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ABSTRACT The beam search protocol in cellular systems requires a significant amount of search time
and network resources in order to select a serving base station with the optimal beam pair. In 3D beam-
forming, the processing time increases significantly because the azimuth and elevation angles need to be
considered during beam search. In this paper, we propose a fast 3D beamforming technique for millimeter
wave (mmWave) cellular systems with a uniform planar array (UPA). In the proposed technique, the beam
search time is reduced significantly by decomposing a UPA into a set of horizontal/vertical uniform linear
arrays (ULAs), from which the optimal beam direction in azimuth/elevation angle is obtained. Two types
of signals, Zadoff–Chu sequence and linear frequency modulated waveform are used for designing the
beam search preamble (BSP), which allows a mobile user to distinguish beams in multi-cell multi-beam
environments. The strengths and weaknesses of the two proposed BSPs are analyzed after performing
simulation using a simple mmWave cellular system model with UPA. Furthermore, it is demonstrated that
the proposed technique significantly reduces the beam search time, i.e., number of beam scans, as compared
with the conventional technique.

INDEX TERMS Fast 3D beamforming, millimeter wave, uniform planar array, beam search preamble.

I. INTRODUCTION
There has been a rapid increase in the demand for high
data rate transmission owing to the widespread use of smart
devices and sensor nodes in various applications and services.
Millimeter wave (mmWave) communication is a potential
technology that enables the use of a wide bandwidth for
highly advanced broadband cellular communication [1]–[3].
Highly directional beamforming antennas are necessary at
both the base station (BS) and the mobile station (MS) to
compensate for the high attenuation in the mmWave fre-
quency band and extend the transmission range. With a small
wavelength of an mmWave frequency, antenna arrays can be
conveniently installed at the MS.

In recent years, there has been significant interest in 3D
beamforming because of the 3D characteristics of real-
world wireless channels [4], [5]. Compared to conventional
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2D beamforming (which only involves the horizontal angle),
3D beamforming utilizes the elevation angle as well as
the azimuth angle, thereby providing an additional degree
of freedom. 3D beamforming can increase the signal-to-
interference-plus-noise ratio (SINR) by adjusting the vertical
antenna pattern in the direction of the MS, while reduc-
ing the interferences of adjacent sectors on the elevation
angle. The major benefits of employing 3D beamforming
include increased spectral efficiency, improved coverage,
higher energy efficiency, high user capacity, less intercell
and intersector interference, and improved cell edge user
throughput. The ability to control the radiation pattern of
an array in 3D beamforming is effective for controlling a
multipath environment such that several signal components
are constructively added at the location of the intended user.
3D beamforming is being considered for vehicular commu-
nication owing to the different sizes and shapes of surround-
ing infrastructure and for unmanned aerial vehicle (UAV)
communication owing to the 3D characteristics of wireless
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channels [6]–[8]. Furthermore, 3D beamforming is also being
considered for wireless connectivity in data centers using the
60 GHz band [9], [10].

Narrow-beam transmission and reception is effective for
improving the link budget in mmWave frequencies. However,
a misalignment between the transmitting (Tx) and receiving
(Rx) beams may result in a significant loss in received power,
particularly for systems with narrow beams. Therefore, beam
alignment is necessary in mmWave communication systems
to determine the optimal beam pair among all feasible beam
pairs for maximizing beamforming efficiency [11]. Beam
search is essential for the initialization stage and also in cases
of radio link failure caused by blockages or an abrupt change
of stations. The beam search operation in mmWave commu-
nication systems needs to be performed more frequently than
in conventional communication systems because mmWave
links are vulnerable to blocking and falling out of beam align-
ment. However, the beam search protocol in cellular systems
requires a large amount of search time and network resources
because it needs to select a serving BS with the optimal
beam pair after examining the link qualities for all feasible
beam pairs of the neighboring BSs. In 3D beamforming,
the overhead for beam search operation is further increased
because of the additional degrees of freedom [12]. Moreover,
there is a significant increase in the overhead for beam search
as the number of Tx and Rx beams increases [13].

In recent years, several techniques have been developed
to efficiently employ 3D beamforming in various wireless
communication networks. In [14], an interference coordi-
nation technique was investigated for cell-center and cell-
edge users in 3D MIMO networks with different down tilts
by dynamically adapting the shape of the vertical antenna
pattern to the location of users. In [15], a location-based 3D
beamforming technique was proposed for a high mobility
UAV serving as a data relay by optimizing the beamforming
direction of the UAV. In [16], a 3D beamforming algorithm
that combined conventional horizontal and elevation beam-
forming for urban macro environments with different inter-
site distances was proposed. The effect of user height on
the coverage probability in mmWave cellular networks with
3D beamforming was investigated in [17]. An interference
coordination algorithm was proposed for heterogeneous net-
works using 3D beamforming and statistical channel-state
information from a macro-BS in [18]. A joint optimization
algorithm of 3D beamforming and resource allocation for
small cell backhaul in heterogeneous networks was proposed
in [19]. The problem of using 3D beamforming in recon-
figurable intelligent surface-assisted wireless communication
networks was investigated in [20]. The radiation pattern at
a BS equipped with a full dimensional antenna array was
optimized to maximize the received signal-to-noise ratio
(SNR) at the location of a target user. A new class of array
structures and design techniques for 3D beamforming was
presented in [21].

Many techniques have been proposed to reduce the over-
head for beam search operation. In [22], two types of adaptive

beam search protocols for fixed and adaptive modulation
in mmWave communication systems were proposed. This
proposed protocol employs an interactive beam search con-
cept for fixed modulation and an iterative multi-level beam
search concept for adaptive modulation. In [23], a fast beam-
forming algorithm was proposed for multi-group multi-cast
beamforming design in large-scale wireless systems. A low-
complexity high performance algorithm was proposed by
leveraging the alternating direction method of multiplies
together with convex-concave procedure. In this paper, a mul-
ticast beamforming algorithm was proposed assuming that
channel state information is available at the transmitter.
In [24], a fast transmit beamforming algorithm was proposed
for distributed antenna systems using an iterative procedure
and variable step sizes. In this approach, two or more dis-
tributed antennas work together to form a virtual array, which
can align the transmitted signal phases at an intended user.
A big challenge in distributed transmit beamforming systems
is how to coordinate the sources (information sharing, timing
synchronization, carrier synchronization) among distributed
antennas. In [25], a fast initial access (beam alignment) pro-
cedure was proposed for mmWave 5G systems using the
statistics of MS behavior. An online implementation method
was proposed to acquire the MS statistics and adapt the initial
access scanning procedure.

In this paper, we propose a fast 3D beamforming technique
for mmWave cellular systems with a uniform planar array
(UPA). In this technique, a UPA is decomposed into a set of
horizontal/vertical uniform linear arrays (ULAs), from which
the optimal beam direction in the azimuth/elevation domain
is obtained. The optimal 3D beam direction is determined by
combining the results obtained from each domain. The beam
search time is further reduced by simultaneously transmit-
ting beams in different directions from horizontal or verti-
cal ULAs. Two types of signals Zadoff–Chu (ZC) sequence
and linear frequency modulated (LFM) waveform are used
for designing a beam search preamble (BSP), which allows
MS to distinguish beams in multi-cell multi-beam environ-
ments. The properties of the proposed BSPs are analyzed in
multi-cell multi-beam environments with carrier frequency
offsets (CFOs). The CFO effect is particularly significant
in cellular vehicle-to-everything (C-V2X) and UAV cellular
communications.

The main contributions of this paper are:
• A fast 3D beamforming technique is proposed for
mmWave cellular systems with a UPA, by decomposing
a UPA into a set of horizontal/vertical ULAs and obtain-
ing an optimal beam direction in the azimuth/elevation
domain.

• Two BSPs (ZC-BSP and LFM-BSP) are proposed to
reduce the beam search time further by simultaneously
transmitting beams in different directions from horizon-
tal/vertical ULAs and allowing an MS to distinguish
beams in multi-cell multi-beam environments.

• The properties of the proposed BSPs are analyzed in
multi-cell multi-beam environments with CFOs.

123470 VOLUME 8, 2020



Q. Sultan et al.: Fast 3D Beamforming Technique for Millimeter-Wave Cellular Systems With Uniform Planar Arrays

FIGURE 1. Proposed 3D beamforming technique for a mmWave cellular system with UPA.

Unlike [23], our proposed technique does not require chan-
nel state information because it is developed for beam search
in the initialization stage. Also, unlike [24], the source coor-
dination problem does not occur in the proposed technique
because beams are transmitted from the same source (multi-
ple ULAs in 3D beamformer). The beams transmitted from
multiple ULAs at the BS are all synchronized in time and
frequency. Unlike [25], the past statistics of MS behavior is
not used in the proposed technique.

The remainder of this paper is organized as follows:
In Section II, the concept of fast 3D beamforming tech-
nique for mmWave cellular systems with UPAs is described.
In Section III, the preamble design technique for fast
3D beamforming using the ZC sequence is discussed.
In Section IV, the use of the LFM waveform to design a
beam search preamble for 3D beamforming is described.
In Section V, an evaluation of the performance of the
proposed techniques by computer simulation is presented.
Finally, the conclusions of the study are listed in Section VI.

II. FAST 3D BEAMFORMING TECHNIQUE
For an mmWave cellular system with beamforming anten-
nas, beam search is required for all feasible directions in
the initialization stage because the position of the MS is
not known to the BS. The processing time for beam search
increases proportionally with product of the number of Tx
beams and the number of Rx beams when the the exhaustive
search technique is used [26], [27]. In 3D beamforming,
the processing time is further increased because the elevation
angle as well as the azimuth angle need to be considered
in the beam search. When the exhaustive search technique

is used for an mmWave system with a UPA, individual Tx
beams are transmitted from BS until all the Tx beams in the
azimuth angle are transmitted for a given elevation angle. The
Rx beam sweeping is performed at MS to measure the SNR
for each Tx–Rx beam pair. This process is repeated for all
feasible elevation angles.

To reduce processing time, the UPA in the proposed tech-
nique is considered as a set of ULAs, as shown in Fig. 1.
In Step 1, the UPA at the BS is decomposed into a set of
horizontal ULAs. In this figure,NBS,H

A denotes the number of
horizontal ULAs at the BS. The horizontal beam index (BID)
bBS,Hj , which represents the beam direction of the horizontal

ULA, ranges from zero to NBS,H
B − 1. Here, the subscripts,

A and B, represent the antenna array and beam direction,
respectively. In proposed technique, NBS,H

B horizontal beams
are transmitted simultaneously from NBS,H

A horizontal ULAs
at different azimuth angles. During this period, Rx beam
sweeping is performed at the MS. The MS calculates the
correlation values between the received signals and the ref-
erence signal and determines the Tx horizontal BID and the
Rx BID that yield the highest correlation value. If NBS,H

A

is smaller than NBS,H
B and given by NBS,H

B = sH × NBS,H
A

(sH : integer), this process is repeated sH times by changing
the horizontal beams until all these beams are transmitted.
If the UPA has NBS,H

B horizontal antenna arrays, then only
one round of the Rx beam sweeping is required. In Step
2, the UPA at the BS is viewed as a collection of vertical
ULAs. Here, NBS,V

A denotes the number of vertical ULAs.
The vertical BID bBS,Vj , which represents the beam direc-

tion of the vertical ULA, ranges from zero to NBS,V
B − 1.
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NBS,V
B vertical beams are simultaneously transmitted from

NBS,V
A vertical ULAs at different elevation angles. During this

period, Rx beam sweeping is performed at the MS. The MS
determines the Tx vertical BID and the Rx BID that yields the
highest correlation value. If NBS,V

A is smaller than NBS,V
B and

given by NBS,V
B = sV × NBS,V

A (sV : integer), this process is
repeated sV times by changing vertical beams until all these
beams are transmitted. In Step 3, a 3D beam is formed in the
direction of the MS using the results of horizontal BID and
vertical BID obtained from Steps 1 and 2. Thus, the number
of beam scans required for the proposed 3D beamforming
technique is given as 2 × sV × sH × NMS

B . If the UPA has

NBS,H
B horizontal antenna arrays and NBS,V

B vertical antenna
arrays, only two rounds of Rx beam sweep are required.
In this case, in the proposed technique, the processing time for
beam search is only proportional to the number of Rx beams
and not to the number of 3D Tx beams. Here, it is assumed
that the distance between the BS and MS is considerably
large, compared with the antenna size of the UPA at the BS.
In this case, the spacing between the ULAs at the BS can be
neglected, that is, the horizontal/vertical ULAs transmitting
beams at different azimuth/elevation angles are assumed to
have identical elevation/azimuth angles. It is also assumed
that analog beamforming is used at both the BS and the MS
during the beam search period. To measure the SNR for each
Tx–Rx beam pair, the MS should be able to identify the Tx
BID and the corresponding cell ID (CID) from the preambles
received from the serving and neighboring BSs. For the pro-
posed technique, as multiple preambles are received simulta-
neously from the serving and neighboring BSs, the preamble
should be designed such that the inter-beam interference
and inter-cell interference are minimal. In Section II and
Section III, we propose two types of preambles that enable
the MS to distinguish beams in multi-cell and multi-beam
environments.

III. ZC-BASED 3D BEAMFORMING TECHNIQUE
The ZC sequence is widely used for designing synchroniza-
tion signals, reference signals, and random-access preambles
in LTE or 5G NR systems, owing to its good correlation
property and low peak-to-average ratio (PAPR) [28]–[30].
To enable an MS to identify the Tx BID and the CID from the
received signals, the BID needs to be designed in conjunction
with the CID in the BSP. As multiple beams are transmitted
in parallel in the proposed fast 3D beamforming technique,
the horizontal BID bBS,Hj and bBS,Vj are distinguished by
the amount of cyclic shift spacing in the proposed ZC-based
BSP (ZC-BSP). In addition, the CID designed in conjunc-
tion with the horizontal/vertical BID in a ZC-BSP is distin-
guished by the root index of ZC sequence. In the proposed
ZC-BSP, the BID and CID are mapped to the prime-length
ZC sequence as follows:

xc,bZC (n) = e
jπrc(n+Qbj)(n+Qbj+1)

Nz (1)

where 1 < rc < Nz and gcd(r,Nz) = 1. Here, Nz, rc, and
Q denote the length of the ZC sequence, root index for the
CID c and cyclic shift spacing constant, respectively. As the
horizontal and vertical beams are transmitted at different time
slots, the BID bj is used for notational convenience rather
than the horizontal BID bBS,Hj and vertical BID bBS,Vj . The
ZC sequence has the property of constant envelop and zero
autocorrelation. The cross-correlation between ZC sequences
with different root indexes is 1/

√
Nz. The number of available

CIDs in the ZC-BSP is given by Nz − 1. To determine
the performance of BID and CID detection, we analyze the
correlation property of ZC-BSP in a multi-cell and multi-
beam environment, as in (2), as shown at the bottom of the
next page.

In (2), yi(n) is received signal on ith beam of a MS. Here,
g
c,bj
TX , gRX ,i, and h

c,bj
i denote the transmit beamforming gain

of the bjth beam of the BS with CID c, receive beamform-
ing gain of the ith beam of the MS, and channel between
the BS in the cth cell with bjth beam and ith beam of the
MS, respectively. The channel is assumed to be a line-of-
sight (LOS)-dominated flat fading channel. NBS

B denotes the
number of horizontal beam directions NBS,H

B in Step 1 and
vertical beam directions NBS,V

B in Step 2. Here, c̄ and b̄
denote the reference CID and reference BID, respectively.
Moreover, δ

(c,bj)
i and ε

(c,bj)
i denote the symbol timing offset

(STO) and CFO between the bjth Tx beam of the BS and
ith Rx beam of the MS in the cth cell, respectively. As the
distance between the BS and MS is assumed to be consider-
ably large compared to the antenna spacing between ULAs at
the BS, the STO and CFO can be approximated as δci and ε

c
i

(i.e. not a function of the Tx beam or the Tx antenna array),
respectively. Moreover, as the ULAs are transmitting beams
in different directions from antenna arrays in the UPA at the
same BS, the STOs between the ULAs and MS would be
almost identical. The simplified notations (δci , ε

c
i ) are used

in the following discussions.
In (2), 0ZC represents the autocorrelation when the

received beam ismatchedwith the reference beam in the same
cell. The terms inside the summation in 0ZC can be expressed
as in (3), as shown at the bottom of the next page.

At the MS, correlation is performed by shifting the locally
generated reference sequence. As is evident from (3), the cor-
relation decreases in a sinc−like pattern as the CFO increases.
The maximum peak occurs when the CFO is zero and the
shift index (m) matches with the STO value δci . In this case,
the autocorrelation value becomes one. In addition, the value
of 0ZC in (2) would be high because the beamforming gain
and channel gain are high. The beamforming and channel
gains are generally high when the Tx and Rx beams are
aligned. The STO can be estimated by performing the cor-
relation operation for different values of m.

In (2), �ZC represents the inter-beam interference when
the received beam has a CID equal to that in the ref-
erence preamble (c = c̄) and a different BID

(
bj 6= b̄

)
.

The terms inside the summation in �ZC can be rewritten
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as (4), which is shown at the bottom of the page. Here,

ξ (c̄,Q,b,b̄,δ,εi
(c̄,b))
= r c̄

[
Qbj − Qb̄− δc̄i + m

]
− εc̄i . (5)

In addition, µ is arbitrary integer. The correlation value in (4)
would be high when the following condition is satisfied.

r c̄
[
Qbj − Qb̄− δc̄i + m

]
− εc̄i = µNz (6)

In this case, the correlation peak may occur at incor-
rect positions, resulting in detection errors. To prevent the
ambiguity condition, the cyclic shift spacing constant Q
should be set such that it does not take the following
values:

Q =
µNz + r c̄δc̄i − r

c̄m+ εc̄i
r c̄1b

, Q > 0 (7)

r
c,bj
ZC,i(m) =

Nz−1∑
k=0

yi(n)
(
x c̄,b̄(n− m)

)∗

=

Nc−1∑
c=0

NBS
B −1∑
bj=0

NZ−1∑
n=0

g
c,bj
TX gRX ,ih

c,bj
i x

c,bj
ZC (n− δ

(c,bj)
i )e

j2πkε
(c,bj)
i
Nz

(
x c̄,b̄ZC (n− m)

)∗
= 0ZC +�ZC + ϒZC +9ZC (2)

where

0ZC (m) = gc̄,b̄TXgRX ,i
NZ−1∑
n=0

hc̄,b̄i x c̄,b̄ZC (n− δ
(c̄,b̄)
i )e

j2πnε(c̄,b̄)i
Nz

(
x c̄,b̄ZC (n− m)

)∗

�ZC (m) =
NBS
B −1∑

bj=0,bj 6=b̄

g
c̄,bj
TX gRX ,i

NZ−1∑
n=0

h
c̄,bj
i x

c̄,bj
ZC (n− δ

(c̄,bj)
i )e

j2πnε
(c̄,bj)
i
Nz

(
x c̄,b̄ZC (n− m)

)∗

ϒZC (m) =
Nc−1∑

c=0,c6=c̄

NBS
B −1∑
bj=0

g
c,bj
TX gRX ,i

NZ−1∑
n=0

h
c,bj
i x

c,bj
ZC (n− δ

(c,bj)
i )e

j2πnε
(c,bj)
i
Nz

(
x c̄,b̄ZC (n− m)

)∗

9ZC (m) = gRX ,i
NZ−1∑
n=0

wi(n)
(
x c̄,b̄ZC (n− m)

)∗

NZ−1∑
n=0

x c̄,b̄ZC (n− δ
c̄
i )e

j2πnεc̄i
Nz

(
x c̄,b̄ZC (n− m)

)∗
=

Nz−1∑
n=0

e
jπrc̄

(
n−δc̄i +Qb̄

)(
n−δc̄i +Qb̄+1

)
Nz e

j2πnεc̄i
Nz

(
e
jπrc̄(n−m+Qb̄)(n−m+Qb̄+1)

Nz

)∗

= e
jπrc̄
Nz

[(
δc̄i

)2
−2Qb̄δc̄i −δ

c̄
i −m

2
+2Qb̄m+m

]
· ejπ

(
εc̄i−2δ

c̄
i +2m

)
(Nz−1)

/
Nz.

sinπ
(
εc̄i − 2δc̄i + 2m

)
sin
(
π
(
εc̄i − 2δc̄i + 2m

)/
Nz
) (3)

NBS
B −1∑

bj=0,bj 6=b̄

NZ−1∑
n=0

x
c̄,bj
ZC (n− δc̄i )e

j2πnεc̄i
Nz

(
x c̄,b̄ZC (n− m)

)∗

=

Nz−1∑
n=0

e
jπrc̄

(
n−δc̄i +Qbj

)(
n−δc̄i +Qbj+1

)
Nz e

j2πnεc̄i
Nz

(
e
jπrc̄(n−m+Qb̄)(n−m+Qb̄+1)

Nz

)∗

= e
jπrc̄
Nz [Qbj(Qbj+1)]︸ ︷︷ ︸

x c̄,bj (0)

· e
jπrc̄
Nz

[
Qb̄(Qb̄+1)

]︸ ︷︷ ︸
x c̄,b̄(0)∗

e
j2πrc̄
Nz

[(
δc̄i

)2
−2Qbjδc̄i −δ

c̄
i −m

2
+2Qb̄m+m

] Nz−1∑
n=0

e
j2π
Nz
n
[
r c̄(Qbj−Qb̄−δc̄i +m)−ε

c̄
i

]

=

{
x c̄,bj (0)x c̄,b̄(0) · Nz if ξ (c̄,Q,bj,b̄,δ

c̄
i ,m,ε

c̄
i ) = µNz

0 otherwise
(4)
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where 1b = bj − b̄. The maximum value of Q can be
found as

Qmax =

⌊
Nz
NBS
B

⌋
. (8)

The summation term in �ZC would be zero when Q is set
such that it does not have the ambiguity condition in (7),
thereby resulting in marginal inter-beam interference. When
the ZC-BSP is used for beam search, the tolerance level
(probability not to have a detection error) increases in asyn-
chronous environments (where STO and CFO exist) as Q
increases. However, the number of available BIDs decreases
as Q increases.
In (2), ϒZC represents the inter-cell interference caused by

cross-correlation when the received beam has a different CID
(c 6= c̄) regardless of its BID. The terms inside the summation
in ϒZC can be derived using the Gauss sum [31], which is
given in (9), as shown at the of bottom of the page. Here,
〈〉 and Q̄ denote the Jacobi symbol [31] and reference cyclic
shift spacing constant. From (9), it evident that the amplitude
of (9) in ϒZC is bounded by

√
Nz. It should be noted that

the ZC sequence has a constant envelop. In addition, most
of the channel gains and beamforming gains in ϒZC are
marginal because most of the Tx beams from the adjacent
BSs and the Rx beam in the MS are not aligned in this case.
Thus, the inter-cell interference would be marginal when
the ZC-BSP is used. Finally, 9ZC represents the noise term
correlated with the reference preamble. Therefore, the hori-
zontal BID bBS,Hj , vertical BID bBS,Vj , CID, and STO can be
detected by determining the parameter values that yield the
maximum correlation peak in (2), provided the value of Q in
the ZC-BSP is set such that it does not have the ambiguity
condition in (7).

IV. LFM- BASED 3D BEAMFORMING TECHNIQUE
LFM waveforms have been widely used for surveillance
applications such as radar and sonar because of their robust-
ness to the Doppler shift [32]. In radar and sonar systems,
the transmitted signal is correlated with the received echo sig-
nal to estimate parameters such as range, angle, and velocity.
In these systems, the information of the transmitter identity
need not be carried in the transmitted signal. However, in the
proposed 3D beamforming technique for mmWave cellular
systems, many different preambles need to be generated to
ensure that the MS can distinguish the preambles transmitted
from different BSs and different beams. In the proposed
LFM-based BSP (LFM-BSP), the CID and the horizontal
and vertical BIDs are mapped to its frequency shift and fre-
quency sweeping parameters, respectively. The LFM-BSP is
defined as:

x
c,bj
LFM (t) = e

jπ
(
2fct+

βbj
TLFM

t2
)
, 0 ≤ t ≤ TLFM (10)

where

−BW ≤ βbj ≤ BW

−BW +
∣∣∣βmax
bj

∣∣∣
2

≤ fc ≤
BW −

∣∣∣βmax
bj

∣∣∣
2

(11)

Here,βbj , fc, and TLFM denote the frequency sweeping param-
eter, frequency shifting parameter, and symbol duration of
the LFMwaveform, respectively. Furthermore, βmax

bj and BW
denote the maximum value of frequency sweeping parameter
and the available bandwidth, respectively. As the Tx beams
are simultaneously transmitted in the proposed beamform-
ing technique, the BIDs bj are distinguished by βbj in the
LFM-BSP. For notational convenience, the BID βbj is used

instead of βBS,Hbj for the horizontal BID and βBS,Vbj for the

Nc−1∑
c=0,c6=c̄

NBS
B −1∑
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n=0

x
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c
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e
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· e−
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e
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Nz · ρ (9)

where

ς =
(
rcQbj − r c̄Q̄b̄− r c̄δci + r

c̄m+ εic
)((

rcQbj − r c̄Q̄b̄− r c̄δci + r
c̄m+ εic

) (
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)−1
+ 1

)

ρ =
√
Nz ·


ξ
1− jN

1− j
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ξ
1+ jN

1+ j
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〈
α |rcc̄|
NZ

〉
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2
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/
2, γ = (Nz − 1)

/
2, rcc̄ = rc − r c̄
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vertical BID. This is, because the horizontal and vertical
beams are transmitted at different time slots in the pro-
posed 3D beamforming. The CID is mapped to the frequency
shift parameter (fc) of the LFM waveform. The correlation

property of an LFM-BSP in a multi-cell and multi-beam
environment can be analyzed as in (12), as shown at the
bottom of the page. Here, yi(t) is the received signal on the
ith beam of an MS in the continuous-time domain.

r
c,bj
LFM ,i (τ ) =

∞∫
t=−∞

yi(t)
(
x c̄,b̄LFM (t − τ)

)∗
dt

=
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g
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i x
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i )ej2πε
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i n

(
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dt
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√
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In (12), 0LFM represents the autocorrelation when the
received beam ismatchedwith the reference beam in the same
cell. The terms inside the integral in 0LFM can be expressed
as (13), shown at the bottom of the previous page, where
ξLFM (τ ) = (1 − |τ |/TLFM ). Here, βb̄ and fc̄ denote the
reference frequency sweeping parameter and the reference
frequency shift, respectively. From (13), it is evident that
autocorrelation (amplitude) normalized by TLFM becomes
one when the shift index (τ ) is matched with the STO (δc̄i ) and
CFO is zero. Thereafter, it decreases following sinc pattern.
The beamforming gain and channel gain in0LFM will be high
because the Tx and Rx beams are aligned. The STO can be
estimated by identifying the peak position of the correlation
value with the variation in shift index.

Term in�LFM represents the inter-beam interference when
the received beam has CID (c = c̄) equivalent to that in the
reference preamble and a different BID (bj = b̄). The terms
inside the integral in �LFM can be expressed using the Fres-
nel integral [33], which is given in (14), as shown at the
bottom of the previous page. The cosine and sine Fresnel
integrals are defined in (15), as shown at the bottom of the
page, [33]. The correlation property in (14) will be evalu-
ated in the simulation by using different parameter values.
When the STO and CFO do not exist, the correlation value
in (14) decreases as the difference (1β) between frequency

sweeping parameters increases, resulting in a reduction in the
inter-beam interference.

In (12), ϒLFM represents the inter-cell interference when
the received beam has a different CID (c 6= c̄) regardless of its
BID. The terms inside the integral in ϒLFM can be expressed
using the Fresnel integral in (16), as shown at the bottom of
the page. When βbj = βb̄, (16) is expressed as (17), shown at
the bottom of the page. It is evident from (17) that peak value

of the sinc function is obtained when the time shift, τ
βj,β̄
s ,

is given by

τ
βj,β̄
s = −

TLFM
βb̄

(
21f + εci

)
+ δci . (18)

The time shift is affected by the difference among the fre-
quency shift parameters, CFO, and STO. The peak value
decreases as the time shift increases. To prevent false detec-
tion, the symbol duration TLFM should be smaller than the

value of τ
βj,β̄
s in (18), as follows:

TLFM ≤

∣∣∣∣τβj,β̄s

∣∣∣∣ ⇒ ∣∣βb̄∣∣ ≤ ∣∣21f + εci − βb̄δci ∣∣ (19)

Because εci is significantly smaller than 1f in practical sce-
narios, the range of1f can be determined using (11) and (19)
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as follows:

α ≤ 1f ≤
BW − |α|

2
(20)

where α = βb̄+βb̄δ
c
i . The condition in (20) is satisfied for all

the values of α that are less than BW/3. Thus, to prevent time
ambiguity (false detection), the frequency shift parameters
(fc) should be selected such that the difference (1f ) between
these satisfy the condition in (20).

In the LFM-BSP, the cross-correlation level between two
preambles decreases as the difference (1β) in the frequency
sweeping parameters increases. However, the number of fea-
sible BIDs decreases with an increase in 1β. To determine
the number of feasible sequences in the LFM-BSP, the upper
bound of the cross-correlation in (16) can be derived as
follows:

χ (TLFM ,1β) = 2

√
C2
max + S2max

π1βTLFM
, 1β > 0 (21)

Here, Cmax and Smax represent maximum values of the cosine
and sine Fresnal integrals. Using (15), non-normalized values
of Cmax and Smax can be determined as 0.9775 and 0.8948,
respectively. Based on χ (TLFM ,1β), maximum number of
feasible sequences is independent of fc and εci . However, 1β
significantly affects the cross-correlation (interference) level;
1β is inversely proportional to the cross-correlation level.

V. SIMULATION
In this section, the performance of the proposed 3D beam-
forming technique for mmWave cellular systems with a UPA
is evaluated via computer simulation. The simple cellular
system model shown in Fig. 1 is used for the simulation.
Here, an MS receives signals from a serving cell and two
neighboring cells. The performance is analyzed only for the
beam search period (initialization stage, link failure case)
using the proposed ZC-BSP and LFM-BSP. The BS and MS
are assumed to have a UPA with 256(16×16) elements and a
ULA with 16 elements(or UPA with 4× 4 elements), respec-
tively. The 5G NR specification is the baseline document
for transmission and reception [34]. The carrier frequency,
subcarrier spacing, and size of the fast Fourier transform
(FFT) are set to 28 GHz, 120 kHz, and 4096, respectively.
Thus, the maximum bandwidth of the LFM-BSP is set to
491.5 MHz (4096× 120kHz). This determines the maximum
number of available preambles. The channel between the
BS and MS is assumed to experience Rician fading, which
consists of a LOS path and a non-LOS (NLOS) path. The
NLOS path is generated by the spatial channel model (SCM)
and composed of 20 rays with an azimuth spread of 2◦.
The k-factor is set to 15 dB. The simulation parameters are
summarized in Table 1.
Fig. 2 shows the correlation property of the ZC-BSP. Here,

the transmitted BID, serving CID, and cyclic shift spacing are
set to b̄ = 5, c̄ = 54, and Q = 5, respectively. It is assumed
that the transmitter and receiver are perfectly synchronized
in time (i.e., No STO). The CFO is set to either zero or one.

TABLE 1. Simulation parameters.

FIGURE 2. Correlation property of ZC-BSP.

It is evident that peak occurs at the correct position
(CID = 54 and BID = 5) when the CFO is zero. In this
case, the autocorrelation becomes one, as is evident from (3).
When (c = c̄) and (bj 6= b̄), the autocorrelation becomes zero
as is evident from (4). However, peak occurs at an incorrect
position (BID= 13) in the presence of CFO (εic = 1). This is
because the ambiguity condition in (7) is satisfied. It should
be noted that Q = (17× 127 + 1)/54× (13 − 5) = 5 when
bj = 13 and µ = 17. Thus, the value of Q should be selected
such that ambiguity condition in (7) is not satisfied when the
ZC-BSP is used. It is also evident that, when the received
beam has a different CID (c 6= c̄) regardless of its BID,
the amplitude of the normalized cross-correlation is given by
1/
√
Nz = 0.0887, as is evident from (9).
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FIGURE 3. Correlation property of LFM-BSP.

Fig. 3 shows the correlation property of the LFM-BSP
when STO and CFO do not exist. Here, the value of βbj
varies (1.45, 1.93, and 3.85 MHz), whereas βb̄ is set to
1.93 MHz. The frequency shift parameters, fc and fc̄, are
are set to zero. The autocorrelation result in this figure is
obtained using (13) when βbj and βb̄ are equal. The cross-
correlation result is obtained using (14) when βbj differs
from βb̄. This figure indicates that the analytic results are
in good agreement with the simulation results for both
cases. The autocorrelation becomes one at the correct timing.
Cross-correlation decreases as the difference1β between βbj
and βb̄ increases. Thus, the inter-beam interference can be
reduced if 1β is sufficiently large. However, the number of
feasible BIDs decreases as 1β increases.

FIGURE 4. Number of LFM-BSPs vs. 1β.

Fig. 4 shows the number of feasible BIDs obtained
using (21), when 1β varies for three values of β0. Here, β0
denotes the starting value of βbj . From this figure, it can be
verified that the number of feasible BIDs decreases with an

FIGURE 5. Autocorrelation properties of ZC-BSP and LFM-BSP when εc
i

exists.

increase in 1β. Thus, in the LFM-BSP, there is a trade-off
between the cross-correlation level and the number of feasible
sequences, during the selection of the value of 1β.
Fig. 5 presents comparison of autocorrelation properties

of ZC-BSP and LFM-BSP when CFO exists. The analytic
results of the ZC-BSP and LFM-BSP are obtained using
(3) and (13), respectively. From this figure, it is evident that
the analytic results are in good agreement with the simulation
results. The autocorrelation of ZC-BSP decreases signifi-
cantly with an increase in εci , in accordance with the sinc
function. However, the increase in εci does not significantly
affect the LFM-BSP, for a small value of CFO. This is because
the LFM waveform is Doppler-insensitive. Thus, it is likely
that, for high velocity applications such as V2X and UAV,
the LFM-BSP can yield a higher performance owing to its
robustness to εci .

FIGURE 6. Detection probabilities of ZC-BSP and LFM-BSP.

Fig. 6 compares the detection probabilities of the ZC-BSP
and LFM-BSP techniques in the presence of CFO. Here, it is
assumed that the MS receives signals from a serving cell
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and two neighboring cells and that the distances between
the MS and three BSs are equal. This implies that the
signal-to-interference ratio (SIR) is 0 dB. For both the BSPs,
the sequence length is set to 127. The parameters listed
in Table 1 are used for the simulation. In both the techniques,
16 beams are transmitted in parallel from the UPA. In the
ZC-BSP, the 16 beams are generated with an equal root index
(CID) by varying Q. The CIDs for three cells are set to 1,
2, and 3, with c̄ = 2. Q is set to seven to prevent the
ambiguity condition in (7). In the LFM-BSP, 1β is set to
240 kHz. fc is set to 0, 3.84, and 7.68 MHz, with fc̄ = 0.
It is also assumed that the MS is located at an azimuth angle
of 0◦ and an elevation angle of −30◦. The horizontal BID
9 corresponds to an azimuth angle of 0◦, and the vertical BID
5 corresponds to an elevation angle of −30◦. The detection
probability is obtained by correlating the received signal with
a locally generated reference preamble and by determining
the index that maximizes the correlation. The detection is
declared ‘‘successful’’ when both horizontal BID and vertical
BID, detected at the MS are correct. It is evident from Fig. 6
that the detection probability of the ZC-BSP decreases as εci
increases. The detection probability is 0.5 when εci is 0.5, and
0 when εci is 0.7. However, the detection probability of the
LFM-BSP remains unaffected by the increase in εci . When
CFO is absent, the detection probability of the ZC-BSP is
higher than that of the LFM-BSP. This is attributed to the
good correlation property of the ZC sequence.

FIGURE 7. Detection probability of LFM-BSP with different 1β.

Fig. 7 presents the detection probability of the LFM-BSP
when 1β varies. The figure indicates that the detection
probability increases as 1β increases. However, as shown
in Fig. 4 the number of feasible BIDs decreases with an
increase in 1β. Fig. 8 depicts a comparison of the 3D beam-
patterns obtained using the conventional and the proposed
beamforming techniques. The exhaustive search technique is
used for UPA in the conventional technique, that is, individual
Tx beams are transmitted from the BS until 256 beams are

FIGURE 8. 3D beampatterns of conventional and proposed techniques.

transmitted at all the azimuth and elevation angles. The beam
that produces the highest SNR at the MS is selected as the
optimal Tx beam. In the proposed technique, the two-step
approach is used to detect horizontal and vertical BIDs. From
Fig. 8, it is evident that the 3D beampatterns obtained via both
the techniques are almost identical. There is no impact on the
beam pattern in the proposed 3D beamforming technique as
compared to conventional 3D beamforming.

FIGURE 9. Number of beam scans required for 3D beamforming.

Fig. 9 presents a comparison of the number of beam scans
required for the conventional (exhaustive search) and pro-
posed technique when the parameters in Table 1 is used.
The number of beam scans required for conventional 3D
beamforming is expressed as NBS,H

B × NBS,V
B × NMS

B . Here,
NMS
B denotes the number of Rx beams at the MS. If the

UPA has NBS,H
B horizontal antenna arrays and NBS,V

B ver-
tical antenna arrays, the number of beam scans required
for the proposed 3D beamforming is given by 2 × NMS

B .
Thus, it is evident from Fig. 9 that the proposed technique
requires a significantly lower number of beam scans than the
conventional technique. It should be noted that the required
number of beam scans is plotted on a log scale. For an
mmWave system with 16 (4× 4) Tx beams and 8 Rx beams,
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the conventional technique requires 128 beam scans, whereas
the proposed technique requires 32 beam scans. This differ-
ence increases as the size of the UPA increases. When the
UPA has 256 (16 × 16) Tx beams and 8 Rx beams, the
conventional technique requires 2,048 beam scans. When
the UPA has 4,096 (64 × 64) elements, the conventional
technique requires 32,768 beam scans. However, the pro-
posed technique still requires 32 beam scans for both these
cases.

VI. CONCLUSION
This paper proposes two beam search preambles (ZC-BSP
and LFM-BSP) for 3D beamforming in mmWave cellular
systems with UPAs, to reduce the overhead for the beam
search operation. It was demonstrated via simulation that
the ZC-BSP achieves a good performance (i.e., high detec-
tion probability) in the absence of CFO, owing to the good
correlation property of the ZC sequence. It can also pro-
vide a large number of preambles with different CIDs and
BIDs. However, its performance is significantly degraded
as CFO increases. Moreover, it was demonstrated that the
performance of LFM-BSP is less affected by the presence
of CFO, because the LFM waveform is robust to CFO.
However, its performance is degraded as the difference (1β)
between the frequency sweeping parameters in LFM-BSPs
decreases. Thus, the performance of the LFM-BSP can be
improved by increasing 1β. However, the number of fea-
sible BIDs decreases with an increase in 1β. Thus, in the
LFM-BSP, there is a trade-off between performance and the
number of BIDs in selecting 1β. It was also shown that
3D beampatterns obtained via the conventional and proposed
beamforming techniques are similar. However, the beam
search time required for the proposed technique is signifi-
cantly lower than that for the conventional technique; more-
over, this beam search time remains constant even when
the size of the UPA increases. Therefore, the ZC-BSP and
LFM-BSP can be effectively used for fast 3D beamforming

in fixed infrastructure networks and mobile ad hoc networks,
respectively.

APPENDIX
DERIVATION OF (9)
Equation (9) can be derived in (22)–(25), as shown at the
bottom of the page, where ς = (rcQbj− r c̄Q̄b̄− r c̄δ+ r c̄m+
εi
c)((rcQbj −r c̄Q̄b̄− r c̄δci + r

c̄m+ εic)(rc − r c̄)
−1
+ 1).
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n=0

ej
πrcc̄n(n+1)

Nz

=

N−1∑
n=0

ej
2πrcc̄α((n−γ )2−γ 2+(2γ+1)n)

Nz (26)

=

Nz−1∑
b=0

ejπ
rc(n−δci +Qbj)(n−δ

c
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Here, α = (Nz + 1)
/
2, γ = (Nz − 1)

/
2 and rcc̄ = rc − r c̄.

G (α |rcc̄| ,Nz) is a Gauss Sum expression [31], given by
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Using the above results, (22) is given by
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Nz · ρ (31)

Nc−1∑
c=0,c6=c̄

NBS
B −1∑
bj=0

NZ−1∑
n=0

x
c,bj
ZC (n− δci )e

j2πnεci
Nz

(
x c̄,b̄ZC (n− m)

)∗
(22)

=

Nz−1∑
b=0

e
jπrc(n−δci +Qbj)(n−δ

c
i +Qbj+1)

Nz e
j2πnεi

c

Nz

(
e
jπrc̄(n−m+Q̄b̄)(n−m+Q̄b̄+1)

Nz

)∗

=

Nz−1∑
b=0

ejπ
rc(n2+2nQbj+n+Q2bj2+Qbj)−rc̄(n2+2nQ̄b̄+n+Q̄2 b̄2+Q̄b̄)+2nεic+rc

(
−2nδci +(δ

c
i )

2
−2Qbjδ

c
i −δ

c
i

)
−rc̄(−2nm+m2−2pb̄m−m)

Nz (23)

= xc,bj (0)
[
x c̄,b̄ (0)

]∗
e
jπ
Nz
rc
(
(δci )

2
−2Qbjδci −δ

c
i

)
e−jπ
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Nz

Nz−1∑
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e
jπ
Nz

(
rc−r c̄

)
n(n+1)+2n

(
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)

(24)

= xc,bj (0)
[
x c̄,b̄ (0)

]∗
e
jπ
Nz
rc
(
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2
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)
e−
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(
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)
e
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(
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where

ρ =
√
Nz ·


ξ
1− jN

1− j
, rc > r c̄

ξ
1+ jN

1+ j
, rc < r c̄

and ξ =
〈
α|rcc̄|
NZ

〉
e−j

2πrcc̄αγ
2

NZ .
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