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ABSTRACT This tutorial guides the reader through the open literature on the aspect of Initial Cell
Search (ICS) in both Code Division Multiple Access (CDMA) and Orthogonal Frequency Division Multiple
Access (OFDMA) systems perspectives with a special focus on the DownLink (DL), where the ICS
represents the very first operational stage of commercial mobile station modem’s always-on mobility.
There is no comprehensive up-to-date tutorial of the ICSs encompassing 3G, 4G, and 5G systems. Hence,
we review the ICS-related operations which have been proposed for Wideband CDMA (W-CDMA),
Time Division-Synchronous CDMA (TD-SCDMA), Long Term Evolution Frequency Division
Duplex (LTE-FDD), and Time Division LTE (TD-LTE) from the point of view of 3rd Generation
Partnership Project (3GPP) standard and implementation. In the case of TD-SCDMA, there is no in-depth
literature illustrating the details of ICS. Therefore, this tutorial aims to fill the related gap in the literature.
As an evolution from the operational systems, we also shed light on the ICS being employed in New
Radio (NR) system operating at sub-6 GHz and provide insight into interesting and challenging technical
issues in millimeter-Wave spectrum bands, which is an ultimate foundation to be deployed in the full-scale
NR system. Furthermore, we exemplify entire cell search operations over diverse spectrum bands and
elucidate intelligent ways of designing multi-mode mobile station modem in a systematic manner.
A taxonomy diagram also classifies three main targets constituting ICS procedures in 3G, 4G, and 5G
systems. It is expected that this tutorial is beneficial not only for academic researchers but also for practical
modem development engineers.

INDEX TERMS Initial cell search, LTE-FDD, multi-mode mobile station modem, new radio, Millimeter-
wave, synchronization, TD-LTE, TD-SCDMA, W-CDMA.

I. INTRODUCTION

Code Division Multiple Access (CDMA) based mobile
communication systems and their evolutions have been
widely advocated by the 3rd Generation Partnership Project
(3GPP). Consequently, the progress of CDMA has led to
the 3G systems [1], [2], namely the Wideband CDMA
(W-CDMA) [1] and the Time Division Synchronous CDMA
(TD-SCDMA) [2] operating models. Then, the Orthogonal
Frequency Division Multiplexing Access (OFDMA) based
Long Term Evolution (LTE) and their derivatives have been
specified by 3GPP for the 4G systems [3]. Nowadays,
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5G systems, referred to as New Radio (NR), have been
released under the auspices of the 3GPP standardization
activities [4]-[8]. In the above-mentioned 3G, 4G, and 5G
systems, the very first operational stage of mobile commu-
nication systems is an Initial Cell Search (ICS) procedure,
initiated by the User Equipment (UE)' in order to achieve
both the appropriate time and frequency synchronizations as
well as to detect a particular cell ID.

For structural understanding on Initial Access (IA)2 a
top-down architecture of this tutorial is visualized in Fig. 1,

1n 3GPP terminology, UE is equivalent to mobile station.

2In addition, we also would like to direct the attention of those readers,
who wish to delve into further detail, to some excellent tutorial papers such
as [10]-[14] amongst others.
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Section I. Introduction

A. Importance of Initial Cell Search
B. Contributions of This Tutorial

C. A Hierarchical Structure of Initial Cell Search
D. An Entire Initial Access Process of 3GPP Systems

!

H[Figs. 1to 3/ Tables I & Ia
[Figs. 4 to 11/ Tables III to V]

Section II. Evolution of Initial Cell Search in CDMA Systems (cdmaOne to W-CDMA and TD-SCDMA)

A. Frame Structure Perspectives: Frame Structures in W-CDMA and TD-SCDMA as well as Key Comparisons between two 3G Systems
B. Initial Cell Search Procedure Perspectives: Initial Cell Search in W-CDMA and TD-SCDMA

!

B. Initial Cell Search Procedure Perspectives: Initial Cell Search in LTE and NR

Section I11. Evolution of Initial Cell Search in OFDMA Systems (LTE to NR)

Figs. 7,12 to 23 /
A. Frame Structure Perspectives: Frame Structures in LTE and NR as well as Key Comparisons between 4G and 5G Systems Tables IIL. VI to VIII
)

I

A. Entire Cell Search Operations over Diverse Spectrum Bands

C. Intelligent Multi-Mode Mobile Station Modem and Future Directions

Section IV. A Contemplation in Intelligent Ways of Designing Multi-Mode Mobile Station Modem
and Future Directions

B. Intelligent ICS System Controller and Deep Learning Driven Beam Sweeping Approach

Figs. 24 to 27

A. Sequences Exploited in W-CDMA, TD-SCDMA, and NR
B. A Sequence Utilized in Both LTE-FDD and TD-LTE

Section VI. Appendix - Sequences Exploited in 3G, 4G, and 5G Downlink Systems
H[Figs. 28 & 29/ Tables IV & VI]

FIGURE 1. Overall structure of this tutorial manifesting key topics associated with the corresponding figures and tables.

where the structure indicates [As of two representative sys-
tems adopted in 3GPP standardization as well as all the
relevant figures and tables are manifested together.

Fig. 2 specifies a hierarchical structure of cell search and an
entire IA process of 3GPP systems in both DownLink (DL)
and UpLink (UL), aligned with the philosophy articulated
through 3GPP target cell search [9]. More explicitly, the IA
procedure in DL constitutes both ICS and the following cell
selection as well as system information reception, where
ICS represents a specific cell search procedure operating at
physical layer level. In the forthcoming Sections II and III,
full details of ICS scenarios are portrayed in 3G (CDMA sys-
tems) as well as 4G and 5G (OFDMA systems), respectively.
Specifically, the ICS stages of 3G/4G/5G mobile communica-
tion systems are (1) to acquire coarse correct timing of a ref-
erence path among the incoming multi-path signals received
in the DL, (2) to carry out the initial frequency offset com-
pensation based on the path chosen in (1), and finally derive
a serving cell ID before commencing normal communica-
tion procedures. Hence, the ICS procedure in the DL is the
very first operation of commercial mobile station modem’s
always-on mobility that has to be performed, as soon as the
UE is turned on. To illustrate it a little bit further, the ICS oper-
ation is conducted by processing an unmodulated and prede-
fined pilot signal or preamble being transmitted periodically,
which is broadcast over the entire cell. There are two main
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issues constituting (1) very wide uncertainty region in the DL,
for example which may correspond to an entire radio-frame
duration and (2) high initial frequency offset substantially
deviated from an exact carrier frequency locked on. Those
two main factors lead to two-dimensional enormous search
space of the ICS procedure. In order for us to lead explicit
presentation, Fig. 3 visualizes three groups (Figs. 7 & 12,
Figs. 8, 10, & 13, and Figs. 9, 11, 21, 22, & 23) to categorize
a hierarchical structure of entire ICS flow and a taxonomy
diagram to classify three major operations, namely (1) Tim-
ing synchronization, (2) Frequency synchronization, and (3)
Code/Cell identification, which form pivotal ICS procedures
in 3G, 4G, and 5G systems. It is noted that subframe in TD-
SCDMA, half radio-frame in LTE, and SS burst set in NR are
set to 5 ms. However, each mode has a completely different
terminology to express the same time period. Accordingly,
in our taxonomy diagram, three terminologies are exploited
separately to comply with 3GPP’s convention. Further details
of all mentioned in the taxonomy diagram will be elucidated
in Sections II and III.

For the sake of minimizing the entire cell search com-
plexities, hierarchical cell search procedures have been
proposed and adopted in all the systems mentioned in [4],
[71, [8], [15]-[19]. After ICS, which is invoked for the initial
synchronization with a potential serving cell, the Target Cell
Search (TCS) is used for finding adjacent cells required for
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Station Modem and Future Directions

FIGURE 2. Hierarchical structure of cell search and the corresponding entire initial access process of 3GPP systems in both

downlink and uplink.

potential handovers [9], [20]. This tutorial paper focuses
mainly on the ICS in the idle mode UE, which is operated
in 3G, 4G, and 5G systems.3 Even though substantial research
efforts have been devoted to concrete detection schemes
exploited for ICS algorithms at each stage of the entire ICS
flow [10], [17], [18], [21]-[25], there is a paucity of in-depth
studies in the open literature providing a review of all the
ICS procedures and scenarios employed in practical mobile
station modems satisfying 3GPP specifications for 3G, 4G,
and 5G systems, which is also very beneficial for readers to
review the existing standards in a systematic manner and to
gain an insightful view on the future communication systems.
Table 1 depicts an overall investigation of cell searches for
3G, 4G, and 5G through two decades.

Main contribution of this tutorial is to provide essential
guidelines for understanding IA by clarifying two decades
of a journey for ICS through 3G, 4G, and 5G. Specifically,
by contemplating not only fundamental principles for begin-
ners but also essential implementation factors for practi-
cal modem engineers, we elaborate key issues for compre-
hending the underlying principles of the ICS. One aspect
is details of the radio-frame structure including the basic
understanding of diverse sequences and their key properties,
which is described in Appendix. Another aspect is associated
with the ICS procedure itself in the time- and frequency
domains. In each step of the ICS procedure, role of the
step is demystified and then how the entire ICS procedure
flows are also visualized through 3G, 4G, and 5G in terms
of the time and frequency-domain approaches. Accordingly,
we shed light on how the ICS works in the sense of the
theoretic view, which can be beneficial for beginners in this
area. Secondly, we devote our passion to shedding light on

3Radio resource control protocol constitutes idle and connected modes [9].

VOLUME 9, 2021

the aspects of modem implementation especially for prac-
tical modem engineers. For stable and reliable operation of
the ICS, we introduce main challenging technical issues to
be considered with feasible approaches encompassing new
beam operation in ICS, which is more useful especially
at millimeter-Wave (mmW) spectrum bands in NR [4]-[7],
[19]. Lastly, with the aid of Fig. 24, we introduce a sketch
of entire cell search operations over diverse spectrum bands
for beyond 5G communication systems. Conceptual diagrams
of both intelligent ICS system controller and deep learning
driven beam sweeping approach are also demystified by
Figs. 25 and 26, respectively. Moreover, a macroscopic view
on intelligent multi-mode mobile station modem and future
directions are illustrated based on Fig. 27.

This tutorial is organized as follows: We enlighten the
evolution of IA in the CDMA systems by portraying the
ICS operations of the W-CDMA and the TD-SCDMA sys-
tems in Section II. In Section III, as another evolution of
IA during the two decades, we consider the progress of
IA by virtue of ICS operations of the LTE and the NR
systems. A contemplation in intelligent ways of designing
multi-mode mobile station modem and future directions is
elucidated in Section I'V. Throughout Sections II, III, and IV,
for enhancing the understanding of IA and its evolution in
CDMA and OFDMA systems, we look into the IA in the
perspectives of radio-frame structures and the corresponding
ICS procedures in conjunction with major technical issues,
which are inevitably confronted for commercial mobile sta-
tion modem implementation. Our conclusions are provided
in Section V with Appendix summarizing the main char-
acteristics of the synchronization sequences employed in
W-CDMA, TD-SCDMA, LTE, and NR [28]-[35]. Table 2
provides a complete list of acronyms employed for the
tutorial.
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TABLE 1. A concise comparison of our study with the existing relevant papers.

Relevant Paper Year | Key Topic Main Issues Addressed

Wang et al. [21] 2000 | Cell search in W-CDMA ICS procedures of W-CMDA system have been discussed with some simulation
results.

Tsai et al. [11] 2007 | Cell search in LTE ICS procedures of LTE like system have been discussed at preliminary stage of
LTE standardization.

Won et al. [12] 2009 | Initial and post-initial code ac- | Both initial and post-initial acquisition schemes in the Multiple-Input Multiple-

quisition Output (MIMO)-aided direct-sequence CDMA DL system have been analyzed.

Won et al. [10] 2012 | Initial synchronization of direct | Initial synchronization in MIMO and cooperative-aided single- and multi-carrier
sequence systems CDMA as well as direct sequence-ultra wideband DL systems has been tutorialed.

Won et al. [13] 2012 | Synchronization of noncoher- | Initial synchronization of noncoherent MIMO DL systems with the aid of
ent MIMO systems information-theoretic features has been guided.

Shen et al. [20] 2012 | Neighboring cell search A general framework for neighboring cell search in LTE systems has been
established to derive sufficient signal metrics under various channel conditions
and propose cell search algorithms based on it.

Won et al. [14] 2014 | Synchronization issues in | Initial synchronization of multihop relay-aided cooperative noncoherent MIMO
relay-aided cooperative MIMO | DL systems experiencing multi-path fading channels has been characterized.
networks

Soleimani et al. [26] | 2019 | IA for mmW 5G systems with | A particular online method to gain directions of arrival statistics has been proposed
hybrid beamforming to reduce the average IA time at mmW aided 5G systems.

Omri et al. [27] 2019 | Synchronization procedure in | ICS procedure and some challenges in 5G NR systems have been analyzed.
5G NR systems

Won et al. [9] 2020 | Three decades of 3GPP TCS | All the TCS procedures of W-CDMA, TD-SCDMA, LTE-FDD, TD-LTE, and
through 3G, 4G, and 5G NR operating particularly at mmW spectrum bands have been detailed in a

comprehensive manner.

This tutorial 2021 ICS procedures of standardized | Full details of ICS procedures of W-CDMA, TD-SCDMA, Long Term Evolution
3G, 4G, and 5G DL systems Frequency Division Duplex (LTE-FDD), Time Division LTE (TD-LTE), and NR

operating at both sub-6 GHz and mmW spectrum bands are tutorialed in a
consistent manner.

TABLE 2. List of essential acronyms.

Acronym Definition Acronym Definition

3GPP 3rd Generation Partnership Project PCI Physical-layer Cell-Identity

CDMA Code Division Multiple Access P-CCPCH Primary Common Control Physical CHannel
CP Cyclic Prefix P-CPICH Primary Common Pllot CHannel
DC Direct Current PDSCH Physical Downlink Shared CHannel
DL DownLink PLMN Public Land Mobile Network
DMRS DeModulation Reference Signal psc@ Primary Scrambling Code

DwPTS Downlink Pilot Time Slot psc® Primary Synchronization Code
EDGE Enhanced Data rates for GSM Evolution P-SCH Primary Synchronization CHannel
FFT Fast Fourier Transform PSS Primary Synchronization Signal

FR Frequency Range RAT Radio Access Technology

GP Guard Period RB Resource Block

GPRS General Packet Radio Service RE Resource Element

GSM Global System for Mobile communications RI Root Index

IA Initial Access RRC Radio Resource Control

ICS Initial Cell Search RS Reference Signal

LAA Licensed Assisted Access SIB System Information Block

LTE Long Term Evolution SS Synchronization Signal

LTE-FDD | LTE Frequency Division Duplex SSC Secondary Synchronization Code
LTE-U LTE Unlicensed S-SCH Secondary Synchronization CHannel
MIB Master Information Block SSS Secondary Synchronization Signal
MIMO Multiple-Input Multiple-Output TCS Target Cell Search

mmW millimeter-Wave TD-LTE Time Division LTE

NPBCH New radio Physical Broadcast CHannel TD-SCDMA | Time Division Synchronous CDMA
NPSS New radio Primary Synchronization Signal TS Time Slot

NR New Radio UE User Equipment

NSSS New radio Secondary Synchronization Signal UL UpLink

OFDM Orthogonal Frequency Division Multiplexing UpPTS Uplink Pilot Time Slot

OFDMA Orthogonal Frequency Division Multiple Access USIM Universal Subscriber Identity Module
OVSF Orthogonal Variable Spreading Factor W-CDMA Wideband CDMA

PBCH Physical Broadcast CHannel ZC Zadoff-Chu

Il. EVOLUTION OF INITIAL CELL SEARCH IN THE CDMA
Systems (cdmaOne TO W-CDMA AND TD-SCDMA)

In this Section, based on Figs. 1, 2, and 3 as well as the cor-
responding cell search’s hierarchical structure and detailed
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taxonomy classification articulating three major targets of
ICS scenarios in W-CDMA and TD-SCDMA systems,
we present the detailed physical channel structures used
in the ICS scenarios of two 3G CDMA systems, followed
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Figs. 7 & 12
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Figs. 9, 11, 21, 22, & 23

_y[ A macroscopic view on ICS flow &
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GI-A] Multi-path search(-)(W-CDMAﬁD-SCDM@ ([I-B] First arrival path search}(-

[2-1] Coarse frequency 0ffset)<-

‘ [2]Frequency Synchronization
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[3]Code/Cell Identification

[3-3&4] SYNC-DL code & midamble identiﬁcation)('b@D-SCDMzg

[3-5] Cell identification )4-

FIGURE 3. Hierarchical structure of entire initial cell search flow with the corresponding figures and taxonomy
of three main operations constituting initial cell search procedures in 3G, 4G, and 5G systems.

by detailed feature comparisons. Then, full details of the
ICS scenarios are illustrated, which are further visualized
in Figs. 4 to 11 and portrayed in Tables 3 to 5.

A. RADIO-FRAME STRUCTURE PERSPECTIVE

1) KEY COMPARISONS BETWEEN TWO 3G SYSTEMS

For the sake of clarifying main features of two 3G systems,
we provide a digest of W-CDMA and TD-SCDMA with
specific emphasis given on the transmitted signals’ structures,
which determines two 3G systems’ ICS and TCS design
philosophies. More explicitly, the upper part of Fig. 4 visu-
alizes the power spectra of the time- and frequency-domains’
signal waveforms related to (1) OFDMA (LTE), (2) cdmaOne

VOLUME 9, 2021

(Interim Standard-95), (3) TD-SCDMA, and (4) W-CDMA
DL [1], [2], [13]. Let us focus on three CDMA families.
The first commercial CDMA system referred to as cdmaOne
(a.k.a. Interim Standard-95) became a 2G mobile telecommu-
nications standard leveraging characteristics of basic CDMA
principles, where only PN code having a fixed code length has
been exploited [29], [36]. When contemplating time-domain
comparisons for those three cases, cdmaOne has a longer
chip duration of 1000.0 ns, while two 3GPP siblings man-
ifest relatively shorter chip durations. More explicitly, chip
durations of W-CDMA and TD-SCDMA are set to 260.4 ns
and 781.25 ns, respectively, where the latter has three times
longer than that of W-CDMA counterpart. It is noted that
the chip duration of each CDMA system is inversely propor-
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(1) OFDMA (LTE) (2) cdmaOne (Interim Standard-95)

Amplitude 5,

(3) TD-SCDMA

- ~
] s
- P ,‘./<A (4 W-CDMA | Frequency
:'— ? < | >
s 7 > ¥
77 17
IS //
Time
Amplitude
A
0.00 Te
3.75Te 76.8 Te
] (4) W-CDMA
0.00 Te 3.75Te 15.36 Te
oY (3) TD-SCDMA 4

—>
Time

FIGURE 4. Power spectra of signal waveforms in the time- and frequency-domains associated with (1)
OFDMA (LTE), (2) cdmaOne (Interim Standard-95), (3) TD-SCDMA, and (4) W-CDMA DL as well as an
exemplification of multi-path channel comparison of W-CDMA and TD-SCDMA.

tional to the bandwidth allocated. Accordingly, a bandwidth
of cdmaOne occupies relatively narrower channel bandwidth
of 1.25 MHz. Those of W-CDMA and TD-SCDMA occupy
5 MHz and 1.6 MHz, respectively. Furthermore, an optional
mode of TD-SCDMA is capable of supporting three-carrier
transmission by employing three separate channel band-
widths in frequency-domain, which can be a realization of
multi-carrier direct sequence CDMA.

On the other hand, an evolution of cdmaOne to W-CDMA
illustrates an exemplification of a single carrier direct
sequence CDMA having wider channel bandwidth. Then,
the lower part of Fig. 4 portrays how a multi-path fading chan-
nel model of W-CDMA is different from the corresponding
counterpart of TD-SCDMA. To illustrate it a little bit further,
the multi-path fading channel model has been designed for
testing the receiver under very high multi-path delay spread
environments. Such a scenario is referred to as an extreme
case being very infrequently encountered in real situation.
However, the model can be exploited for testing the receiver
performances under worst-case scenarios. Also, it elucidates
that three paths having equal power gain are scattered over
a predefined chip duration in time-domain [37]-[39]. Specif-
ically, a case of W-CDMA has the third path positioned at
76.8 chip durations leading to substantial receiver perfor-
mance degradation owing to its extremely wide multi-path
span. Similarly, that of TD-SCDMA also has the third path
located at 15.36 chip durations. However, its multi-path span
is relatively shorter than that of W-CDMA. Accordingly,
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the multi-path channels’ scatteredness of W-CDMA having
shorter chip duration and wider bandwidth is predominant
over that of TD-SCDMA. It is also noted that three times
higher time-domain resolution of W-CDMA leads to more
richness of the multi-paths having diverse delay spreads.
Based on the aforementioned, ICS issues of all the CDMA
families put much emphasis on the timing synchronization
portrayed in Fig. 3. On the other hand, owing to the existence
of inherently embedded cyclic prefix per symbol as exempli-
fied in Figs. 14 and 15, the timing synchronization induced
issues of all the OFDMA families are relatively easier than the
CDMA counterparts. Instead, in order to guarantee the strict
orthogonal multiplexing in frequency domain, ICS issues of
all the OFDMA families focus their attention on the fre-
quency synchronization visualized in Fig. 3.

2) FRAME STRUCTURE IN W-CDMA

Fig. 5 illustrates four physical channel structures of
W-CDMA DL systems employed for ICS procedure sce-
nario, namely Primary Synchronization CHannel (P-SCH),
Secondary Synchronization CHannel (S-SCH), Primary
Common Pilot CHannel (P-CPICH), and Primary Common
Control Physical CHannel (P-CCPCH) [1], [21], [22]. Both
P-SCH and S-SCH are referred to as synchronization chan-
nels, which are transmitted simultaneously. For the sake
of identifying cells in W-CDMA DL systems, 512 Primary
Scrambling Codes (PSCs() are generated based on trun-
cated (2'® — 1) Gold sequences, which fit to a single
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FIGURE 5. Radio-frame structure used in cell search scenarios of W-CDMA DL.

radio-frame period constituting 38400 chips for the chip rate
of 3.84 Mchips per sec. These codes are partitioned into
64 groups having eight PSCs'" in each group to enhance the
performance of hierarchical cell search. A specific PSC(
is assigned to an individual cell as well as exploited to
scramble both P-CCPCH and P-CPICH. Fig. 5 visualizes
the slot and radio-frame formats of these physical channels.
Each radio-frame of 38400 chips (equivalent to 10 ms) is
partitioned into 15 slots, which of each constitutes 2560 chips
(equal to 0.667 ms). It is noted that both P-SCH and S-SCH
have only a 10 percentage duty cycle. To elaborate it a
little bit further, the synchronization channel is only trans-
mitted during the first symbol (equivalent to 256 chips)
of each slot. Hence, during the remaining portion of each
slot the P-CCPCH is transmitted, where the P-CCPCH is a
fixed rated DL physical channels having a spreading factor
of 256 exploited to carry cell specific information.

P-CPICH is also a fixed rated DL physical channel having a
spreading factor of 256 to carry a predefined bit pattern. Each
slot of the P-CPICH constitutes ten pilot symbols, where each
symbol is spread by a particular spreading code of all ones
having a length of 256 chips and the pilot symbols are scram-
bled by a specific PSC'V dedicated to each cell. As illustrated
in Fig. 5, (50....,59) represent the ten symbols constituting
each slot. A particular spreading sequence of the P-CPICH is
chosen from the set of Orthogonal Variable Spreading Fac-
tor (OVSF) codes,* maintaining mutual orthogonality among
the P-CPICH and the other DL physical channels spread by
diverse OVSF codes. All symbols are also modulated by
Quadrature Phase Shift Keying and the bit pattern of the
pilot symbols is recognized after the radio-frame boundary is
detected [1], [21], [22], [40]. It is worth noting that neither the
P-SCH nor S-SCH is scrambled by any PSC(1. Rather than
using the OVSF codes, the P-SCH constitutes the Primary
Synchronization Code (PSC®) having a length 256 chips

4For a definition of the OVSF codes, refer to Appendix.
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transmitted during the first symbol of every slot. As portrayed
in Fig. 5, the PSC® C, of P-SCH is common to all the
existing cells in the W-CDMA systems and exploited to select
the slot boundary of the most appropriate cell. The PSC®
is referred to as a generalized Golay sequence and has good
aperiodic autocorrelation property [40], [41]. The S-SCH
consists of 15 Secondary Synchronization Codes (SSCs) hav-
ing a length 256 chips also transmitted during the first symbol
of every slot. The 15 SSCs are repeatedly transmitted every
radio-frame to designate one of 64 scrambling code groups
and also to determine the start point of each radio-frame
together. Individual SSC C;” is selected from a set of dif-
ferent 16 orthogonal codes, where i = 0,...,63 and j =
0, ..., 14 represent the group number of PSCs!) and the slot
number, respectively. The S-SCH sequence is generated by
employing a cyclically permutable code. The code is a set
of codewords such that each codeword is non-cyclic shift of
another and a particular codeword has distinct cyclic shift
within a specific period, which may be selected as a subset of
M -ary Reed-Solomon (7, k) codes, where n is set to the num-
ber of slots in a radio-frame. M*~D cyclically permutable
codewords exist in the M-ary (n, k) Reed-Solomon codes.
Specifically, in case of W-CDMA DL systems, 64 S-SCH
sequences are chosen from (15, 3) Reed-Solomon codes and
the sequences are represented as (C Si’o,. ..,C S’ 14) as illustrated
in Fig. 5 [21], [22], [40]. It is also noted that the SSC is
mutually orthogonal to the PSC® as well as both PSC® and
SSC are transmitted in parallel as visualized in Fig. 5. For
further details of the sequences exploited in W-CDMA, refer
to Appendix.

3) RADIO-FRAME STRUCTURE IN TD-SCDMA

Fig. 6 visualizes a hierarchical radio-frame structure of
TD-SCDMA DL systems, exploited for all the cell search sce-
narios. Here, minimum frequency bandwidth required is set
to 1.6 MHz and its corresponding chip duration is 781.25 ns,
which is three times longer than W-CDMA chip duration.
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FIGURE 6. Radio-frame structure exploited in cell search scenarios of TD-SCDMA DL, where [DwPTS|GP|UpPTS] corresponds to
three special time slots and [Data|Midamble|Data|GP] represents all the components of each time slot.

A radio-frame comprises two subframes, equivalent to
10 ms. A single subframe period having Ty = 6400 chips
for the chip rate 1.28 M chips per sec comprises seven
time slots and three special time slots, which corresponds
to 5 ms. More explicitly, as portrayed in Fig. 6, each of
the time slots has a length Ty, 864 chip duration,
equivalent to 0.675 ms and three special time slots known
as Downlink Pilot Time Slot (DWPTS), Guard Period (GP),
and Uplink Pilot Time Slot (UpPTS) correspond to 96, 96,
and 160 chips, respectively. These three chip durations also
correspond to 0.075, 0.075, and 0.125 ms, respectively. Fur-
thermore, each time slot consists of two data symbol fields
of having 352 chips each, a midamble of 144 chips. The
midamble of 144 chips is structured from one out of 128 basic
midamble sequences having a length of 128 chips each,
generated based on m-sequences, where the GP of 16 chips
has been determined to avoid multi-path induced interfer-
ences [43]. It is noted that the UL-DL configurations hav-
ing 5 ms DL-to-UL switch-point periodicity is exploited in
TD-SCDMA as shown in Fig. 6. Specifically, if the switch
time is set to 5 ms, there are two switching points per sub-
frame. The first time slot denoted as Time Slot0O (TS0) and
DwPTS are always reserved for DL transmission. Similarly,
UpPTS and the time slot immediately following UpPTS
such as time slot 1 are also reserved for UL transmission.
For the sake of performing all the possible cell searches,
we are interested in two physical channels in TS0, namely two
P-CCPCHs and DwPTS exploited in TD-SCDMA, where the
location of two P-CCPCHs is fixed in the TSO and the first
two code channels having a spreading factor of 16 are always
assigned to these two P-CCPCHs, respectively. Here, a phys-
ical channel is allocated and transmitted in a specific time
slot of TD-SCDMA. Each physical channel also constitutes
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two data symbol fields, a midamble, and a GP. Several chan-
nels can be transmitted simultaneously from one transmit-
ter. Therefore, the data symbol fields must exploit different
OVSF channelization codes, however the same scrambling
code is shared by all the channels. It is also worth noting that
P-CCPCH has beacon characteristics to support a reference
for all the possible measurement purposes.

DwPTS comprises a GP of 32 chips and SYNC-DL code
of 64 chips which is one of 32 distinguishable SYNC-DL
codes. Here, the SYNC-DL code is generated based on Gold-
sequence, neither scrambled nor spread. The DwWPTS is capa-
ble of distinguishing 32 code groups. It is also noted that
the DwWPTS is transmitted with a constant power level to
cover an entire cell. A specific constant phase pattern is also
contemplated in the SYNC-DL code for each subframe. The
value of phase shift is one of 45, 135, 225, or 315 degrees.
As another resource for the cell search, midambles assigned
to active users in the same time slot of a single cell are
generated by cyclic shifts of a single basic midamble code.
The midambles are beneficial in a sense that channel impulse
response can be estimated from it, which enhances the detec-
tion performance effectively through coherence detection.
Given the midamble code index, according to the parameter
KcErL, up to Kcgry, users can be allocated maximally. The
k-th midamble sequence becomes the (Kcgr; — k)-W shifted
version of the original concatenated midamble sequence,
where a set of 1 < k < Kcgrr and W represents a predeter-
mined shift value in which the channel impulse response is no
longer than W chips. It is noted that the TSO in each subframe
has a fixed allocation of Kcgr;, = 8 and at least the first
midamble shift should be allocated, which can be typically
employed to estimate not only timing and frequency offsets
but also multi-path positions. Among four different midamble
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FIGURE 7. A macroscopic view on initial cell search flow used in 2G, 3G, 4G, or 5G systems.

allocation schemes, default midamble allocation is used for
P-CCPCH, based on a fixed association between midambles
and channelization codes [43]. An individual SYNC-DL code
corresponds to a group of four distinct basic midamble codes,
which is a part of 128 non-overlapping midamble codes
ranging from O to 127. A basic midamble code is directly
related to a corresponding scrambling code, which is one out
of 128 codes ranging from 0 to 127 as elucidated in a table
manifesting a distinct relationship among the SYNC-DL
sequences, the scrambling codes and the midamble codes
for each code group [41]. A scrambling code identifies a
particular TD-SCDMA cell as in W-CDMA cell.

Up to now, the details of the TD-SCDMA radio-frame and
channel structures have been illustrated in single frequency
network. Now, let’s introduce its generalization referred to
as N-frequency network, which is the current commercial
network deployed in China as a mandatory feature. In the
N-frequency network, all the existing carriers in a single cell
are identified by a single cell ID. When the cell is configured,
only a single carrier is established as a primary frequency and
the rest is considered as the secondary frequencies 1 to N as
visualized in Fig. 6. All the existing carriers are also estab-
lished based on the same midamble code ID and scrambling
code ID. More explicitly, the midamble parts in different
carriers have the same basic midamble code utilized in the
primary frequency [43]. The N-frequency cell must have a
unified UL and DL switching point among all the existing
carriers. To illustrate it a little bit further, the switching
point configuration on the secondary frequencies is exactly
the same as that on the primary frequency. All the existing
control channels such as P-CCPCHs are only established on
the primary frequency as well as both TSO and DwWPTS on
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any secondary frequency are not assigned by the network.
Accordingly, all the cell search operations are performed on
the primary frequency under the current N-frequency con-
figuration [43], [44]. For further details of the sequences
employed in TD-SCDMA, refer to Appendix.

B. INITIAL CELL SEARCH PROCEDURE PERSPECTIVE

The ICS procedure constitutes initial timing recovery, initial
frequency offset compensation, and finally cell ID detec-
tion. For W-CDMA and TD-SCDMA, there is some change
in the cell identification in the sense that the hierarchical
search for the cell ID is utilized. In case of the timing recov-
ery, the adoption of matched filter leveraging the correla-
tion characteristics of predefined synchronization sequences
has been considered for the first step of ICS procedures.
For the frequency offset estimation, there exists a remark-
able difference between W-CDMA and TD-SCDMA owing
to the distinguishing sequence transmission. More specifi-
cally, as illustrated in Fig. 5, the employment of continuous
P-CPICH transmission in W-CDMA is capable of simplify-
ing the frequency offset compensation, which is very similar
to that of cdmaOne [29], [36]. Hence, a simple one-shot
frequency offset estimator is sufficient in realistic mobile
environments. On the other hand, Fig. 6 highlights sparse-
ness of periodic synchronization preambles’ transmission in
TD-SCDMA. The feature makes multi-step aided approach
only guarantee reliable target performances. Fig. 7 manifests
a macroscopic view on ICS flow exploited in active-radio
access technology mode of 2G, 3G, 4G, or 5G systems, where
2G system usually consists of cdmaOne, Global System
for Mobile communications (GSM)/General Packet Radio
Service (GPRS)/Enhanced Data rates for GSM Evolution
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[1 out of 512 scrambling codes]

Primary Scrambling
Code (i) at Node-B (A) Primary Scrambling

Code (j) at Node-B (B)

P-SCH: Slot timing
S-SCH: 1 out of 64 cell groups
P-CPICH: 1 out of 8 scrambling codes

FIGURE 8. Physical channels and the corresponding target at each stage
of initial cell search in W-CDMA, where Node-B (A) is assumed to be a
serving cell and all related information is highlighted in bold type.

(EDGE). Even if a UE has a priority to start at either 2G,
3G, 4G, or at 5G, we assume that 3G mode (either W-CDMA
or TD-SCDMA) has its top priority to initiate. Regarding
the ICS procedure in either 4G or 5G systems, either mode
will have its top priority to commence. As soon as a UE is
turned on, ICS procedure in idle mode commences based on
previously stored information such as carrier frequency, Cell
ID, and so on. If the trial is not available or failed, carrier
frequency search embarks on searching all 3G radio fre-
quency channels in the 3G bands and on finding candidates of
possible frequency bands available. Then, after the successful
completion of the ICS procedure, diverse TCS procedures
will be activated to support seamless handovers [9]. Let us
delve into details of ICS procedures in both W-CDMA and
TD-SCDMA systems.

1) INITIAL CELL SEARCH IN W-CDMA

In order to reduce the complexity of entire cell search, both
W-CDMA and TD-SCDMA have adopted hierarchical cell
search procedure to acquire scrambling codes employed for
distinguishing cells in both W-CDMA and TD-SCDMA sys-
tems [21], [22], [40], [41]. A brief procedure of finding one
out of 512 PSCsV is portrayed in Fig. 8, where detection of
P-SCH indicates acquisition of slot boundary as well as detec-
tion of S-SCH represents acquisitions of both radio-frame
boundary and one out of 64 scrambling code groups. Then,
the employment of P-CPICH is finally to achieve PSC(
dedicated to a serving cell, namely one out of eight PSCs(!.
Here, three stage-aided ICS is inevitable for achieving the
best possible overall ICS performance, which harmonizes
detection probability, miss-detection probability, false alarm
probability, and mean acquisition time optimally [10], [11],
[14] as well as especially at least as a verification mode,
the third stage should be contemplated in the perspective of
mobile station modem implementation. Table 3 demonstrates
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FIGURE 9. Detailed procedure of initial cell search in W-CDMA
constituting three steps and the following frequency offset
compensation.

entire search spaces of ICS scenarios with commonly used
detection algorithms when W-CDMA, TD-SCDMA, LTE-
FDD, TD-LTE, or NR is in active-Radio Access Technology
(RAT), where PSS and NPSS represent primary synchroniza-
tion signal and new radio primary synchronization signal,
respectively as well as the number of NR symbols is changed
based on a scaling numerology having N = 1, 2, 8, or 16.
To elaborate it a little bit further, maximal time duration of
W-CDMA is set to 0.67 ms owing to its periodic P-SCH
transmission. If the number of samples per chip is set to two,’
the number of hypotheses in the time-domain becomes 5120.
Accordingly, finding a start point of peaky signal over the
entire search space plays a pivotal role in ICS procedure.
Finally, concise processing complexities of four 3GPP sys-
tems in Table 3 are determined as the search space times
the multiple codes, namely W-CDMA: 5120, TD-SCDMA:
409600-32, LTE: 28800-3, and NR: 115200-N-3. Now, let us
investigate the details of the ICS.

Fig. 9 illustrates the details of the entire ICS procedure
in W-CDMA systems, where the ICS procedure constitutes
three steps as a realization of the hierarchical ICS. On each
selected carrier achieved by carrier frequency search, which
is illustrated in Figs. 7 and 9, the ICS procedure moves

SWhen testing two hypotheses per chip, it is capable of reducing the cor-
responding signal-to-interference plus noise loss to 0.91 dB [29], [45], [46].
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TABLE 3. Entire search spaces of initial cell search scenarios in W-CDMA, TD-SCDMA, LTE-FDD, TD-LTE, and NR.

Max. time duration | Search space Multiple codes | Typical Algorithm (Common)
W-CDMA 0.67 ms 5120 hypotheses 1 P-SCH - Noncoherent Energy Detection
TD-SCDMA 5.0 ms 409600 hypotheses 32 SYNC-DLs | - Full Search
LTE-FDD&TD-LTE 5.0 ms 28800 hypotheses 3 PSSs - Threshold optimization
NR 20.0 ms 115200 - N hypotheses | 3 NPSSs - Memory overhead consideration

TABLE 4. A Comparison of sequences exploited.

W-CDMA TD-SCDMA
Scr. code | Gold seq. Gold seq.
Stepl P-SCH (Hier. Golay seq.) DwPTS (Gold seq.)
Step2 S-SCH (Reed-Solomon code) | Midamble (m-seq.)
Step3 P-CPICH (OVSF code) DwPTS & Midamble

into the step 1 search stage. During the step 1 search pro-
cedure of Fig. 9, slot timing is only acquired by using a
single-matched filter dedicated to the PSC'?). Step 2 search
stage commences by correlating the received signal of S-SCH
with all the 16 SSCs in parallel and then accumulates all
the resultant S-SCH correlations over multiple slots with
the aid of the 64 Reed-Solomon codewords exploited, each
codeword having 15 candidates of radio-frame boundaries.
The entire number of hypotheses is determined as 960, which
consists of 64 codewords times 15 locations of each radio-
frame [21], [22], [40]. Hence, after 15 SSCs’ sequences have
been achieved, the transmitted S-SCH sequence is determined
by comparing the estimated sequence with all the possible
960 S-SCH sequences. If an S-SCH sequence is attained
within minimum distance from the sequence received, the S-
SCH sequence is contemplated as being detected. Received
PSC® is also exploited for estimating channel state informa-
tion to perform coherent detection in the step 2 search stage.

Then, the step 3 search procedure conducts scrambling
code identification, where P-CPICH is correlated with eight
PSCs(! in the identified code group. Additional role of the
step 3 search finds meaningful multi-paths available. After
the three step aided ICS procedure has been completed,
the employment of continuous P-CPICH is readily to com-
pensate for coarse frequency offset, followed by broadcast
channel decoding to read cell-specific broadcast information.
Table 4 compares sequences exploited for ICS procedures of
W-CDMA and TD-SCDMA, where Scr. code, seq., and Hier.
Golay represent scrambling code, sequence, and Hierarchical
Golay, respectively. As scrambling codes distinguishing and
identifying serving cell(s) from adjacent ones, Gold sequence
is chosen for both 3G systems. On the other hand, sequences
utilized in each step are entirely different between two 3G
systems. Further details of the sequences used in W-CDMA
are provided in Appendix. Table 5 summarizes ICS pro-
cedure comparisons for W-CDMA and TD-SCDMA with
some noticeable algorithm design issues. Owing to inher-
ently contrasting features of both frequency and time division
duplexes, details of all the three steps are quite different
between two 3G systems.

VOLUME 9, 2021

Until step 3 of the ICS procedure in two CDMA families
is complete, mobile station cannot receive any key system
information. Hence, the employment of multiple antenna
aided transmission is extremely limited. It can be known as
blind ICS procedure having very limited cell information
such as a list of carrier frequencies to be searched, spectrum
bandwidth, and so on. More explicitly, in case of W-CDMA
system, one P-SCH code and predefined S-SCH codes can
alternately be transmitted by exploiting a single transmit
antenna for each slot in the time-switched transmit diversity
mode [1]. In the configuration of the ICS procedure, both
step 1 and step 2 enable to obtain the time switched transmit
diversity gain. However, during step 3 search, mobile station
is able to receive only one P-CPICH channel. Accordingly,
no transmit diversity gain can be used for enhancing detection
performance of step 3 search.

In a realistic situation, a UE usually receive P-CCPCH
signals from several mobile network service providers. For
the sake of identifying a predetermined mobile network,
the UE will proceed to acquire Master Information Block
(MIB), which finds a matched network. More explicitly,
the UE is capable of acquiring multiple MIBs from all
nearby Node-Bs indicating base stations at both intra- and
inter-carrier frequencies. According to the order of cell pow-
ers measured, the UE tries to check whether the identity
gained from received MIB is matched to that stored in the
Universal Subscriber Identity Module (USIM) card of the UE
until found, where MIB on P-CCPCH is broadcast by each
Node-B and encompasses key system information such as
the Public Land Mobile Network (PLMN) ID, PLMN List
(if necessary), PLMN types to be supported, and scheduling
information for the other System Information Blocks (SIBs)
to perform the following mandatory operations [47]. After
that, whenever normal communication starts, the UE moves
into the connected mode. Depending on data services, a state
of the UE moves back to the idle mode or keeps staying in
the connected mode. In the connected mode, both residual
timing error and residual frequency offset compensations are
required to maintain a best possible radio link continuously.

2) INITIAL CELL SEARCH IN TD-SCDMA

A brief ICS procedure in TD-SCDMA systems is illustrated
in Fig. 10. Specifically, detection of SYNC-DL code start
position exhibits acquisition of subframe boundary while
1 out of 32 SYNC-DL codes is also obtained simultaneously.
It is noted that slot boundary can be readily derived from
the subframe boundary. Then, cell identification is accom-
plished by detecting midamble code index, which chooses
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TABLE 5. Initial cell search procedure comparisons for W-CDMA and TD-SCDMA.

W-CDMA TD-SCDMA Algorithm Design Issues
Step 1 | Slot boundary Subframe & slot boundaries and | -Frequency offset compensation can
SYNC-DL code identification start in TD-SCDMA
-Memory overhead due to full search
Step 2 | Radio-frame boundary and code | Midamble and scrambling code iden- | -Multi-path search can start in TD-
group identification tifications SCDMA
Step 3 | Scrambling code identification and | Multi-frame boundary -Coherent detection becomes feasible
multi-path search by considering estimation of channel
state information.

[1 out of 128 scrambling (basic midamble) codes]

Scrambling Code (i) at
Node-B (A)

_ Scrambling Code (j) at

Node-B (B)

Midamble(j)

SYNC-DL: Slot timing & 1 out of 32 SYNC-DL codes
Midamble: 1 out of 4 midamble codes
SYNC-DL: S1 pattern (135, 45, 225, 135)

FIGURE 10. Codes and the corresponding target at each stage of initial
cell search in TD-SCDMA, where Node-B (A) is assumed to be a serving
cell and all related information is highlighted in bold type.

one out of four feasible midamble codes in each code group.
Detection of a particular midamble code also leads to finding
one out of 128 scrambling codes dedicated to a serving
cell. Finally, multi-frame boundary is acquired exploiting
specific S1 phase pattern of SYNC-DLs over four consec-
utive subframes to detect the existence of the P-CCPCH.
As portrayed in Table 3, maximal time uncertainty dura-
tion of TD-SCDMA is set to 5 ms owing to its periodic
DwPTS transmission. If the number of samples per chip is
set to two, the number of hypotheses in the time-domain
becomes 12800 [29], [45], [46]. However, when contem-
plating 32 SYNC-DL codes together, the entire number of
the hypotheses is finally 409600 owing its two-dimensional
search space. The number is 80 times more than that
of W-CDMA. Accordingly, the entire ICS performance in
TD-SCDMA becomes more critical than that in W-CDMA.
Now, let us investigate the details of the ICS procedure.
Fig. 11 illustrates the details of the entire ICS procedure in
TD-SCDMA systems, where the ICS procedure constitutes
three steps as a realization of the hierarchical ICS. On each
selected carrier achieved by carrier frequency search, which
is illustrated in Figs. 7 and 11, the ICS procedure moves
into the step 1 search stage [48]. During the step 1 search
procedure of Fig. 11, joint detection of slot and subframe
timings as well as identification of SYNC-DL code index may
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be realized by using a bank of matched filters dedicated to
all the existing SYNC-DLs at the cost of high complexity.
Otherwise, in order to reduce the complexity of the step 1
searcher, two-stage aided step 1 searcher have been consid-
ered with degraded detection performance. Namely, the 1st
and 2nd stages represent signal edge detection scheme based
on 5 ms search duration and matched filters on reduced search
space, respectively [49], [50]. Here, the st stage constitutes
selection of the power ratio metric to detect SYNC-DL start
position and detection of roughly estimated start position of
SYNC-DL.

By exploiting received midamble in TSO, step 2 search
stage detects a midamble code index, which becomes the
scrambling code index automatically via a predetermined
mapping rule between the midamble code index and the
scrambling code index. Given the estimated SYNC-DL code
index obtained from the step 1 searcher, only four possible
midamble code indexes exist on the candidates. For the sake
of improving its detection performance, refined multi-path
positions should be considered, which can be implemented
using either time- or frequency-domain correlation, where
the frequency-domain correlation can be implemented using
efficient Fast Fourier Transform (FFT) [51]. Hence, during
the step 2 search, multi-path searcher should be activated
to find meaningful and refined multi-paths, which will be
exploited for enhancing the step 2 searcher performance.
It is noted that the multi-path searcher is capable of employ-
ing more resource, namely SYNC-DL and midamble in
TS0 simultaneously to increase its multi-path detection per-
formance. For achieving reliable timing and cell identifica-
tion in the ICS procedure [16], the existing initial frequency
offset should be compensated in an appropriate manner. For
example, coarse frequency offset compensation for minimiz-
ing the existing initial frequency offset is practicable when
the detected SYNC-DL code index and slot boundary are
leveraged [23], [24].

Unlike that in W-CDMA, along with the time-domain syn-
chronization, two stage aided coarse frequency offset com-
pensation approach as a frequency-domain synchronization
can be accomplished simultaneously as depicted in Fig. 11.
Depending on the timing of the time-domain synchronization,
either coarse or fine frequency offset compensation is acti-
vated. Specifically, the coarse frequency offset compensation
scheme can be performed by leveraging the information of
SYNC-DL code index attained from the step 1 searcher.
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FIGURE 11. Detailed procedure of initial cell search in TD-SCDMA constituting three steps and
relevant frequency offset compensations, where TS0 represents time slot zero.

Furthermore, the fine frequency offset estimation can also
be activated using the midamble code index gained from
the step 2 searcher. Basically, a midamble sequence having
128 chip duration twice longer than a SYNC-DL sequence
is cyclic shifted with a chip length of 16. This makes more
effective and sophisticated frequency-domain synchroniza-
tion schemes possible. The enhancement is further capable
of increasing the detection performance of the time-domain
synchronization completed in the step 1 search stage. Typical
algorithms of these frequency offset compensation schemes
may be differential methods or maximum likelihood estima-
tion [23], [24], [51]. In short, a main role of the frequency oft-
set compensation accelerates timing synchronization and cell
identification with the known side-information such as timing
and scrambling code ID. It is noteworthy that timing syn-
chronization and frequency offset estimation are processed
in parallel as visualized in Fig. 11. As time goes on, dynamic
range of the residual frequency offset is usually diminished
with the aid of the attained side-information.

Then, the step 3 search procedure is followed to
achieve multi-frame synchronization exploiting other
side-information such as midamble code index and subframe
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boundary. TD-SCDMA provides a peculiar radio-frame
structure in a sense that a constant phase pattern is allocated
over consecutive positions of SYNC-DL sequence. Each sub-
frame in TD-SCDMA systems has its own phase pattern over
SYNC-DL sequence [41]. More explicitly, four successive
phases referred to as phase quadruple of the SYNC-DL are
employed to determine the existence of the P-CCPCH in
the following four consecutive subframes also called the
multi-frame. In case that its presence is decided, the next
following subframe becomes the starting point of the multi-
frame. The SYNC-DL sequence is Quadrature Phase Shift
Keying modulated, whose phases constitutes 45, 135, 225,
and 315 degrees. Two phase quadruples indicate S1 being a
series of 135, 45, 225, and 135 degrees as well as S2 being
another series of 315, 225, 315, and 45 degrees, respectively,
which also correspond to the existence and non-existence
of P-CCPCH in the next four consecutive subframes,
respectively [41], [43].

Once the cell is identified, channel estimation using the cell
ID is feasible so that coherent detection for the multi-frame
synchronization can be accomplished [52]. By using each
subframe’s own phase pattern and coherent detection with
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the detected cell ID, the multi-frame boundary is acquired
and is followed by broadcast channel decoding just after the
step 3 search as illustrated in Fig. 11. When the start point of
the multi-frame boundary is found, residual frequency offset
compensation should be activated to reduce further residual
frequency offset by utilizing both SYNC-DL and midamble
sequences in TSO. It is also capable of guaranteeing stable
channel decoding performance. After the successful broad-
cast channel decoding, residual timing tracking commences
by further decreasing residual timing error by employing both
SYNC-DL and midamble in TSO. Finally, both the residual
frequency offset and timing error are within the target range.
Otherwise, rather than performing the step 3 search stage
portrayed above, a simple method may consider the employ-
ment of sliding broadcast channel decoding for conducting
multi-frame start position detection and broadcast channel
decoding simultaneously. However, it can sometimes require
very high computational complexity and lengthy decoding
time owing to an excessive number of broadcast channel
decoding trials. Similar to W-CDMA, DwPCH can be trans-
mitted at each sub-frame having a predefined antenna pattern
configuration. More explicitly, only step 1 enables to achieve
the time switched transmit diversity gain owing to com-
plete difference of synchronization channel structures of two
CDMA families. No transmit diversity gain can be exploited
for improving detection performances of both step 2 and
step 3 search procedures. Sequences used for ICS procedure
of TD-SCDMA are summarized in Table 4. Further details
of the sequences are also given in Appendix. It is worth
noting that summarized ICS procedures for W-CDMA and
TD-SCDMA are compared in Table 5.

In case of the timing recovery and(/or) cell identification
failure in the present step, taking back to the previous step
is a reasonable strategy in general to enhance detectability
and minimize entire cell search time simultaneously. How-
ever, when broadcast channel decoding failure does happen,
going back to very initial step such as carrier frequency
search might be an appropriate choice as visualized in Fig. 7,
because detectability of broadcast channel decoding step is
sufficiently higher than basic detection performance owing
to the robustness of channel decoding. Thus, in case of the
broadcast channel decoding failure, it is highly likely to have
performed an ICS procedure in a wrong carrier frequency
band rather than the decoding failure itself. Continuous man-
agement for reducing residual frequency offset is also bene-
ficial to have high detection performance, which ultimately
results in decreasing entire cell search time. Similar to that in
W-CDMA, after the above-mentioned is complete, with the
aid of system information obtained from successive broad-
cast channel decoding based on the detected radio-frame
boundary, UE moves into the connected mode. The details
of the procedure have already been illustrated in the ICS
procedure of W-CDMA above. In the connected mode, both
the residual timing error and frequency offset compensations
are required for maintaining a best possible radio link contin-
uously [S1].
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Before finalizing the mandatory feature in TD-SCDMA
network, we introduce how the N-frequency network and its
ICS procedure are related in brief. As visualized in Fig. 6,
only a single carrier is established as the primary frequency
and the rest is configured as the secondary frequencies 1 to
N. All the existing control channels such as P-CCPCHs in
TSO and DwPTS are only configured on the primary fre-
quency. On the other hand, as portrayed in Fig. 6, on any
secondary frequency those durations are empty [43], [44].
When a UE camps on a serving cell, at first it tries to listen
to the primary frequency to get broadcast messages. After the
ICS is successfully performed, a particular UE is allocated to
a specific frequency among all the possible ones depending
on the radio resource availability in the N-frequency network.
In case of the handover procedure, the UE will directly syn-
chronize the primary frequency of the target cell, where the
primary frequency may be different from that of the current
serving cell. It is noted that two different cells can have
the same SYNC-DL code index. Hence, the step 2 search
completes the cell identification as well. In this case, there is
a possibility that each multi-path position for the SYNC-DL
sequences corresponds to a separate midamble sequence.
An identification of individual cell is also distinguishable
from other cells by employing the multi-path searcher [43],
[51]. Accordingly, the exploitation of both the step 2 searcher
and the multi-path searcher boosts the cell identification
capability.

C. SUMMARY AND LESSONS LEARNED

In Section II, by employing a concise depiction of cdmaOne,
W-CDMA, and TD-SCDMA based on the synchroniza-
tion signals’ structures of Fig. 4, we have proceeded by
offering profound insight into the following three key
findings:

o The chip duration of each CDMA system is inversely
proportional to the bandwidth allocated.

e An evolution of cdmaOne to W-CDMA illustrates
an exemplification of a single carrier direct sequence
CDMA having wider channel bandwidth. On the other
hand, an optional mode of TD-SCDMA is capable
of supporting three-carrier transmission by exploit-
ing three separate channel bandwidths in frequency-
domain, which can be a realization of multi-carrier direct
sequence CDMA.

o The multi-path channels’ scatteredness of W-CDMA
having shorter chip duration and wider bandwidth is pre-
dominant over that of TD-SCDMA. 1t is also noted that
three times higher time-domain resolution of W-CDMA
leads to more richness of the multi-paths having diverse
delay spreads.

Throughout a direct comparison of the time-domain multi-
path resolution, the corresponding multi-path span and rich-
ness of the multi-path, we’ve investigated that the timing
synchronization portrayed in Fig. 3 is determined as major
ICS issue of all the CDMA families. Figs. 5 and 6 detailed
four physical channel structures of W-CDMA DL systems
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and a hierarchical radio-frame structure of TD-SCDMA DL
systems, respectively, which are utilized for ICS procedures.
We have also introduced that a generalization of TD-SCDMA
configuration referred to as N-frequency network exhibits the
current commercial network deployed in China as a manda-
tory feature. For the sake of delving into ICS procedures in
two CDMA systems, at first Fig. 7 articulated a macroscopic
view on ICS flow used in active-RAT mode of 2G, 3G,
4G, or 5G systems. Then, the details of the entire ICS pro-
cedure have been visualized in Figs. 8 and 9 for W-CDMA
as well as in Figs. 10 and 11 for TD-SCDMA, respec-
tively. As demystified in detailed taxonomy classification of
Fig. 3, arealization of the hierarchical ICS procedure con-
stituted timing synchronization, frequency synchronization,
and finally code/cell identification. There existed a remark-
able difference of the frequency offset estimations between
W-CDMA and TD-SCDMA owing to the distinguishing
synchronization sequence transmission. More specifically,
the exploitation of continuous P-CPICH transmission in
W-CDMA was to simplify the frequency offset compen-
sation compared with sparseness of periodic synchroniza-
tion preamble transmissions in TD-SCDMA. Deterioration
of transmission resource made multi-step aided approach
only guarantee reliable target performances. Moreover, tim-
ing synchronization and frequency offset estimation were
processed in parallel as visualized in Fig. 11.

Entire search spaces and sequences adopted for ICS proce-
dures as well as the essential ICS procedures for two CDMA
systems have been compared in Tables 3, 4, and 5, respec-
tively. Owing to inherently dissimilar channel structures
influenced by both frequency and time division duplexes,
the three step-aided ICS procedures of two CDMA systems
became quite different and hence have been designed sepa-
rately, which can be a distinct weakness compared with the
corresponding LTE counterpart. It is also manifested that how
the time-switched transmit diversity mode of two CDMA
families has been leveraged for improving ICS performance
gain. By our in-depth discussions of all the ICS flows and
their relevant details, we have bestowed a potential on under-
standing systematic ICS flow of any hybrid CDMA related
system to be designed in the future. It is worth noting that our
TCS counterpart operating at two CDMA systems has been
detailed in [9].

Ill. EVOLUTION OF INITIAL CELL SEARCH IN THE OFDMA
SYSTEMS (LTE TO NR)

A. OVERVIEW OF INITIAL CELL SEARCH OPERATING OVER
MULTI-MODE ENVIRONMENTS

The 3GPP is actively standardizing 5G systems referred to
as NR [4]-[8], [19], [53]-[56]. From an overall evolution
perspective, it is very beneficial for us to see how both the
entire structures and key features of NR are specified in terms
of cell search. One of the main objectives for NR is capable
of providing a wider range of spectrum bands. Specifically,
the NR access technology seeks to be flexible to support
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sub-6 GHz and above 6 GHz, which covers spectrum bands
of up to 52.6 GHz, where the 3.5 GHz spectrum bands are
exploited for early deployment of NR system. Three main
categories of NR are commonly referred to as enhanced
mobile broadband, ultra-reliable low latency communica-
tions, and massive machine type communications. The mas-
sive machine type communications are characterized by very
narrow bandwidth of 200 kHz compared with the other two
categories. For satisfying those diverse scenarios and their
performance requirements, the NR systems support various
numerologies [6]. Specifically, a variety of subcarrier spac-
ing categories in the NR systems are applied in comparison
with the LTE system supporting only one subcarrier spacing
of 15 kHz. Owing to its bandwidth requirement, it is highly
likely that dedicated Synchronization Signal (SS) design is
required for this particular case. More explicitly, SSs having
bandwidth of 200 kHz does not satisfy system requirements
for the other two categories. Accordingly, a different type of
SSs must be designed for its dedicated ICS scenario [57].
In this tutorial, we focus our attention on two particular NR
ICS scenarios, which are typically considered in licensed sub-
6 GHz and above 6 GHz bands, because their standardiza-
tions for NR systems have been discussed and agreed. The
enhanced mobile broadband is capable of manifesting a main
characteristic in NR operating at mmW bands. According
to [4]-[7], [19], [53], [55], up to 300 GHz except for massive
machine type communication services, Cyclic Prefix (CP)
aided Orthogonal Frequency Division Multiplexing (OFDM)
based waveform as used in LTE has also been adopted in NR.

Fig. 12 illustrates simultaneous multi-connectivity in 3G,
4G, and NR systems as well as NR ICS, where LTE-U,
LAA, NPSS, and NSSS represent LTE-Unlicensed (LTE-U),
Licensed-Assisted Access (LAA), New radio Primary
Synchronization Signal (NPSS), and New radio Secondary
Synchronization Signal (NSSS), respectively. For LTE oper-
ating at unlicensed spectrum bands, there are two ways of
implementing LTE and its evolved versions in the unlicensed
band, depending on whether the specification is modified or
not, which correspond to LAA and LTE-U, respectively. The
LTE-U can be deployed in regions such as the US, South
Korea, China, and India. Without modifying Rel-10 proto-
cols, a fair coexistence with unlicensed technologies such as
WiFi systems becomes feasible only with additional software
based functionality [58]-[62]. On the other hand, the LAA
has been standardized in Rel-13 and it performs carrier
aggregation in the DL to combine LTE signals in unlicensed
spectrum bands operating at 5 GHz in conjunction with LTE
ones in the licensed band. This approach has been chosen for
the deployment in both EU and Japan [63]. Owing to inher-
ent uncertainty issue of ZC sequences in case of occurring
integer frequency offset, both NPSS and NSSS have newly
been designed based on m-sequences [6], [64]. More explic-
itly, NPSS is frequency-domain based m-sequences having
fixed time and frequency-domain ambiguities transmitted on
pure Binary Phase Shift Keying and three cyclic shifts in
the frequency-domain are able to generate three particular
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NR capable Node-B (B)

NR capable Node-B(A)
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sub-6 GHz
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FIGURE 12. Simultaneous multiple connections in 3G, 4G, and NR
systems as well as initial cell search in NR.

NPSS signals. NSSS is generated based on a combination
of two generator polynomials having 127 and 9 cyclic shifts,
respectively. Its resultant sequence becomes a kind of Gold-
sequence [6], [65]-[70].

For the sake of supporting close inter-working between
LTE and NR, aggregating signal flows between the two
RATSs to support dual connectivity and even multiple con-
nectivity are widely considered in NR capable environment
as portrayed in Fig. 12. More explicitly, it is under diverse
heterogeneous deployments where macro and small cells
having different sizes are overlapped as well as both cells are
co-located or not, providing completely different cell cover-
ages. It is noted that co-located cell represents that a small cell
and a macro cell may be deployed at the same geographical
location. For example, W-CDMA/TD-SCDMA, LTE, or NR
(sub-6 GHz) may serve macro cells. On the other hand, WiFi,
LTE-U, LAA, or NR (above 6 GHz) may serve small cells.
Similar to Figs. 8, 10, and 13, NR ICS also follows exactly the
same philosophy adopted in both 3G and 4G systems, namely
hierarchical cell search strategy to reduce the complexity of
the entire NR ICS and to acquire NR cell ID. The NR cell ID
corresponds to the scrambling code in both W-CDMA and
TD-SCDMA systems as well as PCI in LTE systems. The
employment of both NPSS and NSSS will do similar proce-
dures adopted in the LTE ICS with the aid of additionally
utilizing beamformed SS in mmW communication systems
operating at 28 GHz.

In the following three subsections, with the aid of Figs. 1, 2,
and 3 as well as the corresponding cell search’s hierar-
chical structure and detailed taxonomy classification man-
ifesting three main targets of ICS scenarios in LTE-FDD,
TD-LTE, and NR systems, we demonstrate the detailed phys-
ical channel structures exploited in the ICS scenarios of
three OFDMA systems, followed by essential feature com-
parisons. Then, full details of the ICS scenarios are delin-
eated, which are further visualized in Figs. 7 and 13 to 23
and elaborated in Tables 3 and 6 to 8. We also provide a
contemplation in intelligence based multi-mode mobile sta-
tion modem as visualized in Fig. 24 and future directions are
summarized.
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[1 out of 504 physical layer cell identities]

PCI (I;i) at Node-B (A)
PCI (J;j) at Node-B (B)

\
PSS: Slot/Half radio-frame boundary & 1 out of 3 physical layer identities
SSS: Frame boundary & 1 out of 168 physical layer cell identity group

FIGURE 13. Synchronization signals and the corresponding target at each
stage of initial cell search in LTE, where I and J represent physical layer
identities assigned to two Node-Bs, respectively as well as i and j
indicate physical layer identity group allocated to two Node-Bs,
respectively. It is noted that Node-B (A) is assumed to be a serving cell
and all related information is highlighted in bold type.

B. RADIO-FRAME STRUCTURE PERSPECTIVE

One noticeable characteristic of NR IA is the advent of
scalability in the radio-frame structures in the NR system,
which is beyond the widely deployed LTE system provid-
ing only scalable bandwidth. Specifically, additional support
for multiple subcarrier spacings leads to further scalability
in the radio-frame structures. Another salient point is the
enhancement of synchronization sequences encompassing
longer sequence length, which guarantees higher detection
performance than the legacy system. Contemplating that the
center of gravity shifts from the LTE system to NR system,
we manifest the progress of the radio-frame structures more
concretely in the following.

1) RADIO-FRAME STRUCTURE IN 4G

Figs. 14 and 15 illustrate the radio-frame structures of
LTE-FDD and TD-LTE, respectively, (also referred to as
frame structure Types 1 and 2, respectively) [3]. In the
details of the radio-frame structures used here, the various
fields expressed in the time-domain are based on sample
time, which represents the amount of time dedicated to each
time-domain OFDM sample and is considered as the basic
unit of time for LTE, namely 7 = 1/(15000-2048) s, or about
32.55 ns. As portrayed in Figs. 14 and 15, both the DL and UL
transmissions rely on radio-frames having a 7y = 307200 - T
duration, equivalent to 10 ms. The radio-frame comprises
20 slots of a length T,y = 15360 - T s, equivalent to 0.5 ms.
A radio-frame is also represented by 10 subframes, where a
single subframe is set to 1 ms. Each slot contains seven or
six symbols, which corresponds to the normal or extended
CP, respectively. One and two in dotted circles of the first
trace in Fig. 14 represent the normal and extended CP modes,
respectively. It is noted that in Fig. 14 the first symbol of
the normal CP mode is slightly longer than others in order
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TABLE 6. Synchronization resources for LTE and NR, where NPBCH represents NR physical broadcast channel.
LTE NR Note
NPSS Zadoff-Chu seq. | m-seq. The Zadoff-Chu seq. is gravely influenced by an integer freq. offset.
NSSS m-seq. Gold seq. | The SSS in LTE is used for not only radio-frame boundary recovery but also cell
identification. On the contrary, the NSSS in NR is employed only for the cell identification.
RS Gold seq. Gold seq. | New feature in NR for radio-frame boundary recovery
NPBCH | Not used Used New feature in NR for radio-frame boundary recovery
Radio-frame: 10 ms
“«—Subframe: 1 ms—>®
i ——Subframe (—> A€—Subframe 5—,
€—0.5 ms—>e
A
Slot0 | Slot1 Slot10|Slot11] - |Slot19|} s
IS 7L uspe “.“";:'7'1"3"{,;'_';'.":::::::::::::::: """"""""""""""""""""""""""""""""""
ot G Yoo o)) () )
5 €833 us—>9 833 us—>e
[Extended CP] CSymO}( ------ }@ym}@yms} @ym@ @ @
{1} Sym0 SymN,Ni~ {2} SymN, N:o-5
160 2048 144 2048 512 2048
52us  66.7us 4.7us Unit: Ts 16.6 us
FIGURE 14. Radio-frame structure of LTE-FDD mode constituting both normal and extended CP
modes.
Radio-frame: 10 ms
€ Subframe: | ms—)I[ 4 Subframe 1 Subframe 6
:_—OSD;SS_u:frame ‘_(Special Subframe) A <DL Subframe 5_hr(Special Subframe)
- [DWPTS|GP|UpPTS]y v
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ot ()G oo Sy )
€833 us—>e 249.9 us
st o (o) () ) ) omd) ) ) )
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FIGURE 15. Radio-frame structure of TD-LTE mode constituting both normal and extended CP modes, where

[DWPTS|GP|UpPTS] corresponds to a special subframe.

to make the entire slot length in terms of time units divisible
by 15360. Hence, the first symbol constitutes a CP having a
length Tcp of 160 - Ty (= 5.2 us) plus the remaining length
given by T = 2048 - T (= 66.7 us). The entire length of
the first symbol becomes 71.9 us. Similarly, other symbols
have a CP having the length Tcp of 144 - T (= 4.7 us) and
their entire symbol length is about 71.3 us. On the other hand,
in the extended CP mode, the CP is set to Tcp, = 512 - T
(Z 16.7 us) and its entire symbol length is about 83.3 us.
The above-mentioned time-durations are visually illustrated
in the second trace of Fig. 14. The normal CP mode is mainly
employed in urban cell deployments, whereas the extended
CP mode is exploited in both multi-cell broadcast and very
large cell deployments.

Now, let us focus our attention on the locations of the
Primary Synchronization Signal (PSS) and the Secondary
Synchronization Signal (SSS) in LTE-FDD. Both PSS and
SSS seen in Figs. 14 and 15 are transmitted every half
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radio-frame. The PSS is placed in the last OFDM symbol of
the first and 11-th slots of each radio-frame. The PSS is also
the same for any cell every half radio-frame. As observed
in Figs. 14 and 15, the allocation of the SSS immediately
precedes that of the PSS, namely it is placed at the second
to last symbol of the first and 11-th slots of each radio-
frame. Again, in Fig. 14, the PSS and SSS are situated at
two consecutive symbol positions represented as symbols 5
and 6 in the normal CP mode, while as symbols 4 and 5 in
the extended CP mode, respectively. The SSS alternates in a
predefined pattern over a radio-frame duration.

Even though the details of the radio-frame structure in
TD-LTE are similar to those in LTE-FDD, there are also
several different features imposed by the time division duplex
characteristics. According to [3], the UL-DL configuration
in a cell may change between half radio-frames or between
radio-frames. Either UL or DL subframe transmissions may
occur in the current radio-frame. Specifically, the UL-DL
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configuration in the current radio-frame is determined by
Table 4.2-2 of [3]. The UL-DL configurations having both
5 ms and 10 ms DL-to-UL switch-point periodicity are used
in TD-LTE. When the 5 ms DL-to-UL switch-point period-
icity is in use, a special subframe exists in every half radio-
frame, which is explained below and seen in Fig. 15. On the
other hand, in case of the 10 ms DL-to-UL switch-point
periodicity, a special subframe only exists in the first half
radio-frame. More explicitly, if the switch time is set to
5 ms, the switch information occurs in every half radio-
frame, namely a start point in subframe zero and again that
in subframe five. Therefore, subframes zero and five as well
as the DWPTS are always reserved for DL transmission. Sim-
ilarly, the UpPTS and the subframe immediately following
the UpPTS are also reserved for UL transmission. Fig. 15
illustrates the details of the radio-frame structure employed
in TD-LTE, related to the 5 ms DL-to-UL switch-point
periodicity.

Now, we would like to discuss the details of the special sub-
frame of Fig. 15, which comprises the DwPTS, a GP, and the
UpPTS. Subframe 1 of Fig. 15 is always a special subframe.
If the 5 ms DL-to-UL switch-point periodicity is supported,
subframe 6 also becomes another special subframe. The PSS
of Fig. 15 is part of the DwPTS within the special subframe.
The SSS of Fig. 15 is located at slots 1 and 11. It is also
noted that the location of SSS is always within the normal DL
subframe(s). More explicitly, as portrayed in Fig. 15 the PSS
is located at the third symbol position of slots 2 and 12, which
is three symbols away from the position of SSS. Accordingly,
the location of SSS is situated at the last symbol position of
slots 1 and 11. In Fig. 15, in case of the normal CP mode, its
location is represented as symbol 6 in slot 1 and symbol 2
in slot 2. Similarly, in the extended CP mode of Fig. 15,
the location of SSS is shown as symbol 5 in slot 1 and
symbol 2 in slot 2. For the sake of preventing overlap between
the UL and DL signaling, TD-LTE employs a GP in which
a flexible blank period is allocated, as illustrated in Fig. 15.
The GP represents the switching point between DL and UL
transmission, as well as its length determines the maximum
possible cell size, which has to be chosen for preventing the
collision of UL and DL radio-frames. At the speed of light
(3-10% m/s), a maximum cell-radius would result in a GP
of approximately 666.7 us [3], [71]. The length of the GP
has to consider both the size of the cell (or sector) and the
potential interference generated by the adjacent cells. It is
also noted that the special subframe of Fig. 15 encompasses
a variable amount of DL information in both the DwPTS and
the UpPTS as well as a flexible GP. Table 4.2-1 of [3] portrays
the detailed configuration of the special subframe constituted
by the DwWPTS, GP, and UpPTS, where their entire length is
equal to 1 ms.

Now, we shift our focus from the radio-frame structure
in the time-domain to that in the frequency-domain [3].
The number N of subcarriers to be allocated varies from
128 to 2048, corresponding to channel bandwidth ranging
from 1.25 to 20 MHz. Similarly, the size of FFT and sampling
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frequency also range from 128 to 2048 and from 1.92 to
30.72 MHz, respectively. Each individual subcarrier spac-
ing Ay is 1/(2048 - T), equivalent to 15 kHz. It leads to
symbol duration of 1/15000 = 66.7 ws after the inverse
FFT operation. The sampling rate f; becomes Ay - N =
15000 - N. This relationship makes a sampling rate either
multiple or sub-multiple of the W-CDMA chip rate having
3.84 Mcps. Accordingly, both FFT lengths and sampling
rates are easily attained for all possible operation modes
while a multi-mode modem having a common clock refer-
ence is readily implemented. It is noteworthy that not all the
subcarriers are employed. More explicitly, a Direct Current
(DC) subcarrier is not employed and located in the center
of the DL band as well as guard subcarriers are also not
available.

A Resource Block (RB) constitutes a group of 12 consec-
utive subcarriers (12 - 15 = 180 kHz) over a single time slot
(0.5 ms). This granularity is chosen for restricting signaling
overhead. When a 20 MHz bandwidth is allocated, 1200 sub-
carriers are available, equivalent to 100 RBs over a single time
slot. Hence, the RBs constitute two-dimensional units having
a size of 12 subcarriers in the frequency-domain and a single
slot in the time-domain. A Resource Element (RE) represents
the smallest unit of resource consisting of a single subcarrier
during a single OFDM symbol period. Accordingly, an RB
comprises 12 - 7 =84 and 12 - 6 = 72 REs corresponding to
the normal and extended CP modes, respectively. However,
the total number of subcarriers over a 20 MHz bandwidth is
calculated as 20000 kHz / 15 kHz, which results in 1333 sub-
carriers. Itis sufficiently higher than 1200. This fact manifests
that all subcarriers are not exploited and some subcarriers act
as guard subcarriers at the edges.

Figs. 16 and 17 represent both PSS and SSS mappings
in the frequency-domain, respectively. The PSS and SSS
are located at the central six consecutive RBs ranging from
RB:47 to RB:52, irrespective of the LTE channel bandwidth
configured. The fact allows the UE for synchronizing to the
network without gaining a priori knowledge of the channel
bandwidth allocated. After detecting both the PSS and SSS,
the DL channel bandwidth is subsequently obtained from the
MIB carried on the Physical Broadcast CHannel (PBCH).
Only center 1.08 MHz bandwidth is used for both PSS and
SSS mappings in the frequency-domain even though the cor-
responding channel bandwidth is set to 1.4 MHz. Both the
PSS and SSS portrayed in Figs. 16 and 17 exploit 62 subcar-
riers constituting two 31 subcarriers mapped into each side of
the DC subcarrier not utilized.® Two five subcarriers at each
extremity of the central six consecutive RBs are reserved for
a period of discontinuous transmission.

The PSS constitutes a sequence of complex symbols
having a length of 62 symbols, generated based on
a frequency-domain ZC sequence. The sequence d,(n)

%The UE is capable of exploiting a 64 FFT and lower sampling rate.
Furthermore, in case of TD-LTE, the employment of 62 subcarriers guar-
antees avoidance of correlation with the UL demodulation reference signals
exploiting Zadoff-Chu (ZC) sequences [18].
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Center 1.08 MHz bandwidth
(Max. occupied transmission BW = 6 RBs = 72 REs)

[PSS mapping in frequency domain] The corresponding channel BW is set to 1.4 MHz
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FIGURE 16. PSS mapping in the frequency-domain.
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FIGURE 17. SSS mapping in the frequency-domain.

employed for generation of the PSS constitutes d,(n) =
exp(—jru-n-(n + 1)/63) forn = 0,1, ...,30 and d,(n) =
exp(—jru-(n+ 1)-(n+2)/63) forn = 31,32, ..., 61, where
u indicates the ZC Root Index (RI). As the DC subcarrier does
not include any information in LTE DL, this leads to mapping
into the middle 62 subcarriers within the central six consecu-
tive RBs. Specifically, the PSS is mapped into two 31 subcar-
riers located on both sides of the DC subcarrier having five
reserved subcarriers each side as illustrated in Fig. 16. Key
properties of the ZC sequence are summarized in Appendix.
RIis capable of determining a ZC sequence chosen from a set
of ZC sequences having an entire period of Nzc, where Nz¢
is set to an odd prime. The RI root also determine the cell
identity within the group N 1(1) , where NI%) =0, 1, 2 represent
the RI = 25, 29, and 34, respectively. When considering ZC
sequence’s root indices chosen for a generation of the PSS,
by exploiting the two sequences 25 (= Np) and 29 (= Na),
the third RI is derived by subtracting (Nzc — N»), namely
63 —29 = 34. The Rl set has been determined in terms of the
best autocorrelation and crosscorrelation properties as well as
frequency offset estimation error rate. More explicitly, under
inter-cell site synchronous situation, interfering PSSs having
the same sequence is capable of deteriorating the correct
detection performance of the SSS based on coherent detection
exploiting channel estimates obtained from the PSS detected.
For the sake of avoiding the collision of the same PSSs from
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[RB:52]

adjacent cells, three ZC sequences generated by the RI set are
used in LTE systems [72]. Accordingly, the careful selection
is able to improve ICS detection performances.

Fig. 17 portrays a visual illustration of the SSS in the
frequency mapping, which is similar to the frequency-domain
allocation of the PSS. However, the SSS is generated based
on an m-sequence. The sequence exploited for generation
of the SSS comprises an interleaved concatenation of two
length-31 binary sequences, which is capable of alternat-
ing the sequence transmitted in subframes O and 5 every
radio-frame. The feature allows the UE to achieve the
radio-frame timing from observing only one of the two
alternate sequences. The concatenated sequence is scrambled
with a sequence related to the PSS with the physical-layer
identity N 1(11)).

Let us see the details of each component sequence consti-
tuting the SSS in depth. The SSS is expressed by d(2n) =
sg"")(n)co(n) in subframe 0 and s(lml)(n)-co(n) in subframe 5
aswell asd(2n + 1) = s(lm‘)(n).cl(n)-zgm‘)) (n) in subframe 0
and sémO)(n)f](n)-z(lm')(n) in subframe 5, where n repre-

sents 0, ..., 30 and the indices mq and m; are derived from
the Physical-layer Cell-Identity (PCI) group NI%) as well

as three pairs of sequences (s, "), (co(n), c1(n)) and
(z(1m°)(n), z(lml)(n)) are generated by two different cyclic shifts
of the three different m-sequences, respectively. In case of the
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subframe 0, the sequences s and s\ map into the even

and odd numbered subcarriers d(2n) and d(2n + 1), respec-
tively. On the contrary to the mapping, the reverse mapping
is considered for the subframe 5. Their mappings are well
described in Fig. 17, where m-sequences X and Y correspond

to sg”(’) and s(lm' ), respectively. The indices mg and m indicate

the PCI group N 1%), which provides totally 168 groups. A pair
of the PSS-specific scrambling codes are denoted as co(n)
and ¢ (n), which are used to reduce the mutual interference
between the same SSS sequences especially under the same
cell site [72]. It is also noted that in case of transmission of
d(2n + 1), a pair of scrambling code (2" (n), 2" (n)) is
exploited for enhancing cell search performance at cell edge.
A mapping rule between PCI group N 1%) as well as the indices
mgo and m; is described in Table 6.11.2.1-1 of [3]. In the
followings, operational scenario of LTE ICS is illustrated
step-by-step.

2) RADIO-FRAME STRUCTURE IN NEW RADIO

As a distinguishing characteristic from LTE, a common
radio-frame structure is utilized, irrelevant to any duplex
mode in NR [73]. A numerology is specified by its sub-
carrier spacing representing the width of subcarrier in the
frequency-domain and by its corresponding CP in the time-
domain [6], [7]. Compared with LTE having only a single
numerology corresponding to a particular subcarrier spac-
ing in the frequency-domain in order to handle low to high
carrier frequency bands to be supported by NR systems,
diverse numerology options have been adopted in NR design
by multiplying a basic subcarrier spacing with an integer
N [4], [6], [7], [53]. The use of flexible subcarrier spacing
plays a crucial role in designing NR systems based on CP
aided OFDM. More explicitly, a shorter subcarrier spacing in
the frequency-domain results in longer symbol duration and
shorter CP overhead in the time-domain, which is capable
of mitigating relatively longer delay spread. By contrast,
a longer subcarrier spacing leads to shorter symbol duration
and longer CP overhead. Therefore, the use of suitable sub-
carrier spacings is a critical issue relating to diverse carrier
frequency bands ranging from 6 to 52.6 GHz. For instance,
in case of carrier frequency bands operating at lower than
6 GHz, the use of 15 kHz is capable of guaranteeing large cell
sizes employed in the current LTE systems having low CP
overheads. Similarly, subcarrier spacings of 30 and 60 kHz
are suitable for covering medium and small cell sizes, respec-
tively. On the other hand, the exploitation of 120 kHz is
able to provide tolerance to inherently high Doppler spread
and carrier frequency offset when designing a particular NR
system opted for small cells experiencing typically smaller
delay spread values. When a UE experiences very high speed,
the tolerance against carrier frequency offsets is directly pro-
portional to bandwidth of the corresponding subcarrier and
inversely proportional to the square root of the operational
signal-to-noise ratio. High inter-carrier interference is also
induced by high Doppler spread. Hence, the employment
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of higher subcarrier spacing appropriately chosen can be
beneficial. Furthermore, at higher carrier frequency regime
such as 28 GHz, adverse impacts on both frequency drift
and phase noise deteriorate NR’s performance substantially.
By utilizing wider subcarrier spacing optimized, the negative
impact can be minimized under a certain tolerance limit [57],
[731, [75]-[77]. Accordingly, one of the major differences
between LTE and NR is that multiple subcarrier spacings are
defined in the NR design.

Essentially, the feasibility of multiple spacings in the NR
comes from the support for an expanded maximum band-
width. Specifically, the maximum allowable bandwidths in
the NR are 100 and 400 MHz, corresponding to the Frequency
Ranges (FRs) 1 and 2, respectively. Here, FR1 includes
3.7 and 4.5 GHz bands as well as FR2 indicates 28 GHz band.
Accordingly, the NR systems are capable of managing diverse
sizes of carrier frequency bands to cover up to mmW band
regimes. It is also noted that subcarrier spacings depend upon
the choice of a particular FR. Namely, a subcarrier spacing
having either 15, 30, or 60 kHz operates under FR1. Similarly,
that having either 60 or 120 kHz does under FR2 [73], [74].
In case of sub-6 GHz operations for NR, the minimum carrier
bandwidths of subcarrier spacings 15 and 30 kHz can be
set to 5 and 10 MHz, respectively. Especially, the subcarrier
spacing of 30 kHz is the minimum carrier bandwidth for
LTE and NR coexistence, which avoid potential collision with
cell specific Reference Signal (RS) in LTE. Synchronization
blocks for NR colliding with cell specific RS for LTE are
not transmitted at gNB.7 On the other hand, in case of above
6 GHz operation ranging from 6 to up to 52.6 GHz, the corre-
sponding bandwidths of subcarrier spacings 120 and 240 kHz
can be set to 50 and 100 MHz, respectively [4], [19].

Now, let us investigate the hierarchical NR radio-frame
structure with SS/PBCH blocks in more detail. The NR
radio-frame structures are capable of providing both fixed
and flexible parts for the sake of facilitating both diverse
numerologies and low latency operations. One of key fea-
tures in the NR systems supports multiple numerologies for
flexible NR radio-frame structures. Physical layers of NR
systems are designed in a bandwidth agnostic manner, based
on RBs in order to make the layers adapt to diverse spec-
trum allocations. A RB spans 12 contiguous subcarriers in
the frequency-domain and is also based on a predetermined
subcarrier spacing. Fig. 18 manifests a fixed overall NR
radio-frame structure to define transmission timing when the
subcarrier is 15 kHz as an example, where the first symbol
indices of SS/PBCH blocks are determined depending on
the subcarrier spacing [8]. It is worth noting that the sub-
carrier spacing for all SS/PBCH blocks cannot be provided
by higher layer parameter. In this case, applicable cases for
a cell are determined from a respective frequency band [78],
[79]. In addition, the same subcarrier spacing is applied to all
SS/PBCH blocks on the cell. NR radio-frame and subframe

7 ¢NB represents NR Node-B having similar functionality as employed in
evolved Node-B of LTE.
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FIGURE 18. An example of hierarchical NR radio-frame structure with SS/PBCH blocks for the subcarrier spacing

of 15 kHz.

have a fixed length in the time-domain. Both are selected to
be the same as in LTE counterpart, which allows for effi-
cient LTE and NR coexistence deployments. More explicitly,
an NR radio-frame having a duration of 10 ms constitutes
10 subframes having a subframe duration of 1 ms each. A sub-
frame is composed of one or multiple adjacent slots, each slot
consisting of 14 consecutive symbols under normal CP mode.
In NR system, there are two CP modes, i.e. normal CP and
extended CP modes. In the extended CP mode, the number
of OFDM symbols within a slot is 12 for securing longer
CP length in comparison with the normal CP mode. It is
noted that the extended CP mode is applied only to the case
with the subcarrier spacing of 60 kHz, where the synchro-
nization resources such as NPSS, NSSS, and NR Physical
Broadcast CHannel (NPBCH) are not supported [80]. Each
radio-frame is also considered as two half radio-frames hav-
ing five subframes each. It is also noted that flexible numbers
of slots within each subframe are determined by multiple
numerologies ranging from 15, 30, 60, 120 to 240 kHz and
hence the numbers depend entirely on subcarrier spacings
having six scaling factors ranging from 1, 2, 4, 8 to 16.
Accordingly, the number of symbols and slots in a single
NR radio-frame will scale with the ratio of the correspond-
ing subcarrier spacing with respect to the basic subcarrier
spacing, i.e. 15 kHz, which is elucidated in Table 7, where a
single slot constitutes 14 symbols [4]-[7], [19]. Furthermore,
the subcarrier spacing of SS/PBCH blocks required for the
ICS procedure depends on the feasible bandwidth, namely
15 kHz or 30 kHz for sub 6 GHz spectrum bands and 120 kHz
or 240 kHz for above 6 GHz ones. Even though details on it
are under manufacturers’ implementation issue, both 15 kHz
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TABLE 7. Number of slots and symbols in NR radio-frame structure.

Subcarrier spacing Num. of slots in 10 | Num. of symbols in
ms 10 ms

15k (= LTE) 10 (=LTE) 140 (= LTE)

30k 20 280

60k 40 560

120k 80 1120

240k 160 2240

and 120 kHz options may be set to a default mode of UE’s
operation.

Compared with the existing LTE radio-frame structure,
NR introduces new structures as follows. As visualized
in Fig. 18, an SS burst set period constitutes two radio-
frames, namely 20 ms. The SS burst set corresponds to half
radio-frame duration of 5 ms. The SS/PBCH blocks in a
half radio-frame are indexed in an ascending order in time
ranging from O to (L — 1). NPSS, NSSS, and NPBCH are
allocated within an SS/PBCH block in which symbols of
NPSS, NPBCH, NSSS, and NPBCH are placed consecutively
in the time-domain [6], [7], [68]. At least two symbols are
preserved from the beginning from the SS/PBCH block for
DL control. At least two symbols are also conserved at
the end of the SS/PBCH block for guard period and UL
control. The details of SS/PBCH block are also illustrated
in Fig. 18, where P, B, and S represent NPSS, NPBCH, and
NSSS, respectively [6], [7], [68]. For example, in case of the
subcarrier spacing having 15 kHz, which requires 3.6 MHz
transmission bandwidth of SS/PBCH block, there are two
candidate locations representing symbol indices two to five
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FIGURE 19. A diverse numerology of the NR system.

and eight to eleven, respectively [73]. A single SS/PBCH
block corresponds to four OFDM symbols and is transmitted
per slot at a fixed slot location.

In the light of the above-mentioned illustrating the diverse
numerology of the NR system explicitly, the left hand side
of Fig. 19 visualizes that the subcarrier spacings ranging
from 15, 30, 60, 120 to 240 kHz correspond to the symbol
durations ranging from 66.67, 33.33, 16.67, 8.33 to 4.17 us,
respectively, which is also analogous to the upper side of
Fig. 4. As observed in Figs. 4 and 19, there exists an explicit
inverse correlation relationship between the chip i(or symbol)
duration and the corresponding bandwidth (or subcarrier
spacing) in terms of each system of 3G and 4G as well as
each mode in NR. Moreover, the right hand side of Fig. 19
illustrates how the number of slots in a single NR subframe
duration of 1 ms scales with the subcarrier spacings having
six scaling factors ranging from 1, 2, 4, 8 to 16, where a single
slot comprises 14 symbols [4]-[7], [19]. In the perspective of
the ICS, the support of the numerology implicitly means the
followings. One is increased search space in the time-domain
due to the scalable subcarrier spacing extension. The other
is the feasibility of relatively long sequence for a boundary
detection and channel estimation.

With the aid of Figs. 18 and 20, both figures visualize how
both NPSS and NSSS sequences are allocated to 127 consec-
utive subcarriers in the frequency-domain, which range from
the 8-th to 134-th positions. As portrayed in Fig. 20, eight and
nine subcarriers at both extremities are void, which also range
from the 0-th to 7-th positions and from the 135-th to 143-th
ones, respectively. It is notable that NPSS and NSSS exploit
the DC subcarrier, which is not used in LTE PSS and SSS
mappings. Center frequency of both NPSS and NSSS is also
aligned with that of NPBCH. Guard bands for both NPSS and
NSSS sequences enable substantial reduction of interference.
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Therefore, both NPSS and NSSS are only occupied in 12 RBs
constituting 127 subcarriers for SSs and 17 ones for empty
spaces at both extremities. On the other hand, two NPBCHs of
an SS/PBCH block occupy 20 consecutive RBs constituting
240 subcarriers [6], [7], [68]. Additional PBCH consisting
of four RBs is allocated on each edge of NSSS as portrayed
in Fig. 18. Bandwidth of an SS/PBCH block depends directly
on its particular subcarrier spacing. More explicitly, a sub-
carrier spacing of the SS/PBCH block in FR1 is considered
to be either 15 or 30 kHz corresponding to 3.6 and 7.2 MHz
transmission bandwidths of the SS/PBCH block, respectively.
On the other hand, for the sake of compensating for problem-
atic phase noise at higher carrier frequencies of FR2, that of
the SS/PBCH block is chosen as either 120 or 240 kHz corre-
sponding to 28.8 and 57.6 MHz transmission bandwidths of
the SS/PBCH block, respectively [73], [77]. UE postulates
the same CP length and subcarrier spacing for both NPSS
and NSSS in an allocated carrier frequency band [6], [7].
This is also true for NPBCH carrying basic cell configura-
tion information. Furthermore, demodulation RS is used for
NPBCH phase reference instead of using common RS in the
LTE counterpart for decoding PBCH. Interestingly, the exis-
tence of multiple SS/PBCH blocks manifests that a variety of
beamformed SSs can be feasible, which will be very effective
for guaranteeing diverse NR coverages [5]-[8]. Based on the
above-mentioned NR radio-frame structure, NR capable UE
identifies at least OFDM symbol, slot, half radio-frame, and
radio-frame timings by employing the SS/PBCH blocks. It is
worth noting that NPSS, NSSS, and NPBCH are the only
always-on three signals in NR.

C. INITIAL CELL SEARCH PROCEDURE PERSPECTIVE
The ICS procedure consists of timing recovery, frequency
offset compensation, and finally cell ID detection. There is
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FIGURE 20. NPSS and NSSS mappings in the frequency-domain.

not much change in the cell identification in the sense that
the hierarchical search for the cell ID is employed. For the
frequency offset estimation, it is common with the legacy
LTE system that the step-by-step estimation is invoked. One
noticeable change is the radio-frame timing recovery exploit-
ing DeModulation Reference Signal (DMRS) or NPBCH.
This change implies a great deal of meaning because the NR
system can come to overcome the inherent performance (i.e.
detection performance) constraint of the legacy LTE system.
Another remarkable feature is that the NR ICS procedure is
in conjunction with beam sweeping, which is effective way to
overcome the relatively insufficient link budget in the mmW
spectrum bands.

LTE ICS only specifies that NPSS and NSSS from a
serving cell can be broadcast with a particular antenna port
chosen among ports 0 to 3, where the antenna ports are
quasi co-located in terms of both associated Doppler shift
and average time delay [42]. In comparison to two CDMA
ICS operations, the LTE ICS does not assume a specific
MIMO scheme such as the time-switched transmit diversity
operation. Furthermore, NR ICS exploits SS/PBCH blocks so
that analog beamforming becomes more feasible with higher
flexibility compared with LTE ICS counterpart, which is an
implementation issue in the perspective of a base station.
More specifically, the number of antenna ports exploited for
transmission of both NPSS and NSSS is set to 1, where the
concept of antenna port has been introduced in LTE and is
currently reused in NR. It is known as a logical abstraction
of a physical resource, directly mapping to physical antenna
elements. The number of the physical antenna elements being
available is not necessarily the same as that of its logical
counterpart [3], [6]. A single fixed number of antenna port(s)
is allocated for NPBCH transmission. UE postulates that the
numerology employed in transmission of both NPSS and
NSSS is the same as that of NPBCH transmission [19]. In
the followings, we describe the progress of IA by elaborating
ICS procedures for the legacy LTE and NR systems.

1) INITIAL CELL SEARCH IN LTE

For the sake of reducing the complexity of the entire cell
search, both W-CDMA and TD-SCDMA have adopted hier-
archical cell search procedure [40], [41]. Similarly, LTE
also follows the similar hierarchical cell search procedure
to acquire PCI, which corresponds to the scrambling code
employed to distinguish among Node-Bs in both W-CDMA
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and TD-SCDMA systems. A brief procedure of finding one
out of 504 physical layer cell is portrayed in Fig. 13, where
detection of the PSS indicates acquisitions of both slot and
half radio-frame boundaries as well as finding one out of
three physical layer identities. Similarly, detection of the SSS
represents acquisition of radio-frame boundary as well as
finding one out of 168 physical layer cell identity group.
Then, the PCI can be obtained with proper serving cell timing
information. Table 3 illustrates the entire search space of LTE
ICS scenarios when W-CDMA, TD-SCDMA, LTE-FDD,
TD-LTE, or NR is in active-RAT. To elaborate it a little bit fur-
ther, the maximal time duration of the LTE-FDD and TD-LTE
systems is set to S ms owing to its periodic PSS transmission.
If original sampling rate of 30.72 MHz is down-sampled by
16,2 the number of hypotheses in the time-domain becomes
9600. When considering three PSSs, the entire search space
is determined as 28800 hypotheses. It is also noted that the
attainable timing resolution is inversely proportional to band-
width of the PSS. Hence, in case of the LTE DL, the timing
resolution becomes just under +/— 0.5 us corresponding to
roughly a fifth of the CP duration. Finding a start point of the
peaky signal over the entire search space plays a pivotal role
in the LTE ICS procedure. Now, let us investigate the details
of the LTE ICS step-by-step.

Fig. 21 illustrates the details of the entire LTE ICS pro-
cedure in LTE systems, where the LTE ICS procedure may
constitute three steps as a realization of its LTE ICS imple-
mentation [17], [18], [81]-[83]. Both steps 1 and 2 search
are mandatory procedures, however the cell ID verification
can be encompassed in the entire LTE ICS procedure to
enhance the final cell search detection performance. It is
noteworthy that cell-related information gained at each step
may be changed depending on which detection schemes were
chosen in the entire LTE ICS procedure. On each selected
carrier achieved by carrier frequency search, which is por-
trayed in Figs. 7 and 21, the LTE ICS procedure moves into
the step 1 search stage. During the step 1 search procedure
of Fig. 21, symbol, slot, and half radio-frame timings as well
as physical layer ID N ,(11)) ranging from 0 to 2 are acquired.
By employing the received PSS, the coarse frequency offset

8The sampling rate of 30.72 MHz originates from the assumption that nor-
mal CP length is applied to each symbol having FFT size of 2048 for channel
bandwidth of 20 MHz. The lengths of both the PSS and SSS are strictly less
than or equivalent to 128. Therefore, down-sampled by 16 looks feasible
rather than the original sampling rate, which induces higher processing speed
and complexity to the following receiver design.
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FIGURE 21. Detailed procedure of initial cell search in LTE constituting three steps and relevant
frequency offset compensations, where PDSCH represents physical downlink shared channel.

compensation is also performed and is followed by channel
estimation for detecting the SSS only if LTE-FDD mode is
chosen. In case of TD-LTE, locations of both the PSS and
SSS are not consecutively placed as visualized in Fig. 15.
Therefore, UE may not guarantee reliable channel estimate
for detecting the SSS at very high mobility situation due to
the reduced coherence time. Accordingly, the non-coherent
detection scheme without exploiting channel estimation may
be a feasible solution. Then, during the step 2 search proce-
dure of Fig. 21, radio-frame timing and physical layer cell
ID group ranging from 0 to 167, NI(IZ)) are achieved. The
mode detection to choose either frequency division duplex
or time division duplex as well as selection of CP type’ are
conducted. Subsequently, fine frequency offset compensation
is further accomplished in order to reduce the remaining of
frequency offset with the aid of PSS and(/or) CP. Finally,
the physical lacyer cell ID is obtained by exploiting a rela-
tionship of N, I(DELL) =N ,(ll)) + 3-N, 1%). As an optional stage,

9In order to detect either of the CP type, two different CP lengths are
exploited for distinguishing both the normal and extended CPs allocated in
the SSS, respectively.
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the step 3 search procedure may be required for the UE
to verify the serving cell ID by utilizing cell specific RSs.
More explicitly, the procedure constitutes first arrival path
search to align its FFT window with the first arrival path,
followed by cell ID verification, where the entire 504 RSs
correspond to 504 different cell IDs, respectively and hence
a two-dimensional RS is capable of verifying a specific cell
ID. After the step 3 search stage is finalized, residual fre-
quency offset compensation should be activated to reduce still
existing frequency offset by utilizing cell specific RS. Finally,
the residual frequency offset becomes within the target range.

After the LTE ICS procedure has been completed, UE is
capable of decoding the PBCH to read the MIB having DL
system bandwidth, the system frame number and so on, where
the PBCH is transmitted every 40 ms. Then, the acquisition of
the system information can make the UE synchronized to both
the time- and frequency-domains. In a realistic situation, a UE
usually receive PSS/SSS/PBCH signals from several mobile
network service providers. For the sake of identifying a pre-
determined mobile network, UE will proceed to acquire SIB
Type 1 to find a matched network, where Physical Downlink
Shared CHannel (PDSCH) having SIB Type 1 is transmitted
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every 80 ms [18]. More explicitly, the UE may acquire multi-
ple SIB Type 1’s information from all nearby Node-Bs at both
intra- and inter-carrier frequencies. According to the order
of cell powers measured, the UE tries to check whether the
identity gained from received SIB type 1 is matched to that
stored in the USIM card of the UE until found. As opposed to
traditional UE’s connection only to one mobile network, it is
noteworthy that Google Project Fi is able to intelligently link
the UE to the best possible mobile network among multiple
ones [84]. Accordingly, whenever LTE ICS is conducted, this
approach may guarantee the highest-quality connection at the
UE’s position. Whenever normal communication starts, a UE
moves into the connected mode. Depending on data services
activated, a state of the UE moves back to the idle mode or
keeps staying in the connected mode. In the connected mode,
the compensation of the residual timing error and frequency
offset estimations is required to maintain a best possible radio
link continuously.

2) INITIAL CELL SEARCH IN NEW RADIO

For the sake of reducing the complexity of the entire cell
search, W-CDMA, TD-SCDMA, and LTE have adopted hier-
archical cell search procedure [40]-[42]. Similarly, NR also
follows the similar hierarchical cell search procedure to
acquire an NR cell ID. A brief procedure of finding one out
of physical layer cells is portrayed in Fig. 12. Detection of
both NPSS and NSSS is finally capable of obtaining the NR
cell ID with an appropriate timing recovery of the serving
cell, similar to the LTE counterpart [8], [27]. Table 3 also
demonstrates entire search space of NR ICS scenario when
NR is in active-RAT. During the NR ICS, the SS burst set
period is fixed to 20 ms as a default value, which is four
times longer than the transmission period of PSS and SSS
in LTE in order to minimize a duty cycle of always-on SS
transmission. Instead, in comparison to frequency channel
raster'? in LTE, a sparser raster in NR is necessary to mitigate
the increased two-dimensional ICS burden induced by the
sparser SS/PBCH block transmission periodicity. The trans-
mission of SS/PBCH blocks within SS burst set is restricted
to 5 ms [6]-[8], [65]. The maximum number of SS/PBCH
blocks within the 5 ms duration denoted as L is determined
according to the predetermined subcarrier spacing.'! More
explicitly, for carrier frequency ranges up to 3 GHz, from
3 to 6 GHz, and 6 to 52.6 GHz, values of L are set to four,
eight, and 64, respectively [8], [65]. Basically, the search
spaces of NR are scaled with the corresponding subcarrier
spacings as portrayed in Table 7. First, let us ponder the case
of basic subcarrier spacing, i.e. 15 kHz. When considering

10Frequency channel raster represents a predetermined carrier frequency
location exploited by UEs to detect SSs being present or absent when UEs
initially camp on NR network.

U'Within the 5 ms duration, multiple SS/PBCH blocks can be transmitted.
Consequently, non-coherent combining of SS energy can be feasible for
enhancing detection performance of SSs. Each SS/PBCH block can have a
single beam or multi beams.

VOLUME 9, 2021

the lengths of NPSS and NSSS as well as their mappings
in the frequency-domain [6], down-sampled by 16 from the
original sample rate of 30.72 MHz can be utilized, which
bestows us 1920 hypotheses for one subframe of 1 ms in
the time-domain. Then, we have 38400 hypotheses from the
default value of SS burst set period, i.e. 20 ms. Owing to
the existence of three NPSSs, the resultant search space for
the subcarrier spacing of 15 kHz becomes 115200. Finally,
generalized search space is derived as 115200 - N, where the
number of symbols is scaled based on the NR numerology
with N =1, 2, 8, or 16 [8], [65].

From a selected carrier having the strongest signal power,
NR ICS procedure commences by achieving a serving
cell/sector’s NR cell ID. Fig. 22 delineates detailed procedure
of NR ICS constituting three steps operating at sub-6 GHz
spectrum bands, i.e. 3.5 GHz and mmW spectrum bands, i.e.
28 GHz. As mentioned before, the overall NR ICS procedure
is similar to that of the LTE system in a sense that the NR ICS
procedure utilizes NPSS and NSSS. However, one noticeable
feature of the NR ICS is the advent of new way of radio-frame
timing recovery, which will be considered later. The NR ICS
procedure is also composed of step 1 search, step 2 search,
and step 3 search as well as NPBCH decoding to gain MIB
as a final goal [8], [27].

As illustrated in Fig. 22, the first phase of the NR ICS
encompasses a step 1 search as a timing recovery with a
NPSS ID identification and coarse frequency offset estima-
tion exploiting the NPSS. More explicitly, initial symbol and
half-frame boundary timings to the NR cell can be acquired
by detecting start position of the NPSS. Then, a coarse fre-
quency offset estimation and compensation can be followed
based on the specific NPSS having the detected NPSS ID.
Here, the NPSS ID is denoted as N, I(ll)), which ranges from
0 to 2. It is worth noting that the coarse frequency offset
recovery is capable of reducing the existing frequency offset
substantially, which makes the succedent step 2 search with
more reliable detectability. Also, as a result of the NPSS ID
detection, channel estimation of the NPSS becomes feasible
so that the coherent detection of the NSSS can be utilized.
The detection performance of NSSS is enhanced in compar-
ison with that of NPSS, whose detection is performed via
non-coherent detection. When contemplating beamforming
aided NR ICS, the beamforming mode becomes optional at
sub-6 GHz spectrum bands and mandatory at mmW spectrum
bands, respectively. Beam sweeping is activated to obtain the
most highly appropriate beam direction.

In the second phase of NR ICS, a cell identification as
well as fine frequency offset estimation and compensation are
accomplished as portrayed in Fig. 22. For the cell identifica-
tion, step 2 search seeks for the NSSS ID. Here, the NSSS ID
is denoted as N, 1([2,), which ranges from 0 to 335. Consequently,
the unique physical-layer cell identity is determined from an
explicit relationship of N [(g ELL — N 1([1))+3~N ,(lz)), which covers
up to 1008 NR physical layer cells. In other words, their NR
cell IDs range from O to 1007 [6], [7], [65]. Detection of
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TABLE 8. Initial procedure comparisons for LTE and NR.

LTE NR
Stepl Symbol, slot, and half radio-frame (5 ms) boundaries Symbol, slot, and SS burst set (5 ms) boundaries
Step2 | Radio-frame (10 ms) boundary, mode detection, CP type, and | Only cell identification
cell identification
Step3 | First arrival path search and Cell ID verification Radio-frame (10 ms) boundary, first arrival path search, and
cell ID verification

-

Stored information given |

Power On ‘
H Center frequency chosen .
Carrier frequency search

Aidat,

from

N,

VKOR A

—————

A
Step 1 search: SS burst set (5 ms) sync., Symbol/slot timing,
Physical layer ID (0,1,2): N'I;,),
Channel estimate for NSSS,
<= NPSS
Beamforming (Sub-6 GHz: Optional & mmW: Mandatory):
Beam sweeping to acquire the most higly likely beam direction
NO
YES ¢ — — — — — 0 ___ |
p | If YES at Step 1
Step 2 search: Physical layer cell ID group (0~335): Nip, !
<= NSSS Coarse freq. offset
[Cell ID arrangement] Physical layer cell ID compensation
5 — = NPSS
N&“=Nm + 3Ni (1 out of 1008) <= NPSS
NO
YES If YES at Step 2
P e e e e e o — — — — — — ———— — |
v vV
Fine freq. offset
Step 3 search: Radio-frame (10 ms) sync, compensation
N trials First arrival path search, <= NPSS & NSSS
if not verified Cell ID verification,
Residual timing tracking, If YES at Step 3
<=DMRS and(/or) NPBCH "~~~ ~ :
Beamforming (Sub-6 GHz: Optional & mmW: Mandatory): |
Beam index identification :
NO ¥
After'N” trials, finally failed ? YES Residual freq. offset
compensation
¥ <=NPSS & NSSS & DMRS

and so on

MIB decoding to obtain DL system bandwidth,
System frame number,
Scheduling information

<= NPBCH (every 80 ms)

SIB Type 1 decoding to find a
tched network

<= NR-PDSCH

FIGURE 22. Detailed procedure of initial cell search in NR constituting three steps and
relevant frequency offset compensations operating at sub-6 GHz and mmW spectrum

bands.

received NSSS is also associated with a fixed relationship
of SS/PBCH with NPSS location in terms of the time- and
frequency-domains, irrelevant to specific conditions such as
duplex mode and beam operation type. At the end of the
successful step 2 search, the two SS sequences, namely NPSS
and NSSS can be simultaneously employed to compensate the
residual frequency offset more effectively, which we call as
fine frequency offset estimation and compensation. It is worth
noting that the NR ICS does not require integer frequency
offset estimation and compensation procedure, which are
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required in the LTE ICS arisen by the inherent limitation of
the ZC sequence.

For the sake of performing the NR ICS procedure, it is
assumed that half radio-frames with SS/PBCH blocks in the
serving cell occur with a periodicity of two radio-frames,
namely 20 ms!? [8]. From the fact that each SS/PBCH
block has a periodicity of two radio-frames for the IA, it is

125 configurable periodicity ranges from 5 ms to 160 ms and a default
period is set to 20 ms.
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<«—Radio-frame: 10 ms———>

«— Synchronization Signal Burst Set Period: 20 ms———

——=Subframe: 1 ms
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TRP of gNB

“, Beam Sweeping Direction

FIGURE 23. An exemplification of beam sweeping during initial cell search operating at mmW spectrum
bands of a serving gNB when the subcarrier spacing is 15 kHz with L = 8 and two UEs are trying to gain a
directionally aligned beam having the best possible strengths of both NPSS(I) and NSSS(i).

derived that the identification of SS/PBCH block index of
1 =1, 2, -, L) is equivalent to radio-frame tim-
ing identification. Accordingly, the SS/PBCH block index
(ak.a. beam index in Fig. 22) is provided to obtain NR
radio-frame timing. It is worthy to note that each SS/PBCH
block can be transmitted via a specific beam, which is a
key functionality to overcome the insufficient link budget
in the NR system [27], [85]-[89]. Specifically, the use of
beamforming is an attractive way to solve cell coverage issue
of NRICS procedure in NR frequency bands possessing weak
transmission characteristics of radio waves. DL sweeping
time interval is required by one or multiple antenna array(s)
configured at gNB for the sake of transmitting SSs directly
related to the NR ICS procedure, where a DL sweeping
time interval consists of multiple sweeping blocks. Fig. 23
illustrates an exemplification of the beam sweeping during
ICS operating at mmW spectrum bands of a serving gNB
when the subcarrier spacing is 15 kHz with L = 8. Here,
L different beams are transmitted in the base station, which
is called as beam sweeping [86] in the NR system.

For the successful NR frame timing, two plausible
approaches to attain an SS/PBCH block index are feasible for
the radio-frame synchronization. One way is to use a DMRS
sequence index, where there is a one-to-one mapping between
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two least significant bits for L = 4 and three least significant
bits for L > 4 as well as the DMRS sequence index. The
other way transmits the SS/PBCH block index explicitly in
NPBCH payload, where the NPBCH’s bandwidth is set to
240 subcarriers over three default symbols [90], [91], where
the part of the transmitted NPBCH payload bits forms the
three most significant bits of the SS/PBCH block index when
L = 6 [8]. Thus, only DMRS sequence index is sufficient
to achieve radio-frame synchronization for sub-6 GHz band,
which corresponds to 0 < L < 8. On the contrary, both of the
DMRS sequence index and NPBCH payload bit are required
for radio-frame timing recovery when 8 < L < 63, which
covers above 6 GHz band. It is noted that the frame timing
procedure in the NR ICS is different from that of the LTE
ICS in the sense of utilizing the PBCH decoding. In other
words, step 3 search and NPBCH decoding procedure are
integrated especially for above 6 GHz band. In the perspective
of the frequency offset estimation and compensation, more
sophisticated estimation and compensation of the residual
frequency offset become practicable due to the feasibility of
the DMRS sequence after the step 3 search is completed.
After getting through the whole NR ICS, the UE becomes
ready for decoding the NPBCH to acquire the system infor-
mation. Representative high layer parameters are SS/PBCH
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indexes and a periodicity of SS/PBCH burst set through SIB
Type 1. It is interesting to noting that the periodicity of
SS/PBCH blocks may be assumed to be two radio-frames
of 20 ms as a default value in the NR ICS [8], [53].

Beyond the progress of the ICS procedure in the NR
system, there exist still technical issues to be settled in
the evolution of NR system, which are overlapped with
the present NR system. Among the constituent technologies
based on the evolved NR standards, signal designs for both
synchronization and channel estimation will be expected to
be closely associated with high-speed mobile communication
over 500 km/h. Basically, the common issue is that those syn-
chronization and reference signals should guarantee robust
detection performance by leveraging both autocorrelation
and crosscorrelation characteristics. The robustness of the
sequences should also be contemplated when the residual
frequency offset exists, which is of critical importance in the
high-speed Doppler channel environment. In order to address
the issue, NPSS has replaced the conventional ZC sequence
with newly defined m-sequence, because the problem of
undesirable correlation characteristics disappears when the
residual frequency offset leads to the detrimental integer fre-
quency offset. Hence, optimal designs for the synchronization
and reference signals will also be an open issue in the evo-
lution of NR systems. Up to date, a class of m-sequence and
gold sequence has been considered typically for guaranteeing
stable autocorrelation and crosscorrelation properties. In a
practical sense, there is another crucial issue that supports a
sufficient number of code sequences, namely acquisition of
adequate cell IDs to cover an entire NR network. For that,
apure gold sequence cannot be employed due to the limitation
of the number of feasible sequences. Therefore, the novel
sequence design based on a variation of two sequences can
be expected to the evolution of NR systems.

Essentially, high speed environment resulting in high
Doppler frequency becomes of critical importance as the car-
rier frequency increases, i.e. in case of operating at 28 GHz.
Thus, it is inevitable to overcome an extremely shorter
coherent time originating from very fast fading environment,
which also arises the corresponding smaller symbol dura-
tion. A natural way to handle the very fast fading chan-
nel is two-dimensional resource allocation in time- and
frequency-domains for the synchronization and reference sig-
nals. For the resource allocation, there is a trade-off between
performance and resource overhead. Accordingly, a reason-
able signal design should jointly be optimized with the sig-
nal allocation for satisfying the performance requirements,
i.e. SS detection performance and NPBCH decoding capa-
bility. In addition, the set of more sophisticated DMRS to
support high speed environments should further be inves-
tigated for coherent mobile communications such that the
symbol duration is within the order of channel coherence
time.

When postulating beamformed signals, every UE may not
recognize the number of physical beam(s) to be transmitted
at gNB and it is also not sure whether the UE experiences
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the same physical beam(s) across different SS/PBCH blocks
within an SS burst set. Based on the amount of predeter-
mined information, the detailed NR ICS procedure can be
specified optimally. During the NR ICS procedure particu-
larly operating at 28 GHz, for the sake of mitigating severe
path loss, the exploitation of beamforming functionality is
explicitly one of the essential capabilities [19]. Detection of
beamformed SSs plays a crucial role in NR ICS procedure to
achieve sufficient coverage extension [75]. NR should design
both single-beam and multi-beam based ways to transmit
SSs. When contemplating the multi-beam based operation,
UEs are capable of receiving SSs for a shorter duration if
gNB transmits SSs in a beamformed manner. Better orthog-
onality among adjacent cells results in significant reduction
of inter-cell induced interference, which is quite beneficial
under heterogeneous multi-cell environments [25], [92]. Sin-
gle beam approach can be a special case of multi-beam
approach. It is assumed that gNB does not support any prior
information about preferred beam patterns for a UE during
the NR ICS stage. UE must decide the best possible pair of
transmitted and received beams [4], [19], [54], [73], [75].
If either analog or hybrid beamforming is contemplated for
the NR ICS procedure, the SSs should be transmitted or
received along only one or few beam direction(s) in one
sweeping block due to the limited number of radio frequency
chains [93]. The narrow beams in all the sweeping blocks of
a sweeping time interval are able to cover the entire serving
area. Therefore, with the help of the steering of phase shifter
the multi-beam transmissions on a predetermined pattern of
sweeping blocks are known as beam sweeping. In case of
digital beamforming supporting higher flexibility, all the nar-
row beams can be transmitted or received simultaneously in a
single sweeping block at a cost of increased number of radio
frequency chains directly proportional to the entire number
of multi-beams, which usually becomes unrealistic [25], [92],
[92]-[95]. Here, the order of beam sweeping and the employ-
ment of single-beam or multi-beam at each SS/PBCH block
are under an implementation issue [25], [92], [94], [95].

D. SUMMARY AND LESSONS LEARNED
In Section III, we have commenced by providing profound
insight into the following nine key findings:

o With the aid of the diverse numerology in the time-
and frequency domains as depicted in Fig. 19, flexibly
allocated multiple subcarrier spacing categories in the
NR system result in further scalability in the radio-frame
structures in comparison with the LTE system providing
only one subcarrier spacing of 15 kHz.

o As portrayed in Figs. 4 and 19, there exists an explicit
inverse correlation relationship between the chip (or
symbol) duration and the corresponding bandwidth (or
subcarrier spacing) in terms of each system of 3G, 4G,
and NR.

« Owing to inherent uncertainty issue of ZC sequences
arising integer frequency offset, both NPSS and NSSS
in NR have been devised based on m-sequences.
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e Unlike LTE, a common radio-frame structure is
exploited, irrelevant to any duplex mode in NR.

o Compared with LTE, three SSs represented as NPSS,
NSSS, and NPBCH are the only always-on signals in
NR.

e The frame synchronization acquisition method has
changed completely from utilizing SSS in LTE to lever-
aging NPBCH decoding or DMRS index identification
in NR.

o The existence of multiple SS/PBCH blocks is capable of
supporting a variety of beamformed SSs, which becomes
a key functionality to overcome the insufficient link
budget and finally guarantee diverse NR coverages.

o An NR periodic SS transmission interval becomes four
times longer than that of two SSs in LTE in order to
minimize a duty cycle of always-on SS transmission
while in comparison to frequency channel raster in LTE,
a sparser raster in NR is to compensate for the increased
two-dimensional search space burden.

o Complexity reduced hierarchical cell search procedure
has been adopted in 3G, 4G, and NR to acquire cell IDs.

Figs. 14 and 15 visualized the radio-frame structures of
LTE-FDD and TD-LTE, respectively, exploited for ICS pro-
cedures. Figs. 16 and 17 also portrayed both PSS and SSS
mappings in the frequency-domain, respectively. The details
of SS/PBCH block and the overall NR radio-frame structure
have been illustrated in Fig. 18. With the aid of Fig. 20, both
NPSS and NSSS mappings in the frequency-domain have
been manifested. In order to dive into ICS procedures in three
OFDMA systems, at first simultaneous multi-connectivity
in 3G, 4G, and NR systems as well as a simplified NR ICS
have been introduced in Fig. 12. Fig. 13 elucidated a macro-
scopic view on ICS flow exploited in active-RAT mode of
LTE system. By utilizing the detailed taxonomy classification
of Fig. 3 articulating timing synchronization, frequency syn-
chronization, and finally code/cell identification, the details
of the entire ICS procedure have been visualized in Fig. 21
for LTE as well as Figs. 22 and 23 for NR, respectively.
Especially, Fig. 22 delineated exact procedures of NR ICS
operating at both sub-6 GHz spectrum bands and mmW
spectrum bands. An exemplification of the beam sweeping
has also been delineated in Fig. 23. Sparseness of SSs’
transmission resource led to multi-step aided approach for
guaranteeing reliable target performances. More explicitly,
timing synchronization and frequency offset estimation were
processed in parallel as portrayed in Figs. 21 and 22.

Entire search spaces, sequences chosen for ICS procedures,
and the core ICS procedures for three OFDMA systems have
been compared in Tables 3, 6, and 8, respectively. In Table 8§,
similar algorithm design issues in Table 5 are applied essen-
tially and therefore omitted. Table 7 has summarized the
number of symbols and slots in a single NR radio-frame
scaling with the ratio of the corresponding subcarrier spacing.
Moreover, Tables 3 and 7 articulated that the search spaces of
NR are also scaled with the corresponding subcarrier spac-
ings. Due to inherently similar channel structures harmonized
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for both frequency and time division duplexes, the three
step-aided ICS procedures of two LTE systems became
overlapped and therefore have shared a substantial portion
of constituting algorithms, which can be a distinct advantage
over the corresponding CDMA counterpart. As an evolved
OFDMA system to resolve frequency synchronization issue
inherently arisen in ZC sequence, to reduce frequency domain
search space, and to minimize synchronization resource
transmission, the NR has substantiated a further optimized
ICS procedure to satisfy multiple numerologies associated
with diverse spectrum bands ranging from sub-6 GHz to
52.6 GHz. Both LTE and NR ICS procedures do not leverage
any specific MIMO scheme compared with two CDMA fam-
ilies. Only a single antenna port is assigned for transmission
of relevant synchronization signals. By our deep discussions
of all the ICS flows and their relevant details, we manifested
a potential on understanding systematic ICS flow of any
hybrid OFDMA related system to be devised for beyond 5G
configurations. It is worthy to note that our TCS counterpart
working at three OFDMA systems has been guided in [9].

IV. A CONTEMPLATION IN INTELLIGENT WAYS OF
DESIGNING MULTI-MODE MOBILE STATION MODEM
AND FUTURE DIRECTIONS

A. ENTIRE CELL SEARCH OPERATIONS OVER DIVERSE
SPECTRUM BANDS

Fig. 24 exemplifies a macroscopic view on entire cell search
operations in conjunction with intelligent cell search sys-
tem controller under heterogeneous cell environments, where
numbers one to four inside the corresponding circle represent
intelligence based carrier frequency searcher, ICS and TCS
procedures in Radio Resource Control (RRC) states, and
intelligent cell search system controller for UE, respectively.
Let us take a look at diverse spectrum bands allocated for 2G,
3G, 4G, 5G, and possibly 6G systems. The bottom part at
the right hand side of Fig. 24 articulates how spectrum bands
are assigned for 2G, 3G, and 4G systems. Originally, sub-
3 GHz spectrum bands had been assigned for 2G, 3G, and 4G
systems. 3.5 GHz spectrum band has also been allocated for
4G system in order to improve user throughput significantly.
By contrast, for the sake of operating 5G system, spectrum
bands of the top part at the right hand side in Fig. 24 are
classified into two categories, namely sub-6 GHz spectrum
bands can constitute 600 MHz, 3.3 to 4.2 GHz, and 4.4 to
5.0 GHz bands as well as above 6 GHz spectrum bands may
include 24.25t029.5 GHz, 37 to 56.2 GHz, 60 GHz, and 64 to
71 GHz [9], [74], [96]. Additionally, further higher spectrum
bands for both 5G and 6G systems such as 100 to 300 GHz
and 0.3 to 10 THz will be of very high interests.

The essential roles of the RRC protocol embrace mainly
(1) RRC connection’s establishment, (2) RRC connection’s
release, (3) reselection, and (4) system information broad-
cast. The fundamental operations of the RRC protocol are
elucidated by a state diagram, which articulates specific states
that a UE can stay in. Both RRC states and their transitions
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FIGURE 24. An exemplification of entire cell search operations amalgamated with intelligent cell search system controller under heterogeneous
cell environments, where HSPA and TD-HSPA exhibit High Speed Packet Access and Time Division-High Speed Packet Access, respectively.

play a crucial role in allowing 3G, 4G, and 5G networks
to balance radio resources among mobile users linked and
to facilitate power-efficient operation during user data being
not assigned. As portrayed in Figs. 7 and 24, entire states
in 3G and 4G systems constitute RRC_CONNECTED and
RRC_IDLE modes [9], [97]-[99]. Those in 5G NR consist
of RRC_CONNECTED, RRC_INACTIVE, and RRC_IDLE
modes [9], [100]. When UE is turned on, it enters RRC_IDLE
mode and tries to camp on either a 3G, 4G, or 5G cell, which
is directly associated with ICS procedure exploiting previ-
ously stored information. Then, the RRC connection becomes
established between the UE and its serving radio network
controller. The UE switches to the RRC_CONNECTED
mode and the following TCS procedures commence [9].
Otherwise, as visualized in Figs. 7 and 24, carrier frequency
search is activated to search all the existing spectrum bands
involved in 2G, 3G, 4G, or 5G systems.

In order to boost overall performances of classic mobile
station modem, the joint harmonization of the entire ICS
and TCS performances over multi-RAT scenarios becomes
crucial for guaranteeing the modem’s always-on mobility.
Intelligent systems leveraging deep learning’s full potential
on inherent data-driven characteristics have exhibited to out-
perform typical ones exploiting classic model assumptions
and approximations. With the help of a huge volume of data
gained from a composite network comprising 3G, 4G, and 5G
systems as well as intelligent situational awareness system
controller, big data aided deep learning techniques can be
contemplated as one of cornerstones required for designing
the future intelligent mobile network [9], [101]-[107]. More
explicitly, the exploitation of deep learning methodologies is
classified into three categories, namely network-level intelli-
gent system controller, deep learning aided beam sweeping,
and model-driven deep learning approaches for detection
schemes of selected communication blocks. The optimum
design of the intelligent cell search system controller man-
ifests the most important open challenge in order for UE
to determine the best possible serving cell in terms of reli-
able communication and the best possible RAT with respect
to (1) Seamless handover, (2) Overall system performance,
and (3) Scarce resource management. It is noted that the

100252

intelligent beam sweeping strategy is capable of reducing
initial beam establishment time substantially, which will be
detailed in the followings. Furthermore, deep learning based
signal detection schemes are capable of substantially enhanc-
ing the achievable performance of each separate module in
an entire transceiver, particularly when contemplating (1) the
joint optimization of the classically operating modules and
(2) the corresponding communication channels being hard
to be attained by analytical models [108]-[110]. To elabo-
rate it a little bit further, a data-driven joint channel esti-
mation and signal detection algorithms have been devised
in [108] and even a deep learning aided MIMO detection
schemes have been proposed in [110]. By leveraging the
above-mentioned detection approaches, detection schemes
optimal for the existing cell search framework can be viewed
as deep learning assisted classification, which may articu-
late a great potential for exploring systematically designed
intelligence aided cell search constituting a hierarchical
structure.

B. INTELLIGENT ICS SYSTEM CONTROLLER AND DEEP
LEARNING DRIVEN BEAM SWEEPING APPROACH

With the adoption and further evolution of NR system, a set
of the intelligent controllers is flexibly to balance the total
network throughput under all the existing 2G, 3G, and 4G
networks as well as novel 5G one in a systematic manner.
Banal ways of harmonizing many key parameters in a clas-
sic manner are incapable of guaranteeing a timely effective
optimization through adaptively established heterogeneous
networks. By leveraging the enormous volume of data gained
from NR network and the relevant intelligent decision making
system controller, big data boosted deep learning assisted
approaches enable to be contemplated as a cornerstone of NR
network design. More explicitly, deep learning aided method
processes the gigantic volume of data and extracts latent criti-
cal features. With the help of the attained essence, intelligent
decision-making role enables to optimize the NR network.
From the UE perspective, a set of intelligent controllers
in Fig. 25 consists of (1) Intelligent system performance
controller, (2) Intelligent resource management controller,
and (3) Intelligent cell search system controller, each of which
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FIGURE 25. A visual diagram of integrated intelligent cell search system controller leveraging deep learning’s potential,
where the system controller constitutes (1) Intelligent ICS system controller and (2) Intelligent TCS system controller.

may exploit its own deep learning aided method and attained
information can be shared and reused among three intelligent
controllers [9].

For the sake of leveraging full potential on data-rich
NR network, the best possible design of the intelligent cell
search system controller becomes the most crucial open
challenge, because UE must explore the best possible RAT
and serving cell under complicated and unexpected network
environment. It is worth noting that the realization of the
intelligent controllers is under manufacturers’ design issue
and our main objective is only to introduce basic tasks of the
intelligent cell search system controller portrayed in Fig. 25.
Even though our companion paper has fully detailed the
role of intelligent TCS system controller as evidence by [9],
from the integrated system controller perspective, the sys-
tem controller constitutes (1) Intelligent ICS system con-
troller and (2) Intelligent TCS system controller. The ICS
system controller can intelligently aid in timely decision
making of reliable serving cell selection and guaranteeing
the seamless transition to normal communication operations
of individual user, where the system controller operates
under heterogeneous mobile cell environment being com-
posed of 2G (cdmaOne/GSM/GPRS/EDGE), 3G (W-CDMA/
TD-SCDMA), 4G (LTE/LTE-U/LAA), 5G (NR: sub-6 GHz
and above 6 GHz), and WiFi systems. To elaborate its role a
little bit further, by leveraging the intelligence aided ICS sys-
tem controller utilizing all the given information, the initially
formidable search space arisen by the sub-6 GHz and mmW
spectrum bands may be decreased efficiently. Furthermore,
the system controller may benefit from a reduced set of spec-
trum bands to be searched. If ICS trials are not successfully
conducted on a particular RAT such as NR mode, the system
controller activates another ICS trial in a suggested RAT as
visualized by Fig. 7. Therefore, the strategic exploitation of
the substantial volume of relevant data and its associated deep
learning technics enables to pave a pivotal way of optimiz-
ing the efficient intelligent ICS system controller meeting
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complicated control requests under intricately heterogeneous
mobile cell environment.

As illustrated in Fig. 23, ICS operating at mmW spec-
trum bands performs beam sweeping to overcome severely
deteriorated path loss. Based on the existing 5G specifica-
tion, the employment of any conventional beam sweeping
approaches may take time overhead of a half radio-frame
(5 ms) for the sake of completing initial beam configura-
tion [6]. In literature, deep learning algorithm aided beam
selection approaches, compatible with the 5G specification,
have been investigated [111]-[113]. Interesting results of
the deep learning driven methods shed light on a critical
issue arisen by a conventional scheme such as exhaus-
tive search assisted beam sweeping method under speci-
fied mobile assumptions and environments. As visualized
in Fig. 26, performance criteria can be classified into three
categories, namely (1) Search space reduction approach, (2)
Reduced use of reference signals, and (3) Detection theory
related approach. To elaborate it a little bit further, accord-
ing to [111]-[113], the search space reduction approach is
directly related to beam search space reduction and beam
sweep time reduction.'® The reduced use of reference signals
is associated with both efficient transmission of resources
at transmitter and sophisticated signal acquisition algorithms
at receiver. Finally, the detection theory based algorithms
should strike a balance among high beam detection prob-
ability and low beam misdetection probability.'* Possible
inputs of the deep learning driven beam sweeping algo-
rithms are considered as (1) Signal to interference plus noise
ratio, (2) Received signal strength, (3) Power delay profiles,

13Beam sweep time is defined as a time duration taken to sweep a specified
number of beams. The time is linearly proportional to the number of beams
swept and dominates mean ICS time.

141f maximum likelihood detection scheme is assumed, a summation of
detection probability, misdetection probability, and false alarm probability
goes to 1 [22].
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FIGURE 26. A visualization of deep learning driven beam selection approaches under mmW spectrum bands

proposed for beyond 5G systems.

(4) Received signal strength indicator.'> Results of [111] has
manifested the exploitation of sub-6 GHz channel informa-
tion to acquire candidates of the best oriented beams required
for mmW spectrum bands. As a main input of the deep learn-
ing algorithms in [111], multi-path channel’s power delay
profiles under sub-6 GHz spectrum band have been chosen
to estimate key channel characteristics as fingerprint of UE
position. Two possible structures can constitute (1) Typical
deep learning algorithms and (2) Deep reinforcement learn-
ing algorithms having a typical deep learning algorithm as
a decision maker.'® Then, outputs of the above-mentioned
deep learning algorithms suggest selected candidates of the
best oriented beams having their own probabilities. Accord-
ingly, by leveraging the best possible combination of the
above-mentioned demonstrated in Fig. 26, feasible deep
learning driven beam selection approach enables to resolve
the critical issue in beyond 5G systems operating over mmW
and further higher spectrum bands.

C. INTELLIGENT MULTI-MODE MOBILE STATION MODEM
AND FUTURE DIRECTIONS

When considering extremely wide bandwidth boosted
beyond 5G communications operating at both mmW and THz
spectrum bands, low resolution based signal processing
becomes a vital power efficient approach. More specifi-
cally, the exploitation of one-bit resolution is to reduce the
target system’s complexity substantially. Furthermore, con-
volutional neural network and its variant such as deep resid-
ual learning have been well suitable for a design of robust

I5Received signal strength indicator stands for linearly averaged entire
received power measured only in specified OFDM symbols inside the mea-
surement bandwidth over a predetermined number of resource blocks [114].
The information can be exploited for enhancing detection performance fur-
ther.

16Fyrther details on a basic principle of the deep reinforcement learning
and how it has been used for TCS scenarios are well provided in [9].
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and efficient carrier frequency estimator, where a single bit
carrier frequency estimation problem was contemplated as
a learning problem and hence the corresponding nonlinear
function has been accurately approximated to beat conven-
tional benchmarks in terms of performance metric [115]. The
classic detection approach can be formulated as a multi-class
classification problem with the aid of diverse levels of situ-
ational awareness gaining particular features. The situational
awareness aided detection scheme leveraging a potential on
deep learning is possible to provide meaningful side informa-
tion and therefore to result in considerably enhanced detec-
tion performance under well-structured knowledge of the
surrounding environment. Accordingly, we are required to
approximate a certain function linking the situational aware-
ness to the optimal solution [116], [117].

For the sake of meeting the requirement, we would provide
akey summary on the model-driven deep learning approaches
to be substituted for classic detection schemes [118]. The
exploitation of an entirely data-driven deep learning method-
ology becomes the most attractive approach to enhance
important fields such as computer vision and natural language
processing, which does not employ both exact mathematical
model and specific domain knowledge. Similarly, each indi-
vidual processing block of the entire wireless communica-
tion system is based on the deep neural network structure,
represented as a black box. Therefore, the most existing
endeavors focus its main attentions on the utilization of
a gigantic volume of labeled data arising enormous com-
puting resources and extensive processing time, which are
scarcely gained in typical communication systems. On the
other hand, the model-driven approaches incorporating the
known physical behavior and prior domain knowledge of
the wireless communication system, for example, accurately
designed channel models and information theoretic features,
are capable of reducing the number of parameters to be
learned, decreasing the considerable requests for computation
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resources during training phase, and hence enhancing the
training efficiency of selected processing blocks. Such efforts
enable to leverage the wireless communication system topol-
ogy based on analyzed physical layer mechanisms and the
corresponding domain knowledge. Accordingly, only a lim-
ited number of critical parameters are necessary to optimize a
chosen deep neural network in a supervised learning manner,
which guarantees both a shorter period of training phase and
even less training data set compared with a regular train-
ing process of the deep neural network. The model-driven
deep learning strategy becomes a promising approach for
intelligent physical layer communications, because at least
approximated or simplified results of the mathematical anal-
yses have been sufficiently verified and are available in litera-
ture. Therefore, the specific domain knowledge accumulated
through high intensive research endeavors conducted in wire-
less communications society can be employed in an efficient
manner. Moreover, unknown non-linear function approxima-
tion capability of deep learning can also be leveraged in
designing of the physical layer of future wireless commu-
nication systems in order to attain substantial enhancements
compared with classic approaches. Presumably, a crucial use
case of exploiting deep learning in beyond 5G communica-
tions is capable of approximating well-known however com-
putationally formidable algorithms. Namely, there are quite
a few exemplifications of iterative algorithms asymptotically
exploring a local (or global) optimum point in terms of an
optimization problem however requiring a high number of
iterations for their convergences with complicated opera-
tions in each iteration. Accordingly, successful leverage of
deep learning can be achieved by identifying each task in
beyond 5G communication systems manifesting a distinct
lack of an optimal approach, which articulates a highly-likely
opportunity to defeat the state of the art. Furthermore, from
the complexity reduction perspective, the existing algorithms
and complicated hardware structures can be designed in an
efficient parallel processing manner [119].

A great potential on the model-driven deep learning
enables to leverage the advantages of the model-driven
approaches and evade the high requests for precise model-
ing, which substantially compensate for degenerated system
performance induced by the inaccuracy of the model and
predefined parameters [118]. Parts of the communication
processing blocks can be preserved and the model-driven
deep learning approaches can also be adopted for chosen
blocks. Then, a careful design of the system enables to strike
a balance between overall system performance and training
efficiency [108], [120]. By adding always-on intelligence
to well-designed cell search flows and sophisticated deep
learning based detection schemes, their harmonization will
play an essential role in realizing the best possible intelli-
gent cell search modules and its corresponding system con-
troller operating on the multi-mode mobile station modem.'”

170ur companion paper has exhibited full details of intelligence based
TCS system controller [9].
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To elaborate it a little bit further, as visualized in Fig. 24,
the intelligent system controller covering carrier frequency
search, ICS procedures, and all the TCS scenarios must be
designed for the future intelligent multi-mode modem. It is
worth noting that a design of the intelligent system controller
is under implementation issue, however its realization will
lead to maximizing the proposed modem’s capability.

With proliferation of artificial intelligence induced appli-
cations, the commercial modem design must encompass a
dedicated hardware accelerator to foster ultra low latency
on power-efficient artificial intelligence assisted inferences,
where the accelerator becomes crucial for pursuing a high
degree of parallelism and is referred to as different names
such as neural processing unit, tensor processing unit, or oth-
ers [121]-[123]. The intelligent multi-mode mobile station
modem can comprise (a) application-specific integrated cir-
cuit, (b) specific purpose digital signal processor, (c) ARM
chip, and (d) dedicated hardware accelerator for artificial
intelligence boosted inferences, indicated as alphabetical
characters a to d inside the corresponding circle, respectively
in Fig. 27. Constituent components of the modem are further
illustrated as follows:

Component (a)’s role is aiming for classic hardware accel-
erator to implement key components working continuously
at chip (or half-chip) level for CDMA systems or symbol
level for OFDMA systems. Hence, the examples of satis-
fying the objective are a bank of matched filters, a set of
FFTs, and so on. Component (b)’s role aims at realizing most
of cell search detection algorithms in conjunction with the
corresponding component (a). Component (c) is required for
designing a role of classic cell search scheduler covering both
signal controls at physical layer and those at higher layers.
Finally, component (d) is a dedicated hardware accelerator
to facilitate an ultra low latency on power-efficient artificial
intelligence boosted inferences. Accordingly, core algorithms
of the intelligent system controller are mainly implemented
on the component (d). The intelligence aided cell search
operating on the multi-mode modem of Fig. 27 are also cate-
gorized as model-driven deep learning based signal detection
schemes and intelligent system control. The signal detection
scheme for each communication module can constitute both
classic communication algorithm as initialization and the
following refined neural net [118], where the former and the
latter represent a combination of (a) and (b) as well as that
of (d) and (b), respectively.!® More specifically, each novel
module is capable of initializing the classic algorithm chosen
for the module and then amalgamating it with a refined neural
network to boost the model-driven deep learning capability.

An enormous volume of data related to hundreds of bil-
lions of wirelessly linked devices, machines and human
beings is required to be gained and exploited in beyond 5G
systems [124]. As advocated by diverse daily life applica-
tions and even wireless communication society, an explicitly

181t is also noted that the intelligent cell search system controller can be a
harmonization of (d), (b), and (c).
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Intelligence aided cell search

Constituent components of multi-mode mobile station

i Dedicated hardware accelerator for AI aided inferences
@ (Predetermined structure of neural network) @

ARM (Classic cell search scheduler )
[ (Physical layer signal controls
Higher layers signal processing

| Model-driven deep learning X Intelligent system
based signal detection schemes ; control i

Classic communication
algorithm as initialization

I

Y

(a) ASIC (Classic hardware accelerator):
A bank of matched filters, a set of FFTs, and so on

® Specific purpose DSP:

Most of cell search detection algorithms

Intelligent cell search
|«
ontroller

Refined neural network

©
oIo

FIGURE 27. An exemplification of multi-mode mobile station modem and intelligence aided cell search algorithms constituting two stages, where
Al, ASIC, and DSP represent Artificial Intelligence, Application-Specific Integrated Circuit, and Digital Signal Processor, respectively.

powerful booster leveraged for future wireless communica-
tions is surely artificial intelligence. Our proposed systematic
approach maximizing full intelligence will lead to the greatest
way of clarifying the forthcoming beyond 5G systems in
terms of cell search. The commercial multi-mode modem is
capable of functioning on virtually all 2G to 5G commercial
mobile networks. To elaborate it a little bit further, the modem
can constitute (1) cdmaOne (Interim Standard-95) and its
evolutions, (2) GSM, GPRS, and EDGE, (3) W-CDMA
and High Speed Packet Access, (4) TD-SCDMA and Time
Division-High Speed Packet Access, (5) LTE-FDD, TD-LTE,
and their derivatives, as well as (6) NR and its enhancements.

In order to realize feasible evolutions of the IA, the follow-
ing three research directions may be of high interests.

(1) It is more effective that the exploitation of the beam-
forming technology is in conjunction with positioning [125].
More explicitly, the core essence is that the energy efficient
beamforming becomes feasible when additional but benefi-
cial location information gained by NR capable UE is even
available at the stage of the [A. To illustrate it a little bit fur-
ther, the availability of the UE’s location might be guaranteed
since the ranging information from non-negligible multiple
cells can be acquired to accomplish a localization based on
a specific approach such as triangulation method [126]. One
typical exemplification is the one-dimensional high mobil-
ity support for high speed train, whose route is predeter-
mined [127]. Specifically, with the aid of the predetermined
mobility pattern of the high speed train, in the perspective
of implementations, the analog beamforming pattern can be
predesigned and optimized. Then, the analog beamforming
can be applied to the maintenance of robust wireless links
between gNB and UEs on a high speed train [128].

(2) Systematic design for a further interesting evolution
of the IA should be handled for more sensitive frequency
uncertainty in the evolution of NR system, which comes
mainly from the support for ultra high speed mobility such
as Hyperloop transportation system, traveling at top speeds of
1200 km/h [129]-[132]. The critical design issue involves the
determination of the coherent length of the synchronization
sequence and the accuracy of the commercial crystal oscilla-
tor experiencing both the very high carrier frequency and its
residual frequency offset. In addition, based on the numerol-
ogy in NR, a longer synchronization sequence can be con-
templated so that cell identification is capable of being more
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flexible beyond the present three step-aided cell identification
employed in both LTE and NR ICSs. It is worthy noting that
the detection performance for the synchronization signal is
affected by not only the aggregated frequency offset but also
the coherent length relating to correlation properties of the
delicately designed synchronization sequence. For the sake
of further enhancing the detection performance, the coherent
detection should be devised based on the estimated channel
state information at the ICS stage. Even though powerful
benefits of the coherent detection have been widely utilized
since adopted in the 2" stage of ICS operating in the two
3G CDMA systems, under line-of-sight dominant propa-
gation environments, this technique is still expected to be
attractive and be further extended at the cost of high com-
putational complexity arisen by estimating the channel state
information.

(3) In addition to our discussions involved in the intelli-
gence based cell search design and the corresponding intelli-
gent system controller, overall ICS process can be interpreted
as a state transition diagram [29]. Not only improving the
detection performance itself but also optimizing a penalty
time due to false detection are crucial for minimizing a mean
acquisition time in terms of the diagram, which manifests the
ultimate total synchronization performance. Consequently,
more intelligent and sophisticated system designs associ-
ated with big data aided deep learning techniques should
be required for achieving a particular synchronization per-
formance requirement such as a harmonization of detection
probability, false alarm probability, miss-detection probabil-
ity, and mean acquisition time [14], [133].

D. SUMMARY AND LESSONS LEARNED
In Section IV, with the aid of Fig. 24, we have investigated
the following four key factors.

o Various spectrum bands allocated for 2G, 3G, 4G, 5G,
and possibly 6G systems.

« A macroscopic view on the entire cell search operations
under heterogeneous cell environments.

o The key roles of the RRC protocol embracing four essen-
tial purposes and a summarized illustration of how UE
operates through RRC states to perform both ICS and
TCS.

o The optimal design of the intelligent cell search
system controller covering carrier frequency search,
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ICS procedures to select the most reliable serving cell,
and all the TCS scenarios to choose the best possible
RAT.
Then, Figs. 25 and 26 have conceptualized both intelligent
ICS system controller and deep learning driven beam sweep-
ing approach as follows.

o Sketch of the integrated intelligent cell search system
controller leveraging deep learning’s potential, consist-
ing of both intelligent ICS and TCS system controllers.

o A potential on deep learning driven beam selection
approaches under mmW spectrum bands proposed for
beyond 5G systems.

Thirdly, Fig. 27 has visualized the two key design elements of
the intelligent multi-mode mobile station modem as follows.

« Structure of the commercial intelligent modem having
a dedicated hardware accelerator proposed for artificial
intelligence boosted inferences.

« A potential on the intelligence based cell search algo-
rithms constituting two stages, namely model-driven
deep learning based signal detection schemes and intel-
ligent cell search control.

Moreover, for the sake of clarifying feasible evolutions of NR
with respect to ICS, we contemplated some imperative fea-
tures, which are categorized into three challenges as follows:

o Specialized ICS by benefiting from synergy effect on
both beamforming and positioning in order to opti-
mize the one-dimensional high mobility support for high
speed train.

« Systematic design for an ultra high speed mobility under
Hyperloop transportation system by conducting the
exploration of the delicately designed synchronization
sequences and devising the robust coherent detection
schemes optimized for line-of-sight dominant propaga-
tion environments.

o Deep learning boosted essential cell search parameter
optimization by achieving the best-possible trade-off
point among detection probability, false alarm proba-
bility, miss-detection probability, and mean acquisition
time.

Based on our aforementioned details of the future modem
design philosophy, we articulated a potential on realizing
systematic structure of trendy intelligent modem operating on
any beyond 5G communication systems.

V. CONCLUSION

In this paper, we have provided a comprehensive tutorial
of the associated open literature that is related to the entire
aspects of the ICS employed in commercial multi-mode
mobile station modem operating under 3G, 4G, and 5G 3GPP
standard specifications. Furthermore, we also focused our
attention to the latest contributions of 5G system exploiting
the fundamental characteristics of mmW spectrum.

Firstly, with the help of the proposed taxonomy diagram to
summarize a hierarchical structure of the entire ICS flow and
three main targets comprising essential ICS procedures in 3G,
4G, and 5G systems as portrayed in Fig. 3, the importance of
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ICS, contributions of this tutorial, a hierarchical structure of
cell search, and an entire IA process of 3GPP systems have
been underlined in Section I.

Secondly, we have commenced our discourse by consider-
ing evolution of ICS in CDMA systems in Section II. Specif-
ically, in light of the evolution of cdmaOne to WCDMA and
TD-SCDMA, we have highlighted the details of the frame
structures in both W-CDMA and TD-SCDMA. Subsequently,
we proceeded by providing a profound insight on the ICS
procedures in these two CDMA systems, which are visualized
in Figs. 7to 11.

Thirdly, in Section III, we proceeded to provide the further
evolution of ICS in OFDMA systems, which is the progress
from LTE to NR. Then, we analyzed the corresponding syn-
chronization resources and their ICS procedures, which are
demystified in Figs. 12 to 23 with comparative analysis of
Tables 6 and 7.

Lastly, with the aid of Figs. 24 to 27, Section IV has eluci-
dated that how both ICS and TCS on intelligent modem oper-
ate under various spectrum bands. More explicitly, we have
articulated that how deep learning aided approaches have
been leveraged in three distinct manners, namely (1) the
exploitation of intelligent ICS system controller, (2) the use
of deep learning driven beam sweeping approach, and (3)
suggestion of a feasible structure of the modem aligned with
great potentials on the model-driven deep learning aided sig-
nal detection schemes. In order to realize further evolutions
of NR in terms of ICS, we pondered some interesting factors
and challenges, which are classified into three objectives,
namely (1) Enhanced ICS by leveraging both beamform-
ing and positioning, (2) Systematic design for an ultra high
speed mobility under Hyperloop transportation system, and
(3) Deep learning boosted essential cell search parameter
optimization.

We have articulated a deeper perception into IA from
a system engineering perspective by comparison analysis
between multiple RATs. Specifically, we demonstrated direct
comparisons for the entire search spaces of the ICS sce-
narios encompassing W-CDMA, TD-SCDMA, LTE-FDD,
TD-LTE, and NR in order to see further in-depth essence on
the ICS implementation complexity in Table 3. Subsequently,
Tables 4 and 6 condensed the type of sequences exploited in
W-CDMA, TD-SCDMA, LTE, and NR, which are closely
associated with Sections II and III. Tables 5 and 8 mani-
fested the ICS procedure comparisons utilized in W-CDMA,
TD-SCDMA, LTE, and NR, which are detailed in Sections II
and III. Table 7 manifested the number of slots and symbols
employed in NR radio-frame structure. Throughout a direct
comparison of all the ICS flows and their relevant details,
we provided a potential on comprehending novel ICS flow
of any hybrid system to be pondered in beyond 5G systems.
Interestingly, a concrete illustration of the intelligent modem
further conjectured artificial intelligence boosted modem’s
feasibility and its realized case.

Finally, with the aid of Figs. 28 and 29, we have also
outlined the main characteristics of all the sequences used
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in 3G, 4G, and 5G DL systems in Appendix. Based on
our elaborations regarding the above-mentioned, the in-depth
understanding of all the ICS scenarios in 3G, 4G, and 5G
systems will play a pivotal role in designing the key essence
on intelligence based IA optimized for the future multi-mode
mobile station modem. By providing the tutorial through
two decades of a journey for 3GPP ICS in the perspectives
of theory, standard, and implementation, we pave the way
for deeper comprehension of intelligence based 1A designs,
which will become the primary drivers for the forthcoming
evolutions of NR and even beyond 5G systems.

APPENDIX

SEQUENCES EXPLOITED IN 3G, 4G, AND 5G DOWNLINK
SYSTEMS

In this Appendix, we introduce the key features of the
five sequences employed in the 3G, 4G, and 5G DL sys-
tems, namely OVSF codes, m-sequence, Gold-sequence,
Golay-sequence, and finally ZC sequence. Those sequences
exploited for W-CDMA and TD-SCDMA as well as for LTE
and NR were summarized in Tables 4 and 6, respectively.

A. SEQUENCES EXPLOITED IN W-CDMA, TD-SCDMA,
AND NR

1) OVSF CODE

The OVSF codes are generated from a set of orthogonal
Walsh-Hadamard codes, which are defined recursively by a
tree structure [28]. These spreading codes have been intro-
duced in 3G systems [40], [41]. An individual code depends
on two parameters, namely on the spreading factor repre-
senting the length of the code and the code index, which is
an integer ranging from O, 1, ..., N-1, where N indicates
the spreading factor. The exploitation of the OVSF codes
allows the spreading factor to be adapted, while the orthogo-
nality among multiple OVSF codes having different lengths
is still preserved. Accordingly, the use of the OVSF codes
maintains the orthogonality among the different DL data and
control channels allocated to both the same UE and different
UEs. Hence, it is also often referred to as a channelization
code. In W-CDMA, the lengths of the OVSF code range
from 4 to 512. On the other hand, those in TD-SCDMA
range from 1 to 16 for accommodating its unique time slot
structure [40], [41].

2) M-SEQUENCE

Even though the sets of m-sequences have been adopted
by the pan-American 2G mobile communication systems
known as cdmaOne (Interim Standard-95), the use of the
m-sequences is quite widespread also in 3G and 4G mobile
communication systems. According to [64], the m-sequences
have also been exploited for the design of NR sequences.
Here, we would like to highlight three of their key features
as follows:

« Balanced property: The number of ones is only one
higher than that of zeros in each m-sequence. Explicitly,
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when the length of an m-sequence is set to 2" — 1, there
are 20"=1 ones and 2"~V — 1 zeros in it.

« Shift-and-add property: The modulo-2 operation of
an m-sequence and any phase-shifted version of it
generates another phase shifted version of the same
m-sequence.

o Correlation property: If an m-sequence is compared to
any shifted version of the m-sequence chip-by-chip,
the number of identical chips minus that of the differ-
ent ones always leads to -1. This unique property of
m-sequences is beneficial for designing direct sequence
spread spectrum systems [29], [36], [134], because
the property allows for suppressing unsynchronized
sequences sufficiently.

3) GOLD-SEQUENCE

Gold-sequences have been utilized in the 3G mobile com-
munication systems for supporting asynchronous W-CDMA
systems and later in the 4G systems as well. In asynchronous
code division multiple access systems, where the links among
UEs and Node-B are not aligned in time, the sum of a large
number of Gold sequences leads to multiple access inter-
ference, which is near-Gaussian. Under such environments
the crosscorrelation peaks in the set are not higher than the
minimum possible crosscorrelation peaks between any pair
of m-sequences having the same length. The maximum cross-
correlation value is bounded by 2V +1/2 4 1, where N repre-
sents the length of the linear feedback shift registers used for
generating the sequences. Accordingly, the above-mentioned
attractive crosscorrelation property is widely exploited in
mobile communication systems [36], [134]. Fig. 28 visualizes
how the resultant Gold sequence is generated by exploiting a
preferred pair of two linear feedback shift registers and their
own initial seed values.

4) GENERALIZED HIERARCHICAL GOLAY SEQUENCE

The generalized hierarchical Golay sequence approach
adopted in W-CDMA constitutes a combination of the hierar-
chical structure and the Golay sequence'® proposed in [31],
[40], [135], which leads to an efficient correlator design,
while guaranteeing beneficial synchronization properties and
detection performance even under high initial frequency
offset values spread over the range of + 10 kHz [31], [135].

B. A SEQUENCE UTILIZED IN BOTH LTE-FDD AND TD-LTE
1) ZC SEQUENCE

According to [3], ZC sequences have been used in various
parts of the LTE systems. In this tutorial, the key features
of the ZC sequences have been exploited for detecting the
so-called PSS. Their main features are portrayed in Fig. 29,
where the characteristics are classified into items 1 to 9 in the
dotted circles.

19Golay sequences have a low aperiodic autocorrelation sidelobes and
there exists a large number of the sequences for a particular code length [30].
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FIGURE 29. Nine main characteristics of Zadoff-Chu sequences being employed for initial cell

search procedures.

o Constant amplitude (D in Fig. 29): One of the ZC
sequence’s beneficial features is that they exhibit con-
stant amplitude, where the ZC sequence may be
expressed in an exponential form. The values of the ZC
sequence are placed into a circle having unit amplitude.
Furthermore, its Nzc-point discrete Fourier Transform
also maintains constant amplitude, where Nzc repre-
sents an entire period of the ZC sequence. Accord-
ingly, a low peak-to-average power ratio is obtained
as a benefit of the constant amplitude property, which
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leads detector only using phase information and a radio
frequency power amplifier [11], [18].

Zero-autocorrelation (@ in Fig. 29): The correlation
between a ZC sequence and another sequence gen-
erated by arbitrary N shifts of the original sequence
leads to a zero value. Explicitly, any cyclic shifted
versions of the original sequence are orthogonal to
each other. Hence, the simple shift operation of a ZC
sequence is capable of generating a sufficiently high
number of orthogonal sequences to be exploited. The
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sequences have zero-autocorrelation at all non-zero
lags [18], [32]-[34].

Constant-amplitude zero-autocorrelation (Q) in Fig. 29):
Any sequences exhibiting both the constant ampli-
tude and the zero-autocorrelation properties portrayed
above are referred to as constant-amplitude zero-
autocorrelation sequences [11], [33], [34]. The ZC
sequence is the most popular constant-amplitude zero-
autocorrelation sequence used in wireless communica-
tion systems.

Constant crosscorrelation (@ in Fig. 29): The crosscor-
relation of two arbitrary ZC sequences based on dif-
ferent root indices is bounded by 1//Nzc, where the
difference of any two indices is relative prime to Nzc.
Therefore, the resultant crosscorrelation value at all lags
becomes constant [34].

Fourier transform duality (3 in Fig. 29): It is noteworthy
that the zero-autocorrelation found in the time-domain
corresponds to having a constant frequency-domain rep-
resentation. Therefore, the discrete Fourier transformed
pair of a constant-amplitude zero-autocorrelation
sequence is another constant-amplitude zero-
autocorrelation sequence [34], [35]. The discrete Fourier
transformed pair of a ZC sequence is a time-scaled con-
jugate version of the sequence multiplied by a constant
factor of Nzc, where Nz¢ is set to an odd prime [35].
This property is also often referred to as Fourier trans-
form duality, which is exploited for devising efficient
PSS detection in the time-domain.

Frequency shift (® in Fig. 29): An integer amount of
frequency shift in the time-domain corresponds to a
cyclic shift in the frequency domain. In this situation,
the constant-amplitude zero-autocorrelation property is
retained, where Nzc is set to an odd prime [34].
Decimation (D in Fig. 29): The decimated version of
a ZC sequence is another ZC sequence [33]. Further-
more, decimation in the time domain leads to that in the
frequency domain [34].

Complex conjugation (@) in Fig. 29): The autocorrela-
tion of a complex conjugate version of a ZC sequence
also exhibits a zero-autocorrelation value [34].
Periodicity (@ in Fig. 29): If the sequence-length N is
set to an odd value, the ZC sequence having the period of
Nyzc is periodic, where Nz is set to an odd prime [32].
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