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Abstract. In 5G New Radio (NR) systems, the configuration of frame is
flexible. There are several sub-carrier spacing (SCS) configurable which
is different from Long Term Evolution (LTE) systems. During the initial
access process, the user equipment cannot know the specific SCS directly
before obtaining time and frequency synchronization with the service cell
like in LTE systems. Therefore, it is necessary to investigate SCS detec-
tion. Based on the cyclostationary of Orthogonal Frequency Division
Multiplexing (OFDM) signals, we propose a SCS detection algorithm
with correlation operations on OFDM signals. The proposed algorithm
is theoretically analyzed and the theoretical expression for the detection
error rate is given by integrating theoretical models of the correlation
errors. The algorithm is evaluated and analyzed through simulation in
different scenarios. The analytical and simulation results show that the
proposed algorithm is effective and the performance is roughly consistent
with the theoretical analysis results.
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1 Introduction

The 3rd Generation Partnership Project (3GPP) requires 5G New Radio (NR)
networks to provide user equipments (UE) access experience with ultra-high net-
work capacity, ultra-high reliability and ultra-low network latency anytime and
anywhere [1]. Cell initial access is a process in which the UE can obtain time and
frequency synchronization with the servicing cell and detect the physical layer
cell ID of the servicing cell. In 5G NR systems, the concept of Synchronization
Signal Blocks (SSBs) is newly introduced [2]. In addition, in order to adapt to
different business scenarios, the design of frame structure is very flexible and
the sub-carrier spacing (SCS) of Orthogonal Frequency Division Multiplexing
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(OFDM) symbols in different frequency bands is flexible and variable [3]. There-
fore, the cell search process in 5G NR systems is somewhat different from that
in Long Term Evolution (LTE) systems. UE cannot directly learn the SCS of
the SSB. To takle this problem, it is necessary to carry out the research of SCS
detection. After that, frequency domain synchronization can be obtained.

At present, few studies about SCS detection have been presented thus far
in the literature. There are some literatures related to the estimation of OFDM
parameters. Based on cyclostationary characteristics, a blind algorithm for esti-
mating carrier frequency and symbol offset of OFDM system in Rayleigh multi-
path channels is proposed in [4]. In [5], the time symbol duration is determined
by exploiting the cyclostationnarity of the symbol. In [6], a blind estimation
method of OFDM system parameters is proposed. The method sequentially esti-
mate the sampling frequency, the number of sub-carriers and the cyclic prefix
(CP) length in OFDM systems. However, these literatures do not give a specific
analysis of detection performance.

Against the above backdrop on SCS detection, we propose a new SCS detec-
tion algorithm based on the cyclostationarity of OFDM symbols. When the time
delay is the number of effective symbol points corresponding to the actual SCS,
the peak value of the correlation calculation can be obtained. Based on this fea-
ture, the SCS can be determined. The detection performance of the proposed
algorithm is both theoretically analyzed and simulated under multiple scenarios.
The simulation results show that the proposed detection algorithm is effective.
Furethermore, the simulation results are consistent with their theoretical analy-
sis results.

The remainder of this paper is organized as follows. Section 2 mainly
describes the cyclostationarity of OFDM symbols. Section 3 designs and elabo-
rates the proposed algorithm. And the performance is analyzed through theoret-
ical derivation. In Sect. 4, the simulation results of the proposed algorithm are
analized and compared with theoretical derivation. Finally, concluding remarks
are drawn in Sect. 5.

2 System Model and the Cyclostationarity of OFDM
Signals

The received OFDM signals after passing through the Additive White Gaussian
Noise (AWGN) channel can be expressed as

r (t) = s (t) + n (t) , (1)

where s (t) is the baseband OFDM signal, n (t) is the zero-mean Gaussian white
noise, n (t) ∼ CN(0, σ2

n) and σ2
n represents the noise power. s (t) is defined as

follow

s (t) =
∑

k

G−1∑

l=0

ck,lg (t − lTc − kTs), (2)
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where G represents the number of total sampling points of an OFDM symbol,
G = N + D, N is the number of effective sampling points of an OFDM symbol,
D is the length of the CP, Tc and Ts denote the sampling period and the OFDM
symbol length, Ts = GTc, g (t) is the rectangular shaped pulse and ck,l represents
the l-th sampling point of the k-th symbol in the time-domain. ck,l is defined as
follow

ck,l =
1√
N

N−1∑

n=0

ak,ne(j2π(l−D)n/N), l = 0, 1, · · · , G − 1, (3)

where ak,n denotes the modulated data on the n-th sub-carrier of the k-th symbol
in the frequency-domain. The mean and variance of ak,n are 0 and σ2

a, respec-
tively. ak,n is mutually independent and identically distributed. Moreover, ak,n

has some distribution characteristics as follows

E[ak,n] = 0, (4)

E[ak,nam,l] = 0, (5)

E[ak,na∗
m,l] = σ2

aδ (k − m) δ (n − l) , (6)

where δ is the Dirac function.
OFDM signals have the characteristic of second-order cyclostationarity [7,

8,10]. Use Rr (t, τ) to denote the autocorrelation function of OFDM signals in
time-domain. Rr (t, τ) can be expressed as follow

Rr (t, τ) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

σ2
a

∑

k

G−1∑

l=0
g (t − lTc − kTs) · g∗ (t − lTc − kTs − τ) + Rn (τ), |τ | < Tc

σ2
a

∑

k

G−1∑

l=N
g (t − lTc − kTs) · g∗ (t − lTc − kTs − τN ) + Rn (τ) , |τN | < Tc

0, τ = others

,

(7)
where τN = |τ |−NTc. As can be seen from (7), the OFDM signal is second-order
cyclostationary and the period of autocorrelation function is Ts. The autocorre-
lation function is formulated by

Rr (t, τ) =
{

Rr (t + Tc, τ) , |τ | < Tc

Rr (t + Ts, τ) , |τN | < Tc
. (8)

Hence, the autocorrelation function of the OFDM received signal can be
expressed in the form of Fourier series. The absolute value of the autocorre-
lation function is as follow,

|Rα
s (τ)| =

⎧
⎨

⎩

σ2
a

Tc

∣∣∣ sin[πα(Tc−|τ |)]
πα

∣∣∣ , α = m/Tc, |τ | ≤ Tc,m ∈ Z
σ2

a

Ts

∣∣∣ sin(παTcD)
sin(παTc)

∣∣∣ ·
∣∣∣ sin[πα(Tc−|τN |)]

πα

∣∣∣ , α = m/Ts, |τN | ≤ Tc,m ∈ Z
,

(9)
where α represents a cycle frequency, α = m/Ts, m ∈ Z. Therefore, the auto-
correlation spectrum of the OFDM signal appears only when α = m/Tc or
α = m/Ts. If α = 0, Rs (τ) has peaks only under the condition of τ = 0 and
τ = NTc, and the peaks are σ2

a and σ2
aD/G, respectively. The autocorrelation

results with other time delays are all zero.
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3 Description and Analysis of Sub-carrier Spacing
Detection Algorithm

3.1 Algorithm Description

In 5G NR systems, SSB does not support the SCS configuration of 60 kHz [9].
In the frequency range 1 (FR1), the SCS that require detection are 15 kHz
and 30 kHz. And in the frequency range 2 (FR2), the SCS that require detec-
tion are 120 kHz and 240 kHz. Therefore, there are two candidate SCS in each
frequency range. Assuming that the number of effective sampling points of an
OFDM symbol corresponding to the actual SCS is N1, and the other is N2. Use
r (m) to represent the sampling results of time-domain received sequence. The
autocorrelation result Rr (l) of r (m) can be expressed as

Rr (l) =
1
M

Re

[
M−1∑

m=0

r (m) · r∗ (m − l)

]
=

1
M

Re

[
M−1∑

m=0

R (m, l)

]
, (10)

where M and l represent the number of the sampling points and time delay of
the autocorrelation calculation, respectively. According to theoretical analysis,
Rr (l) obtains the peak value only when the time delay l equals N1. If the time
delay l equals N2, the expectation of the autocorrelation calculation is zero.

The specific flow of the proposed algorithm is as follows.

– Carry out the autocorrelation calculation of the time-domain received
sequence based on the time delay N1 and N2, respectively. The results are
denoted as Rr(N1) and Rr(N2).

– Compare the values of Rr(N1) and Rr(N2) and decide the SCS corresponding
to the larger one.

Apparently, if Rr(N2) were larger than Rr(N1), the detection result would defi-
nitely be wrong.

3.2 Analysis of Sub-carrier Spacing Detection Algorithm

Considering AWGN channels, there is additive white Gaussian noise n (t) in the
system, n (t) ∼ CN (0, σn

2). The autocorrelation function of the received signal
consists of three parts. It is expressed as

Rr (l) = Rs (l) + Rn (l) + Rs,n (l) + Rn,s (l) , (11)

where Rs (l) and Rn (l) represent the autocorrelation function of the useful signal
s (t) and the noise n (t), Rs,n (l) and Rn,s (l) denote the cross-correlation function
of useful signal and noise and Rs,n(l)= R∗

n,s(l). Due to the limited sampling
points at the receiving end for correlation calculations, Rs(N1) or Rs(N2) cannot
get the theoretical peak values σ2

aD/G and 0. In addition, the autocorrelation
result of noise and the cross-correlation result between noise and useful signal
cannot reach 0. These are all components of the error.
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The autocorrelation function of the useful signal is as follow

Rs (l) =
1
M

Re

[
M−1∑

m=0

s (m) · s∗ (m − l)

]
=

1
M

Re

[
M−1∑

m=0

S (m, l)

]
. (12)

We suppose that the time-domain received signal sequence s (m) follows a com-
plex Gaussian distribution, i.e., s (m) ∼ CN (0, σa

2), where σa
2 is the variance of

the frequency-domain modulation symbols at the transmitter. It is assumed that
the different sampling points are independent of each other. Then, the autocor-
relation results Rs (N1) and Rs (N2) with time delay of N1 and N2 are assumed
to obey Gaussian distributions. Correlation with delay N1 involves the autocor-
relation of the cyclic prefix (CP), so the mean value of Rs (N1) is positive. The
distribution of Rs (N1) is expressed as

Rs (N1) ∼ N
(

σ2
aD

G
,
2Dσa

4 + Nσa
4

2MG

)
. (13)

The mean value σ2
aD/G is the expected theoretical peak of autocorrelation cal-

culation as described in Sect. 3. While the mean value of the autocorrelation
calculation results with N2 as the time delay is 0. The distribution of Rs (N2)
can be expressed as

Rs (N2) ∼ N
(

0,
σn

4

2M

)
. (14)

The autocorrelation function of noise is formulated by

Rn (l) =
1
M

Re

[
M−1∑

m=0

n (m) · n∗ (m − l)

]
=

1
M

Re

[
M−1∑

m=0

N (m, l)

]
. (15)

Since the noise at different sampling points is independent and identically dis-
tributed, the mean value and variance of Rn (l) are respectively 0 and σ4

n/2M .
We suppose that Rn (l) follows a Gaussian distribution, Rn (l) ∼ N (0, σn

4/2M).
The cross-correlation function of useful signal and noise is as follow

Rs,n (l) =
1
M

Re

[
M−1∑

m=0

s (m) · n∗ (m − l)

]
=

1
M

Re

[
M−1∑

m=0

SN (m, l)

]
. (16)

The useful signal and noise are independent of each other. According to the approx-
imate results of useful signal and noise, the cross-correlation function Rs,n (l) is
approximated as a Gaussian distribution, Rs,n (τ) ∼ N (

0, σa
2σn

2/2M
)
.

According to the above discription, the detection error rate of SCS under
AWGN channel is calculated as

Pe = P [Rr (N2) > Rr (N1)]
= P {Rn (N2) + Rs (N2) + 2Re [Rs,n (N2)]

−Rn (N1) − Rs (N1) − 2Re [Rs,n (N1)] > 0} . (17)
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Let

ξ = Rn (N2) + Rs (N2) + 2Re [Rs,n (N2)] − Rn (N1) − Rs (N1) − 2Re [Rs,n (N1)] .
(18)

According to the above analysis, the distribution of ξ is expressed as

ξ ∼ N
(−σ2

aD

G
,
σn

4 + σa
4 + 2σa

2σn
2

M
+

Dσa
4

2MG

)
. (19)

Therefore, the SCS detection error rate is calculated as

Pe = P (ξ > 0)

= Q

(
σ2

aD/G√
σn4+σa4+2σa2σn2

M +Dσa4
2MG

)

= Q

(
σ2

aD
√
2M√

2G2(σn
4+σa

4+2σa
2σn

2)+DGσa
4

)
.

(20)

The detection error rate is related to signal-to-noise ratio (SNR) and the number
of sampling points M. Moreover, the detection performance has nothing to do
with the specific SCS. When other conditions are the same, the detection per-
formance of different SCS is roughly consistent. In addition, the complexity of
the proposed detection algorithm primarily depends on the number of conjugate
multiplications M. Therefore, the larger the number of conjugate multiplications,
the better the detection performance. However, the complexity also increases at
the same time.

When SNR approaches infinity, the theoretical limit of detection error rate
is formulated by

Pe
σn

2→0= Q

(
σ2

aD
√

2M√
2G2 (σn

4 + σa
4 + 2σa

2σn
2) + DGσa

4

)
=Q

(
D

√
2M√

2G2 + DG

)
.

(21)

4 Algorithm Simulation and Result Analysis

This section presents the simulation and evaluation results of the SCS detection
method. The impact of the number of sampling points and the frequency-domain
resources occupied by the signal on performance is evaluated. The simulation
results and theoretical analysis results are compared and analyzed. Simulation
parameters are listed in Table 1.
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Table 1. Simulation parameters.

Simulation parameter Value

Frequency range FR1

Modulation mode QPSK

Bandwidth 10 MHz

Sampling frequency 15.36 MHz

Candidate SCS 15 KHz, 30 KHz

Channel modle AWGN

4.1 Simulation Results

Simulation results and analysis are given below. The detection correct rate of
different SCS with M = 105 is plotted in Fig. 1. As can be seen from Fig. 1,
due to the huge number of sampling points, the proposed detection algorithm
performs pretty well. When SNR is about −11 dB, the correct rate can reach
95%. When SNR is about −8 dB, the correct rate closes to 1. The detection
performance of 15 kHz and 30 kHz is consistent. Furthermore, the simulation
results are consistent with the theoretical analysis results.

Fig. 1. The detection correct rate of different SCS with M = 105.

Figure 2 shows the detection correct rate of different SCS with M = 1096. As
the number of sampling points used to calculate the aotocorrelation results is rel-
atively small, the detection performance is degraded. When SNR is about 4dB,
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the correct rate can reach 95%. When the SNR is in small range (SNR < 0 dB)
and the detection error is primarily caused by noise, the performance of 15 kHz
and 30 kHz is almost consistent with the theoretical analysis results. However,
there are some errors in the limit performance between the simulation results
and theoretical analysis when SNR is large. In this case, the detection perfor-
mance mainly depends on the error of the useful signal autocorrelation results
Rs(N1) and Rs(N2). The sampling points of time-domain sequence for corre-
lation calculations do not obey completely independent Gaussian distributions.
However, such assumptions are made in theoretical analysis. Therefore, this will
cause certain error between the simulation results and theoretical analysis.

Fig. 2. The detection correct rate of different SCS with M = 1096.

It can be seen from Fig. 1 and Fig. 2 that the number of sampling points
for autocorrelation calculation is a key factor impacting on the performance of
SCS detection. Table 2 shows the detection correct rate with different M when
SNR= −10 dB. Within a certain range, increasing M will significantly improve
the detection performance and the simulation results are consistent with the
conclusions of the theoretical analysis. On the other hand, the complexity of
the detection algorithm O(M) will increase with the increase of M. Therefore,
when selecting the number of sampling points for detection, both the detection
performance and algorithmic complexity should be taken into account.

In the above simulation scenarios, the signal occupies all the frequency-
domain resources. However, in the actual communication systems, the signal
does not occupy all the sub-carriers in frequency-domain. In addition, the pri-
mary synchronization signals (PSS) in SSB block used in the synchronization



330 T. Li et al.

Table 2. Detection correct rate with different M when SNR = −10 dB.

Number of
sampling points

Detection correct
rate in simulation

Detection correct rate of
theoretical analysis

1096 57.7% 57.8%

1096 × 5 67.8% 67.1%

1096 × 10 73.6% 73.4%

1096 × 50 91.7% 91.9%

1096 × 100 97.7% 97.6%

1096 × 120 98.5% 98.5%

process only occupy 127 sub-carriers in the middle of the bandwidth. The eval-
uations of the proposed SCS detection algorithm are given when the frequency-
domain resources are not fully used.

Fig. 3. The detection correct rate when the signals only occupy half of the frequency-
domain resources.

Figure 3 and Fig. 4 plot the SCS detection correct rate when the signals
only occupy half and one-quarter of the frequency-domain resources, respec-
tively. The power of signal decreases as the frequency-domain resources reduces.
Therefore, the theoretical analysis results are respectively 3 dB and 6 dB lower
than the condition where all the frequency-domain resources are occupied. When
SNR is high, the simulation performance deviates from the theoretical analysis.
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When signal only occupies half of the frequency-domain resources, the theoret-
ical highest detection correct rate is about 98.3%. And the simulation results
of SCS with 15 kHz and 30 kHz are 95.5% and 94.8%, respectively. When the
signal only occupies a quarter of the frequency-domain resources, the theoreti-
cal highest detection correct rate is still about 98.3%. However, the simulation
results with SCS of 15 kHz and 30 kHz are 89.0% and 88.2%, respectively. As the
frequency-domain resources decrease, the best performance of the proposed SCS
detection algorithm gradually deteriorates. The sampling points of the signal
sequence in time-domain are no longer independent when the number of sub-
carriers drops significantly. Moreover, the distribution of the received signal does
not obey Gaussian distribution as assumed in theoretical derivation process. As
a result, the variance of the correlation results also increases relative to the the-
oretical analysis. It can be concluded that the reduction of frequency-domain
resources undermines the performance of the SCS detection algorithm.

Fig. 4. The detection correct rate when the signals only occupy one-quarter of the
frequency-domain resources.

Based on a large number of simulation results, the loss of performance can be
analyzed quantitatively. When SNR is infinite, the noise can be ignored and the
performance of SCS detection algorithm depends on the error of the correlation
result Rs(N1) and Rs(N2) of the signal. According to the simulation statistics,
if the useful signal occupies 1

n of all frequency-domain resources, n ∈ Z, the sta-
tistical variance of Rs(N1) increases to n times that of the theoretical analysis.
For the case where the actual SCS is 30 kHz, the statistical variance of Rs(N2)
increases to n times that of the theoretical analysis as well. While for the case
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where the actual SCS is 15 kHz, the statistical variance of Rs(N2) increases to n
2

times that of the theoretical analysis. When the actual SCS is 15 kHz, the vari-
ance of the simulation statistics result of Rs(N2) is smaller than that of 30 kHz.
If the correlation calculation is based on OFDM symbols of 15 kHz SCS with
the time delay of N2, nearly half of the sampling points for conjugate multipli-
cation are in the same symbol. Therefore, they are not completely independent.
However, if the correlation calculation is based on OFDM symbols of 30 kHz
SCS with the time delay of N2, the sampling points for conjugate multiplication
are in two different symbols and they are completely independent. This is the
reason why the detection performance of 15 kHz is slightly better than that of
30 kHz.

Fig. 5. The detection correct rate when the signals only occupy half of the frequency-
domain resources with compensated theoretical analysis.

Based on the above simulation and analysis results, the variance of the the-
oretical analysis results with the SCS of 15 kHz and 30 kHz can be compen-
sated for the situation that the signal does not occupy all the frequency-domain
resources. Figure 5 and Fig. 6 show the detection performance after the compen-
sation of the theoretical analysis results. It can be seen from the figures that the
theoretical analysis result after compensation is closer to the actual simulation
results, and the performance of 15 kHz is slightly better than that of 30 kHz.
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Fig. 6. The detection correct rate when the signals only occupy one-quarter of the
frequency-domain resources with compensated theoretical analysis.

5 Conclusion

In 5G NR systems, UE can not get the actual SCS directly in the cell initial access
process. Therefore, the SCS needs to be detected. A SCS detection algorithm
based on the cyclostationarity of OFDM signals is proposed and the performance
is evaluated with both simulations and theoretical analysis.

The simulation results are roughly consistent with the theoretical analysis
and the detection performance of different SCS is almost symmetrical. The per-
formance of the proposed algorithm improves as the number of sampling points
and the SNR increase. According to the theoretical analysis, when the signal
does not occupy all the frequency-domain resources, the performance deterio-
rates, which is only caused by the reduction of signal power. However, the errors
excluded in theoretical analysis cannot be ignored during the actual detection
process. Hence, the performance of the simulation is lower than the theoreti-
cal analysis. In this case, the theoretical analysis results can be compensated
according to different SCS to make them roughly consistent with simulation
results.
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