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METHOD AND APPARATUS FOR PRIMARY
SYNCHRONIZATION IN INTERNET OF
THINGS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and the benefit
of Korean Patent Application Nos. 10-2016-0100909 and
10-2017-0099569, filed in the Korean Intellectual Property
Office on Aug. 8, 2016 and August 7, 2017, respectively, the
entire contents of which are incorporated herein by refer-
ence.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to a method and
apparatus for primary synchronization in the Internet of
things.

2. Description of Related Art

[0003] There is a wireless communication system that
provides the Internet of things service over a wide area at
low power and low cost based on an orthogonal frequency
division multiplexing (OFDM) transmission scheme. The
wireless communication system supports various modes
such as a standalone operating mode, an in-band operating
mode, and a guard band operating mode for versatility.

[0004] The standalone operating mode is a mode for
operating a signal for providing the Internet of things service
in a frequency band used in global system for mobile
communication (GSM). The in-band operating mode is a
mode for operating a signal for providing the Internet of
things service to at least one of available resource blocks
(RBs) in the frequency band used in the existing long term
evolution (LTE) system. Further, the guard band operating
mode is a mode for operating a signal for providing the
Internet of things service to non-available RBs in a fre-
quency band used in the existing LTE system.

[0005] The wireless communication system transmits the
same primary synchronization signal every sixth subframe
of'each frame to acquire time synchronization and frequency
synchronization irrespective of the operating modes
described above. Describing in more detail, one frame
consists of ten subframes and a narrowband primary syn-
chronization signal (NPSS) is transmitted every sixth sub-
frame of each frame. An NPSS frequency domain signal
includes a total of 121 samples and values of the samples are
fixed. The time synchronization and the frequency synchro-
nization may be acquired by using a time domain conversion
signal of the NPSS frequency domain signal.

[0006] If a cross-correlation method is generally used to
acquire the time synchronization and the frequency synchro-
nization, there is a problem in that battery consumption is
increased. On the other hand, the auto-correlation method
may reduce the battery consumption but has a problem in
synchronization acquisition performance. Due to the prob-
lems, the existing method may not be suitable for the
wireless communication system for providing the Internet of
things service over a wide area for a long time.
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SUMMARY OF THE INVENTION

[0007] The present invention has been made in an effort to
provide a method and an apparatus for primary synchroni-
zation capable of effectively acquiring time synchronization
and frequency synchronization in the Internet of things.
[0008] An exemplary embodiment of the present inven-
tion provides a method for acquiring, by a receiver, syn-
chronization in the Internet of things based on a primary
synchronization signal received from a transmitter. The
method may include: sampling the primary synchronization
signal into a digital signal to generate a first sampling signal;
down sampling the first sampling signal into a second
sampling signal; and estimating a first sample timing offset
(STO) and a first frequency offset (FO) using the first
sampling signal and the second sampling signal.

[0009] The method may further include: filtering the first
sampling signal, in which the down sampling may include
down sampling the filtered first sampling signal into the
second sampling signal.

[0010] The first sampling signal may be a 1.92 MHz
sampling signal, and the second sampling signal may be a
240 kHz sampling signal.

[0011] The estimating may include performing sliding
auto-correlation, smoothing correlation, and fine cross-cor-
relation using the first sampling signal and the second
sampling signal to estimate the first STO and the first FO.
[0012] The estimating may include calculating a second
STO and a correlation result value for the second STO by
sliding auto-correlation and smoothing correlation.

[0013] The calculating may include: performing the slid-
ing auto-correlation using the second sampling signal; per-
forming the smoothing correlation by performing averaging
and filtering on temporally adjacent values among values
calculated by the sliding auto-correlation; defining a cost
function by performing weighted combining on the values
calculated by the smoothing correlation; setting an STO
value to be the second STO when the cost function is
maximum; and setting the cost function value for the second
STO to be the correlation result value. The estimating may
further include: estimating a fractional frequency offset
(FFO) using the correlation result value; and correcting the
FFO using the second sampling signal and the FFO.
[0014] The estimating may further include performing
cross-correlation on the corrected FFO and the second
sampling signal to estimate an integer frequency offset
(IFO).

[0015] The estimating may further include finally estimat-
ing the first STO and the FO using the second STO, the FFO,
and the IFO.

[0016] The finally estimating may further include: per-
forming a first cross-correlation using the second STO, the
FFO, the IFO, and the second sampling signal; and perform-
ing a second cross-correlation using the result value for the
first cross-correlation and the first sampling signal to finally
estimate the first STO and the first FO.

[0017] Another embodiment of the present invention pro-
vides a method for acquiring, by a terminal, synchronization
in the Internet of things based on a primary synchronization
signal received from a base station. The method may
include: sampling the primary synchronization signal into a
digital signal to generate a first sampling signal; filtering the
first sampling signal; down sampling the filtered first sam-
pling signal into a second sampling signal; and performing
sliding auto-correlation and cross-correlation using the first
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sampling signal and the second sampling signal to estimate
a first sample timing offset (STO) and a first frequency offset
(FO).

[0018] The estimating may include: calculating a second
STO and a correlation result value for the second STO by
sliding auto-correlation and smoothing correlation; estimat-
ing a fractional frequency offset (FFO) using the correlation
result value; and correcting the FFO using the second
sampling signal and the FFO.

[0019] The estimating may include: performing a first
cross-correlation on the corrected FFO and the second
sampling signal to estimate an integer frequency offset
(IFO); performing a second cross-correlation using the sec-
ond STO, the FFO, the IFO, and the second sampling signal;
and performing a third cross-correlation using the result
value for the first cross-correlation and the filtered first
sampling signal to finally estimate the first STO and the first
FO.

[0020] Yet another exemplary embodiment of the present
invention provides a receiver. The receiver may include: an
analog-digital converter sampling a primary synchronization
signal received from a transmitter into a digital signal to
generate a first sampling signal; a filter unit filtering the first
sampling signal; a synchronization decimator down sam-
pling the filtered first sampling signal into a second sampling
signal; and a synchronization detector estimating a first
sample timing offset (STO) and a first frequency offset (FO)
using the first sampling signal and the second sampling
signal.

[0021] The synchronization detector may perform sliding
correlation, smoothing correlation, and fine cross-correla-
tion using the first sampling signal and the second sampling
signal to estimate the first STO and the first FO.

[0022] The synchronization detector may include: a first
processor calculating a second STO and a correlation result
value for the second STO by sliding auto-correlation and
smoothing correlation; and a second processor estimating a
fractional frequency offset (FFO) using the correlation result
value and correcting the FFO using the second sampling
signal and the FFO.

[0023] The synchronization detector may include: a third
processor performing a first cross-correlation on the cor-
rected FFO and the second sampling signal to estimate an
integer frequency offset (IFO); and a fourth processor per-
forming a second cross-correlation using the second STO,
the FFO, the IFO, and the second sampling signal and
performing a third cross-correlation using the result value
for the first cross-correlation and the filtered first sampling
signal to finally estimate the first STO and the first FO.

[0024] The first processor may include: a sliding auto-
correlator performing the sliding auto-correlation using the
second sampling signal and performing the smoothing cor-
relation by performing averaging and filtering on temporally
adjacent values among values calculated by the sliding
auto-correlation; and a coherent combiner defining a cost
function by performing weighted combining on the values
calculated by the smoothing correlation, setting the STO
value to be as the second STO when the cost function is
maximum, and setting the value of the cost function for the
second STO as the correlation result value.

[0025] The frequency of the first sampling signal may be
8 times as large as that of the second sampling signal.
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[0026] The receiver may further include a physical layer
controller applying the first FO for an automatic frequency
control.

[0027] According to an exemplary embodiment of the
present invention, the coarse auto-correlation method and
the fine cross-correlation method are interchangeably used
with each other to effectively acquire the time synchroniza-
tion and the frequency synchronization in the Internet of
things over a wide area at low power.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 is a diagram illustrating a method for
generating an NPSS signal in a standalone operating mode
according to an exemplary embodiment of the present
invention.

[0029] FIG. 2 is a diagram illustrating a method for
generating an NPSS signal in an in-band operating mode
according to an exemplary embodiment of the present
invention.

[0030] FIG. 3 is a block diagram illustrating a receiver
according to an exemplary embodiment of the present
invention.

[0031] FIG. 4 is a block diagram illustrating a synchroni-
zation decimator according to an exemplary embodiment of
the present invention.

[0032] FIG. 5 is a diagram illustrating a method for down
sampling of a synchronization decimator according to an
exemplary embodiment of the present invention.

[0033] FIG. 6 is a block diagram illustrating the synchro-
nization detector according to an exemplary embodiment of
the present invention.

[0034] FIG. 7 is a state transition diagram of the synchro-
nization detector according to the exemplary embodiment of
the present invention.

[0035] FIG. 8 is a block diagram illustrating a first pro-
cessor according to an exemplary embodiment of the present
invention.

[0036] FIG. 9 is a diagram illustrating a smoothing pro-
cess of the first processor according to the exemplary
embodiment of the present invention.

[0037] FIG. 10 is a block diagram illustrating a second
processor according to an exemplary embodiment of the
present invention.

[0038] FIG. 11 is a block diagram illustrating a third
processor according to an exemplary embodiment of the
present invention.

[0039] FIG. 12 is a block diagram illustrating a fourth
processor according to an exemplary embodiment of the
present invention.

[0040] FIG. 13 is a diagram a time and frequency grid for
fine cross-correlation according to an exemplary embodi-
ment of the present invention.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0041] In the following detailed description, only certain
exemplary embodiments of the present invention have been
shown and described, simply by way of illustration. As those
skilled in the art would realize, the described embodiments
may be modified in various different ways, all without
departing from the spirit or scope of the present invention.
Accordingly, the drawings and description are to be regarded
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as illustrative in nature and not restrictive. Like reference
numerals designate like elements throughout the specifica-
tion.

[0042] Throughout the specification, a receiver may refer
to a terminal, a mobile terminal (MT), a mobile station
(MS), an advanced mobile station (AMS), a high reliability
mobile station (HR-MS), a subscriber station (SS), a por-
table subscriber station (PSS), an access terminal (AT), user
equipment (UE), and the like and may include all or some
of functions of the terminal, the MT, the MS, the AMS, the
HR-MS, the SS, the PSS, the AT, the UE, and the like
[0043] Further, a transmitter may refer to a base station
(BS), an advanced base station (ABS), a high reliability base
station (HR-BS), a nodeB, an evolved node B (eNodeB), an
access point (AP), a radio access station (RAS), a base
transceiver station (BTS), a mobile multihop relay (MMR)-
BS, a relay station (RS) serving as a base station, a high
reliability relay station (HR-RS) serving as a base station,
and the like and may also include all or some of functions
of the BS, the ABS, the HR-BS, the nodeB, the eNodeB, the
AP, the RAS, the BTS, the MMR-BS, the RS, the HR-RS,
and the like.

[0044] A method for generating a narrowband primary
synchronization signal (NPSS) frequency domain signal
according to an exemplary embodiment of the present
invention will be described.

[0045] In a standalone operating mode, the generation of
the NPSS frequency domain signal will be described first of
all.

[0046] Referring to the following Equation 1, the NPSS
frequency domain signal (p,,(n)) may consist of a combi-
nation of length-11 Zadoff Chu (ZC) sequence having root
index 5 and code cover S,,,.

Equation 1

-5 1
M],n:O, L., 10

11
Spaoy = [1111=1—1111-11]

Pln) = Smexp(

[0047] In the above Equation 1, m means an OFDM
symbol index allocated for narrowband-Internet of things
(NB-IoT), in which m=0, 1, 2, . . ., 10. n means a logical
subcarrier index of a physical resource block (RB) occupied
by the NPSS. In the above Equation 1, the code cover S, is
applied to a frequency domain. Meanwhile, the code cover
S,, has a single value irrespective of the subcarrier index,
and the code cover S,, may be multiplied by a code cover S,,
corresponding to each time domain OFDM symbol because
only the corresponding band of the physical RB is filtered by
the NB-IoT terminal to perform a demodulation process.
[0048] FIG. 1 is a diagram illustrating a method for
generating an NPSS signal in a standalone operating mode
according to an exemplary embodiment of the present
invention.

[0049] First, the transmitter generates the length-11 ZC
sequence having the root index 5 as the above Equation 1
and performs code covering (S110). That is, the transmitter
generates eleven NPSS frequency domain signals every m as
the above Equation 1.

[0050] The transmitter performs subcarrier mapping and
zero padding (S120). That is, the transmitter allocates the
generated sequence element to corresponding subcarrier
locations {k, n} and symbol m and then performs the zero
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padding to generate a total of 128 samples. In detail, a
physical subcarrier location k=-64, -63, =62, . .., -1,0, 1,
..., 62, 63, a logical subcarrier location n=0, 1, . . . ,10,
subcarrier locations to which the sequence element is allo-
cated are {-6,0}, {-5,1}, {-4,2}, ..., {-1,5},{0,6}, . . .,
{5, 11}, and the rest physical subcarrier locations k (=-64,
-63,...,-7,6,7,...,63) suffer from the zero padding.
The process is repeatedly performed every symbol m.
[0051] Next, the transmitter performs subcarrier indexing
and inverse fast Fourier transform (IFFT) (S130). That is,
the transmitter performs the subcarrier indexing process of
performing cyclic shifting to the left by 64 and then per-
forms 128-point IFFT. The subcarrier indexing process may
be performed by a location exchange between an upper
subcarrier group (corresponding to 64 subcarriers) and a
lower subcarrier group (corresponding to 64 subcarriers).
[0052] The transmitter inserts a cyclic prefix (CP) (S140).
When the CP is inserted, if m=4, a CP length is 10 and the
rest CP length may be 9.

[0053] As illustrated in FIG. 1, when the receiver samples
the NPSS signal at 1.92 MHz, the number of samples of the
NPSS time domain signal may be 1508 (=138+137%*10).
[0054] FIG. 2 is a diagram illustrating a method for
generating an NPSS signal in an in-band operating mode
according to an exemplary embodiment of the present
invention.

[0055] In the in-band operating mode, the NPSS fre-
quency domain signal (p,,(n)) is the same as the above
Equation 1. However, unlike the standalone operating mode,
the synchronization signal is transmitted through a specific
RB in the in-band operating mode, such that the code
covering may be performed only in the frequency domain as
the above Equation 1.

[0056] First, the transmitter generates the length-11 ZC
sequence having the root index 5 as the above Equation 1
and performs code covering (S210). That is, the transmitter
generates eleven NPSS frequency domain signals every m as
the above Equation 1.

[0057] The transmitter performs subcarrier mapping and
cell-specific reference signal (CRS) puncturing (S220). The
transmitter allocates the generated sequence element to the
corresponding subcarrier locations {k, n} and the symbol m
of the specific physical RB in the in-band of the legacy LTE
and then performs the zero padding, thereby generating a
total of 128 samples. That is, the transmitter allocates an
m-th sequence element to eleven subcarrier locations every
m and performs 117 zero paddings. Further, the transmitter
performs the puncturing at the subcarrier location, to which
the legacy CRS is allocated, not to affect the legacy LTE
system.

[0058] Next, the transmitter performs the subcarrier index-
ing and the IFFT according to a bandwidth (BW) of the
legacy LTE system (S230). The transmitter inserts the CP
(S240). Here, the subcarrier indexing process may be per-
formed by the location exchange between the upper subcar-
rier group (the number of subcarriers corresponding to BW
of the upper half of the LTE system BW) and the lower
subcarrier group (the number of subcarriers corresponding
to BW of the lower half of the LTE system BW).

[0059] Accordingly, if the receiver (i.e., NB-loT UE)
tunes RF on the physical RB on which the NPSS is carried
to perform ADC sampling at 1.92 MHz, the number of
samples of the NPSS time domain signal may be 1508
(=138+137*10) like the standalone operating mode.
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[0060] Meanwhile, the method for generating a synchro-
nization signal in the guard band operating mode is the same
as the in-band operating mode except that the physical RB
location is in the guard band and the CRS puncturing is not
required.

[0061] Hereinafter, a method and an apparatus for acquir-
ing time synchronization and frequency synchronization
based on an NPSS signal described above will be described.
[0062] FIG. 3 is a block diagram illustrating a receiver
1000 according to an exemplary embodiment of the present
invention.

[0063] As illustrated in FIG. 3, the receiver 1000 accord-
ing to the exemplary embodiment of the present invention
includes an RF processor 100, an analog-digital converter
(ADC) 200, a filter unit 300, a synchronizer 400, and a
physical layer controller 500. The RF processor 100 per-
forms RF signal processing on an NPSS signal received
from the transmitter. The RF signal processing may include
a function of amplifying a signal while removing noise, an
automatic frequency control (AFC) function, and a bandpass
filtering function for an RB band on which the NPSS signal
is carried.

[0064] The ADC 200 samples an analog signal into a
digital signal at a predetermined sampling rate. Most of the
bandwidths occupied by an NB-IoT transmission signal are
180 kHz, and therefore the sampling rate may be 1.92 MHz
by Nyquist sampling theorem.

[0065] The filter unit 300 performs baseband filtering on
the signal that is sampled at 1.92 MHz by the ADC 200 and
input. The bandwidth occupied by the NB-IoT transmission
signal is 180 kHz, and therefore the filter unit 300 may be
implemented as a low pass filter (LPF) having a 180 kHz
bandwidth. That is, the filter unit 300 just needs to filter only
the physical RB on which the NPSS signal is carried
irrespective of the system BW of the transmitter (for
example, the base station), and therefore may have a 180
kHz bandwidth.

[0066] The synchronizer 400 receives a 1.92 MHz sam-
pling signal filtered by the physical RB, on which the NPSS
signal is carried, from the filter unit 300, and uses the
received sampling signal to perform the time synchroniza-
tion and the frequency synchronization.

[0067] The physical layer controller 500 controls the RF
processor 100, the ADC 200, the filter unit 300, and the
synchronizer 400. That is, the physical layer controller 500
controls the overall operation of a physical layer [.1. In the
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following description, the physical layer controller 500 may
be interchangeably used with term ‘L1 control’.

[0068] As illustrated in FIG. 3, the synchronizer 400
according to the exemplary embodiment of the present
invention includes a synchronization decimator 410 and a
synchronization detector 420. In the following description,
the synchronization decimator 410 may be interchangeably
used with term ‘SYNC Decimator’, and the synchronization
detector 420 may be interchangeably used with term ‘NPSS
Detector’.

[0069] The synchronization decimator 410 performs
down-sampling from a signal sampled at 1.92 MHz to 240
kHz.

[0070] The synchronization detector 420 estimates and
corrects a sample timing offset (STO) index and a frequency
offset (FO) value based on the NPSS signal transmitted from
the transmitter (base station) in units of 10 ms. The syn-
chronization detector 420 transmits the estimated STO index
and FO value to the physical layer controller 500. Here, the
physical layer controller 500 controls the RF processor 100
to apply the estimated FO value to the automatic frequency
control (AFC) function.

[0071] The synchronization decimator 410 performs deci-
mation when receiving an enable signal from the physical
layer controller 500. That is, the synchronization decimator
410 performs 8-times down sampling on the input signal
suffering from 180 kHz BIN filtering to generate a sampling
signal of 240 kHz which is input to the synchronization
detector 420.

[0072] The synchronization detector 420 performs NPSS
detection when receiving the enable signal from the physical
layer controller 500. The synchronization detector 420 per-
forms sliding correlation, smoothing correlation, and fine
cross-correlation on the 240 kHz sampling signal. Finally,
the synchronization detector 420 again performs the fine
cross-correlation between the 1.92 MHz sampling signal and
an NPSS time domain standard signal. The synchronization
detector 420 uses the largest one correlation result value
obtained by the process to calculate an STO estimate and an
FO estimate.

[0073] The synchronization detector 420 transmits the
STO estimate and the FO estimate to the physical layer
controller 500 and is then disabled.

[0074] Parameters associated with a functional interface
of the synchronizer 400 are as the following Tables 1 to 3.
[0075] The following Table 1 shows an input signal for the
functional interface of the synchronizer 400.

TABLE 1
Signal Signal De- Signal Characteristics
Name scription Type Size Rate Source
i Start_ SyncDecimator SYNC Decimator int [1] Radio- L1
enable strobe frame  Control
i_ Start NPSS NPSS detector int [1] Radio- L1
enable strobe frame  Control
i_ NumAcc_ NPSS Per-10 ms NPSS int [1] Radio- L1
subframe symbol frame  Control
accumulation num in
NPSS detector
i__ThdStepl__NPSS Threshold of Stepl in  double [1] Radio- L1
NPSS detector frame  Control
i__ThdStep3__NPSS Threshold of Step3 in  double [1] Radio- L1
NPSS detector frame  Control
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TABLE 1-continued
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Signal Signal De- Signal Characteristics
Name scription Type Size Rate Source
in1920 Input signal of deomplx [1] Sam 180-kHz
180-kHz BW Filter pling BW Filter
Rate (Front End
Interface)
[0076] The following Table 2 shows an output signal for from the physical layer controller 500. Here, the reason why
the functional interface of the synchronizer 400. the synchronization decimator 410 performs the 8-times
down sampling is to reduce complexity of the NPSS detec-
TABLE 2 tion. The synchronization decimator 410 may be configured
: : : — : as 8-times down-sampler.
Signal Signal De- Signal Characteristics Desti- [0080] As illustrated in the above Table 3, a down link
Name sctiption Type Size Rate  mation subcarrier spacing gf the NB-IoT is 15 kHz, and therefore
when the sampling is performed at 1.92 MHz, the number of
0_STO iTO from NPSS  int [ llfadio' 161 1 samples of a time domain effective OFDM symbol becomes
etector rame ontro : : :
o_FO FO from NPSS  double  [1] Radio- L1 128. For this, when the down sampling is performed at 240
detector frame  Control kHz, a total number of samples becomes 16. However, in the
o_Done_NPSS  NPSS detector int [1] Radio- IL1 OFDM transmission scheme, the CP is added, and therefore
done strobe frame  Control

[0077] The following Table 3 shows parameters of the
synchronizer 400.
TABLE 3
Parameters Value
FFT Size 16: FFT
Subcarrier 15 kHz
spacing
# used 11 (NPSS)
subcarriers
Sampling Rate 1.92 MHz: ADC, NPSS Detector
240 kHz: NPSS Detector
CP Length Normal CP (1.92 MHz): 10 (1%
OFDM symbol every slot),
9(Last 6 OFDM symbols every slot)
[0078] FIG. 4 is a block diagram illustrating the synchro-

nization decimator 410 according to the exemplary embodi-
ment of the present invention. Describing in more detail,
FIG. 4 is a diagram illustrating a relationship between the
synchronization decimator 410 and adjacent apparatuses.

[0079] The synchronization decimator 410 performs the
8-times down sampling on the sampling signal that suffers
from the 180 kHz BW filtering by the filter unit 300, and is
performed when receiving i_Start_SyncDecimator=ON

the number of samples considering the added CP becomes
138 because a first OFDM symbol of each slot includes the
CP and other OFDM symbols become 137. Accordingly, an
integer multiple relationship between the number of samples
within one OFDM symbol and the number of samples when
the down sampling is performed at 240 kHz is not estab-
lished. Even if the timing mismatch occurs, the exact
accumulation of correlation result values estimated every 10
ms needs to be performed. Accordingly, as illustrated in FI1G.
5, the synchronization decimator 410 catches one sample
every eight samples to obtain a sample of 240 kHz.
[0081] FIG. 5 is a diagram illustrating a method for down
sampling of a synchronization decimator 410 according to
an exemplary embodiment of the present invention.

[0082] As illustrated in FIG. 5, the synchronization deci-
mator 410 catches one sample every eight samples to obtain
a sample of 240 kHz. Describing in more detail, when the
sampling is performed at 1.92 MHz, a total number of
samples is 19200 within 10 ms, and when the sampling is
performed at 240 kHz, a total number of samples within 10
ms is 2400. That is, 2400 samples in total are equal to the
number obtained upon the 8-times down sampling of 19200.
Accordingly, the synchronization decimator 410 may use 10
ms as a time window to perform the accumulation every 10
ms.

[0083] The following Table 4 shows an input signal for the
functional interface of the synchronization decimator 410.

TABLE 4

Signal Signal De- Signal Characteristics

Name scription Type Size Rate Source

i_ Start_ SyncDecimator SYNC int [1] Radio- L1
Decimator frame Control
enable strobe

in1920 180-kHz BW dcomplx [1] Sam- 180-kHz
Filtered pling BW Filter
signal Rate

(1.92

MHz)
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[0084] The following Table 5 shows an output signal for
the functional interface of the synchronization decimator
410.

TABLE 5

Signal Signal De- Signal Characteristics Desti-
Name scription Type Size Rate nation
out240 8-times deomplx [1] Sam- NPSS

down-sampled pling Detector

output signal rate

(240 kHz)

[0085] FIG. 6 is a block diagram illustrating the synchro-

nization detector 420 according to the exemplary embodi-
ment of the present invention. FIG. 7 is a diagram illustrat-
ing a state transition diagram of the synchronization detector
420 according to the exemplary embodiment of the present
invention.

[0086] As illustrated in FIG. 6, the synchronization detec-
tor 420 according to the exemplary embodiment of the
present invention includes a first processor 421, a second
processor 422, a third processor 423, and a fourth processor
424. The first processor 421 may be interchangeably used
with term ‘NPSS Stepl’, and the second processor 422 may
be interchangeably used with term ‘NPSS Step2’.

[0087] The third processor 423 may be interchangeably
used with term ‘NPSS Step3’, and the fourth processor 424
may be interchangeably used with term ‘NPSS Step4’.
[0088] The synchronization detector 420 uses the NPSS
time domain signal transmitted in a sixth subframe of each
frame to acquire the time synchronization and the frequency
synchronization. The synchronization detector 420 is oper-
ated by receiving i_Start NPSS=ON as an enable signal
from the physical layer controller 500.

[0089] The first processor (NSS Stepl, 421) uses charac-
teristics of the NPSS time domain standard signal to perform
sliding auto-correlation, smoothing correlation, and coher-
ent combining and accumulation on the signal sampled at
240 kHz (S710).

[0090] The first processor 421 calculates the largest cor-
relation result value o_MaxVal_s1 obtained by the sliding
auto-correlation and an STO value o_STO_s1 at that time.
When the o_MaxVal_s1 is higher than a threshold i_Th-
dStepl_NPSS received from the physical layer controller
500, the first processor 421 transmits the o_STO_s1 (T
described below) to the fourth processor 424. At this point,
the first processor 421 transmits samples (buf_rx240_s2_4)
and o_Done_s1=ON corresponding to the NPSS time
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domain standard signal along with the o_MaxVal_s1 to the
second processor 422 at timing before arid after the o_STO_
sl.

[0091] When the o_MaxVal_s1 is lower than a threshold
(i_ThdStepl_NPSS) received from the physical layer con-
troller 500, the first processor 421 is maintained in the
0o_Done_s1=OFF state and repeats the step S710. When
receiving o_Fail_s3=ON from the third processor 423, the
first processor 421 repeats the step S710.

[0092] The second processor (NPSS Step2, 422) uses the
0_MaxVal_sl1 received from first processor 421 to estimate
fractional FFO (FFO) (S720). The second processor 422
uses the estimated FFO to perform the FO correction on
samples bug_rx240_s2_4 received from the first processor
421 (S720). The second processor 422 transmits an FFA
value (0_FFO_s2) estimated by the processes to the fourth
processor 424, and an FFO corrected value (buf_corrected)
to the third processor 423.

[0093] The third processor (NPSS Step3, 423) performs
coarse cross-correlation on the corrected FFO corrected
value (buf_corrected) received from the second processor
422 to estimate an integer FO (IFO) value o_IFO_s3 (S730).
When the largest coarse cross-correlation result value
o_IFO_s3 (f,) estimated by the coarse cross-correlation is
higher than a threshold i_ThdStep3_NPSS received from the
physical layer controller 500, the third processor 423 trans-
mits the estimated o_IFO_s3 (f,) to the fourth processor 424.
However, when the largest coarse cross-correlation result
value o_IFO_s3 (1)) estimated by the coarse cross-correla-
tion is lower than a threshold i_ThdStep3_NPSS received
from the physical layer controller 500, the third processor
423 transmits o_Fail_s3=ON to the first processor 421.
[0094] The fourth processor (NPSS Stepd4, 424) uses
0_FFO_s2 () and o_IFO_s3 () (i.e., FO=0_IFO_s3+0_
FFO_s2) to perform the fine cross-correlation on the
samples of 240 kHz corresponding to the NPSS time domain
signal of the synchronization decimator 410 input after one
frame in o_STO_s1(T) received from the first processor 241
(S740). By doing so the fourth processor 424 primarily
estimates the STO value and the FO value. Further, the
fourth processor 424 uses the primarily estimated STO value
and FO value to again perform the fine cross-correlation on
the samples of 1.92 MHz corresponding to the NPSS time
domain signal of the filter unit 300, thereby estimating the
final STO value and FO value (S740). The fourth processor
424 transmits the finally estimated STO value o_STO and
FO value o_FO to the physical layer controller 500.
[0095] The physical layer controller 500 applies the o_FO
value received from the fourth processor 424 to the auto-
matic frequency control (AFC) function.

[0096] The following Table 6 shows the input signal for
the functional interface of the synchronization detector 420.

TABLE 6
Signal Signal De- Signal Characteristics
Name scription Type Size Rate Source
i_ Start NPSS NPSS Detector int [1] Radio- L1
enable strobe frame  Control
i_ NumAcec Per-10 ms NPSS int [1] Radio- L1
subframe symbol frame  Control
accumulation num
in NPSS detector
i__ThdStepl__NPSS NPSS Stepl double [1] Radio- L1
Threshold frame  Control
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TABLE 6-continued
Signal Signal De- Signal Characteristics
Name scription Type Size Rate Source
i ThdStep3_ NPSS NPSS Step3 double [1] Radio- L1
Threshold frame  Control
in1920 Filtered deomplx [1] Sam- 180-kHz
1.92 MHz-sampled pling BW Filter
signal Rate
in240 Filtered deomplx [1] Sam- SYNC
240 kHz-sampled pling Decimator
signal Rate
[0097] The following Table 7 shows the output signal for
the functional interface of the synchronization detector 420. Lok Equation 3
A (D) = 777 D SuSmet st (DY (D),
TABLE 7 m=0
Signal Signal De- Signal Characteristics _Desti- k=1,2,3,4,0=<71<2400
Name scription Type Size Rate nation where Sy, = [1111 -1~ 1111~ 11]
o_STO Sample timing int [1] Radio- L1
offset fame Control
o_FO Frequency offset  double 1] Radio- L1 .
aeney t frame  Control [0103] Referring to FIG. 3, the first buffer 810 buffers the
o_Done_NPSS  NPSS Detector  int [1] Radio- L1 number of samples corresponding to eleven OFDM sym-
finish strobe frame  Control

[0098] FIG. 8 is a block diagram illustrating the first
processor 421 according to the exemplary embodiment of
the present invention.

[0099] As illustrated in FIG. 8, the first processor 421
according to the exemplary embodiment of the present
invention includes first to third buffers 810, 820, and 830, a
sliding auto-correlator 840, a coherent combiner 850, and a
memory 860. The first processor 421 is performed when
o_Fail_s3=ON is transmitted from the third processor 423 or
in the case of i_Start_s1=ON.

[0100] As described above, the NPPSS is transmitted
every sixth subframe of each frame. That is, there is a
subframe corresponding to one NPSS time domain standard
signal within 10 ms. In view of this, a window size of the
first processor 421 according to the exemplary embodiment
of the present invention may be set to be 10 ms. Meanwhile,
in a specific sample time instant T(=mod(t, 2400), t=0, 1, 2,
...,2400,...),aNx] received sample vector correspond-
ing to an OFDM symbol m is defined as the following
Equation 2.

V(O (mN+T) y(mN+1+7) . .. p(m+1)N=-1+7)],
0=1<2400

m=0,1,...,10

[0101] According to the exemplary embodiment of the
present invention, assume that N=17. According to the
above Equation 2, a vector representation for samples cor-
responding to the NPSS time domain standard, signal is

Equation 2

[yo(®) ¥1(®) - . . ¥16(®)]

[0102] The sliding auto-correlator 840 applies the code
cover {S, } described in the above Equation 1 to {y, } and
then calculates a sum of conjugated inner products of a pair
of'lag-k sub-vectors, that is, S,,y,, and S,,, V... that is, the
sliding auto-correlation. The auto-correlation A,(T) is rep-
resented by the following Equation 3.

bols, that is, 11N samples (buf_rx240_npss[0-186]).

[0104] In the above Equation 3, an inner product between
y,Zandy, , is as the following Equation 4.

Equation 4

N-1
Inek (D)= Y Y+ N + g + )y (N +g +7)
=0

= Ve (T = DYE (T = 1)+ By 4 (7) = By (1),

where
By =ym+1+N -1+ W (m+ DN -1+71)

B (m)=y(m+ N -1+ D)y (mN -1 +1).

[0105] The sliding auto-correlation Equations for each
lag-k may be arranged by substituting the above Equation 4
into the above Equation 3 to obtain the following Equations
51to 8.

Equation 5

1 9
AL©) = 15 D St Gmaa (7 = DY(E = D)+ B 1(7) = Byt (7))
m=0

R
=Air-D+ Er;)smstrl(Berl,l(T) = Bp1(1)

171
=Ar-1)~- 5(530,1 (1) = B3 (1) + Ba 1 (1) = Bs 1 (T) +

1
Be,1(7) = Bs,1 (1) + 5310,1 (T)]
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-continued
Equation 6

1 8
Ax(D) = 5 SuSms2(mea(T = DYI(T = D+ Br () = By ()
m=0

L&
=Axt-D+ 5;5m5m+2(3m+1,2(7') = By 2(1)

2¢1
=Ax(r-1)- 5(530,2(7') = Bp2(7) + B (1) — Brp(7) +

1
Bs (1) - 539,2(T)]

Equation 7

1 7
A3(0) = 5 D SnSmsa(mes( = DYA(E = 1)+ Buer 3(0) = Bua (@)
m=0

12
=As(t-D+ gr;)SmSerS(Berl,S(T) = By3(1)

171
=As(r-1)- 2(530,3 (1) = By 3(7) + B3 3(7) — By3(7) +

1
Brs(e) - 538,3&)]

Equation 8

1 6
AYD) = 2D SuSmsamea( = DY = D+ Boer (D) = Ba ()
m=0

18
=Asr-D+ 7,;)Smsm+4(3m+l,4(‘r) = Bya(1)

2¢1
=Ay(r-D+ 7(530,4@) = Bra(r) + Bya(r) -

1
Ba() + 357400

[0106] As can be appreciated from the above Equations 4
to 8, the current sliding auto-correlation value (A,(T)) is
obtained by adding the just previous sliding auto-correlation
value (A,(t-1)) to a linear combination of a product of code
cover values and B,,,, ,(1)-B,, .(t). However, initially, a
process of buffering received samples while calculating the
received samples is required.

[0107] When the first processor 421 receives the i_Start_
s1=0ON, which is the enable signal, from the synchronization
detector 420 or receives the o_Fail_s3=ON, which is the
enable signal, from the third processor 423, the first buffer
810 buffers up to 11N received samples in buf_rx240_npss.
At this time, the second buffer 820 buffers B,, , shown in the
above Equation 4 for each lag as follows and buffers it. For
Lag-1, the second buffer 820 calculates B, ;[t], =0, 1, . ..
17x10-1 and buffers (buf B1) it. For Lag-2, the second
buffer 820 calculates B,, ,[t], =0, 1, . . . 17x9-1 and buffers
(buf_B2) it. For Lag-3 the second buffer 820 calculates
B,sltl, ©=0, 1, . . . 17x8-1 and buffers (buf_B3) it. For
Lag-4, the second buffer 820 calculates B,, ,[t], =0, 1, . ..
, 17x7-1 and buffers (buf_B4) it. If 11N sample timing
elapses from timing when the first processor 421 receives
the i_Start_s1=ON, which is the enable signal, from the
synchronization detector 420 or the o_Fail_s3=ON, which is
the enable signal, from the third processor 423, the first
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processor 421 performs the above Equations 4 to 8 while
updating the first buffer 810 and the second buffer 820 to
acquire the sliding, auto-correlation value.

[0108] Meanwhile, to improve reliability of the NPSS
detection at the low sampling rate like 240 kHz and reduce
memory requirement, the first processor 421 perform the
following smoothing process,

[0109] FIG. 9 is a diagram illustrating the smoothing
process of the first receiver 421 according to the exemplary
embodiment of the present invention.

[0110] As illustrated in FIG. 9, the first processor 421
sums two adjacent sliding auto-correlation values and stores
a sum thereof in the memory 860. By a recursive update
every 10 ms (T=2400) of each time window size, the sliding
auto-correlation value A, (t) is acquired. Averaging and
infinite impulse response (IIR) filtering may be performed
on the sliding auto-correlation values to define a smoothed
auto-correlation Equation like the following Equation 9.
AA(1)=0.94,(t-T)+0.1{4,(2v-1)+4,(27)},
0=1<1200, k=1, 2, 3, 4 Equation 9
[0111] In the above Equation 9, A, (t-T) is the smoothed
auto-correlation value stored in the previous time window.
By the smoothed auto-correlation, A (t) is the numSer
corresponding to a half of A,(t) (i.e.,, 1200 for each time
window is required).

[0112] The coherent combiner defines one cost function to
estimate the coarse sampling timing offset of the NPSS
signal. The cost function is C(t) is weighted combining of
‘A, (1) and may be defined as the following Equation 10.

- 3 - Equation 10
CO) = A1@IA (D] + Z Wi A1 (DA (T)
=1

[0113] In the above Equation 10, a weighted value may be
set to be w,=0.76, w,=0.54, w;=0.34. In the NB-IoT system,
the receiver (terminal) requires low cost and extended
coverage, and the receiver (terminal) endures low SNR (for
example, —12.6 dB) and low-speed fading (doppler fre-
quency=1 Hz). To secure cell searching even in the poor
environment, the NPSS signal is transmitted every 10 ms.
Accordingly, a receiver 1000 according to an exemplary
embodiment of the present invention performs an accumu-
lation-based searcher algorithm to strengthen a diversity
gain. Based on the algorithm, a filtered cost function of the
cost function is as the following Equation 11.

C)=al(r-I+(1-a)C(t), 0.5<a<l Equation 11
[0114] In the above Equation 11, o is a decay factor used
to update the memory of the accumulation and reduces an
influence of time drifting. The STO (t) when an absolute
value for the cost function depending on the above Equation
11 is maximum and the correlation result value (C(T))
(hereinafter, referred to as a maximum correlation result
value) at that time is as the following Equation 12. Here,
C(v) is the same as o_MaxVal_s1 described above, and T is
the same as o_STO_s1 described above.
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Equation 12

[0115] If IC@IC()I for in the above Equation 12 is
larder than i_ThdStepl received from the synchronization
detector 420, it becomes o_Done_s1 in an ON state or
otherwise the o_Done_s1 is maintained in an OFF state, the
processes S710 are repeated.
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[0121] The FFO estimator 1010 transmits an FFO value
(i.e., o_FFO_s2=t,) estimated by the above Equation 13 to
the fourth processor 424 (NPSS Step4).

[0122] The FFO corrector 1020 uses the FFO value (f,.)
estimated by the FFO estimator 1010 to perform the FFO
correction as the following Equation 14. That is, the FFO
corrector 1020 models samples (buf rx240_s2_4[0-186])
received from the first processor 421 with y(n), n=0, 1, . . .
, 186 as the following Equation 14 to generate an FFO
corrected value (corrected output) (buf_correctred|.|=V-

().

[0116] The following Table 8 shows an input signal for the
functional interface of the first processor 421.
3 _ —j2nf px15%103xn/(240x103) Equation 14
TABLE 8 Yelw) = yime
. . . s _E
Signal Signal De- Signal Characteristics =yme 78"
Name scription Type Size Rate Source
i Start_sl NPSS Stepl  int [1] Radio- NPSS [0123] When the FFO corrector 1020 calculates the above
enable strobe frame  Detector Equation 14 it is set to be o_Done_s2=0N, and the o_Done_
o_Fail_s3 ?U’ISS S£6P3 int (11 llfadio' 1;“’535 $2=0N is transmitted to the third processor 423 along with
ail strobe rame tep. _
i Numace NPSS Stepl int (1] Radio- NPSS the FFO corrected value (buf_corrected) of the above Equa
accumulation frame  Detector tion 14.
] num ] [0124] The following Table 10 shows an input signal for
i_ThdStepl  NPSS Stepl  double (1] Radio-  NPSS the functional interface of the second processor 422.
threshold frame  Detector
in240 Filtered deomplx [1] Sam- SYNC
240 kHz pling Decimator TABLE 10
signal Rate
Signal Signal De- Signal Characteristics
[0117] The following Table 9 shows an output signal for Name scription Type Size Rate  Source
the functional interface of the first processor 421. . .
o_Done_ sl NPSs Stepl int [1] Radio- NPSS
finish strobe frame  Stepl
TABLE 9 o_MaxVal_sl  NPSS Stepl dcomplx [1] Radio- NPSS
max value frame  Stepl
Signal Signal De- Signal Characteristics  Desti- buf_rx240_s2_4 NPSS Stepl dcomplx [187] Radio- NPSS
buffered frame  Stepl
Name scription Type Size Rate nation data
o_MaxVal_sl NPSS Stepl  decomplx [1] Radio- NPSS
Max Value frame  Step2 : :
o STO. s1 NPSS Stepl it [] Radio. NPSS [ﬁlZfS] .Thelfqllov&;ﬂlng T?“bllf 11 shozvs an 0utput45212gnal for
STO frame  Stepd the functional interface of the second processor .
buf rx240_s2_4  NPSS Stepl complex [1] Radio- NPSS
output data frame  Step2 TABLE 11
o_Done_ sl NPSS Stepl int [1] Radio- NPSS
finish strobe frame  Step2 Signal Signal De- Signal Characteristics Desti-
. . . . Name scription Type Size Rate nation
[0118] FIG. 10 is a block diagram illustrating the second
processor 422 according to the exemplary embodiment of o_FFO_s2  Estimated FFO double (1] ?adio_ NPSS
: : rame Step4
the present 1pvent10n. . buf_corrected NPSS Step2 deomplx [187] Radio- NPSS
[0119] As illustrated in FIG. 10, the second processor 422 corrected data frame  Step3
according to the exemplary embodiment of the present o_Done_s2  NPSS Step2  int [1] Radio- NPSS
invention includes a fractional fine, cross-correlation (FFO) finish strobe frame  Step3

estimator 1010 and an FFO corrector 1020. The second
processor 422 is performed when receiving o_Done_s1=ON
from the first processor 421.

[0120] The FFO estimator 1010 uses the maximum cor-
relation result value o_MaxVal_s1=C(t) received from the
first processor 421 to estimate the FFO as the following
Equation 13.

~ 64 on
fr= ﬁarg{C(T)}, where —nm<arg{-}<nx

Equation 13

[0126] FIG. 11 is a block diagram illustrating the third
processor 423 according to the exemplary embodiment of
the present invention.

[0127] As illustrated in FIG. 11, the third processor 423
according to the exemplary embodiment of the present
invention includes a coarse to cross-correlator 1110. The
third processor 423 is performed when receiving o_Done_
$2=0ON from the second processor 422.

[0128] The coarse cross-correlator 1110 performs the

cross-correlation with time domain NPSS standard samples
(an55240 M), n=0, 1,2, . .., 11N=1) sampled at 240 kHz
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for an FFO corrected value (buf_corrected[0-186]=§ (n),

n=0, 1, 2, . . ., 1I1N-1) received from the second processor
422.
[0129] That is, the coarse cross-correlator 1110 performs a

hypotheses for estimating an integer frequency offset (IFO)
as the following Equation 15.

Equation 15

128

R 128
_ D 3 240 kHz ]
1 137%‘3%170, cm(yp(n),xnpm s 7379

where

128
- 240 kHz _
Dcrom(y F), X (1), 37 ¢]

1IN-1 128 s s
Z yF(n)(xﬁ;gkaZ(n))*ejZﬂ(maﬁ)xlelO xnf(240x10%) _
n=0

1IN-1 -
5 240 kHz g, \vF jﬂlﬂ)n
V) Xy () €8

n=0

[0130] In the above Equation 15, f, having the largest
absolute value of D_,__ among f, values becomes a final IFO
(0_IFO_s3). The final IFO_,,,_, among T, is transmitted to the
fourth processor 424. If the largest value among the absolute
values of D, is equal to or larger than i_ThdStep3
received from the synchronization detector 420, the o_Fail_
s3 is turned off and the o_Done_s3 is turned on. If the largest
absolute value is smaller than i_ThdStep3 received from the
synchronization detector 420 the o_Fail_s3 is turned on and
transmitted to the first processor 421 and the o_Done_s3 is

turned ON.

[0131] The following Table 12 shows an input signal for
the functional interface of the first processor 423.
TABLE 12

Signal Signal De- Signal Characteristics

Name scription Type Size Rate Source

buf_corrected NPSS Step2 dcomplx [187] Radio- NPSS
corrected frame  Step2
data

o_Done_s2 NPSS Step2 int [1] Radio- NPSS
finish strobe frame  Step2

i__ThdStep3 NPSs Step3  float [1] Radio- NPSS
threshold frame  Detector

[0132] The following Table 13 shows an output signal for

the functional interface of the third processor 423.

TABLE 13

Signal Signal De- Signal Characteristics  Desti-

Name scription Type Size Rate nation

o_IFO_s3 NPSS Step3 IFO  double [1] Radio- NPSS

frame  Step4

o_Done_s3 NPSS Step3 int [1] Radio- NPSS
finish strobe frame  Step4

o_ Fail_s3 NPSS Step3 int [1] Radio- NPSS
fail strobe frame  Stepl
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[0133] FIG. 12 is a block diagram illustrating the fourth
processor 424 according to the exemplary embodiment of
the present invention.

[0134] The fourth processor 424 uses STO (o_STO_s1=T)
received from the first processor 421, FFO (o_FFO_s2=t,)
received from the second processor 422, and IFO (o_IFO_
s3:f1) received from the third processor 423 thereby esti-
mating the STO and the FO finely again.

[0135] The fourth processor 424 according to the exem-
plary embodiment of the present invention inc udes a buffer
1210, a first fine cross-correlator 1220, and a second fine
cross-correlator 1230. The first fine cross-correlator 1220
performs the fine cross-correlation on samples of 240 kHz,
and the second fine cross-correlator 1230 performs the fine
cross-correlation on samples of 1.92 MHz. The fourth pro-
cessor 424 is performed when the o_Done_s3 received from
the third processor 423 is turned on.

[0136] The first fine cross-correlator 1220 performs the
cross-correlation on the samples (buf_rx240_s2_4[.]=y.,,
(n+7,,,)) of 240 kHz input before and after the STO(T)
estimated by the first processor 421 as many as samples
indices within a period of T,,, That is, the first, fine
cross-correlator 1220 performs the cross-correlation as the
following Bquation 16 to obtain up to 55240 and T, 1. Here,
Tayo 18 refined_STO_at_240kHz and 1, 1, ;- is refined_FO_
at_240kHz.

Equation 16

P 240k
[#240+ fa10] = argrzigl%}?zim D eross(Y240( + T240)s Xppss (1), T2405 f2a0)

where

2404H,
Deross(y240(1 + T240)s Xipss (1), T240, f240) =

v 7240

20kHzy, \y¢ - 1240

E Y20(R + T240) Kypey () € TE
=0

Tao € [T —¥8AT, T+ y8AT]

S0 €[+ Fe=2AF. F+ Fr +2AF]

[0137] FIG. 13 is a diagram a time and frequency grid for
fine cross-correlation according to an exemplary embodi-
ment of the present invention.

[0138] Referring to FIG. 13, At=1/(1.92x10°) in the above
Equation 16 represents a minimum sample length that is
finely tuned, and Af represents a minimum frequency offset.
y represents a time domain tuning range before and after T
estimated by the first processor 421, and A represents a
frequency domain tuning range.

[0139] The second fine cross-correlator 1230 performs the
cross-correlation on samples buf rx1920_Y,,, (047,4,,) of
the filter unit 300 input before and after STO(refined_STO_
at_240kHz=T,,,) acquired by the first fine cross-correlator
1220 as many as sample indices within a section of T,4,.
The second fine cross-correlator 1230 performs the cross-
correlation on samples (buf_rx1920_sd=y,,,, (1+T,4,,)) of
the filter unit 300 input before and after FO(refined_FO_
at_240kHZ:f240)) acquired by the first fine cross-correlator
1220 as many as sample indices within a section of f|4,.
That is, the second fine cross-correlator 1230 performs the
cross-correlation as the following Equation 17 to finally
obtain up 10 Tyes (0_STO_s4) and T}o,, (0_FO_s4). T,050
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(0_STO_s4) is a finally estimated STO value, and %1920 (0_FO_s4) is a finally
estimated FO value.

Equation 17

[# 1920, fwzo] =

arg max

1.92 MH,
Deross(¥1920(1 + T1920)s Xpppgs™ (), T19205 fi920)
71920-11920

where

1.92 MH.
Deross(¥1920( + T1920); Xss (1), T1920, fion0) =

1IX8N-1 ,
29015103

1.92 Mz, o 3 22 e

Y1920(7 + T1920) (Kppps (1)) € 1.92x106

=0
T1920 € [8%240 — ¥'AT, 840 + Y/ AT]

frooo € [Foag = VAL, Faug +VAS]

[0140] Referring to FIG. 13, in the above equation 17, y'
represents the time domain tuning range before and after
87,40, M represents the frequency domain tuning range
before and after t,,,.

[0141] If the execution of the above Equation 1 7 is
completed, the fourth processor 424 transmits o_Done_
s4=0N to the synchronization detector 420 and is disabled.

[0142] The following Table 14 shows an input signal for
the functional interface of the fourth processor 424.
TABLE 14

Signal Signal De- Signal Characteristics

Name scription  Type Size Rate Source

o_Done_s3 NPSS int [1] Radio- NPSS
Step3 frame  Step3
finish
strobe

o_STO_sl NPSS int [1] Radio- NPSS
Stepl frame  Stepl
STO

o_FFO_s2 NPSS double [1] Radio- NPSS
Step2 frame  Step2
FFO

o_IFO_s3 NPSS double [1] Radio- NPSS
Step3 frame  Step3
FFO

in1920 Filtered deomplx [1] Sam- 180-
input pling kHz
signal at Rate BW
1.92 MHz Filter

buf_rx240_s2_4 Filtered deomplx [187+] Radi8o- SYNC
input frame  Decimator
signal at
240 kHz

[0143] The following Table 15 shows an output signal for
the functional interface of the fourth processor 424.
TABLE 15

Signal Signal De- Signal Characteristics Desti-

Name scription Type Size Rate nation

0_STO_s4 Final STO  int [1] Radio- NPSS
frame Detector

o_FO_s4 Final FO double [1] Radio- NPSS
frame Detector
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TABLE 15-continued

Signal Signal De- Signal Characteristics Desti-

Name scription Type Size Rate nation

o_Done_s4 PSS Step4  int [1] Radio- NPSS
finishstrobe frame Detector

[0144] As described above, according to the exemplary
embodiment of the present invention, the coarse auto-cor-
relation method and the fine cross-correlation method are
interchangeably used with each other to implement the
low-power, low-cost, and high-performance receiver.
[0145] Although the exemplary embodiment of the pres-
ent invention has been described in detail hereinabove, the
scope of the present invention is not limited thereto. That is,
several modifications and alterations made by those skilled
in the art using a basic concept of the present invention as
defined in the claims fall within the scope of the present
invention.

What is claimed is:

1. A method for acquiring, by a receiver, synchronization
in the Internet of things based on a primary synchronization
signal received from a transmitter, the method comprising:

sampling the primary synchronization signal into a digital

signal to generate a first sampling signal;

down sampling the first sampling signal into a second

sampling signal; and

estimating a first sample timing offset (STO) and a first

frequency offset (FO) using the first sampling signal
and the second sampling signal.

2. The method of claim 1, further comprising:

filtering the first sampling signal,

wherein the down sampling includes down sampling the

filtered first sampling signal into the second sampling
signal.

3. The method of claim 1, wherein:

the first sampling signal is a 1.92 MHz sampling signal,

the second sampling signal is a 240 kHz sampling signal.

4. The method of claim 1, wherein the estimating includes
performing sliding auto-correlation, smoothing correlation,
and fine cross-correlation using the first sampling signal and
the second sampling signal to estimate the first STO and the
first FO.

5. The method of claim 1, wherein the estimating includes
calculating a second STO and a correlation result value for
the second STO by sliding auto-correlation and smoothing
correlation.

6. The method of claim 5, wherein the calculating
includes:

performing the sliding auto-correlation using the second

sampling signal;

performing the smoothing correlation by performing aver-

aging and filtering on temporally adjacent values
among values calculated by the sliding auto-correla-
tion;

defining a cost function by performing weighted combin-

ing on the values calculated by the smoothing correla-
tion;

setting an STO value to be the second STO when the cost

function is maximum; and

setting the cost function value for the second STO to be

the correlation result value.



US 2018/0041978 Al

7. The method of claim 5, wherein the estimating further
includes:

estimating a fractional frequency offset (FFO) using the

correlation result value; and

correcting the FFO using the second sampling signal and

the FFO.
8. The method of claim 7, wherein the estimating further
includes performing cross-correlation on the corrected FFO
and the second sampling signal to estimate an integer
frequency offset (IFO).
9. The method of claim 8, wherein the estimating further
includes finally estimating the first STO and the FO using
the second STO, the FFO, and the IFO.
10. The method of claim 9, wherein the finally estimating
further includes:
performing a first cross-correlation using the second STO,
the FFO, the IFO, and the second sampling signal; and

performing a second cross-correlation using the result
value for the first cross-correlation and the first sam-
pling signal to finally estimate the first STO and the first
FO.

11. A method for acquiring, by a terminal, synchroniza-
tion in the Internet of things based on a primary synchro-
nization signal received from a transmitter, the method
comprising:

sampling the primary synchronization signal into a digital

signal to generate a first sampling signal;

filtering the first sampling signal;

down sampling the filtered first sampling signal into a

second sampling signal; and

performing sliding auto-correlation and cross-correlation

using the first sampling signal and the second sampling
signal to estimate a first sample timing offset (STO) and
a first frequency offset (FO).

12. The method of claim 11, wherein the estimating
includes:

calculating a second STO and a correlation result value

for the second STO by sliding auto-correlation and
smoothing correlation.

estimating a fractional frequency offset (FFO) using the

correlation result value; and

correcting the FFO using the second sampling signal and

the FFO.

13. The method of claim 12, wherein the estimating
includes:

performing a first cross-correlation on the corrected FFO

and the second sampling signal to estimate an integer
frequency offset (IFO);

performing a second cross-correlation using the second

STO, the FFO, the IFO, and the second sampling
signal; and

performing a third cross-correlation using the result value

for the first cross correlation and the filtered first
sampling signal to finally estimate the first STO and the
first FO.
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14. A receiver comprising:

an analog-digital converter sampling a primary synchro-
nization signal received from a transmitter into a digital
signal to generate a first sampling signal comprising:

a filter unit filtering the first sampling signal;

a synchronization decimator down sampling the filtered
first sampling signal into a second sampling signal; and

a synchronization detector estimating a first sample tim-
ing offset (STO) and a first frequency offset (FO) using
the first sampling signal and the second sampling
signal.

15. The receiver of claim 14, wherein the synchronization
detector performs sliding auto-correlation, smoothing cor-
relation, and fine cross correlation using the first sampling
signal and the second sampling signal to estimate the first
STO and the first FO.

16. The receiver of claim 14, wherein the synchronization
detector includes:

a first processor calculating a second STO and a correla-
tion result value for the second STO by sliding auto-
correlation and smoothing correlation; and

a second processor estimating a fractional frequency
offset (FFO) using the correlation result value and
correcting the FFO using the second sampling signal
and the FFO.

17. The receiver of claim 16, wherein the synchronization

detector further includes:

a third processor performing a first cross-correlation on
the corrected FFO and the second sampling signal to
estimate an integer frequency offset (IFO); and

a fourth processor performing a second cross correlation
using the second STO, the FFO, the IFO, and the
second sampling signal and performing a third cross-
correlation using the result value for the first cross-
correlation and the filtered first sampling signal to
finally estimate the first STO and the first FO.

18. The receiver of claim 16, wherein the first processor

includes:

a sliding auto-correlator performing the sliding auto-
correlation using the second sampling signal and per-
forming the smoothing correlation by performing aver-
aging and filtering on temporally adjacent values
among values calculated by the sliding auto-correla-
tion; and

a coherent combiner defining a cost function by perform-
ing weighted combining on the values calculated by the
smoothing correlation, setting the STO value to be as
the second STO when the cost function is maximum,
and setting the value of the cost function for the second
STO as the correlation result value.

19. The receiver of claim 14, wherein the frequency of the
first sampling signal is 8 times as large as that of the second
sampling signal.

20. The receiver of claim 14, further comprising a physi-
cal layer controller applying the first FO for an automatic
frequency control.



