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ABSTRACT Due to short wavelength and weak diffraction ability, millimeter-wave (mmWave) signals
are highly susceptible to blockage, which results in significant degradation in received signal power.
As a possible solution for overcoming the blockage problem in millimeter-wave communication systems,
the deployment of a relay station (RS) has been considered in recent years. In this paper, we discuss the
problems to be considered in a relay-assisted mmWave cellular system based on orthogonal frequency
division multiplexing. We describe a frame structure and a pilot-based training method to achieve efficient
RS selection during blockage. In addition, a method designed to overcome the inter-symbol interference
problem caused by different symbol time offsets of pilot signals received from adjacent RSs in the relay-
assisted mmWave cellular system is discussed. Then, we propose two different types of pilot sequences
that allow a mobile station to distinguish among the pilot sources in multi-cell multi-relay environments:
pilot signals based on the Zadoff-Chu sequence (PS1) and pilot signals based on the m-sequence (PS2). The
correlation property of PS2 is derived and compared with that of PS1 and another sequence (Gold sequence).
Simulations are performed using a blockage model to verify the properties, constraints, and advantages and
disadvantages of the proposed pilot sequences in RS-assisted mmWave cellular systems.

INDEX TERMS Blockage, cellular system, mmWave, pilot sequence design, relay.

I. INTRODUCTION
The widespread use of wireless smart devices for various
applications and services has given rise to a significant
increase in mobile data traffic. Millimeter-wave (mmWave)
communication is an enabling technology that has found use
in many applications, such as cellular networks, vehicular
communication, Unmanned aerial vehicle (UAV) communi-
cation, positioning, and virtual reality (VR) [1]–[7]. Highly
directional beam-forming antennas are necessary at both the
base station (BS) and mobile station (MS) to compensate
for high attenuation in the mmWave frequency band and
to extend the transmission range [8]. The short wavelength
of the mmWave frequency enables the easy installation of
antenna arrays in an MS. The mmWave frequency is being
considered for mobile broadband communications in 5G
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New Radio (5G NR) and the 5G Special Interest Group
(5G SIG), all of which are based on orthogonal frequency
division multiplexing (OFDM) [9]–[11]. Although mmWave
communication has great potential for high data rate trans-
mission, its characteristics differ significantly from those
of conventional wireless technologies. The disadvantages of
mmWaves include their short propagation and low penetra-
tion. MmWave systems have a significantly lower operat-
ing range than microwave systems because of large path
loss and their susceptibility to environmental factors. Owing
to its weak diffraction ability and severe penetration loss,
mmWave communication is highly susceptible to blockage.
The deployment of relay stations (RSs) in microwave com-
munication systems has been considered with the aim of
extending the coverage and bypassing obstacles, because
these RSs provide an alternative path for signal transmis-
sion from the source to the destination [12]–[15]. This
may also be a possible solution to overcome the blockage
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and coverage problems in mmWave communication systems.
When an MS is connected to an RS in the same cell and
moves around within the cell, it does not require a handover
procedure.

The potential benefits of deploying RSs in mmWave
networks have been studied [16]–[18]. Xie et al. [16]
demonstrated that RSs can be effectively used in mmWave
cellular networks to help alleviate blockages and provide line-
of-sight (LoS) links when blockage occurs. With the assis-
tance of RSs, more LoS links are expected and the network
signal-to-noise ratio (SNR) or signal-to-interference-noise
ratio (SINR) performance can be improved significantly.
Lan et al. [17] proposed a deflecting routing scheme to
improve the effective throughput by sharing time slots for the
direct path with the relay path in mmWave wireless personal
area networks. Biswas et al. [18] investigated the coverage
probability and transmission capacity of relay-assisted out-
door mmWave networks using stochastic geometry tools.
Yang and Xiao [19] studied the impact of the beamwidth and
self-interference coefficient onmaximum achievable rates for
a two-hop relaying mmWave system.

The basic concept of relay-assisted mmWave networks has
been extended to either improve the performance or to reduce
the computational complexity [20]–[25]. Abbas and Hamdi
[20] examined the impact of employing multiple RSs and
larger arrays on the overall performance. Belbase et al. [21]
proposed a two-way relay scheme to double the spectral
efficiency by accomplishing bi-directional data exchange in
two time slots, as opposed to a one-way relay scheme where
bi-directional data exchange between two end users requires
four time slots. Xue et al. [22] proposed a joint source and
relay precoding design scheme for mmWave systems with
multiple antennas. The rate maximization problem with the
per antenna power constraints is solved while taking into
account the computational complexity and sparse character-
istics of mmWave channels. Jagyasi and Ubaidulla [23] pro-
posed device-to-device (D2D) relaying and low-complexity
mmWave system architecture to alleviate the blockage prob-
lem in mmWave bands and improve user experience consis-
tency. Wu et al. [24] discussed two-hop D2D relaying for
mmWave cellular networks when infrastructure relay is not
available. The coverage probability and spectral efficiency of
relay-assisted mmWave cellular networks are derived when
the D2D links are implemented in either uplink mmWave or
uplink microwave bands. Deng et al. [25] proposed a low-
complexity architecture design technique for relay-assisted
mmWave communication systems to reduce the number of
RF chains while mitigating the effect of residual loopback
self-interference.

Another important matter in relay-assisted mmWave
networks is to find an optimal location for the fixed or
mobile RS [26]–[28]. Sakarellos et al. [26] investigated the
optimal placement of radio fixed relays in mmWave dual-
hop networks when different types of relays are employed.
Kong et al. [27] proposed a new method (AutoRelay) for
autonomous mobile relays, such as drones and self-driving

cars, to determine the optimal position accurately and quickly.
Sanchez and Alonso [28] proposed a two-hop relay architec-
ture using mobile relay technology for high-speed trains with
long-term evolution (LTE) and mmWave bands.

Thus, RS deployment can be a possible solution for the
blockage problem in mmWave cellular systems. However,
to the best of our knowledge, studies on the design of a
training sequence that allows an MS to find an optimal RS
in relay-assisted mmWave cellular systems have not yet been
reported. The first problem to be considered when design-
ing a training sequence is the number of possible IDs to
be generated in a relay-assisted mmWave cellular system.
In this system, the BS/RS should forward data to an adjacent
RS/BS with an LoS link to the MS whenever a blockage
occurs between the BS/RS andMS. Then, the adjacent RS/BS
forwards the data to the MS. Implementation of this concept
would require the MS to monitor the channel conditions of
adjacent RSs/BSs in case the blockage occurs on the serving
link. This would require the RSs and BSs to periodically
transmit training signals with their node IDs by sweeping
their transmitter (Tx) beams. The source of the serving link
could be either a BS or RS. Because the MS needs to find
the channel conditions of adjacent RSs (or BSs) in a mul-
ticell environment, the training signals transmitted from the
RSs and BSs would have to contain information on their
identity (ID) (Cell ID and RS ID), unlike traditional cellular
systems where repeaters/relays do not have their ID. In relay-
assisted mmWave cellular systems, the MS would need to
receive the data through the optimal (aligned) beam of the
selected RS, unlike a traditional cellular system. The training
sequence would have to provide a large number of different
sequences because the number of required training sequences
increases proportionally to the multiplication of the number
of cells (BSs) and the number of RSs in a cell. In 5GNR, there
are 1,008 different physical cell identities (PCIs) [9], [10].
Accordingly, the training signal should have the capability to
generate a large number of IDs and have a low correlation to
enable MSs to distinguish different sequences in multi-cell
multi-relay environments.

The training sequence in a relay-assisted mmWave cel-
lular system based on OFDM can be transmitted in either
preamble or pilot format. In the preamble format, only a
training sequence is transmitted as in synchronization sig-
nal block (SSB) in 5G NR [9]. However, in relay-assisted
mmWave cellular systems, blockage on the serving link may
occur anytime. Thus, the pilot format would be more effec-
tive, because the MS would need to monitor the channel
conditions of adjacent RSs/BSs while data transmission takes
place in the serving link. In addition, the processing time
for RS selection and beam alignment would be shorter when
the pilot format is used, because channel monitoring can be
performed using pilots in OFDM symbols. If the preamble
format were to be used, the processing time would be much
longer because the period between preambles (SSBs) is much
longer compared with the OFDM symbol period [10]. For
example, if the link reestablishment is performed using the
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preamble (SSB) defined in 3GPP specifications, the process-
ing time will be several hundred milliseconds. Note that the
processing time is proportional to the preamble period and
the preamble period ranges from 5ms to 160ms depending
on channel condition. However, in untethered virtual reality
(VR), excessive latency more than 15ms can cause motion
sickness [6]. The time delay, 15ms, is much shorter than the
time required for link re-establishment in the preamble-based
approach.

However, the use of the pilot format would cause the pilot
signals received from adjacent RSs (or BSs) to experience dif-
ferent symbol time offset (STO) due to the different distances.
Although the same subcarriers would be assigned to the pilots
for all RSs (or BSs) to reduce interference in the data sub-
carriers, different STOmay generate significant inter-symbol
interference (ISI). Because the MS would have to distinguish
the sequences from the pilots, we need to consider a method
to overcome the ISI problem caused by multiple RSs with
different STOs, in addition to the well-known ISI problem
caused by a multipath channel [30].

Our approach to address these problems starts with the
design of a frame structure, which enables an MS to monitor
the channel condition using the pilot signals received from
adjacent RSs (or BSs) in a relay-assisted mmWave cellular
system. Next, we develop a method to overcome the ISI
problem caused by pilots from multiple RSs in different
locations. This leads us to propose two different types of
pilot sequences, which can generate a large number of IDs:
PS1 and PS2. Here, PS1 and PS2 are pilot signals based on
the Zadoff-Chu (ZC) sequence and m-sequence, respectively
[31]. The correlation property of PS2 is derived and compared
with that of PS1 and the Gold sequence (GS). Simulations are
performed to verify the properties, constraints, advantages,
and disadvantages of the sequences.

The remainder of this paper is organized as follows.
Section II describes a systemmodel for RS-assisted mmWave
cellular systems. The operational concept, frame structure,
and synchronization problems for pilot-based RS-assisted
mmWave cellular systems are discussed. Section III describes
the two different types of sequence (PS1 and PS2) for
RS-assisted mmWave cellular systems. The correlation prop-
erty of PS2 is also derived and compared with that of PS1 and
GS. Section IV presents an evaluation of the performance
of the proposed pilot sequence using a simple model of a
pilot-based mmWave cellular system with a one-hop relay.
Conclusions are drawn in Section V.

II. SYSTEM MODEL
MmWave signals are highly sensitive to blockage effects
compared with low-frequency radio frequency (RF) signals.
The blockage can be caused by relatively static obstacles such
as buildings andmountainous terrain, or by mobile users such
as walking people and vehicles [1], [2]. Two blockage models
were proposed by the 3GPP study group onmmWave channel
models [6].

Model A, which represents a stochastic-based model, and
Model B, a model based on the channel and spatial properties,
respectively [32], [33]. In this study, we used Model B for
blockage modeling and simulation because it is geometric-
based and easier to control the number of blockers and their
distances.

Fig. 1 illustrates the operational concept of a pilot-based
RS-assisted mmWave cellular system. The figure shows one
BS and one RS for simplicity. It is assumed that a dedicated
link is established between the BS and RS through wireless
or wired backhaul. Although only one BS and one RS are
shown, the concept could easily be extended to multi-cell
multi-relay environments. In Phase 1, an LoS link is assumed
to exist between the BS and MS, and the MS is served by the
BS. The RS is sweeping its transmit (Tx) beam to transmit
pilot signals in case the blockage occurs between the BS
and MS. In this phase, the BS and RS play the roles of
serving source and beam sweeping source, respectively. The
serving source transmits data and pilot signals simultaneously
whereas the beam-sweeping source transmits only pilot sig-
nals for possible blockage. As shown in the figure, the pilot
signals in the serving source and all beam-sweeping sources
are allocated on the same subcarriers to avoid interference
between the data and pilots. In Phase 2, blockage occurs
on the serving link between the BS and MS. Then, the MS
starts receive (Rx) beam sweeping to find an optimal RS and
corresponding Tx/Rx beams using the pilot signals received
from adjacent RSs/BSs. Comparing the signals received from
adjacent BSs/RSs, the MS selects the link with a highest
power. In Phase 3, the MS receives data from the selected RS
with the corresponding Tx/Rx beam. In this phase, the RS
and BS play the roles of serving source and beam-sweeping
source, respectively. In Phase 4, the blockage occurs on the
serving link between the RS and MS. The MS starts Rx
beam sweeping to find an optimal serving source (BS/RS)
and corresponding Tx/Rx beam. If the BS is selected as an
optimal node with the corresponding Tx/Rx beam, it returns
to the scenario in Phase 1.

Fig. 2 illustrates the structure of the framework of the
pilot-based RS-assisted mmWave cellular system depicted in
Fig. 1. In this figure, the system is assumed to be operated in
time division duplexing (TDD) mode with one RF chain for
all nodes (BS, RS, MS). The first and second frames (rows)
show the signals transmitted from BS to MS and from RS to
MS, respectively. The third and fourth frames (rows) show
detailed versions of the first and second frames (rows). In the
first slot, the BS and RS have the roles of serving source
and beam sweeping source, respectively. In the second slot,
the roles of the RS and BS are exchanged. The serving beam
period and beam-sweeping period take place exclusively and
alternately in time. The serving beam period is composed of
multiple downlink (DL) and uplink (UL) data transmission
periods. The beam-sweeping period is composed of multiple
pilot transmission periods and link setup periods. During the
pilot transmission period, the beam-sweeping sources trans-
mit their pilot signals in different beam directions. In the link
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FIGURE 1. Concept of an RS-assisted mmWave communication system.

FIGURE 2. Structure of the proposed framework for the pilot-based RS-assisted mmWave cellular system.

setup period, the MS and beam-sweeping sources set up the
connection based on the measurement result. The link setup
period is composed of a ranging/request signal from MS and
response/ACK signal from RS/BS.

While theMS receives data from the serving source (before
blockage occurs), the MS is synchronized to this source. The
MS not only receives pilot signals from the serving source but
also from adjacent RSs/BSs for channel monitoring while it

receives data from the serving source. However, because the
MS is synchronized to the serving source, the pilot signals
received from adjacent beam-sweeping sources are not syn-
chronized to the MS. The pilot signals experience different
STOs because of the different locations of the RSs/BSs. Thus,
discontinuities may occur in the pilot signals received from
beam-sweeping sources during the fast Fourier transform
(FFT) window, which causes ISI. The ISI may degrade the
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FIGURE 3. Concept of pilot signal transmission with continuous phase.

performance of optimal node selection with the correspond-
ing Tx/Rx beam, because the MS is synchronized to the
serving source. To avoid this problem, the MS can perform
node selection after synchronizing to all adjacent beam-
sweeping sources. However, the synchronization process is
computationally intensive and requires a significant amount
of operational time.

This study proposes a simple yet effectivemethod for pilot-
based RS-assisted mmWave cellular systems to circumvent
the synchronization problem that arises during channel mon-
itoring for beam-sweeping sources. The discontinuity within
the FFT window of the MS, synchronized to the serving
source, is caused by a discontinuous phase on the symbol
boundary and the STOs among the received pilot signals.
The STO effect cannot be easily compensated in a real envi-
ronment because of different propagation delays from dif-
ferent beam-sweeping sources. To solve the synchronization
problem, two different concepts are used when designing the
frame structure and pilot signal. First, each beam sweep-
ing source maintains its Tx beam direction during the sub-
period of DL data transmission in the serving source such
that the discontinuity caused by beam switching in beam-
sweeping sources can be avoided during the sub-period of
DL data transmission. As illustrated in Fig. 2, the RS/BS
pilot beams are maintained during the sub-period of BS/RS
DL data transmission. The MS performs Rx beam switch-
ing while the beam-sweeping source maintains its Tx beam
direction. Second, the pilot signals in beam-sweeping sources

are designed to have a continuous phase on the symbol
boundary during the sub-period of DL data transmission. The
cyclic prefix (CP) is normally used to avoid the ISI problem
caused by a multipath channel [30]. However, even with
the CP, a discontinuous phase may occur on the boundary
of an OFDM symbol in a pilot-based RS-assisted mmWave
cellular system. The continuous phase can be obtained by
a cyclic shift of the OFDM symbol by the amount corre-
sponding to the CP length. Then, although STOs exist in
the pilot signals received from the beam-sweeping sources,
the discontinuity does not appear within the FFT window of
MS. Fig. 3 depicts an example of time-domain pilot signals
received from adjacent beam-sweeping sources with different
STOs, when the MS is synchronized to the serving source.
In a normal mode, discontinuities can be observed within the
FFT discontinuity does not occur. If the system were to be
operated in the normal mode, the orthogonality among the
subcarrier frequency components would also be destroyed,
resulting in inter-channel interference (ICI). The performance
of DL data transmission can be significantly degraded by the
effect of ICI. The proposed method can reduce the effect of
ICI as well as ISI in pilot-based RS-assistedmmWave cellular
systems.

Fig. 4 depicts the signal-to-interference ratio (SIR) on
DL data subcarriers when the value of STO varies. Here,
the FFT size, pilot spacing, and CP length are set to 4096, 32,
and 288, respectively. The figure shows that, in the normal
mode (discontinuous phase), the SIR decreases significantly
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FIGURE 4. Signal to interference ratio (SIR) vs. symbol timing offset (STO).

as the STO increases, due to the ICI effect. However, the SIR
remains unchanged when the proposed method (continuous
phase) is used.

Next, a system model for the proposed pilot-based
mmWave is described. As shown in Fig. 2, the frame consists
of a data transmission period, pilot transmission period, and
link setup period. In this study, we focus only on the pilot
transmission period because various conventional techniques
can be used in the other periods.

In the pilot transmission period, the pilot signal on the k-th
subcarrier of the beam-sweeping source in an OFDM system
is given by

[xc,qb ]k = X c,qb,k =

{
[sc,q]vkP , k ∈ {kP}

0, otherwise
(1)

where 0 ≤ k < NF , 0 ≤ vkP < N , 0 ≤ b < NB, 0 ≤ q < NN
and 0 ≤ c < NC . Here, k, kP, vk , {kP},N , b,NB, q,NN ,
and NF are the subcarrier index, pilot subcarrier index, pilot
sequence index corresponding to kP, pilot subcarrier set,

sequence length, beam ID (BID), number of BIDs, node ID
(NID), number of NIDs, and FFT size, respectively. Fur-
thermore, c and NC are cell ID (CID) and number of CIDs,
respectively. [s]n denotes the n-th element of pilot sequence
vector s. The pilot signal of the serving source can be also
given by (1) except that other subcarriers are used for data.
In this study, it is assumed that there exist multiple BSs (cells)
and multiple RSs in a cell. The RSs in the same cell have
the same CID but different NIDs. NID 0 is allocated to the
BS. Thus, the node can be either an RS or BS. The signal
received by the i-th Rx beam from the beam-sweeping source
and serving source is given in (2) on the bottom of this page.

In (2), h, l, and Lh denote the channel coefficient, chan-
nel tap index, and the number of taps, respectively, and the
superscript s denotes the serving source. ηTx and ηRx denote
Tx and Rx beam-forming gain, respectively. In addition, σ c,q,
σS , and W denote the STO of the beam-sweeping source,
STO of the serving source, and noise, respectively. In the RS
beam-sweeping period, the signal in (2) is given by the pilot
signals received from the beam-sweeping sources (q ≥ 1)
and serving source (BS: q = 0). In the BS beam-sweeping
period, the MS is served by the RS. In this period, only BSs
are considered as potential beam-sweeping sources because
this study is only concerned with one-hop relays.

To select a target node, the MS performs correlation
between the received signal and pilot sequence as follows:

Rc,qi,b,m = |
NF−1∑
k=0

Yi,b,k (X
c,r
b,k )
∗ej2πmk/NF |2 (3)

Rc,qi,b = max{Rc,qi,b,m}, (4)

where the term ej2πmk/NF is multiplied to compensate for the
effect of STO in the frequency domain. When the MS is syn-
chronized to the serving source, the STO value m, estimated
by the conventional synchronization technique, approximates
σS . When the received signal is multiplied by this term,

Yi,b,k =



NC∑
c=0

NN−1∑
q=1

Lh−1∑
l=0

hc,qb,l,kηRx,iη
c,q
Tx,bX

c,q
b,k e
−j2πσ c,qk/N

︸ ︷︷ ︸
Pilot signals received from beam sweeping sources (RS)

+

Lh−1∑
l=0

hsb,l,kη
s
Rx,iη

s
Tx,bX

s
b,ke
−j2πσSk/N

︸ ︷︷ ︸
Pilot signal received from serving source (BS)

+Wi,b,k

RS beam sweeping period

NC∑
c=0

Lh−1∑
l=0

hc,0b,l,kηRx,iη
c,0
Tx,bX

c,0
b,k e
−j2πσ c,0k/N

︸ ︷︷ ︸
Pilot signals received from beam sweeping sources (BS)

+

Lh−1∑
l=0

hsb,l,kηRx,iη
s
Tx,bX

s
bD,ke

−j2πσSk/N

︸ ︷︷ ︸
Pilot signal received from serving source (RS)

+Wi,b,k

BS beam sweeping period

(2)
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the STO effect caused by the serving source is compensated
for. However, the STOs caused by beam sweeping sources
generate discontinuous phases within the FFT window of
the MS unless the proposed compensation method is used.
Finally, the target node can be selected by determining the
parameters that maximize the correlation function as follows:

{ĉ, q̂, b̂, î} = arg max
c,q,b,i
{Rc,qi,b }, (5)

where ĉ, q̂, b̂, and î denote the estimated CID, NID, BID,
and Rx beam index, respectively. Because the BID and Rx
beam index can easily be identified by the transmission
time as in 5G NR, we develop a pilot design technique
which enables us to estimate the CID and NID in a multi-
cell multi-relay environment. This technique is discussed in
Section III

III. THE PROPOSED PILOT SEQUENCES FOR
RS-ASSISTED mmWave CELLULAR
SYSTEMS
In this section, we describe two different types of pilot
sequences, PS1 and PS2, for an OFDM-based mmWave
cellular system with one-hop relays. Specifically, PS1 and
PS2 are pilot signals based on the ZC sequence and m-
sequence, respectively. Both of these sequences are widely
used for preamble and pilot design owing to their low correla-
tion property. PS1 is generated by allocating CID and NID to
the parameters of the ZC sequence to provide a large number
of IDs. PS2 can be considered a new sequence based on the
m-sequence to provide a large number of IDs with low cross-
correlation.

PS1 is generated by mapping CID and NID to a root index
and cyclic shift of a prime-length ZC sequence, respectively,
as follows:

[sc,q]v = e−jπ (r̃c(qG)
2
+qG)/N e−jπrcv(v+1)/N e−j2πrcGv/N

= e−jπrc(v+r̃cqG)(v+r̃cqG+1)/N = Z rcv+r̃cqG (6)

Here, 0 < rc < N , 0 ≤ v < N , and 0 ≤ q ≤ bN/Gc.
Z , rc, and r̃c are the ZC sequence, root index of the ZC
sequence corresponding to CID c, and modulo inverse of rc,
respectively. G is the parameter for phase rotation to distin-
guish sequences among different NID q. Other parameters are
defined in (1). The pilot sequence vector s in (6) is allocated
to the subcarriers as given in (1). The phase rotation with
a slope qG is converted into the cyclic shift with a spacing
r̃cqG because of the property of the ZC sequence. In PS1,
NC and NN become N − 1 and bN/Gc, because CID and
NID are distinguished by the root index and cyc46lic shift,
respectively. However, because the STO has the effect of a
linear phase rotation in the frequency domain, the STO can
produce an ambiguity in NID detection. To avoid this situa-
tion, it is necessary to specify the parameter G such that its
value is sufficiently large to cover the phase rotation caused
by STO. When G = 1,NN is equal to N − 1. However, NN
decreases when G increases. The cross-correlation value of
PS1 becomes zero if two nodes are in the same cell (different

NIDs, same CID), and 1/
√
N if two nodes are in different

cells (different CIDs) regardless of their NIDs.
The m-sequence has been widely used for preamble and

pilot design owing to its good auto-correlation property. How-
ever, it has limited ability to distinguish different sequences
because of its poor cross-correlation property. The GS is
often used for applications in multiple-access communication
systems because it can provide a large set of sequences with
enhanced cross-correlation properties. The GS is obtained
by selecting preferred pairs of m-sequences and their com-
binations. Unlike the m-sequence (two-valued), the cross-
correlation function of GS is three-valued. PS2 is proposed to
reduce the cross-correlation value further while maintaining
a large set of sequences.

PS2 is generated by multiplying two sequences, obtained
by the DFT of one m-sequence, with different cyclic shifts as
follows:

[sc,q]v = P
dc,q0 ,dc,q1
v = Pv+dc,q0

(Pv+dc,q1
)∗, (7)

where N = 2n − 1,Pv = (1/N )1/2
∑N−1

n=0 pne
−j2πvn/N , 0 ≤

dc,q0 , dc,q1 < N , and dc,q0 6= dc,q1 .
Here, p and P are the m-sequence and the DFT of the m-

sequence, respectively. The pilot sequence vector s in (7) is
allocated to the subcarriers as given in (1). Different values
of cyclic shifts (d0, d1) are assigned to P, depending on the
values of CID and NID (c, q). Because PS2 is obtained by
the multiplication of two different P and P∗(DFTs of the m-
sequence) with different cyclic shifts, it is not affected by the
ambiguity problem in CID and NID detection. Because any
values of (d0, d1) can be used as long as d0 6= d1, the number
of available sequences in PS2 becomes (N−1)N . The number
of NIDs (NN ) mapped to eachCID becomes b(N − 1)N/NCc.
Next, the correlation property of PS2 is analyzed. The

correlation function of PS2 is defined as

|C
dc,q0 ,dc,q1
dc,q2 ,dc,q3

| = |

N−1∑
v=0

P
dc,q0 ,dc,q1
v (P

dc,q2 ,dc,q3
v )∗|. (8)

Ignoring c and q for notational convenience, the correlation
function of PS2 can be re-written as

Cd0,d1
d2,d3
=

1
N

N−1∑
v=0

N−1∑
n0=0

N−1∑
n1=0

×

(
pn0e

−j2πn0(v+d0)/Npn1e
j2πn1(v+d1)/N

×(Pv+d2 )
∗Pv+d3

)
(9)

If n1 and n3 are replaced with n1 = n0+δ0 and n3 = n2+δ1,
respectively, (9) can be expressed as

Cd0,d1
d2,d3
=

1
N

N−1∑
δ0=1

N−1∑
n0=0

pn0pn0+δ0e
−j2πn0(d0−d1)/N ej2πδ0d1/N

×

N−1∑
v=0

(Pv+d2 )
∗Pv+d3e

j2πδ0v/N , (10)
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where

0 =

N−1∑
n0=0

pn0pn0+δ0e
−j2πn0(d0−d1)/N ej2πδ0d1/N

� =
1
N

N−1∑
δ0=1

N−1∑
n0=0

pn0pn0+δ0e
−j2πn0(d0−d1)/N ej2πδ0d1/N

ϒ =

N−1∑
v=0

(Pv+d2 )
∗Pv+d3e

j2πδ0v/N .

Here, the case with δ0 = 0 is removed, because 0 is 0 when
δ0 is 0. The use of the ‘‘shift-and-add property’’ of the
m-sequence [34] enables us to replace the term pn0pn0+δin �
by pn0+Dδ .

Note that the ‘‘shift-and-add property’’ states that multipli-
cation of an m-sequence and its own cyclic shift is another
m-sequence. Here, Dδ denotes the amount of shift caused
by multiplying an m-sequence by its shifted version with an
offset δ ranging from 1 to N−1. For all shifts (δ), there exists
a unique integer Dδ such that the relationship holds. Then, �
in (10) can be expressed as

� =
√
NP(d0−d1)

N−1∑
δ0=1

ej2πδ0d1/N ej2πDδ0 (d0−d1)/N . (11)

Furthermore, ϒ in (10) can be re-written as

ϒ =

N−1∑
v=0

N−1∑
n2=0

N−1∑
n3=0

(
pn2pn3e

j2πn2d2/N e−j2πn3d3/N

× ej2πδ0v/N ej2π (n2−n3)v/N

)
. (12)

If n3 is replaced with n3 = n2 + δ1, (12) can be expressed
as

ϒ =


N−1∑
δ1=1

N−1∑
n2=0

pn2pn2+δ1e
j2πn2(d2−d3)/N e−j2πδ1d3/N

×

N−1∑
v=0

ej2πδ0v/N e−j2πδ1v/N



=
√
NP(d3−d2)


N−1∑
δ1=1

e−j2πδ1d3/N ej2πDδ1 (d3−d2)/N

×

N−1∑
v=0

ej2πδ0v/N e−j2πδ1v/N

 (13)

Substituting (11) and (13) into (10), it can be re-written as

Cd0,d1
d2,d3
=

1
N
�ϒ

= P(d0−d1)P(d3−d2)
N−1∑
δ0=1

ej2πDδ0a/N e−j2πδ0b/N

︸ ︷︷ ︸
A

(14)

where a = (d0−d1+d3−d2) and b = (d3−d1). When both
a and b are zero, |A| becomes N − 1. However, when a is not
equal to b, |A|2 in (14) can be expressed as

|A|2 =
N−1∑
δ0=1

N−1∑
δ̄0=1

ej2π (Dδ0−Dδ̄0 )a/N e−j2π (δ0−δ̄0)b/N

=

N−1∑
δ0=1

{1+
N−1∑

δ̄0=1,δ̄0 6=δ0

ej2π (Dδ0−Dδ̄0 )a/N e−j2π (δ0−δ̄0)b/N }.

(15)

When (δ̄0− δ0)%N is equal to τ ranging from 1 to N −1, (15)
is expressed as (16), shown at the bottom of this page. Here,
% represents the modulo operation. Note that N − τ is not
considered for the value of δ0 becauseD(δ0+τ )%N becomesD0
(out of range). For notational convenience, Dδ0+τ is used for
D(δ0+τ )%N in the following equations. To simplify 9 in (16)
further, the following proposition and corollaries are made.
[Proposition 1]:When τ is a constant integer ranging from

1 to N − 1, (Dδ − Dδ+τ )%N , for a different value of δ must
have a different value ranging from 1 to N − 1 except N − τ .
Proof) See Appendix A
[Corollary 1]: (Dδ − D−δ)%N is δ.
Proof) See Appendix B
[Corollary 2]: When τ is a constant integer ranging from

1 to N − 1, (Dδ −Dδ+τ )%NS , cannot be 0 or N − τ if δ has a
value ranging from 1 to N − 1 except N − τ .
Proof) See Appendix C
Because the variable δ0 in9 of (16) ranges from 1 toN−1,

the range of Dδ0 is from 1 to N − 1. Furthermore, because τ
is a constant integer ranging from 1 to N − 1, the range of
(Dδ0 − Dδ0+τ )%N is from 1 to N − 1. According to Propo-
sition 1, (Dδ − Dδ+τ )%N has a different value for a different
δ0. Note that the value N − τ is excluded from the range of
δ0 in the summation term of 9, and (Dδ − Dδ+τ )%N cannot
be N − τ (Corollary 2). Thus, the range of (Dδ −Dδ+τ )%N is
from 1 to N − 1 except N − τ . If (Dδ −Dδ+τ )%N is replaced

|A|2 =



N − 1+ (N − 2)
N−1∑
τ=1

ej2πτb/N = 1, a = 0& a 6= b

N − 1+
N−1∑
τ=1

ej2πτb/N {
N−1∑

δ0=1,δ0 6=N−τ

ej2π (Dδ0−D(δ0+τ )%N )a/N

︸ ︷︷ ︸
9

} a 6= 0& a 6= b
(16)
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by D̃δ , 9 can be re-written as

9 =

N−1∑
D̃=1,D̃ 6=N−τ

ej2πD̃a/N

=

N−1∑
D̃=0

ej2πD̃a/N − ej2π0a/N − ej2π (N−τ )a/N . (17)

The first term on the right-hand side becomes zero because
a is an integer number. The second term becomes one. The
third term can be expressed by ej2π (N )a/N ej2π (−τ )a/N where
the first term becomes one for any integer value of a. Thus,
9 in (23) can be simplified as

9 = −1− e−j2πτa/N . (18)

Then, using (23), |A|2 in (16) is given by

|A|2 =


(N − 1)2, a = 0&b = 0
N + 1, a 6= 0&b 6= 0&a 6= b
1, otherwise

(19)

Using (10) and (24), the correlation property of PS2 is given
by

|Cd0,d1
d2,d3
| = |

N−1∑
v=0

Pd0,d1v (Pd2,d3v )∗| (20)

|Cd0,d1
d2,d3
| ==


((N )2 − 1)/N , a = 0&b = 0
(N + 1)3/2/N , a 6= 0&b 6= 0&a 6= b
(N + 1)/N , otherwise

(21)

Here, the first condition, ‘‘a = 0 & b = 0,’’ corresponds to
the case of the same (d0, d1) and (d2, d3), i.e., the same pilot
sequences. The correlation between the same pilot sequence
of PS2 becomes ((N )2 − 1)/N . The second condition, ‘‘a 6=
0&b 6= 0&a 6= b,’’ occurs when d0 and d1 are different from
d2 and d3, respectively, and b is different from d2 − d0.
The maximum cross-correlation of PS2 occurs when the
pilot sequences have different (d0, d1) and (d2, d3), and is
given by (N + 1)3/2/N . Otherwise, the cross-correlation of
PS2 becomes (N + 1)/N . Fig. 5, which shows an example
of the correlation function of PS2 when N = 63, compares
the analytical solution in (21) and the simulation result as a
function of the sequence index (condition). As can be seen in
(21), the correlation function of PS2 is three-valued.

The first condition corresponds to the case of the same
pilot sequences. In this case (auto-correlation), a peak occurs
at the sequence index and its value becomes one after nor-
malization with the maximum value. In PS2, the maximum
cross-correlation value (0.1289) is obtained when the second
condition is satisfied. A small cross-correlation value
(0.01612) is obtained when the third condition is satisfied.
Because the analytical solution and simulation result are
almost identical, the lines in the figure are indistinguishable.

Fig. 6 compares the correlation functions of PS1, P2, and
GS for N = 63 and N = 127. Here, a cumulative distribu-
tion function (CDF) is used to compare the distribution of

FIGURE 5. Correlation property of PS2.

FIGURE 6. Correlation properties of PS1, PS2, and GS.

correlation values for all possible sequence indices. As can
be seen in this figure, the maximum correlation value of PS2,
(N+1)3/2/N , is smaller than the maximum cross-correlation
value of GS, (2b(log2(N+1)+2)/2c + 1), and slightly larger than
the maximum correlation value of PS1, 1/

√
N .

These results are summarized in Table 1, which indicates
that the analytical and simulation results are almost identical
for all three sequences (PS1, PS2, and GS). The maximum
correlation values of PS1 and PS2 are significantly smaller
than that of GS when the same number of sequence lengths is
used. In terms of the number of available sequences, PS2 and
GS can provide (N − 1)N and (N + 1)N different sequences,
respectively.

PS2 can generate a slightly smaller number of sequences
than GS. However, the number of available sequences
in PS2 and GS become similar as the sequence length
N increases. On the other hand, the number of avail-
able sequences in PS1 is significantly smaller than that
of PS2 because of the ambiguity problem in NID detec-
tion. However, PS2 does not experience the ambiguity prob-
lem when STOs are present. Moreover, GS cannot have
sequence lengths with a degree (primitive polynomial) equal
to multiples of 4, whereas there is no restriction on the length
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TABLE 1. Maximum correlation values of PS1, PS2, and GS with different sequence lengths.

TABLE 2. Simulation parameters.

of PS1 and PS2. Thus, PS2 is suitable for relay-assisted
cellular systems, which require a large number of IDs and
low cross-correlation.

IV. SIMULATIONS
The performance of the proposed pilot sequence is evaluated
using a simple model of a pilot-based mmWave cellular
system with a one-hop relay. The 5GNR specification is used
for the baseline model of transmission and reception [32].
Simulation parameters are summarized in Table 2. A uniform
rectangular array (URA) of 16 antenna elements is used
for the transmitter and uniform linear array (ULA) of eight
elements for the receiver. UMi is used as the pathloss model
andmodel B is used for blockage modeling. The performance
of the beam-sweeping period and data transmission period are
evaluated using the frame structure in Fig. 2.

Fig. 7 shows the signal strengths received from the BS
and RS when the scenario (one BS and one RS) in Fig. 1 is
applied. Here, an RS is assumed to be placed at a distance
of 60 meters from the BS. The RS is assumed to have a
gain of 30dB to overcome the pathloss between the BS and
RS link. A single blockage is considered for simulation and
the distance between the transmitter and blockage is changed
randomly. The results in Fig. 7 show that the received signal
power decreases as the distance between BS/RS and MS
increases. When a blockage occurs between the BS(RS) and
MS, 15−20 dB of power loss occurs in the BS(RS)-MS link.

FIGURE 7. Received power with and without blockage.

FIGURE 8. Detection probabilities of PS1, PS2, and GS when STO does not
exist.

Fig. 8 shows the probability of detecting the beam-
sweeping source when the link between the serving
source (BS) and MS is blocked (Phase 2 in Fig. 1). The
MS is assumed to be located 40 meters and 20 meters away
from BS and RS, respectively. The pilot spacing (ρ) in the
frequency domain is set to 32 subcarriers and the length
of the pilot sequence is 127. Thus, the number of available
pilot sequences for PS1 and PS2 is 127 × 126. It is also
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assumed that STO does not exist between the RS and MS.
Here, two different scenarios are considered: ‘‘one beam-
sweeping source’’ and ‘‘two beam-sweeping sources.’’ In the
case of one beam-sweeping source, one RS (Phase 2 in Fig. 1)
and in the case of two beam-sweeping sources, two RSs,
of which the signals have the same power, are assumed to
exist. The detection probability is obtained by correlating the
received signal with reference pilot sequences and finding the
sequence index with the largest correlation value, as given
in (3) and (4). The detection is declared to be ‘‘successful’’
when the detected sequence index is correct. Fig. 8 shows
that the performance of PS1, PS2, and GS is similar when
only one beam-sweeping source is used. However, when two
beam-sweeping sources are used, they interfere with each
other. Because the cross-correlation property improves in the
order of GS, PS2, and PS1 (Fig. 6 and Table 1), the probability
of detection becomes higher in the same order (GS, PS2, and
PS1). Although it is not shown here, the tendency of detection
probability is similar when NID > 2.
In Fig. 8, the detection probability and the number of

available pilot sequences are obtained under the assumption
that STO does not exist between the RS andMS. Fig. 9 shows
the detection probability of PS1 in the presence of STO
because PS1 experiences the ambiguity problem when STO
exists. Note that the sequence length (127) divided by the
number of NIDs (2) is 63.5. Thus, G is 63 when the number
of NIDs is 2. Fig. 9 shows that the sequence detection is
correct when σ = 0 or 32, but wrong when σ = 33, in the
case that the number of NIDs 2 and ρ is 32. The ambiguity
in NID detection occurs when σ is larger than the maximum
tolerable STO. When the pilot spacing (ρ) and the number
of NIDs are set to 16 (8) and 2, respectively, the maximum
tolerable STO is±65 (131). Fig. 9 indicates that the sequence
detection fails when σ is larger than the maximum tolerable
STO. The ambiguity problem decreases as the number of
NIDs or pilot spacing is reduced. Thus, the number of NIDs in
PS1 decreases significantly when the range of STO increases.
For example, when the pilot spacing and the maximum STO
are 32 and 32, respectively, the number of available NIDs is
2 in PS1. For the case of 15 NIDs, the detection probability
approaches 0 when σ is 19. The maximum tolerable STO is
18 in this case.

Fig. 10 shows the detection probabilities of PS2 and GS
in the presence of STO for the same scenario of ‘‘one beam-
sweeping source’’ as in Fig. 9. The figure shows that PS2 and
GS do not experience the ambiguity problem evenwith a large
STO (σ = 2,000), corresponding to almost a half symbol.
However, it can cause a discontinuous phase within the FFT
window, resulting in ISI. Fig. 10 compares the performance
of the proposed method (continuous phase) with that of the
normal mode (discontinuous phase) when different STOs are
used. Clearly, the performance degradation (discontinuous
phase) caused by STO (σ = 2,000) can be compensated for
by the proposed method (continuous phase), which obtains a
gain of approximately 6 dB. In addition, the number of NIDs
in PS1 and GS is not affected by the STO value.

FIGURE 9. Detection probability of PS1 when STO exists.

FIGURE 10. Detection probabilities of PS2 and GS when STO exists.

Fig. 11 shows the BER performance at the different phases
in Fig. 2 when the proposed approach is successfully imple-
mented. Here, it is also assumed that the MS is located
40 meters and 20 meters away from BS and RS, respectively.
The best performance is obtained in Phase 1 where the MS
is served by the BS. The performance in Phase 2 degrades
by approximately 20 dB where a blockage occurs on the link
between the BS andMS. In Phase 3, the gain is approximately
14 dB where the MS is served by the RS. The performance
degradation in Phase 4 is approximately 15 dBwhere a block-
age occurs on the link between the RS andMS.When the MS
is again served by the BS (Phase 1), the gain is approximately
21 dB. The BER performance in Phase 1 is 6 dB higher than
that in Phase 3 because the power received from the BS is
6 dB greater than that from the RS as shown in Fig. 7.

To compare the proposed technique with the conventional
technique, we consider the existing cellular system where
an RS is regarded as another BS with different CID. In the
existing cellular system, the RS will follow the conventional
initialization procedure to reestablish the link whenever a
blockage occurs. Initial synchronization is achieved using
the SSB defined in 3GPP specifications [35], [36]. The SSB
is repeated after specific time (ranges from 5ms to 160ms
depending on channel condition). When a blockage occurs,
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FIGURE 11. BER performances at different phases in Fig. 2.

FIGURE 12. Time required for cell and beam search in conventional and
proposed techniques.

the sweeping source will transmit four symbols of SSB dur-
ing the SSB period. As defined in NR specification [32],
the BS (or RS) can transmit the SSB on multiple trans-
mit beams and the MS receives the signal using one beam.
Here, we consider the best scenario for the conventional
technique, where the SSB is transmitted simultaneously from
all Tx beams. This procedure is repeated for all Rx beams
in the MS. Thus, the time required for reestablishing the
link in the conventional technique will be O(TSSB × NRx).
Here, NTx ,NRx ,TSSB and Tsym represent the number of Tx
beams, number of Rx beams, SSB duration, and symbol
duration. However, in the proposed technique, the link is
reestablished using the received pilot signals, designed for
RSs in mmWave cellular systems. Since the pilot signals
are transmitted continuously from the sweeping source in
the proposed technique, the required time for cell and beam
search will be O(NTx × Tsym × NRx). Fig. 12 compares the
time required for cell and beam search in conventional and
proposed techniques. The parameters in Table 2 are used for
simulation in Fig. 12. Here, it is assumed that a blockage
is occurred at TSSB/2. From this figure, it can be seen that
the time required for cell and beam search increases linearly

for the conventional technique while it remains constant
(NTx × NRx × Tsym = 16 × 8 × 8.334µs = 1.0667ms) for
the proposed technique. Thus, the proposed technique can
significantly reduce the time for link reestablishment when
a blockage occurs. On the other hand, the computational
complexity increases as the number of IDs increases, because
the MS performs correlation operation for all possible IDs of
adjacent BSs and RSs.

V. CONCLUSION
This study proposes the operational concept and framework
of a pilot-based RS-assisted mmWave cellular system to
alleviate the blockage problem. Two different types of pilot
sequences (PS1 and PS2), which can generate a large number
of IDs with a low correlation, are proposed to allow MSs to
distinguish the pilot sources in multi-cell multi-relay environ-
ments. PS1 was shown to have the smallest correlation and
highest detection probability when the pilot signals transmit-
ted from adjacent RSs/BSs arrive at the MS with small STOs.
However, the detection probability of PS1 may decrease sig-
nificantly when large STOs exist, due to the ambiguity in
node detection. PS2 was proposed to increase the number
of distinguishable IDs in the presence of STOs. PS2 with
continuous phase was shown to experience no ambiguity
problemwith respect to node detection evenwith a large STO.
Although pilot sequences were designed for mmWave cellu-
lar systems with one-hop relays in this study, the sequences
could be used for any pilot-based cellular system that requires
a large number of IDs with a low correlation.

APPENDIXES
APPENDIX A: PROOF OF PROPOSTION 1
From the ‘‘shift-and-add property’’ of the m-sequence,
another m-sequence can be obtained by multiplying an
m-sequence by its shifted version with an offset δ as follows:

pn−Dδ+τ pn−Dδ+τ+δ = pn+Dδ−Dδ+τ . (A.1)

If it is assumed that (Dδ − Dδ+τ )%N can have the same
value for two different values of δ (f and g) , pn+Dg−Dg+τ , and
pn+Df−Df+τ must be the same and the following relationship
must be hold (‘‘shift-and-add property’’ of the m-sequence).

pn−Dg+τ pn−Dg+τ+g = pn−Df+τ pn−Df+τ+f . (A.2)

If (18) is true, the correlation between the sequences on the
right-hand side and left-hand side in (18) can be expressed as

N =
N−1∑
n=0

(
pn−Dg+τ pn−Dg+τ+g

) (
pn−Df+τ pn−Df+τ+f

)
=

N−1∑
n=0

(
pn−Dg+τ pn−Dg+τ+g

) (
pn−Dg+τ−1pn−Dg+τ−1+g+θ

)
=

N−1∑
n=0

pn−Dg+τ+Dgpn−Dg+τ−1+Dg+θ , (A.3)

where Df+τ is Dg+τ + 1, and f is g + θ . If Dg+θ (= Df )
is Dg+θ+τ , (19) is true. However, Dg+θ cannot be Dg+θ+τ
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within the range of τ from 1 to N − 1, because Dδ has a
different value for all shifts δ (‘‘shift-and-add property’’ of
the m-sequence). Therefore, the assumption and (A.3) cannot
be true, and the proposition is correct.

APPENDIX B: PROOF OF COROLLARY 1
From the ‘‘shift-and-add property’’ of the m-sequence,
we can obtain another m-sequence by multiplying an m-
sequence by its shifted version with an offset δ as follows:

pnpn+δ =

{
pn+Dδ, when n is the reference point
pn+δ+D−δ, when n+ δ is the reference point.

(B.1)

Then, δ+D−δ andDδ must be the same. Therefore,Dδ−D−δ
is δ.

APPENDIX C: PROOF OF COROLLARY 2
It can be easily shown that (Dδ − Dδ+τ )%N cannot be 0,
because the values of Dδ are different for all values of
δ(‘‘shift-and-add property’’ of the m-sequence) and τ has a
non-zero value. Next, if (Dδ − Dδ+τ )%N is equal to N − τ ,
(Dδ−Dδ+τ )%N becomes (DN−τ−Dτ )%N (Corollary 1). This
assumption can be expressed as

(Dδ − DN−τ )%N = (Dδ+τ − Dτ )%N . (C.1)

However, (21) cannot be true because of Proposition 1. The
term (Dδ −Dδ+τ )%N must be different for different values of
δ. Thus, (Dδ − Dδ+τ )%N cannot be N − τ if δ has a value
ranging from 1 to N − 1 except N − τ .
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