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ABSTRACT

System synchronization between the user equipment (UE)
and the base station (eNodeB) is a fundamental physical
layer procedure in the cellular system and performed by
synchronization signal. New Radio (NR) synchronization
signal is expected to have the wider band reserved, which
enables the use of the longer sequence than that in Long
Term Evolution (LTE). This paper simulates the downlink
(DL) initial synchronization procedure for NR in 5G and
evaluates the NR primary synchronization signal (NR-PSS)
design with various lengths. To accomplish the DL initial
synchronization at the UE, the NR-PSS is firstly detected in
the time domain using a matched filter, and then the carrier
frequency offset (CFO) is the sum of the integer frequency
offset (IFO) and the sum of the fractional frequency offset
(FFO). After compensating the CFO of the received signal,
we detect the NR second synchronization signal (NR-SSS) in
the frequency domain. To evaluate the NR-PSS design with
various lengths, the performance of the residual timing offset
and residual frequency offset is considered. The simulation
results show that the performance of the residual timing
offset with the longer sequences is better and the length of
the NR-PSS has no impact on the performance of the residual
frequency offset. Thus we propose longer sequences in the
NR-PSS design when the performance of the residual timing
offset and the residual frequency offset is only considered.
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1 INTRODUCTION

In the next few years, with an explosively increasing data traf-
fic in mobile broadband communications, the existing cellular
networks might not be able to satisfy the users’ demands
[1]. Consequently, the fifth generation (5G) wireless cellular
network has been intensively researched both in industries
[2][3] and in academia [4]-[6] in recent years. To enable the
expected 5G network, a new air interface (AI) is designed to
effectively improve spectral efficiency and reduce latency [3].
One of the fundamental AI physical layer procedures is the
system synchronization between the UE and the eNodeB.

In a cellular system, system synchronization is firstly fin-
ished in DL and then in uplink (UL) [7]. In DL, the UE
must be able to perform initial synchronization to establish
a successful connection with the best serving eNodeB. To
accomplish this process, NR has defined two kinds of syn-
chronization signals: NR-PSS and NR-SSS [8]. And they are
based on cyclic prefix orthogonal frequency division multiplex-
ing (CP-OFDM) [8]. However, orthogonal frequency division
multiplexing Access (OFDMA) signal is highly sensitive to
synchronization error, which results in inter-carrier interface
(ICI). Therefore, the UE needs precise DL synchronization
to protect the orthogonality between sub-carriers and wipe
off ICI. In actual transmission system, the UE firstly detects
the position of the NR-PSS to acquire the symbol timing
and also determines the sector index. Then the UE estimates
the CFO and compensates the CFO of the received signal.
Finally, the UE identifies the cell identity (ID) group by the
received NR-SSS. In UL, the eNodeB estimates the transmit
timing and identifies the UE using the physical random access
channel (PRACH) signal transmitted by the UE.

According to the DL synchronization description above,
the NR-SSS can be identified only after the successful detec-
tion of the NR-PSS. Hence the overall DL synchronization
performance heavily depends on the NR-PSS detection at
the UE. This paper intends to present a NR DL initial syn-
chronization scheme and compares the performance among
the NR-PSS with different lengths by simulation.

The rest of the paper is organized as follows: Section
2 gives the system description, mainly including the DL
frame structure and synchronization signal. In Section 3,
the DL initial synchronization procedure is outlined and
the simulation platform of the DL initial synchronization is
presented in details. Simulation assumptions and results are
shown in Section 4. Finally, Section 5 concludes this paper.
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2 SYSTEM DESCRIPTION

In this section, we take a brief introduction of the DL frame
structure and synchronization signal.

2.1 Frame structure

While both frequency division multiplexing (FDM) and time
division multiplexing (TDM) of the synchronization signal
are proposed in NR, a study focusing on TDM is undertaken
in this paper. Unlike LTE, which only supports one numerol-
ogy, in NR, multiple numerologies are supported because a
single OFDM numerology can not achieve the performance
requirements for all the deployment scenarios and the desired
frequency range [9]. As a result, a family of SCS with a basic
SCS scaled by integer multiples are allowed. The basic SCS
can be 15kHz for forward compatibility. In this paper, we
only consider low frequency case (e.g. below 6GHz) and thus
two possible SCS are chosen, 15kHz and 30kHz respectively.

In NR, the frame structure design is similar with that
in LTE, but the number of the symbols in a slot and the
number of the slots in a sub-frame are changed with the SCS.
Concretely, a sub-frame duration is fixed to 1 ms and a radio
frame duration is 10ms [8]. There are two types of cyclic
prefixes (CP): the normal CP and the extended CP. In the
normal CP type, either 7 or 14 consecutive OFDMA symbols,
depending on whether the 15kHz SCS or 30kHz SCS is used,
form one slot. Figure 1 shows the frame structure with 15kHz
SCS and the normal CP when the bandwidth equals 5MHz,
the duration of CP is 40Ts for the first OFDMA symbol and
36Ts for the remaining 6 OFDMA symbols in each slot, where
Ts is the basic time unit. Figure 2 shows the frame structure
with 30kHz SCS in the same condition, the duration of CP is
22Ts for the first OFDMA symbol and 18Ts for the remaining
13 OFDMA symbols in each slot.

Figure 1: Frame structure with 15kHz SCS

2.2 Synchronization signal

The NR synchronization signal contains the NR-PSS and
NR-SSS. In frequency domain, NR-PSS and NR-SSS are

Figure 2: Frame structure with 30kHz SCS

mapped on the sub-carriers of equal length located at the
centered frequency band for all transmission bandwidth. In
time domain, both synchronization sequences are generated as
an OFDMA symbol respectively and are mapped on different
symbols. For NR-PSS, Zadoff-Chu (ZC) sequence, which has
constant-amplitude zero autocorrelation (CAZAC) property,
can be used as the baseline sequence for study [8]. A ZC
sequence of odd length L is defined as

du(k) = e
−j

πuk(k + 1)
L 0 ≤ k < L, (1)

where u is the ZC root index relatively prime to L.
NR-SSS is constructed by pseudo noise (PN) sequences

and carries the information related to the frame timing and
the cell ID.

In reference [10], numerous proposals about NR synchro-
nization signal design are summarized. For NR-PSS design,
we can classify various proposals according to four criteria:
sequence length, number of PSS sequences, central-symmetry
and time repetition. We mainly concentrate on the evaluation
for NR-PSS design with various lengths in this paper.

3 DL INITIAL SYNCHRONIZATION
SIMULATION PLATFORM

The DL transmitted signal propagates through a multi-path
fading channel and arrives at the receiver. Under the impact
of a frequency misalignment between the transmitter’s and
the receiver’s oscillators, doppler frequency shift and the
additive white Gaussian noise (AWGN), the received signal
is distorted, which leads to the degradation of the synchro-
nization system performance. To combat the problem, the
DL initial synchronization procedure usually consists of three
steps shown in Figure 3, firstly primary synchronization for
detection of symbol timing and sector cell index, then CFO
compensation with the estimated CFO, and finally secondary
synchronization for detection of cell ID group and frame
timing. In this paper, we developed a platform to simulate



Figure 3: The DL Initial synchronization flow chart

Figure 4: The DL Initial Synchronization Simulation
Platform

the DL initial synchronization illustrated in Figure 4. The
platform is described as follows.

3.1 Overall description of the platform

In the transmitter, two frames are transmitted. The user data
is randomly generated and modulated by Quadri Phase Shift
Keying (QPSK). Synchronization symbols are generated and
inserted into the OFDM time-frequency grid. In the time
domain, the NR-PSS is located in the the last OFDMA
symbol of the first and 11th slots within the radio frame and
the NR-SSS is located in the symbol preceding the NR-PSS.
In the frequency domain, the NR-PSS and NR-SSS are both
mapped to the centered frequency band. The modulated data
symbols are then mapped to the resource elements which are
not occupied by synchronization symbols. The DL signal is
transmitted after the OFDM modulation.

In the receiver, the UE firstly performs a low-pass filtering.
Then the NR-PSS is detected to acquire the symbol timing,
sector cell index and the IFO estimation. After this, the FFO

is estimated by a method called cross-correlation synchro-
nization algorithm using PSS [11]. Finally, the NR-SSS is
detected to identify the cell ID group and the frame timing.

In the following, we describe the main algorithms in our
platform. The time-domain received signal is denoted by r(θ),
the time-domain signal of the NR-PSS sequence by p(θ), the
fast Fourier transform (FFT) size by N , the length of CP
by L, the length of the NR-SSS sequence in the frequency
domain by LSSS , the estimation of the timing synchronization

position of NR-PSS by θ̂, the estimation of cell sector index
by î, the estimation of the IFO with respect to the SCS by
ε̂I , the estimation of the FFO with respect to the SCS by
ε̂F , the estimation of the CFO with respect to the SCS by ε̂,
the estimation of the cell ID group by ĵ and the estimation
of the sub-frame index number by n̂s.

3.2 Primary synchronization

The NR-PSS is transmitted periodically. A transmit period is
the minimum length of the search window. In a search window,
The receiver performs the NR-PSS detection by the matched
filtering operation between the local NR-PSS signal and the
received signal under different timing position and frequency
offset hypothesis in the time domain [12]. Concretely, a timing
metric function for the NR-PSS detection is defined as

M(θ, i, εI) =
|γ(θ, i, εI)|

ξi(θ)
, (2)

where

γ(θ, i, εI) =

N∑

n=1

r(θ + n)e−j2πεIn/Np∗i (n), (3)

ξi(θ) =

N∑

n=1

∣∣∣r(θ + n)
∣∣∣
2

+

N∑

n=1

∣∣∣pi(n)
∣∣∣
2

2
, (4)

are the cross-correlation term and the energy term, respec-
tively. Then the timing position of the NR-PSS, the cell sector
index and the estimation of the IFO can be decided by the
criterion

{θ̂, î , ε̂I} = arg max
θ,i,εI

M(θ, i, εI). (5)

In addition, in the large frequency offset case, the partial
correlation, where each segment is correlated separately and
segment accumulations can partially make up for the phase
difference and obtain lager gain, improve the performance
of the NR-PSS detection[13]. However, the performance will
degrade as the number of the segments increases.

In this paper, three frequency offset hypotheses (e.g. -1, 0,
1 of the SCS) and 2-segment partial correlation are adopted
for the NR-PSS detection after different combinations of the
number of frequency offset hypotheses and partial correlations
are compared.

3.3 Frequency synchronization

For the OFDMA system, it can make efficient use of avail-
able bandwidth without distortion. However, it is susceptive
to the CFO (due to a frequency misalignment between the
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transmitter’s and the receiver’s oscillators as well as Doppler
shifts), which causes the ICI by destroying the orthogonality
between sub-carriers. To improve the synchronization detec-
tion performance, the CFO has to be compensated before
demodulating the OFDMA symbol. The CFO is the sum of
the IFO and the FFO, and the estimation of the IFO has
been derived by the primary synchronization. Then the FFO
can be estimated by the cross-correlation synchronization
algorithm using PSS. In details, the IFO is first compensat-
ed to mitigate the impact of the IFO and the FFO is then
estimated by

ε̂F =
1

π
∠([

N/2−1∑

n=0

r(θ̂ + n)e−j2πε̂In/Np∗i (n)]
∗·

[

N−1∑

n=N/2

r(θ̂ + n)e−j2πε̂In/Np∗i (n)]).

(6)

Finally we acquire the CFO by ε̂ = ε̂I + ε̂F . and fulfill the
frequency synchronization by compensating the CFO using
z(n) = r(n)e−j2πε̂n/N .

3.4 Secondary synchronization

The NR-SSS carries the information including the radio frame
timing and the cell ID group. It is formed based on two groups
of proposals [14]: long PN sequences (like m-sequences, Gold
sequences, ZC) and interleaving two short m-sequences (like
LTE-SSS). The basic sequences are scrambled with the cell
sector index and the cell ID group related parameters. The
NR-SSS detection is done based on the relative position be-
tween the NR-PSS and the NR-SSS. According the timing
synchronization position of the NR-PSS, the timing synchro-
nization position of the NR-SSS can be figured out and then
the time-domain signal of the NR-SSS is extracted. After FFT
and rearranging the location of the sub-carriers in NR-SSS,
we obtain the NR-SSS sequence in the frequency domain. In
the end, we perform a cross-correlation operation between
the demodulated NR-SSS sequence, denoted by rsss, and
the known local NR-SSS sequences, denoted by sj,ns(n). In
details, the operation is defined as

C(j, ns) =

∣∣∣∣
Lsss∑

n=1

r∗sss(n)sj,ns(n)

∣∣∣∣. (7)

When the metric C(j, ns) achieves the peak value, the cell
ID group and the sub-frame index number can be estimated,
namely

{ĵ, n̂s} = arg max
j,ns

C(j, ns). (8)

4 SIMULATION ASSUMPTIONS AND
RESULTS

In this paper, we mainly focus on the low frequency (below
6GHz) case with 4GHz carrier frequency. To fairly evaluate
the performance of the proposed NR-PSS sequences with
different lengths, we assume the same bandwidth and a fixed
OFDMA symbol transmission power for all schemes. Thus

Table 1: SIMULATION PARAMETERS

Parameter Value

Sampling frequency 7.68MHz

Carrier frequency 4GHz

System bandwidth 5MHz

SCS 15kHz/30kHz

FFT size 512/256

Cyclic prefix type Normal CP

Search window 5ms

Multiplexing TDM

SNR -6dB

Channel model
CDL-C with delay scaling
values of 100ns +AWGN

UE speed 3km/h

Antenna configuration
at the TRP

(1,1,2) with omni-directional
antenna element

Antenna configuration
at the UE

(1,1,2) with omni-directional
antenna element

Frequency Offset

TRP:
uniform distribution +/-0.05 ppm
UE:
uniform distribution +/-5 ppm

Number of interfering
TRPs

0

the FFT size is set at 512/256 for SCS of 15/30kHz accord-
ingly. In addition, we further assume the timing is correct
when the residual timing offset is within half CP length and
the frequency offset estimation is sound when the residual
frequency offset is within 1 SCS. For the multi-path fading
channel environments, the Clustered Delay Line (CDL-C)
model [15] which is recommended by 3GPP is considered. For
the AWGN channel environments, the signal-to-noise ratio
(SNR) is set at -6dB. The simulation parameters are listed
in Table 1.

In the simulation, we only concentrate on the first and
second DL initial synchronization step because we only eval-
uate the performance of the NR-PSS sequences with different
lengths by residual timing offset and residual frequency offset.
Three cases where the lengths of the NR-PSS sequences are
set to 63, 127, 255, respectively and the corresponding root
indexes are set to 25, 42, 116, respectively are simulated,
thus we acquire two figures, which present the cumulative
distribution function of the residual timing offset and the
cumulative distribution function of the residual frequency
offset, respectively.

In Figure 5, the cumulative distribution function of the
residual timing offset at different case L = 63, L = 127, L =
255 is shown. From Figure 5, we can observe that the perfor-
mance becomes better as the increase of L under the same
SCS due to higher time resolution. In Figure 6, the cumula-
tive distribution function of the residual frequency offset at
different case L = 63, L = 127, L = 255 is presented. From
Figure 6, we can see the sequences with different lengths



perform equally well under the same SCS. Hence, we con-
clude the longer sequences are better choices for the NR-PSS
design from improving the performance of the residual timing
offset and residual frequency offset.
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5 CONCLUSIONS

In this paper, the different frame structures under different
SCS (15kHz, 30kHz) are first introduced. Then we describe

the DL initial synchronization procedure in a nutshell, and
the platform we designed to perform the DL initial syn-
chronization is presented in details. Finally we simulate the
different NR-PSS design with different lengths. It is observed
that longer sequences has better performance in residual
timing offset and the length of the sequences does not have
an impact on the performance in residual frequency offset
under the same SCS. We conclude the paper by proposing
the longer sequences in NR-PSS design if the performance
of residual timing offset and residual frequency offset is only
considered.
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