2 = 1, and thus we can
obtain that Qm,l and Xm,l are both complex Gaussian ran-
dom variables with mean zero and variance Nzc|ρ|2σ 2

w. Note
that wl (n+ τ + mNzc) and wl (n+ τ) are independent of
each other, Qm,l + Xm,l is still a complex Gaussian random
variable with mean zero and variance 2Nzc|ρ|2σ 2

w. Since∣∣∣ZCl (n)ZC∗m,l (n)∣∣∣ = 1 always holds, ZCl (n)ZC∗m,l (n) can
be expressed in the exponential form so that each term inWm,l
is the phase rotation of wm,l (n+ τ)w∗l (n+ τ). By consider-
ing thatwm,l (n+ τ) andw∗l (n+ τ) are not only independent
of each other but also follow a complex Gaussian distribution
with mean zero and variance σ 2

w, and referring to the analysis
results in Appendix, we can have that Wm,l approximately
obeys a complex Gaussian distribution with variance Nzcσ 2

w.
We define the sum of two complex Gaussian random vari-

ables Qm,l + Xm,l andWm,l in (17) as follows:

Ym,l = Qm,l + Xm,l +Wm,l . (22)
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Because the covariance between Qm,l + Xm,l and Wm,l is 0,
i.e.

Cov
{
Qm,l + Xm,l,Wm,l

}
= E

{(
Qm,l + Xm,l

)
Wm,l

}
= 0,

(23)

where Cov {·} denotes the covariance operator, we can obtain
thatQm,l + Xm,l andWm,l are uncorrelated. Further, since the
uncorrelated complex Gaussian random variables are inde-
pendent of each other, it immediately follows that the mean
and variance of Ym,l are the summation of those of two terms,
Qm,l + Xm,l and Wm,l , concretely, we have

E{Ym,l} = E{Qm,l + Xm,l} + E{Wm,l} = 0, (24)

and

Var{Ym,l} = Var{Qm,l + Xm,l} + Var{Wm,l}

= Nzcσ 2
w(1+ 2 |ρ|2). (25)

Based on the above analysis, we have derived the statistical
characteristics of the noise terms in (17) at the correct timing
index. To further indicate the anti-noise capability of the
proposed MSJC scheme, we compare the output power ratio
of signal to noise,OPR, for different number of sub-sequences
involved in PDP calculation.

If l = 1, namely, only one sub-sequence is used in PDP
calculation, OPR |l=1 is expressed as

OPR |l=1 =
E
{∣∣Pm,1∣∣2}

E
{∣∣Ym,1∣∣2} . (26)

When multiple sub-sequences are utilized, i.e. l = l0 for 2 ≤
l0 ≤ K , OPR

∣∣l=l0 is given by

OPR
∣∣l=l0 =

E


[

l0∑
l=1

∣∣Pm,l ∣∣]2


E


[

l0∑
l=1

∣∣Ym,l ∣∣]2

. (27)

Furthermore, we present to adopt the factor α to compare the
output power ratio for different l, which can be defined as

α =

E


[

l0∑
l=1

∣∣Pm,l ∣∣]2


E
{∣∣Pm,1∣∣2}

/E


[

l0∑
l=1

∣∣Ym,l ∣∣]2


E
{∣∣Ym,1∣∣2} . (28)

It can be summarized from (28) that factor α depends on
both the ratio of signal power ratio and noise power ratio for
different l.
First, we focus on the derivation of signal power ratio.

Since

E


[

l0∑
l=1

∣∣Pm,l ∣∣]2
 =

[
|ρ|2

l0∑
l=1

Nzc

]2
(29)

and

E
{∣∣Pm,1∣∣2} = [|ρ|2Nzc]2 (30)

always holds, we can obtain that the signal power ratio that

E


[

l0∑
l=1

∣∣Pm,l ∣∣]2


E
{∣∣Pm,1∣∣2} = l20 . (31)

Next, by considering the fact that the noise terms Ym,l for
different l are independent of each other, the noise power ratio
can be rewritten as

E


[

l0∑
l=1

∣∣Ym,l ∣∣]2


E
{∣∣Ym,1∣∣2}

=

l0∑
l=1

E
{∣∣Ym,l ∣∣2}

E
{∣∣Ym,1∣∣2} +

l0∑
l=1

l0∑
j=1,j6=l

E
{∣∣Ym,l ∣∣}E {∣∣Ym,j∣∣}

E
{∣∣Ym,1∣∣2} (32)

It is noteworthy that Ym,l is a complex Gaussian random
variable, and thus

∣∣Ym,l ∣∣ follows a Rayleigh distribution with
mean

E
{∣∣Ym,l ∣∣} =

√√√√π

2

(
Var

{
Ym,l

}
2

)
(33)

and variance

Var
{∣∣Ym,l ∣∣} = 4− π

2

(
Var

{
Ym,l

}
2

)
. (34)

Considering the relationship between mean and variance of
the Rayleigh random variable, we can obtain that

E
{∣∣Ym,l ∣∣2}= [E {∣∣Ym,l ∣∣}]2 + Var {∣∣Ym,l ∣∣}= Var

{
Ym,l

}
.

(35)

Hence, the first term on the right side of (32) becomes

l0∑
l=1

E
{∣∣Ym,l ∣∣2}

E
{∣∣Ym,1∣∣2} =

l0∑
l=1

Var
{
Ym,l

}
Var

{
Ym,1

} = l0. (36)

On the other hand, the second term on the right side of (32)
can be derived as

l0∑
l=1

l0∑
j=1,j6=l

E
{∣∣Ym,l ∣∣}E {∣∣Ym,j∣∣}

E
{∣∣Ym,1∣∣2}

=

l0∑
l=1

l0∑
j=1,j6=l

√
π
2

(
Var{Ym,l}

2

)√
π
2

(
Var{Ym,j}

2

)
Var

{
Ym,1

}
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=
π

4

l0∑
l=1

l0∑
j=1,j6=l

√
Var

{
Ym,l

}
Var

{
Ym,j

}
Var

{
Ym,1

}
=
π

4
(l0 − 1) l0. (37)

Consequently, submitting (36) and (37) to (32), we can obtain
the noise power ratio as follows:

E


[

l0∑
l=1

∣∣Ym,l ∣∣]2


E
{∣∣Ym,1∣∣2} = l0 +

π

4
(l0 − 1) l0. (38)

Finally, the factor α can be determined as

α =
OPR

∣∣l=l0
OPR |l=1

=
1

π
4 +

(1− π4 )
l0

. (39)

We can conclude from (39) that the value of α is greater than
one when l0 > 1 and proportional to l0, which means that the
output power ratio of signal to noise increases with the growth
of the number of subsequences involved in PDP calculation.
That is to say, with the increment of the available number
of subsequences, the proposed MSJC scheme can effectively
suppress the adverse impact of noise on the timing detection.

C. COMPUTATIONAL COMPLEXITY
For the load-limited satellite receiver, on the premise of
guaranteeing the acceptable timing estimation performance,
the computational complexity of preamble detection method
should be reduced as much as possible. From the aforemen-
tioned analysis, we can further enhance the timing detection
accuracy of the proposed MSJC method by increasing the
available number of sub-sequences, L. When L is set to be
its maximum value K , the capability of mitigation of noise
for our method can reach its optimum. However, with the
increment of L, the complexity of correlation continuously
increases.

To achieve the best trade-off between detection perfor-
mance and complexity, we further propose a low-complexity
PDP calculation to effectively reduce the computational load.
Note that, when L = K , all the sub-sequences can be
utilized for PDP calculation. In this case, the sliding corre-
lation in (6) can be replaced by the periodic correlation, and
consequently we can use the operation of inverse fast Fourier
transform (IFFT) instead of the correlation calculation to
further reduce the time of complex multiplications [22], i.e.

Cd
=

1
NzcMK

M∑
m=1

∣∣∣IFFT (A∗m ◦ Bd
m

)∣∣∣ (40)

where Cd denotes the low-complexity PDP calculation,
Am and Bd

m are the frequency domain forms of am and bdm,
respectively. It is obvious that, by compared (40) with (6),
there are total Nzc complex multiplications saved at each

TABLE 1. The system parameters for S-band LEO1200 based NTN.

FIGURE 4. The values of factor α for different number of available
sub-sequences.

timing position d , which significantly enhances the compu-
tational efficiency of preamble detection for the load-limited
satellite receiver.

V. NUMERICAL RESULTS
In this section, numerical results are explicitly given to
demonstrate the performance improvement of the proposed
preamble detection method by computer simulations. Table 1
lists the detailed system parameters for a typical LEO based
NTN scenario, which has been adopted in 3GPP technical
report 38.821 [17]. Note that, the performance comparisons
with the two major solutions based on enhanced ZC sequence
are not performed here, since their preamble sequences could
be exactly represented by those in [13] and [15], respectively.

In Fig. 4, we illustrate the analytical and simulated val-
ues of the factor α versus SNR for different number of
available sub-sequences, L. It is evident that the numerical
results are almost the same as the theoretical results for
different L, which verifies the validity of statistical analysis
at the correct timing index for the proposed method. Here,
the slight difference comes from the approximate derivation
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FIGURE 5. Timing estimation performance of the proposed method for
different number of available sub-sequences.

of the probability distribution of the noise terms in (17).
Note that, the value of α is independent of SNR and only
increases with the increment of L, which is in line with
the conclusion in (39), and demonstrate that increasing the
number of available sub-sequences in PDP calculation can
effectively enhance the noise-mitigation capability for the
proposed MSJC.

In the following, we investigate the timing performance of
the proposed approach for different L as shown in Fig. 5. The
timing mean square error (MSE) is adopted as the criterion
to evaluate the accuracy of timing estimation for different
SNRs. It can be observed that the timing estimation error
gradually reduces as the number of available sub-sequences
L increases, and the performance gain between different L
becomes higher with the increment of SNR. In other words,
increasing L can significantly improve the timing estimation
performance for the proposed method. However, computa-
tional complexity is also one of the important considerations
in the practical implement. If the complexity is the main
concern, we could choose relatively less sub-sequences in
MSJC, e.g. L = 1 or L = 2; otherwise, we configure L = 4
or L = 8 to obtain a better timing performance than that of
the former, when the system can afford such complexity.

Further, we make performance comparisons of the pro-
posed approach with the related works. Fig. 6 depicts the
timing MSE performance curves of various RA methods for
different normalized CFOs, ε, at SNR = −11 dB. Note
that, both methods in [15] and [16] achieve a relatively low
timing MSE especially in the presence of integral ε, due
to the conjugate symmetry of ZC sequences. Nevertheless,
if the fractional ε exists, their timing estimation performance
sharply degrade, which will obtain its worst case when the
fractional ε is set to be the multiples of 0.5. On the contrary,
the timingMSE performance of the proposedmethod remains
nearly constant for different values of CFO, which indicates
that the proposed MSJC is immune to CFO. This is because
the adverse impact of large CFOs on timing estimation can
be completely eliminated through the modulus operation of
the correlation function in (17). Moreover, the timing esti-
mation performance of our method can be further enhanced

FIGURE 6. Timing MSE comparison of different methods versus
normalized CFO.

FIGURE 7. Timing MSE comparison of different RA methods versus SNR.

by increasing L, and remarkably outperforms the existing
methods by setting L = 8.
Fig. 7 exhibits the timing estimation performance of vari-

ous RA methods at different SNRs, wherein the normalized
CFO is set to be 0.6. It is obvious in Fig. 7 that the method
in [12] with small sub-carrier interval has a larger timing error
at different SNRs, since its timing performance is greatly
affected by CFO. The methods in [13] and [14] can reuse
the terrestrial preamble format, but their performance of this
method will degrade when the CFO is larger than half of the
sub-carrier interval. In comparisons with these methods, our
method that is capable of mitigation of noise can achieve a
considerably lower MSE, due to the adjustable number of
sub-sequences used inMSJC. Further, for saving the resource
overhead, we can choose L = 2 with the guarantee of an
acceptable timing estimation performance.

In addition, we also describe the error detection probabil-
ities (EDPs) of different RA methods versus SNR in Fig. 8.
Here, EDP represents the probability that the value of PDP
at the correct timing point is lower than the preset detection
threshold. For the lack of effective solutions either from the
viewpoints of robustness to large CFOs or the mitigation
of noise, all the methods in [12]–[14] have larger detection
errors. It is clear that the proposed method obtains a signifi-
cantly lower EDP compared to those of the previous methods,
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FIGURE 8. EDP comparison of different RA methods versus SNR.

and its detection performance can be further improved as L
increases. Furthermore, in consideration of the detection per-
formance requirement in 5G RA [23] (i.e. in the case that the
false alarm probability is less than or equal to 0.1%, the cor-
responding error probability of detection for a single received
antenna should be equal to or below 1% at SNR = −11 dB
under anAWGNchannel), we can chooseL = 8 to effectively
satisfy this target for realizing the 5G integrated satellite RA.
In this case, the proposed low-complexity PDP calculation
can be effectively utilized to further reduce the computational
load.

VI. CONCLUSION
In this paper, we investigate the design and detection of
random access preamble in 5G based satellite communication
systems. A preamble sequence,MR-CLS, is first presented by
concatenatingmultiple different root ZC sequenceswith large
sub-carrier interval, by considering the system compatibil-
ity and characteristics of satellite environment. Meanwhile,
the corresponding timing detection scheme, MSJC, is also
proposed for one-step TA estimation, which can not only
improve the access efficiency, but also extremely restrain the
adverse impact of large CFOs and noise on timing estimation.
Simulation results are consistent with mathematical analysis,
and reveal the performance enhancement of the proposed
method in a typical LEO based NTN scenario, compared to
the related works. Furthermore, the proposed method can be
applied to the most satellite RA scenarios, with no need for
performing the pre-compensation of timing and frequency
offset.

APPENDIX
STATISTICAL PROPERTIES OF CORRELATION FUNCTION
AT THE WRONG TIMING INDEX
This section is dedicated to the statistical distribution deriva-
tion for the correlation function corrm,l(df ) at the wrong
timing position. Considering that the two noise terms, i.e.
w∗l
(
n+ df

)
and wm,l

(
n+ df

)
, are not only independent of

each other but also both follow a complex Gaussian distribu-
tion withmean zero and variance σ 2

w, we respectively redefine

them as

w∗l
(
n+ df

)
= T1(n+ df )− jU1(n+ df ) (41)

and

wm,l
(
n+ df

)
= T2(n+ df )+ jU2(n+ df ), (42)

wherein T1(n + df ) = Re
{
wl
(
n+ df

)}
, U1(n + df ) =

Im
{
wl
(
n+ df

)}
, T2(n + df ) = Re

{
wm,l

(
n+ df

)}
, U2(n +

df ) = Im
{
wm,l

(
n+ df

)}
. Here, Re {·} and Im {·} denote the

real part and the imaginary part of a complex randomvariable,
respectively. Further, we can obtain that

E
{
T1(n+ df )

}
=E

{
U1(n+ df )

}
=
E
{
w∗l
(
n+ df

)}
2

=0,

(43)

E
{
T2(n+ df )

}
=E

{
U2(n+ df )

}
=
E
{
wm,l

(
n+ df

)}
2

=0,

(44)

Var
{
T2(n+ df)

}
=Var

{
U2(n+ df)

}
=
Var

{
wm,l

(
n+df

)}
2

=
σ 2
w

2
, (45)

and

Var
{
T2(n+ df )

}
= Var

{
U2(n+ df )

}
=

Var
{
wm,l

(
n+ df

)}
2

=
σ 2
w

2
. (46)

Consequently, corrm,l
(
df
)
can be rewritten as

corr
(
df
)

=

Nzc−1∑
n=1

ZCl (n)ZC∗m,l (n)
[
T1
(
n+ df

)
− jU1

(
n+ df

)]
×
[
T2
(
n+ df

)
+ jU2

(
n+ df

)]
. (47)

For the convenience of discussion, we express T1(n + df )
as T1. Similarly, T2(n + df ), U1(n + df ), and U2(n + df )
can be also represented as T2, U1, and U2, respectively. It is
worth noting that T1, T2,U1, andU2 are all the i.i.d. Gaussian
random variables with mean zero and variance σ 2

w/2, respec-
tively. Because the term ZCl (n)ZC∗m,l (n) does not affect the
statistical distribution of corrm,l

(
df
)
, the mean and variance

of corrm,l
(
df
)
can be given by

E
{
corrm,l

(
df
)}

=

Nzc−1∑
n=1

E {(T1 − jU1) (T2 + jU2)}

=

Nzc−1∑
n=1

[E {T1T2 + U1U2} + E {j(T1U2 − T2U1)}]

=

Nzc−1∑
n=1

[E{T1T2} + E {U1U2} + E {T1U2} − E {T2U1}],

(48)
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and

Var
{
corrm,l

(
df
)}

=

Nzc−1∑
n=1

Var {(T1 − jU1) (T2 + jU2)}

=

Nzc−1∑
n=1

[Var {T1T2 + U1U2} + Var {j(T1U2 − T2U1)}

=

Nzc−1∑
n=1

[Var {T1T2} + Var {U1U2} + Var {T1U2}

+Var {T2U1}+Cov {T1T2,U1U2} − Cov {T1U2,T2U1}].

(49)

In [24], we can find the conclusion that the product of
two i.i.d. Gaussian random variables is still approximately
subject to a Gaussian distribution. Therefore, it can be
obtained that T1T2, U1U2, T1U2 and T2U1 are still the Gaus-
sian random variables, respectively, and thus their statistical
properties can be achieved as

E {T1T2} = E {U1U2} = E {T1U2} = E {T2U1} = 0

(50)

and

Var{T1T2}=Var{U1U2}=Var{T1U2}=Var{T2U1}=
σ 2
w

4
.

(51)

Meanwhile, we have

Cov {T1T2,U1U2} = Cov {T1U2,T2U1} = 0. (52)

Finally, submitting (50) to (48) and bringing (51) and (52)
into (49), respectively, it can be summarized that corrm,l(df )
obeys a complex Gaussian distribution with mean zero and
variance Nzcσ 2

w.
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