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Abstract—This paper proposes a simple direction finding 
(DF) method which aims to realize efficient beam management 
in mm-wave and THz frequency-band communications where a 
beamforming is essential. In the proposed method based on the 
DF built by the synthesis of two pre-designed beam patterns, the 
relative angle difference of direction-of-attention (DoA) between 
the beam direction formed by transmitting array antenna and 
the receiving antenna can be estimated. Accordingly, the 
receiving device having a DoA value within a specific range can 
be recognized as being in the main direction of a transmission 
beam. Also, we design the beam measurement method that is 
immune to implementation issues such as the imperfect frame 
synchronization in OFDM systems. Simulation results show the 
performance of angular filtering of the proposed method in the 
line-of-sight (LOS) environment.  

Keywords—beam alignment, direction of attention, direction 
finding, 5G/6G communications 

I. INTRODUCTION 
Recently, in a wireless communication system such as 

IEEE Wi-Fi 802.11 or 3GPP 5th generation new radio (5G 
NR) mobile communication standard technology, a 
technology for expanding coverage or increasing capacity by 
forming a beam in a specific direction using multiple antennas 
is a key. In particular, since millimeter wave (mmWave) 
communication to support high data rate has a short 
communication range and radio waves are frequently blocked 
by obstacles, so multiple beams being able to cover the entire 
service area must be operated [1-3]. 

In general, in order to form a beam between two wireless 
devices, direction finding technologies are used to estimate the 
angle-of-arrival (AOA) of radio waves transmitted using 
multiple antennas on the receiving side or to define the 
direction of a terminal through beam switching [4]. Beam 
switching method has been used successfully in 5G NR of  
above 6GHz and IEEE 802.11ad Wi-Fi of 60GHz frequency 
band. However, the technology of finding the direction of a 
desired beam by selecting and sweeping one of several pre-
formed beams in a certain search period has a problem in that 
a complicated procedure of exchanging and finding the 
measured value of the beam between two devices is required. 
In [5], a spatial beamforming called random jitter 
beamforming (RJBF) method that can estimate the relative 
angle between the transmission beam and the target device by 
simply measuring the transmission beam in the receiving 
device was proposed. This method determines the correlation 
of the transmitted weight vector by multiplying to the known 
sequence, and the measured value in received side is mapped 
to a function of a deviation angle from line-of-sight (LOS) 
direction of transmitting beam. Although RJBF can be 
effectively applied as an OFDM system, it is vulnerable to the 

timing offset issues arising from implementation such as the 
mismatch of FFT window region. 

In this paper, we analyze an influence on correlation 
property of received weight vector by the timing offset at FFT 
starting point and propose a method to maintain DOA 
characteristics while ignoring timing offset in OFDM system, 
which makes a main function for angular filtering based on 
correlation coefficient between transmitted two sequences 
with same FFT duration. Compared to the conventional 
received signal strength (RSS) based beamforming method, in 
this method not only the measured value can be obtained 
simply, but also the direction of the incident beam within a 
specific angle can be fairly accurately caught.  

The rest of this paper is organized as follows. In section II, 
we derive the impact of synchronization timing offset on pre-
defined beam pattern and describes the proposed direction 
finding method, which is more feasible for implementation, in 
section III. Section IV displays some simulation results 
showing the angular filtering performance of the proposed 
method. Finally, Section 5 concludes this paper. 

II. IMPACT OF SYNCHRONIZATION TIMING OFFSET ON 
DESIGNED BEAM PATTERN 

Fig. 1 shows the configuration of beam pattern applied for 
the OFDM transmitter in the proposed DF method. In Fig. 1, 
a known sequence grouped by Φ𝑛𝑛𝑛𝑛 pre-defined beam pattern 
for jittering is mapping to sub-carriers of IFFT, where this 
sequence is already known in the transceiver to detect the 
correlation property of beam pattern. Pre-defined beam 
jittered pattern 𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘

𝑚𝑚𝑚𝑚 is expressed as the weighted array vectors 
for groups of Φ𝑛𝑛𝑛𝑛  at the 𝑘𝑘𝑘𝑘-th sub-carrier and 𝑚𝑚𝑚𝑚-th antenna. 
Assume that the OFDM transmitted signal with the weight 
vector of the beam pattern group for a 4-element uniform 
linear array (ULA) antenna at the 𝑘𝑘𝑘𝑘-th subcarrier is 𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘 and the 
weight vector for the pre-defined beam pattern is 𝐰𝐰𝐰𝐰𝑘𝑘𝑘𝑘  when 
Φ𝑛𝑛𝑛𝑛 = 2.  

 
Fig. 1. Transmission method of beam pattern in OFDM system. 

IFFT CP DAC RF

S
ub

ca
rr

ie
r,

 k

IFFT CP DAC RF

IFFT CP DAC RF

IFFT CP DAC RF

ℓ0

ℓ0+1

ant0 ant1 ant2 ant3

ant0

ant1

ant2

ant3
known 

sequence

1133979-8-3503-1327-7/23/$31.00 ©2023 IEEE ICTC 2023



Then, the transmitted baseband signal for 𝑚𝑚𝑚𝑚-th antenna path 
is followed as 

𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚[𝑛𝑛𝑛𝑛] = ∑ 𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒
−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁−1

𝑘𝑘𝑘𝑘=0 .                   (1) 

where 𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚 is one of the element of pre-defined beam pattern 
group. The 𝐰𝐰𝐰𝐰𝑘𝑘𝑘𝑘 group of pre-defined beam pattern is given by 

𝐰𝐰𝐰𝐰𝑘𝑘𝑘𝑘 = �𝐰𝐰𝐰𝐰𝐺𝐺𝐺𝐺1, 𝑘𝑘𝑘𝑘 ∈ 2𝑖𝑖𝑖𝑖 + 1
𝐰𝐰𝐰𝐰𝐺𝐺𝐺𝐺2, 𝑘𝑘𝑘𝑘 ∈ 2𝑖𝑖𝑖𝑖                        (2) 

where 𝑖𝑖𝑖𝑖  is a non-negative integer, and two groups of pre-
defined beam pattern applied for 4 ULA antenna are defined 
as follows, 

𝐰𝐰𝐰𝐰𝐺𝐺𝐺𝐺1 = �𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋
𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑1

0
, 𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋

𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑1

1
, 𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋

𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑1

2
, 𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋

𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑1

3
�
𝑇𝑇𝑇𝑇
 

𝐰𝐰𝐰𝐰𝐺𝐺𝐺𝐺2 = �𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋
𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑2

0
, 𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋

𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑2

1
, 𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋

𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑2

2
, 𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋

𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆𝜑𝜑𝜑𝜑2

3
�
𝑇𝑇𝑇𝑇
 

where the antenna spacing 𝑑𝑑𝑑𝑑  is equal to 0.5𝜆𝜆𝜆𝜆  and 𝛼𝛼𝛼𝛼  is a 
scaling factor. 𝜑𝜑𝜑𝜑  is the null location of two beam patterns 
given by 𝜑𝜑𝜑𝜑1𝑚𝑚𝑚𝑚 = �𝑚𝑚𝑚𝑚 − 𝑀𝑀𝑀𝑀+1

2
� sin𝜃𝜃𝜃𝜃1  and 𝜑𝜑𝜑𝜑2𝑚𝑚𝑚𝑚 = �𝑚𝑚𝑚𝑚 − 𝑀𝑀𝑀𝑀+1

2
� sin𝜃𝜃𝜃𝜃2 , 

𝑚𝑚𝑚𝑚 = 0, … ,𝑀𝑀𝑀𝑀 − 1. 

The baseband signal received by a single omni- directional 
antenna is written by  

𝐲𝐲𝐲𝐲 = 𝐡𝐡𝐡𝐡𝐡𝐡𝐡𝐡 + 𝐯𝐯𝐯𝐯,                                     (3) 

where 𝐡𝐡𝐡𝐡 = [𝑠𝑠𝑠𝑠0, … , 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚]𝑇𝑇𝑇𝑇 and is the 𝑀𝑀𝑀𝑀 × 1 beam-steered vector 
of RJBF signal, 𝐡𝐡𝐡𝐡 is the 1 × 𝑀𝑀𝑀𝑀 wireless channel vector, and 𝐯𝐯𝐯𝐯 
is gaussian noise. 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 is the outputs of multi-antenna for the 
baseband signal model in transmitter,  𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚 = 𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚  (𝑚𝑚𝑚𝑚 =
0, … ,𝑀𝑀𝑀𝑀 − 1), where  𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚  is a component of beam-steered 
vector 𝝓𝝓𝝓𝝓. 𝑀𝑀𝑀𝑀 is the number of transmit antenna. 

Generally, an OFDM system is more sensitive for timing 
synchronization of received frame. Let 𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘  be the RJBF 
sequence performed FFT with imperfect synchronization 
timing synchronization (STO) as shown in Fig. 3. If the 
synchronization timing offset 𝛿𝛿𝛿𝛿  is defined as a number of 
shifted samples from the perfect synchronization, the 
recovered signal with beam pattern 𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘 at the 𝑘𝑘𝑘𝑘-th sub-carrier 
after FFT is calculated as 

𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘 = ∑ 𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝜋𝜋𝜋𝜋 𝑁𝑁𝑁𝑁⁄ + 𝑉𝑉𝑉𝑉,                    (4) 

where  𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘  is combined with channel vector, beam-steered 
vector and weight vector at 𝑘𝑘𝑘𝑘 -th subcarrier by matrix 
operation of (3), respectively, 𝚯𝚯𝚯𝚯 = 𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐰𝐰𝐰𝐰 = ∑ 𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝜙𝜙𝜙𝜙𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑀𝑀𝑀𝑀−1

𝑚𝑚𝑚𝑚=0 . 
𝚮𝚮𝚮𝚮 and 𝐇𝐇𝐇𝐇 are the expression of vector 𝐡𝐡𝐡𝐡 and 𝛟𝛟𝛟𝛟 in frequency 
domain, respectively, and 𝐰𝐰𝐰𝐰 = [𝑤𝑤𝑤𝑤0, … ,𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚], is the vector of 
pre-defined beam pattern 𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚 related to the antenna index for 
𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚. The STO is a positive integer number within the cyclic 
prefix (CP) duration.  

In [5], the cross-correlation (XCR) between a known 
sequence vector 𝑥⃗𝑥𝑥𝑥  and received RJBF signal vector 𝑟𝑟𝑟𝑟  for a 
function 𝑓𝑓𝑓𝑓(𝜌𝜌𝜌𝜌) for angular distance is expressed as follows,  

𝜌𝜌𝜌𝜌 = 〈𝑥⃗𝑥𝑥𝑥 ∙ 𝑟𝑟𝑟𝑟〉 �〈𝑥⃗𝑥𝑥𝑥 ∙ 𝑥⃗𝑥𝑥𝑥〉〈𝑟𝑟𝑟𝑟 ∙ 𝑟𝑟𝑟𝑟〉⁄  ,                     (5) 

where 〈𝑎𝑎𝑎𝑎 ∙ 𝑏𝑏𝑏𝑏〉 is an inner product of two vectors. Since |𝜌𝜌𝜌𝜌| is 
monotonically decreased corresponding to only a deviation 
angle from a target except for low value, it can be simplified 
to a function for angular filtering.  

To detect the angular distance, the cross correlation 
coefficient between a known sequence vector 𝑋⃗𝑋𝑋𝑋  and the 
received sequence 𝑌𝑌𝑌𝑌�⃗  in frequency domain can be calculated 
using (5). According to (5), the inner product 〈𝑋⃗𝑋𝑋𝑋 ∙ 𝑌𝑌𝑌𝑌�⃗ 〉 of two 
vectors for received OFDM symbol with synchronization 
error 𝛿𝛿𝛿𝛿 is following as  

〈𝑋⃗𝑋𝑋𝑋 ∙ 𝑌𝑌𝑌𝑌�⃗ 〉 = ∑ 𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘∗𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 = ∑ 𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘∗𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∑ 𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝜋𝜋𝜋𝜋 𝑁𝑁𝑁𝑁⁄
𝑘𝑘𝑘𝑘 .      (6) 

Then, the cross-correlation coefficient is calculated as 
follows, 

𝜌𝜌𝜌𝜌δ = �
|𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘|2𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝜋𝜋𝜋𝜋 𝑁𝑁𝑁𝑁⁄

�|𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘|2 ∙ |𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘|2|𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘|2𝑘𝑘𝑘𝑘

= �
1

�|𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘|2
𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝜋𝜋𝜋𝜋 𝑁𝑁𝑁𝑁⁄

𝑘𝑘𝑘𝑘

. 

      (7) 

Assume that the wireless channel is a frequency-flat, 𝐻𝐻𝐻𝐻 ≃
1, the phase rotation of 𝜌𝜌𝜌𝜌δ can be calculated as follows  

𝜗𝜗𝜗𝜗 = �� 2𝜋𝜋𝜋𝜋 �
𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑
𝜆𝜆𝜆𝜆

(sin𝜃𝜃𝜃𝜃1 + sin𝜃𝜃𝜃𝜃2) +
𝑘𝑘𝑘𝑘𝛿𝛿𝛿𝛿
𝑁𝑁𝑁𝑁
�

𝑀𝑀𝑀𝑀−1

𝑚𝑚𝑚𝑚=0𝑘𝑘𝑘𝑘

. 

(8) 

If the timing synchronization of the OFDM receiver is 
ideal, the beam pattern with the set of (2) have the identically 
fixed array response in the direction of 0°, i.e., fixed gain at 
the direction of LOS, and the varied gains in other directions. 
Due to the phase rotation, however, all of the devices with the 
different timing synchronization have different |𝜌𝜌𝜌𝜌| even 0° as 
shown in Fig. 2.  

Fig. 2 shows the performance of pre-designed beam-based 
BF method with respect to the STO of a received OFDM 
signal under the spatial channel model (SCM) [6] of 3GPP. If 
the threshold for device filtering is 0.14, the device with 𝛿𝛿𝛿𝛿 =
3 in the direction of 0° cannot be filtered as the target, but the 
device with 𝛿𝛿𝛿𝛿 = 1 in the direction of 10°. Therefore, in order 
to use |𝜌𝜌𝜌𝜌| as the common cost function for angular filtering, 
the OFDM-based BF with specific beam pattern requires the 
algorithm to compensate the STO. In a general OFDM system, 
the timing synchronization error within CP duration can be 
eliminated by the channel equalization. But it is difficult to use 
the channel equalization in the beamforming-based OFDM 
system in which the characteristic of a beam pattern must be 
maintained. 

 

Fig. 2. XCR-based beam measurment performance. 
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III. PROPOSED DIRECTION FINDING METHOD FOR OFDM 
SYSTEM 

Fig. 3 illustrates the concept of proposed direction method  
to disregard the impact of STO in the OFDM system. As 
shown in Fig. 3, the transmit frame of proposed method 
consists of the pre-designed beam pattern as well as the known 
sequence used to generate it, that is, these two sequences 
shared a same binary sequence. In this paper, as a known 
sequence, the binary sequence of the long training field for 
preamble of IEEE 802.11 is used. 

 

Fig. 3. Frame configuration and transmsssion concept of the proposed 
method.  

The timing synchronization for receiving these two 
sequence symbol can be obtained from several OFDM 
symbols received in 𝑇𝑇𝑇𝑇N  interval. Thereafter, the received 
OFDM symbols are demodulated based on the 
synchronization detected in the 𝑇𝑇𝑇𝑇N  interval. Although the 
timing synchronization was slightly swayed, in the proposed 
method, two symbols have a common FFT window start point 
in Fig. 3.  

Once again, let 𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘 be the recovered sequence with beam 
pattern corresponding to (4) and let 𝑍𝑍𝑍𝑍𝑘𝑘𝑘𝑘 be the received known 
sequence with the synchronization timing offset 𝛿𝛿𝛿𝛿 at the 𝑘𝑘𝑘𝑘-th 
subcarrier. Then, the received sequence is expressed as 

𝑍𝑍𝑍𝑍𝑘𝑘𝑘𝑘 = ∑ 𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝜋𝜋𝜋𝜋 𝑁𝑁𝑁𝑁⁄ + 𝑉𝑉𝑉𝑉,                   (9) 

where 𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘 is composed to the channel vector and beam-steered 
vector at 𝑘𝑘𝑘𝑘-th subcarrier, 𝚿𝚿𝚿𝚿 = 𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇 = ∑ 𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚Φ𝑚𝑚𝑚𝑚

𝑀𝑀𝑀𝑀−1
𝑚𝑚𝑚𝑚=0 . 𝚮𝚮𝚮𝚮 and 𝐇𝐇𝐇𝐇 

was defined in section II.  

Then, the new function of angular-distance is generated 
from the auto-correlation of these two sequences in the 
direction of target by basics of the proposed method. The new 
function of angular-distance by received the given sequence 𝑍𝑍𝑍𝑍 
and the beam pattern-based sequence 𝑌𝑌𝑌𝑌�⃗  in frequency domain 
can be reconstructed by (5). If the inner product 〈𝑍𝑍𝑍𝑍 ∙ 𝑌𝑌𝑌𝑌�⃗ 〉 of two 
vectors is defined as 〈𝑍𝑍𝑍𝑍 ∙ 𝑌𝑌𝑌𝑌�⃗ 〉 = ∑ 𝑍𝑍𝑍𝑍𝑘𝑘𝑘𝑘∗𝑌𝑌𝑌𝑌𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 . The inner product of 
three components of at 𝑘𝑘𝑘𝑘-th subcarrier is calculated to 

𝛼𝛼𝛼𝛼 = 〈𝑍𝑍𝑍𝑍 ∙ 𝑌𝑌𝑌𝑌�⃗ 〉  

           = ∑ �𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒
−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁 �

∗
𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒

−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘 = ∑ |𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘|2𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘
∗𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘   

𝛽𝛽𝛽𝛽 = 〈𝑍𝑍𝑍𝑍 ∙ 𝑍𝑍𝑍𝑍〉  

          = ∑ �𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒
−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁 �

∗
𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒

−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘  = ∑ |𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘|2|𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘|2𝑘𝑘𝑘𝑘   

𝛾𝛾𝛾𝛾 = 〈𝑌𝑌𝑌𝑌�⃗ ∙ 𝑌𝑌𝑌𝑌�⃗ 〉   

          = ∑ �𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒
−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁 �

∗
𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒

−𝑗𝑗𝑗𝑗2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁𝑘𝑘𝑘𝑘 = ∑ |𝑋𝑋𝑋𝑋𝑘𝑘𝑘𝑘|2|𝚯𝚯𝚯𝚯𝑘𝑘𝑘𝑘|2𝑘𝑘𝑘𝑘 .                            

Accordingly, a function of angular-distance based on auto-
correlation coefficient is following as  

𝜌𝜌𝜌𝜌new =
𝛼𝛼𝛼𝛼

�𝛽𝛽𝛽𝛽 ∙ 𝛾𝛾𝛾𝛾
= �

𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘
∗𝚪𝚪𝚪𝚪𝑘𝑘𝑘𝑘

|𝚿𝚿𝚿𝚿𝑘𝑘𝑘𝑘|2|𝚪𝚪𝚪𝚪𝑘𝑘𝑘𝑘|2
𝑘𝑘𝑘𝑘

 . 

Compared to (8), in the above equation, it can be seen that 
the term 𝛿𝛿𝛿𝛿 related to the timing offset disappears and the DF 
effect by the weight vector of (1) and (2) is maintained. 
Therefore, the proposed DF method is a more feasible solution 
than for OFDM implementation. 

IV. SIMULATION RESULTS  
All simulation results performed in 4 elements ULA 

antenna with antenna spacing 0.5λ for transmitting and a 
single omni-directional antenna for receiving and two pre-
designed beam pattern with  sin𝜃𝜃𝜃𝜃1 = −0.25  and sin𝜃𝜃𝜃𝜃2 =
0.25 to have equal gain and phase in the direction of target is 
considered. An OFDM system for simulation has 64 
subcarriers in 20MHz bandwidth with 5GHz center frequency 
as shown in Fig. 1 and 3. A binary sequence for pre-defined 
beam pattern occupies 52 subcarrier following the IEEE 
802.11n specification. For simulation, the wireless channel 
model is considered to the modified SCM for 3GPP in [6]. 
This channel model is fitted to device-to-device 
communications under the situation of only mobile device 
with low antenna height unlike original SCM in urban micro 
environment with LOS. Rician K factor of LOS path for 
simulation is 6dB and noise figure is -92.97dBm in receiver. 

 

Fig. 4. Average and variance of correlation coefficient at the received 
device position −50 ≤ 𝜃𝜃𝜃𝜃 < 50.  

Fig. 4 illustrates the correlation coefficient map of the 
proposed method and the conventional patterned beam 
method when OFDM system has the STO 𝛿𝛿𝛿𝛿  from 0 to 5 
samples. These results show the mean and variance of |𝜌𝜌𝜌𝜌| 
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obtained from 20,000 independent runs. Note that |𝜌𝜌𝜌𝜌| 
determined by the wireless channel is a random variable 
because our modified SCM for the simulation has the 
stochastic model with a WSS (wide sense stationary) random 
process. As shown in simulation results, |𝜌𝜌𝜌𝜌| is expressed as a 
monotonically decreasing function of the angular distance 
from the direction of target without the effect of side lobes. If 
threshold is 0.8 in the conventional patterned beam method, 
the angular filtering resolution about 9° can be obtained on 
average. But even though there are STO of just 1 sample in 
receiving beam jittered symbol, their correlation coefficient 
was changed to 0 ≤ |𝜌𝜌𝜌𝜌| ≤ 0.2 , and then the threshold for 
angular filtering must be set differently in all devices. On the 
other hand, the proposed method serves a function of the 
angular distance regardless of frame synchronization within 
CP duration, where nonlinearity at ±30°  is null position 
generated by auto-correlation of beam pattern. In the proposed 
DF, the angular filtering resolution of 10°  can be always 
obtained when threshold 0.8 is used. 
 

  

Fig. 5. The probability of angular fitering: (a) XCR vs. Proposed for 𝛿𝛿𝛿𝛿 =
0, (b) for 𝛿𝛿𝛿𝛿 = 1,3,5.  

Fig. 5(a) and (b) show the probability of successful angular 
filtering of proposed DF with the perfect synchronization and 
the several STO case, respectively. For this simulation, the 
target and interference devices are located at 0°  and an 
interval of 1° in −50 ≤ 𝜃𝜃𝜃𝜃 ≤ 50, respectively, at the radius 
𝑟𝑟𝑟𝑟 = 70𝑚𝑚𝑚𝑚 from a user device. A ‘successful angular filtering’ 
is defined as the case where the |𝜌𝜌𝜌𝜌| of the target has a higher 
value than the |𝜌𝜌𝜌𝜌|  of the inference at position (𝑟𝑟𝑟𝑟, 𝜃𝜃𝜃𝜃) , e. g. 
(70𝑚𝑚𝑚𝑚, 1~50°). By the practical results obtained from 20,000 
independent runs, the angular resolution with the probability 
of 90% and 98% are about 7° and 11° in cross correlation 
based conventional DF as shown in Fig. 5(a). It means that the 

interferers outside of 7°  can be filtered out with the 
probability more than 90%. But by the STO inevitably 
generated in implementing the receiver, the probability of 
successful angular filtering of cross correlation based 
conventional DF is degraded to less than 65% for any position 
interferers in Fig. 5(b) even though only 5 samples were 
dislocated. On the other hand, the proposed DF method can 
achieve the angular resolution about 6°  and 9.5°  with the 
probability 90% and 98% for any STO within the CP duration. 

V. CONCLUSION 
This paper proposed an advanced DF method to make the 

beam pattern designed for finding the direction of LOS work 
well despite a timing synchronization error in the OFDM 
receiver, and represented the performance of proposed method 
compared to XCR-based conventional one in SCM channel 
environment. Simulation results show that proposed DF 
method achieves great angular filtering resolution for any 
synchronization within 10 samples. With a 4 element ULA, an 
angular filtering resolution of 9.5° with success rate 98% can 
be obtained. And even lots of interferences are located up to 
42°, the performance of angular filtering is lost just 0.15% by 
interferences around the filtering resolution in practice. 
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