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ABSTRACT When the user equipment (UE) is turned on, it first needs to perform an initial cell search
procedure before it can communicate with the base station (BS). However, this procedure must deal
with the initial time and frequency synchronization and search for the appropriate home BS for services.
In conventional cell search methods, the entire cell search process is carried out on the UE, where the
computational requirement can lead to additional overhead and power consumption of the UE. Therefore,
aiming to help UEs offloading their overhead to BSs, we in this paper propose a novel cell search method,
called Network Resolved and Mobile Assisted Cell Search, which can achieve our goal by letting the BSs be
the main performers for deciding the appropriate BSs for connection and letting UEs only be the assistants
of the cell search process. The implementation details and analysis of the proposed cell search approach
are provided along with the numerical simulations. Results show that our proposed cell search not only can
offload the computational overhead, but it also outperforms the conventional code-based cell search approach
in terms of the cell search error probability with similar overall network energy consumption.

INDEX TERMS Initial cell search, cellular systems, multipath division multiple access (MDMA), universal
pilot, base station.

I. INTRODUCTION
When the user equipment (UE) is turned on, it first needs to
perform an initial cell search procedure before it can commu-
nicate with the base station (BS). This procedure must deal
with the initial time and frequency synchronization as well
as identify which BS is the most appropriate one to provide
service. Only after the initial cell search procedure, the UE
can then establish a connection with the corresponding BS.
Hence, the initial cell search is critical for the wireless system
with BSs.

To conduct the initial cell search, we first need to conduct
the time and frequency synchronization. Specifically, the time
synchronization includes both symbol time synchronization
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and frame time synchronization, where the BS and the UE
need to work collaboratively on synchronizing their symbol
timing and frame timing [1]. Frequency synchronization is
to synchronize the carrier frequency between the BS and UE,
as the frequencymismatch between them could happen due to
the oscillator mismatch, Doppler shift, etc. In general, the fre-
quency mismatch impairments include the fractional carrier
frequency offset (FCFO) and integer frequency carrier offset
(ICFO) [2]. Therefore, the frequency synchronization mainly
includes the estimate and compensate of both the fractional
carrier frequency offset and integer carrier frequency offset.

After completing the time and frequency synchronization,
the BS and UE then start to collaborate on finding the most
appropriate BS for providing the connection. Such BS search
and identification process has evolved since the proposition
of the first-generation (1G) mobile network system and is
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continuing its evolution until the announcement of the 5G
system [3], and is expected to continue the evolution in the
future. Since 1G and 2G are narrowband communication,
each BS is assigned a particular control channel (fixed fre-
quency band) to transmit control signals. Based on this con-
trol signaling, appropriate BSs for services can be obtained
by detecting the power of the control channel [4], [5]. This
type of cell search method is known as the Frequency Based
Cell Search.

Different from the 1G and 2G systems, starting from the 3G
system, the mobile communication system has been evolved
to be with broadband communications. Therefore, the control
channel can no longer be used to identify the BSs. To resolve
this issue, in 3G system, each BS is then assigned a particular
code so as to enable the UE to distinguish between different
BSs by checking what code is received [6]–[11]. Serving as
some exemplary references, Refs [6] and [7] discussed the 3rd
Generation Partnership Project (3GPP) standard for the initial
cell search. The overview of the cell search of the wideband
code division multiple access (WCDMA) system was pre-
sented in [8] and [9], where the fundamental three steps of
the initial cell search were discussed. Also, in [10] and [11],
some theoretical analysis and computer simulations of the
characteristics of general cell search in the WCDMA system
were provided. Although the change of the fundamental mul-
tiple access approach from CDMA to orthogonal frequency
division multiple access (OFDMA) when 3G system evolved
to 4G system has changed the detailed procedure of the initial
cell search significantly, the fundamental idea is still using the
code to distinguish between the BSs [12]–[17]. Specifically,
as pointed out in [12]–[15], the 3GPP standardized initial cell
search in LTE and LTE-Advanced systems includes the code
into the frequency domain so that the UE can identify the
BSs. Although there exist some variant methods for the cell
search of 4G system [16], [17], they mostly follow the 3GPP
standard, which uses codes to distinguish between the BSs.

Recently, the 5G-NR has been announced, serving as the
most popular standard for realizing the 5G system. How-
ever, similar to the case of 4G system, the concept of the
code-based cell search has again been adopted [18]–[23].
Serving as the exemplary reference, Qualcomm released a
white paper on 5G-NR in 2016 [18], where the main focus
was on reducing the complexity of cell search via enabling
a hierarchical cell search procedure. Later, in 2017, 3GPP
announced the first version of the 5G-NR standard [19], [20],
specifying both the structure and key properties of NR for
the initial cell search, and in [21]–[26], the 3GPP standard
for initial cell search in 5G-NR was officially described. Fur-
thermore, in [24]–[26], studies relevant to initial cell search of
5G system were provided. Specifically, in [24], a novel tim-
ing synchronization algorithm with anti-frequency offset and
anti-noise properties was proposed with the primary synchro-
nization signal (PSS). In [25], a deep-learning-based initial
accessmethod for themmWaveMIMO systemwas proposed.
Unlike the conventional methods that use signal energy as the
feature for BS detection, the proposed method in [25] used a

convolutional neural network model to predict the probability
of the existence of PSSs of BSs. Then, based on the predicted
probability, it decides whether a BS is detected or not. In [26],
a physical-layer cell identity detection method that conducted
the 5G-NR initial access by jointly using the frequency offset
estimation and the secondary synchronization signal (SSS)
sequence was proposed.

To the best of our knowledge, the 5G system also adopts the
code-based cell search concept and uses the code embedded
in the frequency domain to identify the BSs. Since 3G, 4G,
and 5G systems all adopt the code-based concept for cell
search, we thus categorize the cell search approaches pro-
posed for them as Code Based Cell Search in this paper.
Based on the literature review of the cell search, we observe

that conventional code-based cell search methods in 3G, 4G,
and 5G systems all require the UE to resolve the correspond-
ing codes of the BSs. Therefore, the entire initial cell search
process is performed on the UE, and the BS is only responsi-
ble for the regular broadcasting of the control signals to UEs.
However, this leads to the computational requirements, and
thus the overhead and additional power consumption for UEs.
Since there exist situations that require UEs to have very low
power and computational consumption [27], [28], we thus in
this paper propose a new cell search method whose goal is
to help UEs offloading their computational requirements to
BSs. Our idea is to let network (BSs) be the main performer
of the entire cell search process and the UE is only to assist
the network. As a result, large amount of computations can be
saved for the UEs. We call this cell search method proposed
in this paper the Network Resolved and Mobile Assisted Cell
Search. We note that in some specific (private) IoT networks
for vertical applications, the UEs require very low power
and computational consumption [27], [28]. Therefore, the
proposed cell search approach that can offload the overhead
of UEs to BSs is well-motivated in those networks.

In this paper, the implementation details and the analysis
of the proposed network resolved and mobile assisted cell
search are presented. Also, simulations are conducted to
evaluate the performance of the proposed cell search. Results
show that the proposed cell search not only can offload the
computational overhead, but it also outperforms the conven-
tional code-based cell search approach in terms of the cell
search error probability with similar overall network energy
consumption.

The remainder of this paper is organized as follows.
Sec. II presents the considered system architecture for
the cell search. Sec. III presents the principle of the proposed
cell search. In Sec. IV, the detailed procedure of the proposed
cell search is provided. Finally, in Sec. V, numerical results
that evaluate the proposed cell search approach are provided.
We conclude this paper in Sec. VI. Some derivations are
relegated to Appendix.

II. MDMA SYSTEM ARCHITECTURE
In order to meet the high data rate and low latency
requirements of 5G network, several solutions have been
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FIGURE 1. The MDMA system cellular layout.

proposed [29], such as heterogeneous networks, millimeter-
wave (mmWave) communications, and massive multi-input
and multi-output (MIMO) systems. To accommodate these

technologies when investigating the cell search approach,
in this paper, we consider a generic 5G cellular system,
called multipath division multiple access (MDMA) sys-
tem [30]–[32] in the literature.

As shown in Fig. 1, the MDMA system uses massive
antenna technology in BSs and assumes a 30 GHz carrier
frequency. In addition, it assumes that the distance between
the BS antennas is several tens of wavelengths; the channel
bandwidth is 200 MHz; and the radius of the cell is 50 m.
Time division duplexing (TDD) is adopted in the system
and the UL channel state information (CSI) is known at BS
through channel estimation, which is used for DL precoding.
The system assumes that the power control is executed in
the uplink and that the universal frequency reuse is adopted.
Thus, theMDMA system is interference limited. TheMDMA
system adopts the orthogonal frequency division modula-
tion (OFDM) for transmission, and, for simplicity, we assume
that the binary phase shift keying (BPSK) is used in this paper,
though the extension to considering higher-order modulation
is straightforward. In the system, rake receivers and pre-rake
transmitters are used in the uplink and downlink respectively,
where the rake receivers and pre-rake transmitters can be
used to mitigate the multiple access interference (MAI) from
other users in the same cell as well as the adjacent cell
interference (ACI) from BSs and users in other cells.

Since the MDMA system considers using massive antenna
technology which provides a large degree of freedom of
spatial diversity, the multipath can be spatially resolved and
the energy can be concentrated on a particular physical point

FIGURE 2. Frame structure of the considered MDMA system.

FIGURE 3. Symbol structure.

of user via coherently combining the desired signals among
received antennas. Such spatial focal point beamforming
can thus let signal energy focus on the UE’s geographical
location, leading to significant performance improvement as
compared to 4G cellular systems.

A. FRAME AND SYMBOL STRUCTURES
In theMDMA system, as shown in Fig. 2, a frame includes 25
blocks. Each time block consists of four slots including two
uplink (UL) slots and two downlink (DL) slots. We assume
that the duration of a slot is 10 µs, and thus the duration
of a frame is 1ms. We assume the maximum velocity of
vehicles is 108 km/hr, and the carrier frequency is 30 GHz.
Hence, the coherence time is about 60 µs, implying that
the channel impulse response is almost time-invariant among
several time slots. Using this feature, the channel estimation
for both DL and UL can be performed at the BS, leading to
that the MDMA system is capable of performing the spatial
focal point beamforming in both DL and UL. We assume that
the DL slot can also be used to transmit the primary control
tone (PCT) in frequency domain for the initial frequency
synchronization. Note that to create the diversity for PCT,
we would randomly select some antennas among all anten-
nas for transmitting PCT. Such spatial-hopping mechanism
during the transmission of PCT can thus help in dealing with
hostile environments, e.g., environments with severe fading
or interference.

Fig. 3 shows the symbol structure of the MDMA system.
In the figure, we can see that there are both the DL and UL
transmissions in a block, where the UL considers the data and
pilot, and the DL considers the data and PCT. In addition, the
PCT is located at the center of the frequency domain used for
transmission. Note that since the energy of the PCT is focused
on a single subcarrier, we generally assume the energy of
the PCT subcarrier is much larger than the energy of other
subcarriers.
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FIGURE 4. The schematic diagram of the proposed network resolved and
mobile assisted cell search.

III. PROPOSED CELL SEARCH PROCEDURE
In traditional cell search methods, after completing the time
and frequency synchronization, UE still needs to detect the
cell ID based on the received control signal. For example,
in WCDMA systems, after completing the time synchroniza-
tion, UE still needs to perform scrambling code detection
to identify the cell ID [6]. Similarly, in the LTE-A and
typical 5G-NR systems, UE needs to perform SSS detec-
tion to identify the cell ID after the time and frequency
synchronization [12], [20].

Different from the conventional methods, based on the
genericMDMA system architecture, we in this paper propose
a Network Resolved and Mobile Assisted Cell Search. As
illustrated in Fig. 4, our proposed cell search considers that
the BSs synchronized with one other are coordinated by the
BS Controller (BSC). Then, the BSs controlled by the BSC
regularly broadcast PCT to all UEs. A UE receiving the PCT
would then use the PCT signal with cyclic prefix (CP) to
complete the symbol time and frequency synchronization
with all BSs. Then, the UE sends a universal uplink pilot
code (p0) to nearby BSs, and each BS calculates the power
of the received pilot signal and sends the calculated value
to the BSC. Based on these values, the BSC selects the BS
with the highest received power as the home BS to serve the
UE, which in Fig. 4 is BS3. Note that although the coordi-
nation of BSs in the considered network needs high-speed

FIGURE 5. Initial cell search procedure.

connections between BSs for exchanging information, this
is possible in the coordinated multi-point (CoMP) scenarios
with cloud radio access networks (C-RANs) and/or remote
radio heads (RRHs) [33].1 In addition, since the CoMP sce-
nario is envisioned for networks with small cells where large
number of low-power devices, e.g., IoT devices, are expected
to exist [34], such CoMP scenario consideration for realizing
our proposed cell search approach indeed greatly matches
our goal in this paper that the overhead of UEs should be
offloaded to BSs.

After determining the home BS, the home BS estimates
the channel using the pilot code (p0) and transmits the related
control data (such as frame header and user-specific pilot
code, etc.) to the UE via focal point beamforming constructed
by the Pre-RAKE precoding. Finally, the UE establishes a
connection with the home BS by detecting the control data
and starts the dedicated communications. It can be observed
that by the above procedure, the UE does not need to detect
the cell ID, while the BSs needs to conduct the received power
computations and transmit the dedicated control data. There-
fore, as compared to the conventional cell search approaches
that requires the UE to detect the cell ID and decode the
control data at beginning, a significant computation can be
shifted to the BSs and/or the BSC, relieving the computa-
tional requirement for the UE. Based on the above principle,
we will in the next section describe the proposed cell search
approach in detail.

IV. PROPOSED CELL SEARCH APPROACH
In this section, we present the proposed cell search approach
in detail. As illustrated in Fig. 5, the proposed cell search pro-
cedure consists of an initial synchronization, ICFO detection

1We note that in some scenarios, it is possible that some BSs are in sleep
mode so that the network energy consumption can be reduced. When a BS
is in sleep mode, the BS simply cannot receive the pilot signal transmitted
by the UE, and thus does not participate in the coordination for initial cell
search. However, when the BS is waken up, the BSC can coordinate the BS
and let it join the coordination.
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FIGURE 6. CP based auto-correlation.

via using PCT, and a home BS selection followed by a control
data detection. To conduct the cell search for a UE, we
assume the BSs can broadcast PCT signals for synchroniza-
tion. In addition, we assume that the UE can transmit a pilot
signal to BSs for home BS selection. Finally, we assume that
the home BS can also transmit the control data to the UE.
In the following, we will provide details of the main steps of
the proposed cell search, respectively.

A. INITIAL SYNCHRONIZATION
We first provide the details of the initial synchronization.
To conduct the synchronization, we use the characteristics of
CP to estimate the symbol timing and the FCFO [32], [35].
Specifically, denoting that θ as the symbol timing offset and
ε as the carrier frequency offset, the received signal of a UE
can be expressed as:

r(n) = y(n− θ ) exp(j2πεn/N )+ w(n), (1)

where y(n) is the received OFDM symbol without timing and
carrier frequency offsets, n is the sample index of the OFDM
symbol, N is the number of samples in a OFDM symbol,
and w is the additive white Gaussian noise (AWGN). Then,
as shown in Fig. 6, the CP is a replica of the transmitted signal
at the tail of an OFDM symbol. Thus, we can estimate θ and
ε by comparing the CP and the tail of the OFDM symbol.
Based on this concept, we use the minimum mean-square
error (MMSE) to estimate θ and ε:

(θ̂ , ε̂)

= argmin
θ,ε


θ+NCP−1∑

n=θ

∣∣∣r(n)− r(n+ N )e−j2πε
∣∣∣2


= argmin
θ,ε


θ+NCP−1∑

n=θ

(|r(n)|2 + |r(n+ N )|2

−r(n)r∗(n+ N )ej2πε

−r∗(n)r(n+ N )e−j2πε)



= argmin
θ,ε



θ+NCP−1∑
n=θ

(|r(n)|2 + |r(n+ N )|2)

−2Re{
θ+NCP−1∑

n=θ

r(n)r∗(n+ N )ej2πε}



= argmax
θ,ε



∣∣∣∣∣∣
θ+NCP−1∑

n=θ

r(n)r∗(n+N )

∣∣∣∣∣∣ cos(6 γ (θ )+2πε)
−
1
2

θ+NCP−1∑
n=θ

(|r(n)|2 + |r(n+N )|2)


,

(2)

FIGURE 7. The block diagram of a DL transmitter (TX).

where NCP is the number of samples of the CP and γ (θ ) ≡
θ+NCP−1∑

n=θ
r(n)r∗(n+ N ). By solving (2), we can obtain the

following results:

θ̂MMSE

= argmax
θ



∣∣∣∣∣∣
θ+NCP−1∑

n=θ

r(n)r∗(n+ N )

∣∣∣∣∣∣
−
1
2

θ+NCP−1∑
n=θ

[
|r(n)|2 + |r(n+ N )|2

]

,

(3)

ε̂MMSE

= −
1
2π
6 γ (θ̂MMSE), (4)

where (3) is the estimated symbol timing offset that can
be obtained by using exhaustive line search and (4) is the
estimated FCFO.

B. ICFO DETECTION WITH PCT
After the initial synchronization, we use PCT to conduct
estimate ICFO. As shown in Fig. 7, assuming without loss
of generality that we use the first BS antenna to transmit the
PCT signal, the transmitted signal of the antenna 1 of the BS
ρ can be expressed as:

sρ,1[n] =
1
N

N−1∑
k=0

(√
N
2
δ[k −

N
2
]

)
ej2πkn/N︸ ︷︷ ︸

PCT

+

J∑
j=1

L−1∑
l=0

(
hρ,1j [l]

)∗
· xρj [n+ l]︸ ︷︷ ︸

=2
ρ,1
j

, (5)

where sρ,1 is the transmitted signal, hρ,1j [n] is the small-scale
fading channel coefficient of path n between BS ρ and UE
j, L is the number of paths, xj is the UE j data, 2ρ,mj is the
UE j data after pre-RAKE precoding at antenna m, NFFT =

N is the length of the FFT/IFFT, and δ[.] is the Kronecker
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FIGURE 8. The flow chart of the ICFO Estimation.

delta. Similarly, the transmitted signal from BS ρ at antenna
m without having PCT is expressed as:

sρ,m[n] =
J∑
j=1

L−1∑
l=0

(
hρ,mj [l]

)∗
· xρj [n+ l]︸ ︷︷ ︸

=2
ρ,m
j

. (6)

Then, based on (5) and (6), the received signal by the UE j
can be expressed as:

rdj [n]=
∑
ρ

(βρ)1/2 · ςρ
∑
m

sρ,m[n] ∗ hρ,mj [n]

=

∑
ρ

(βρ)1/2 ·ςρ ·
1
N

N−1∑
k=0

(√
N
2
δ[k−

N
2
]

)
ej2πkn/N∗hρ,1j [n]︸ ︷︷ ︸

PCT

+

∑
ρ

∑
m

(βρ)1/2 ·ςρ ·
J∑

q=1

2ρ,mq [n]∗hρ,mj [n]

︸ ︷︷ ︸
User-Data

+wj[n],

(7)

where βρ is the path loss factor, ζ ρ is the shadow fading
factor, and ∗ is the convolution operator. Following (7) and
using the fundamental OFDM processing, we can obtain the
OFDM symbol on subcarrier k as:

Rdj [k] = FFT
{
rdj [n]

}
=

∑
ρ

γ ρ

√
N
2
δ[k −

N
2
− εI ]H

ρ,1
j [k − εI ]︸ ︷︷ ︸

PCT

FIGURE 9. The example of the frequency domain before the energy
combing, where i = 1.

FIGURE 10. The example of the frequency domain after the energy
combing.

+

∑
ρ

∑
m

γ ρFFT


J∑

q=1

2ρ,mq [n]

Hρ,m
j [k − εI ]︸ ︷︷ ︸

User-Data
+Wj[k − εI ], (8)

where FFT{.} is the FFT operation, γ ρ = (βρ)1/2 ·
ςc · ej2πkθ/N , θ is the symbol time offset, and εI is the
ICFO.

Finally, since we assume a TDD system, the UE would
receive both the DL signals from the BSs andUL signals from
other UEs. Specifically, the received signal of the UE in the
UL slot is the combination of UL signals from other UEs.
Thus, when in UL slot, the received signal can be written as:

ruj [n] =
∑
ρ

J∑
q=1

(βρq,j)
1/2
· ς

ρ
q,j · x

ρ
q [n] ∗ h

ρ
q,j[n], (9)

where hρq,j[n] is the small-scale fading channel coefficient of
path n between UE j and UE q in cell ρ.
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TABLE 1. Collision probability.

Fig. 8 is the overall flow chart of the PCT detection. Specif-
ically, the UE j continuously receives IICFO symbols and then
converts the received symbols to the frequency domain as:

Ri[k] = FFT {ri[n]}
N−1
n=0 , (10)

where ri[n] is sample n of the received symbol i of UE j.Then,
we find the subcarrier k̂i with the maximum power after the
energy combining of received symbols, given as:

k̂i = argmax
k

{IICFO∑
i=1

|Ri[k]|

}
. (11)

Due to that the interference and noise are random, the
interference and noise could be suppressed after the com-
bining, and thus the subcarrier with the maximum power is
considered as the subcarrier with PCT, which is then used for
ICFO detection.

Figs. 9 and 10 show an example of the frequency domain
before and after the energy combining. We can see that the
PCT can be highlighted, and the interference and noise can
be effectively suppressed by the combining.

C. HOME BS SELECTION
The previous two steps are for time and frequency synchro-
nization in the cell search. After finishing the synchroniza-
tion, the UE would transmit a pilot signal back to the BSs.
Then, the BSs receiving the pilot signal can cooperatively
decide which BS would serve as the home BS to serve the
UE. The details of the home BS selection are provided in the
following.

Specifically, we assume that the UE after time and fre-
quency synchronization sends a universal pilot code p0 to all
BSs. Note that since the initial cell search only happens when
the UE boots up or when the UE completely lost the signal
of the network, the probability of two UEs to conduct the
initial cell search at the same time is very low. Therefore, all
UEs might use the same pilot code. The collision probability
assuming that all UEs use the same pilot code is shown in
Table 1, where NUE is the number of times for each UE to
boot up in a day, and NBS is the number of UEs for each BS
to serve in a day. The analysis for the collision probability
is detailed in the appendix A. Note that if we would like
to further reduce the collision probability, the simple code-
division multiple access approach can be conducted.

After the BSs receive the pilot signal, BSs calculate the
power of the received pilot signal and send the results to the
BSC. The BSC then selects the BS with the maximum power

FIGURE 11. The channel estimation based on code match filter.

as the Home BS. To conduct the power calculation, assuming
that UE j sends the universal pilot code p0 to the nearby BSs,
the received signal for antenna m at BS ρ can be expressed
as:

rρ,m[n] = αj · (β
ρ
j )

1/2
· ς

ρ
j · p0[n] ∗ h

ρ,m
j [n]︸ ︷︷ ︸

pilot

+

∑J
q = 1
q 6= j

αq · (βρq )
1/2
· ςρq · x

ρ
q [n] ∗ h

ρ,m
q [n]

︸ ︷︷ ︸
MAIm

+OCIm + wρ,m[n], (12)

where αj is the power control factor determined by the UE
according to the power of the PCT received by the UE j;
MAIm is the interference of other UEs in the same cell at
antenna m; and OCIm is the interference of other cells at
antenna m. Note that the MAI and OCI exist even though
UE j is the only UE that is conducting the cell search, as its
pilot signal might still be interfered by UEs sending com-
mon control and/or data signal. Based on (12), in following,
we discuss how the UE can determine the power control
factor and how the BSs can calculate the power of the received
pilot signal.

1) POWER CONTROL FACTOR DETERMINATION
Assume that UE j continuously receives IP downlink signals
and calculates the average power of the PCT. Suppose we
want to let the average UL pilot power received at the BSs
to be approximately Q times of the standard received signal
power PRef predefined by the system configuration. Then,
in this case, the transmit power of the UE needs to be Pj =
αjPRef, where αj can be calculated by:

αj =
QPPCT

1
IP

IP∑
i=1

∣∣∣Rdj,i[N2 + εI]∣∣∣2
, (13)

where PPCT is the average transmit power of PCT predeter-
mined according to the system configuration andRdj,i has been
defined in equation (8).

2) RECEIVED PILOT POWER CALCULATION
Here, we discuss how to calculate the received pilot power.
Specifically, we first reformulate (12) as:

rρ,m[n]

= η
ρ
j · p0[n] ∗ h

ρ,m
j [n]+ Interference
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= η
ρ
j ·

L−1∑
l=0

hρ,mj [l] · p0[(n−l) mod N ]+Interference,

(14)

where ηρj = αj ·(β
ρ
j )

1/2
·ς
ρ
j ; and Interference includesMAIm,

OCIm and wρ,m. Then, the vectorization of rρ,m[n] can be
expressed as:

rρ,m = [rρ,m[0]rρ,m[1] · · · rρ,m[N − 1]]

= η
ρ
j

L−1∑
l=0

hρ,mj [l] · p(l)0 + I, (15)

where I is the corresponding vectorization of the interference
and p(l)0 is the l-tap cyclic shift of the vector p0. Note that the
exact mathematical expression is given as follows:

p(l)0 , [p0[l] · · · p0[N − 1] p0[0] · · · p0[l − 1]]. (16)

Next, as illustrated in Fig. 11, we use the pilot code p0 to
match rρ,m[n]. This thus give rise to:

Rρ,m = A · rρ,m = [Rρ,m[0]Rρ,m[1] · · ·Rρ,m[L − 1]],

(17)

where A is the cyclic impulse response of p0 given as:

A

≡
1
N


p∗0[0] p∗0[1] · · · p∗0[N − 1]

p∗0[N − 1] p∗0[0] · · · p∗0[N − 2]
...

...
. . .

...

p∗0[N − L + 1] p∗0[N − L + 2] · · · p∗0[N − L]

.
(18)

We then perform the path selection that selects Np paths
from Rρ,m. This thus gives:

R̂
ρ,m
= f (Rρ,m) = [Rρ,m[τ1]Rρ,m[τ2] · · · Rρ,m[τNp ]],

τk ∈ {0, 1, . . . ,L − 1} , (19)

where τk is the delay of selected k path index, f (·) represents
the path selection process as in [36]. After normalizing R̂

ρ,m
,

we then obtain the estimated channel:

ĥ
ρ,m
j =

R̂
ρ,m

‖ R̂
ρ,m
‖

. (20)

Given (20), we then conduct equalization and coherently
combining for the received pilot signal at all antennas. This
thus leads to:

rρ[n] =
M∑
m=1

rρ,m[n] ∗ (ĥρ,mj [L − 1− n])∗

=

M∑
m=1

αj · (β
ρ
j )

1/2
· ς

ρ
j · p0[n] ∗ h

ρ,m
j [n]

∗ (ĥρ,mj [L − 1− n])∗ +MAI+ OCI+W
∼= αj · (β

ρ
j )

1/2
· ς

ρ
j ·M · p0[n]+ ISI+MAI

+OCI+W. (21)

TABLE 2. Simulation parameters.

Then, based on this, the BSC can select the Home BS
according to the power, given as:

ρ̂ = argmax
ρ

{
1
N

N∑
n=1

∣∣rρ[n]∣∣2}. (22)

Based on (22), we can extend the home BS selec-
tion to accommodating more observations, as we make
the selection after collecting results from multiple sym-
bols. Specifically, suppose that the observation is across
ISel symbols. The Home BS selection result can be
given by

ρ̂ = argmax
ρ

{
1

NISel

ISel∑
i=1

N∑
n=1

∣∣rρi [n]∣∣2
}
. (23)

D. CONTROL DATA DETECTION
After the home BS is determined, we can proceed to the
control data detection. Specifically, after the BSC determines
the home BS, it transmits the pre-RAKE control data to
UE j. Since the control data is dedicatedly for the UE,
there is no need to broadcast the control data to all UEs
like the traditional cell search methods. As a result, all
complicated calculations for the control data can be per-
formed on the home BS. The UE only needs to detect
the pre-RAKE control data to establish the connection with
the home BS, and thus as compared to the conventional
cell search approaches that requires the UE to detect the
cell ID and decode the control data, e.g., decode the frame
header and find the user-specific pilot code, at beginning,
a significant computation can be shifted to the BSs and/or
the BSC.

To this end, the proposed initial cell search has been dis-
cussed in detail. In the next section, we will perform simula-
tions to evaluate the proposed cell search approach.
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FIGURE 12. Typical channel realization of the S-V model.

FIGURE 13. The error probability of ICFO detection.

V. NUMERICAL RESULTS AND COMPARISONS
In this section, we use simulations to evaluate the proposed
initial cell search approach.

A. SIMULATION SETUP
In simulations, we consider the interference-limited MDMA
cellular system with the basic architecture as described
in [30] and the basic parameters as provided in Table 2,
where the noise effect is ignored for simplicity. Specifi-
cally, we consider the carrier frequency fc = 30 GHz with
bandwidthBW = 200 MHz. Hence, the bit time is given as
Tc = 1/BW = 5 ns. We assume the maximum delay spread
to be τmax = 400 ns and set the number of antennas at BS
as M = 300. Because the pathloss attenuation of mmWave
communication is severe, we consider the small cell BSs to
serve the area with radius R = 50 m. We set the length
of a complete OFDM symbol as Nslot = 2208 tapand the
length of CP as NCP = 160 tap. We let the FFT size be
N = 2048 and use a ZC-sequence for the universal pilot.
Since we consider interference-limited system, the exact unit
of the transmit power is not critical. We thus set the UE data
energy in one slot be 1 unit and the PCT energy in one slot is
0.5 unit without otherwise indicated.

A mmWave S-V channel model combining results in [37]
and [38] is adopted for simulations. As illustrated in Fig. 12,
the channel impulse response is divided into multiple clus-
ters, and each cluster contains many rays. As long as the
bandwidth is wide enough, these paths can be clearly dis-
tinguished, leading to that the equivalent baseband impulse

FIGURE 14. Comparisons between the proposed cell search and the
code-based cell search approaches in terms of the cell ID detection error
probability under different observation symbols.

FIGURE 15. Comparisons between the proposed cell search and the
code-based cell search approaches in terms of the cell ID detection error
probability under different PCT energies.

response is expressed as:

h̃(t) =
∞∑
l=0

∞∑
k=0

αl,tejφl,k δ(t − Tl − τl,k ), (24)

where l, k , α, φ, T , and τ are respectively the cluster index,
ray index, path amplitude gain, phase shift, cluster arrival
time, and ray arrival time. We assume that both the clusters
and the rays follow the Poisson process and assume that both
the cluster power and power of ray path in each cluster decays
exponentially with respect to time.

B. SIMULATION RESULT
In this subsection, we evaluate the proposed initial cell search
approach. We first evaluate the error rate of the ICFO esti-
mation in Fig. 13 as a function of the number of users
simultaneously served by the BS, where the error probability
of ICFO detection refers to as the probability that the PCT
is incorrectly detected, and different numbers of symbols of
different curves refer to as using different numbers of symbols
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TABLE 3. Analytical computational complexity.

to conduct the combining in (11) when detecting the PCT.
Results show that our ICFO detection is effective and the
accuracy can be better than 10−2 when the number of symbols
is as small as 14. Also, results show that when increasing the
number of symbols for combining, the error probability can
be decreased as expected.

Figs. 14 and 15 evaluate the cell search error probability,
where the error probability refers to as the probability that
the BS with the largest received power is not selected by
the corresponding cell search approach. Note that here we
assume the cell search would fail if the initial synchronization
and ICFO detection fail. In addition, we compare our pro-
posed cell search method with the conventional code-based
cell search method. The reason for adopting the code-based
cell search method as the reference scheme for comparison
is that the conventional 3G, 4G and 5G mobile networks
all use different codes to identify different BSs. Hence, it is
representative to compare our proposed method with such
code-based method. Note that for the code-based method in
simulations, the ZC-sequences are used as the cell identifica-
tion codes. We assume that the initial synchronization and the
ICFO detection provided in this paper are adopted by both our
proposed cell search and the reference code-based method for
fair comparison.

Fig. 14 compares between the proposed cell search and the
code-based cell search with different numbers of observation
symbols ISel. We see that the proposed cell search method
can always outperform the corresponding code-based method
when they have the same number of observation symbols.
Furthermore, we can see that even if the proposed cell search
has a smaller number of observation symbols than that of the
coded-based cell search, the proposed cell search can still be
better.

Finally, considering that the number of observation sym-
bols is 20, Fig. 15 compares between the proposed cell search
and the code-based cell search considering different PCT
energies. Results again show that the proposed approach can
outperform the code-based cell search, validating the efficacy
of the proposed approach.

C. COMPUTATIONAL COMPLEXITY AND ENERGY
CONSUMPTION ANALYSIS
In this subsection, we discuss the computational complexity
and energy consumption of the network for conducting the
initial cell search of a UE. Specifically, we first calculate
the computational complexity of the proposed cell search

and the representative code-based cell search. Then, based
on the computational complexity results, we calculate the
computational energy consumption of the network. Finally,
we discuss the transmit power consumption of the initial cell
search approaches.

We first calculate the computational complexity of the
proposed cell search and the code-based cell search. Note that
since the numbers of complex additions and complex multi-
plications are orderwise similar and a complex multiplication
is much more costly than a complex addition, we herein
focus on the analysis in terms of complex multiplications.
The complexity of each step of two cell search methods is
provided in Table 3, where NCode is the number of codes
that indicate the cell IDs in code-based cell search; NT is
the number of BS antennas for one sector; and NCell is the
number of the BSs for a UE to select in the proposed network
resolved cell search. Basically, the initial synchronization and
ICFO detection conducted on the UE side are the same for
both the code-based and proposed cell search approaches.
Thus, the difference lies in that the home BS selection for
the code-based cell search is on UE side, while the home
BS selection for the proposed cell search is on BS side. For
code-based cell search, the detection of home BS requires to
check every possible code and each code requires three FFT
operations along with additional 2N complex multiplications
to decode. Since each FFT operation requires N log2(N )/2
complex multiplications, the detection of NCode codes in total
requiresNCode(3N log2(N )/2+2N ) complex multiplications.
On the other hand, the proposed network resolved cell search
requires each antenna of BS to conduct three FFT operations
with 2N complex multiplications to decode the pilot signal
transmitted by the UE. Therefore, since we consider thatNCell
BSs participate in the home BS selection and each BS has
NT antennas, we in total require NTNCell(3N log2(N )/2 +
2N ) complex multiplications for the proposed cell search
approach.

To numerically compare the complexity, we consider N =
2048, NCode = 504, NT = 100, and NCell = 7. Therefore,
according to Table 3 we observe that the number of complex
multiplications for the home BS selection of code-based cell
search is 19.1 × 106; for the home BS selection of the
proposed cell search is 26.5× 106. We see that although the
proposed cell search has slightly larger complexity, their dif-
ference is not large. Furthermore, since the homeBS selection
of the proposed cell search is on the BS side, it offloads the
computational cost from the UEs to BSs. To evaluate such
offloading in terms of the energy consumption saved by the
UE, using Table 1 of [39], we can consider that the energy
consumption to perform a single complex multiplication is
1.5 × 10−3 nJ in the circuit made by the 28 nm technology.
It follows that the energy consumptions to complete the cell
search of a UE are 29 µJ and 40 µJ for the code-based and
proposed network resolved cell search approaches, respec-
tively. The results indicate that the overall computational
energy consumptions for both cell search approaches are
similar.
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We now compare the transmit power consumptions of both
cell search approaches. Note that since the exact transmit
power consumption depends on the specific details of the
adopted transmission strategy and protocol, we in the fol-
lowing conduct the comparison based only on the rough
picture of two cell search approaches. Since both cell search
approaches require the same initial synchronization and
ICFO detection, the power consumption due to them is the
same. We thus focus on the power consumption for the home
BS selection. It follows that for the code-based cell search,
the UE needs to first transmit a registration signal to tell BSs
that the synchronization and selection has been completed,
and then the BSs transmit the control signal to the connected
UE. On the other hand, for the proposed network resolved
cell search, the UE needs to first transmit the universal pilot
signal to BSs for home BS selection, and then the home
BS transmits an ACK to UE indicating that the home BS
selection is complete with the control signal. Therefore, the
transmit power consumptions for both cell search approaches
are generally the same.

By the above discussions, we see that overall energy con-
sumptions for conducting the code-based cell search and
the proposed network resolved cell search approaches are
similar. Then, since our proposed approach can offload the
computational cost to the BSs, it is advantageous when the
UEs have limited computational capability and require low
energy consumption.

VI. CONCLUSION
In this paper, we proposed a novel Network Resolved and
Mobile Assisted Cell Search method that can improve the
experience of UE by offloading the computational overhead
of cell search to BSs. This thus can reduce the battery
consumption of the UE and improve the UE experiences
as all the complicated calculations can be completed by
the BSs, instead of the UEs. The detailed procedure of the
proposed cell search method was presented. Simulations
results showed that in addition to the benefit of computational
offloading of the UEs, the proposed cell search method can
outperform the conventional code-based cell search method
in terms of the cell search error probability.

APPENDIX
THE COLLISION PROBABILITY
We use the Erlang B model to calculate the collision
probability:

B =
AN

N !
N∑
i=0

Ai
i!

. (25)

We assume that the number of service channels is N =
1 and that the traffic volume A = λH , where λ = (NUE ×

NBS)/(24× 3600) is the arrival rate with each NUE being the
number of boot-up for a UE in a day andNBS being number of
UEs served by a BS; andH = 1 ms is the service frame time.

By plugging the above parameters into (25), the blocking rate
can be obtained as follows:

B =
A

1+ A
∼= H × (NUE × NBS )/(24× 3600). (26)
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