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Abstract—The much-anticipated year of 5G deployment has lapsed, and yet much research is ongoing
on the 5G New Radio (NR) interface. The quality of service and user experience is dependent on a stable
and signal strength of the wireless communication link. To serve multiple users per sector accessing
dedicated and unique services pose a challenge for passive antenna systems with omnidirectional beams.
Smart 5G antenna technology with null forming and beamforming promises to serve mobile users well by
oﬀering a reliable wireless communication link. To address this need, we propose a 2 × 2 MIMO antenna
capable of electronically forming electromagnetic beams in one direction and nullifying electromagnetic
beams in any undesired direction. We demonstrate the usefulness of the proposed antenna by evaluating
ﬁve cases that showed interesting insights, conﬁrming the hypothesis that it is possible to implement
beamforming in a 2×2 MIMO system with less computing power and minimum number crunching. What
is novel and attractive about the proposed antenna are: (a) forming a beam with maximum directivity
towards the desired user, while (b) simultaneously producing nulls towards an undesirable transmitter,
and (c) a fast electromagnetic tracking module inbuilt into it so that the base station antenna may
constantly track and maintain the communication link with the moving wireless transceiver or cell
phone. While most wireless mobile systems use two separate software modules for beamforming and
tracking the mobile station, the method presented here does electronic beamforming and tracking of
the mobile user with a single low memory, computationally fast technique within the range of 10 ms to
19 s.

1. INTRODUCTION
The pure 5th Generation (5G) New Radio (NR) interface must be smart enough to handle massive user
traﬃc with diﬀerent needs at high speeds, low latency, and greater reliability. These are the requirements
which dictate that new smart antennas developed for the 5G network must satisfy. The smart antenna
must be able to form an accurate and stable electromagnetic radiation pattern to the desired user with
improved spectrum eﬃciency at high speeds [1–3]. The need for greater reliability can be implemented
using massive multiple input and multiple output (MIMO) active antenna systems [2, 4].
Current research has been conducted on MIMO antenna systems for 5G networks. While more
antenna elements oﬀer very accurate beam forming performance, it also comes at the cost of high
computational needs and mechanical complexity [5, 6]. Therefore, the research of 2 × 2 MIMO antenna
systems for 5G or 6G application is a valuable research area [7–10]. [7] proposes a 2 × 2 MIMO array
that covers the 5G range of frequencies with ﬁxed beams. A tri-band 2 × 2 MIMO antenna is presented
in [8] that oﬀers a compact antenna, suitable for mobile devices, operating at 28, 38, and 60 GHz. A
reconﬁgurable antenna presented in [9] oﬀers ﬁve stable switched beams at 28 GHz based on a slot
antenna design. However, the implementation of slot antennas is mechanical and bulky which is not
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applicable in mobile devices. In [10], the authors present a 2 × 2 MIMO slotted antenna for 4G and 5G
applications. The compact antenna is suﬃcient to ﬁt in mobile devices. However, selecting from a set
of ﬁxed beams would be less eﬀective for high mobility devices. A 4 × 4 MIMO antenna in [11] oﬀers
a wider bandwidth and acceptable gain; however, the switch ﬁxed beams limit the applications of this
antenna system for 5G or 6G applications.
In recent developments, the limited 5G adapted networks have highlighted some new insights,
which are classiﬁed as the next 6th generation of mobile networks, 6G. While 5G promised wider
coverage on land, 6G networks would provide coverage on land as well under water, over water, and
in space [12]. New user cases and reliability requirements have made the uplink as important as the
downlink [12, 13]. This requirement implies that the downlink and uplink data rates in 6G network
would be more symmetrical. A more practicable approach is to use steerable antenna [13] to implement
the symmetrical link.
Therefore, we present a 2 × 2 MIMO electromagnetic model of a beam steering antenna and
demonstrate some features that make the proposed antenna a fast, memory eﬃcient wireless antenna
with fast tracking that is useful for 5G and 6G applications [14–16].
2. PROPOSED 2 × 2 MIMO ANTENNA
MIMO antenna systems utilize the angle of arrival (AoA) of a signal to determine the angle of departure
(AoD) to transmit beam or null discreetly [16]. Fig. 1 shows a simpliﬁed transceiver antenna with two
elements of the proposed MIMO antenna system. The reference transceiver antenna is also a twoelement antenna. However, the focus is on beamforming of the two-element receiver array, which is
based on the AoA and beamforming code being applied. A complete analysis of the model would
include additional transmitting set of weights, w3 and w4 with diﬀerent receiving angles, θ2 . However,
based on the principle of reciprocity in Antenna Theory [17], the analysis of the complete 2 × 2 MIMO
antenna system is equivalent to a scaled version of a transceiver in receiving antenna mode. To counter
the eﬀects of channel distortion, some preprocessing is assumed at the transmitting antennas before
transmission as described in [18] where the data stream is precoded. Thus, the two received signals are
enough to convey the four-variable input to the complete 2 × 2 MIMO antenna system with independent
beamforming done at both two-element antennas shown in Fig. 1.

Figure 1. 2 × 2 precoded MIMO smart antenna.
The reduced number of input variables for processing oﬀers an underlying advantage of the proposed
antenna system — fast processing. The complete MIMO systems would require the processing of four
input variables. However, as shown below, the proposed system only requires two input-variables to
steer the beam and create nulls in the desired direction. Thus, we anticipate that the processing of two
antenna elements on each of the two transceivers would be much faster and require less computation
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power in the hardware implementation [5, 6]. The operational procedure of the model will be discussed
next.
The orientation of the antenna is normal to the incident plane of the far-ﬁeld electromagnetic signals
originating from the transmitting antenna if the transmitting and receiving antennas are at the same
height. That may not be the case in every setup as shown in Fig. 1. Thus, two uniform plane waves
arrive at the receiver antennas with electric ﬁelds, E1 and E2 , with known magnitude and unknown
phase having travelled a distance r1 and r2 , respectively. The distances r1 and r2 are unknown but are
not necessary for beamforming. However, the diﬀerence between r1 and r2 is determined from the AoA,
θ, of the waves which is measured from the horizontal axis of the antenna. This diﬀerence is given as
ΔR = r1 − r2 = r1 − d cos θ

(1)

where d is the separation distance between the elements, ΔR the diﬀerence between r1 and r2 , r1 the
distance travelled by E1 , and r2 the distance travelled by E2 . Once θ is determined, r2 can be calculated
with d, which is measured in wavelengths, λ. The beamforming code developed below based on this
model is frequency and medium dependent. The selection of the speciﬁc center frequency of the 5G
communication band can be from either the FR1 or FR2 band. The stability of the beamforming code
when the frequency of operation shifts from center frequency is investigated in this paper. In this paper,
we use the minimum separation distance of λ/2 with a center frequency of 60 GHz.
The electric ﬁelds, E1 and E2 , induces voltages into the vertical antenna elements to become
voltages V1 (θ) and V2 (θ), respectively. The output of the antenna array is the sum of the individual
branch signal being multiplied by the respective weights w1 (θ) and w2 (θ). Thus, the output, or total
received signal, is deﬁned as:
(2)
V (θ) = w1 V1 (θ) + w2 V2 (θ)
From Eq. (2), we note that the AoA can be the desired angle for maximum direction or null in the
direction of the interferer. Therefore, the smart antenna challenge we are addressing may be deﬁned
in ﬁve cases. Case 1 involves how to null the total received signal from an interfering transmitting
source by making V (θ) = 0. That is, when the interfering source is at θ = θi , the output must be zero,
V (θi ) = 0. Case 2 concerns maximizing the beam in the direction of the received signal from the desired
transmitting source. We call this AoA as θ = θmax , thus in that direction the voltage is maximum,
V (θmax ) = Vmax . Case 3 is not useful as discussed in Section 3.2. Case 4 explores the challenge of
implementing cases 1 and 2 simultaneously, i.e., how to simultaneously produce a maximally directed
beam towards the desired source signal at θ = θmax and to produce a null in the direction of the
undesired interfering source at θ = θi . Finally, extending case 2 we consider the challenge of tracking
the desired user. Once the position of the desired user is known, we use case 2 to form a new beam with
maximum directivity in the new direction of the desire user. While in cases 1, 2, and 4 we assume that
the location of the desired transmitting source and the interferer are known, in case 5 the location is
unknown, thus we track the mobile transmitter, by determining a new AoA, θmax . In general, a separate
mobile station tracking algorithm is used to determine the position of the mobile station as it moves
within the cell of each base station and from one cell to another cell [19]. In terms of the AoA, it is a
known variable.
The weights in Eq. (2), w1 and w2 , are the unknown variables to be determined in each of the
cases, case 1 to case 5, such that the desired results are obtained. Section 3 discusses the conditions
and results for each case. The weights are determined using numerical method in MATLAB. The
beamforming codes developed for each of the mathematical models are presented in the next section.
3. SIMULATION SETUP
3.1. Case 1 Nullifying an Interferer V (θ) = 0, AF = 0
The objective of case 1 is to produce a null in the direction of an interferer. Thus from Eq. (2), we let
w1 (θ) = 1 and w2 (θ) = e(±jδ) where the phase, δ, is unknown. The AoD for the null to the interferer is
θ = θi , and we need to ﬁnd the phase angle, δ. Since w1 (θ) = 1, then Eq. (2) is simpliﬁed to:
V (θ) = V1 (θ) + w2 V2 (θ)
(−jkr1 )

where V1 (θ) = V (θ)e

(3)
(−jkr2 )

and V2 (θ) = V (θ)e

(4)
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Therefore, substituting Eq. (4) in Eq. (3) and inserting Eq. (1) into Eq. (3) becomes


V (θ) = V (θ)e(−jkr1 ) 1 + ej(kd cos θ−δ)

(5)

Thus, the array factor,
AF = 1 + ej(kd cos θ−δ) .

(6)

If we let kd cos θ − δ = β, then Eq. (6) is simpliﬁed to 1 + ejβ . This implies that for Eq. (6) to
be zero, ejβ = −1, that is, β = ±π, because the induced voltage would be zero, V (θ) = 0. For clarity,
the phase must be that of the interferer, labeled as δ = δi , and the AoA must be that of the interferer,
θ = θi .
In other words, ej(kd cos θi −δi ) = −1 will ensure that AF = |1 − 1| = 0. We let kd cos θi − δi = β,
then substitute it in Eq. (6) to give e(−jkβ) = −1 where kd cos θi − δi = ±π. Therefore, the phase angle
that will produce a null to the interferer is δi = kd cos θi − π. Hence, the array factor is




AF = 1 + e(−j(kd cos θ−δi )) 




= 1 + e(−j(kd cos θ−kd cos θi +π)) 




= 1 + e(−jπ) e(−j(kd cos θ−kd cos θi ))  , since e(−jπ) = −1.




= 1 − e(−j(kds cos θ−kd cos θi )) 




= 1 − e(−jkd(cos θ cos θi )) 




= 1 − e(−jγ)  where γ = kd(cos θ cos θi )





= e(−jγ/2) e(jγ/2) − e(−jγ/2) 



 (−jγ/2)
2 sin(γ/2) since 2 sin α = (ejα − e−jα )
(7)
= e
= 2 sin(γ/2) since e(−jγ/2) only aﬀects phase and not magnitude of the signal.
The generalized array factor is
AF N = AF/2 = sin(γ/2)
where γ = kd(cos θ cos θi )

(8)
(9)

3.2. Case 2 Maximum Directivity to Desired User, V (θmax ) = 1, AF = 2
The objective of case 2 is to form the beam of maximum directivity toward the desired user. This is
achieved by making the second term in Eq. (6) to be 1, as in:
ej(kd cos θ−δ) = +1

(10)

Then AF = 1 + ej(kd cos θ−δ) = 1 + 1 = 2, which is when the radiation pattern is at maximum. Let
kd cos θ − δ = β
(11)
For Eq. (10) to be positive 1, ejβ = +1, Eq. (11) must be evaluated as kd cos θ − δ = 0. Now the
phase angle must be the phase of the desired user, thus kd cos θ − δ = 0 becomes kd cos θ − δm = 0. The
phase angle for maximum directivity is deﬁned as:
(12)
δm = kd cos θm
Substituting Eq. (12) into Eq. (6) gives the array factor in case 2 as:
 


 


(13)
AF = 1 + ej(kd cos θ−δm )  = 1 + ej(kd cos θ−kd cos θm ) 
Let γ = kd(cos θ − cos θm ), then Eq. (13) is reduced to




AF = 1 + e(−jγ)  = 2 cos(γ/2)

(14)
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3.3. Case 3 Both Phase Shift Angles Delta Are Not Zero, δ1 = 0. Both Weights Have a
Magnitude Which Is 1
Considering Fig. 1, the output signal is:
V = w1 V1 (θ) + w2 V2 (θ)
= w1 V0 e(−jkr1 ) + w2 V0 e(−jkr2 )
= w1 V0 e(−jkr1 ) + w2 V0 e(−jk(r1 −d cos δθ))
= w1 V0 e(−jkr1 ) + w2 V0 e(−jkr1 ) e(jkd cos θ)


= V0 e(−jkr1 ) w1 + w2 e(jkd cos θ)
The array factor is
AF = w1 + w2 e(jkdcosθ)
= e(jδ1 ) + e(jδ2 ) e(jkdcosθ) where w1 = e(jδ1 ) & w2 = e(jδ2 )


= e(jδ1 ) 1 + e(jδ2 −δ1 ) e(jkd cos θ)


= e(jδ1 ) 1 + ejδ e(jkd cos θ) where δ = δ2 −δ1


= e(jδ1 ) 1 + e(jkd cos θ+δ)

(15)

Notice from Eq. (15) that if δ1 = 0, then the relationship is reduced to either case 1 or case 2. Thus,
case 3 is not a useful case.
3.4. Case 4 Simultaneous Varying of Delta and Weight
Another challenging scenario is case 4 where the weights and phase are varied simultaneously to form
the beam towards a desired user while simultaneously forming a null towards an interferer. As shown
in Fig. 1, the two signals arriving at either antenna element would have two diﬀerent phases, δ1 and δ2 ,
due to the diﬀerent distances travelled. The phase deﬁnes the weight being applied by the respective
signal processing branch of the antenna system as shown in Fig. 1. The objective of the smart antenna
remains the same, to form the beam with maximum directivity towards the desired user and a null
towards an interferer.
The output signal is then:
V = V1 (θ) + V2 (θ)
= w1 V1 (θ) + w2 V2 (θ)
= w1 V0 e(−jkr1) + w2 V0 e(−jkr2 )

(16)

since r2 = r1 − ΔR = r1 − d cos θ, (16) is expanded to
d cos θ
))
w1 e(jδ1 ) V0 e(−jkr1 ) + w2 e(jδ2 ) V0 e(−jk(r1

Assume that the ﬁrst phase angle shift is zero,
then Eq. (17) is reduced to

δ
1

(17)

= 0, and the amplitude of the second weight, w2 , is 1,

= w1 V0 e(−jkr1 ) + e(jδ2 ) V0 e(−jkr1 ) e(jkd cos θ)


= V0 e(−jkr1 ) w1 + e(jδ2 ) e(jkd cos θ)

(18)

The array factor for case 4 is then:
AF = w1 + e(j(kd cos(θ+δ2 ))

(19)

The normalized array factor is then:





AFN = AF/2 = 1/2 w1 + e(jkd cos θ+δ2 ) 

(20)

258

Kunsei et al.

The AoD in Eq. (20) can either be that of the desired user, θm , or an interferer, θi . To produce a
null in θI , the normalized antenna array factor must be zero, AFN = AF/2 = 0. To produce a maximum
directed beam in θm , the normalized antenna array factor must be one, AFN = AF/2 = 1. Using the
alternate form of Eq. (20), we have
AFN = 1/2 |w1 + cos(kd cos(θ + δ2 )) + j sin(kd cos(θ + δ2 ))|

(21)

Notice from Eq. (21) that there are two unknowns, w1 and δ2 . To solve for w1 we equate AFN = 0
and solve for w1 :
1/2|w 1 + cos(kd cos(θ i +δ 2 )) + j sin(kd cos(θ i +δ2 ))| = 0
w1 + cos(kd cos(θ i +δ 2 ) + j sin(kd cos(θi +δ 2 )) = 0
(22)
w1 = − cos(kd cos(θ i +δ2 )) − j sin(kd cos(θi +δ2 ))
We then use the condition for maximum directivity, AFN = 1, to solve for the phase, δ2 :
1/2 |w1 + cos (kd cos (θm +δ 2 )) + j sin (kd cos (θm +δ2 ))| = 1

(23)

Since solving for the analytical solution would be a mammoth task, Equations (22) and (23) were
solved symbolically in MATLABT M .
3.5. Case 5 Tracking a Mobile Station
In case 5, we present a simple analytical method to track a mobile station (MS) with a two-element
smart array antenna arrangement presented above. The mobile transmitter or MS may move in the
forward or reverse direction. In this case, we only consider the forward direction. The reverse direction
can be analyzed by negating the angles.
We begin with Eq. (8) where at the initial position of the MS, the normalized AF is 1, i.e., maximum,
at point A in Fig. 2 with the phase angle at θm which maximizes the electromagnetic radiating beam
towards point A. The normalized antenna factor for case 5 is shown in Eq. (24).
AF N = cos(γ/2) = 1 where γ = kd (cos θ + cos θm )

(24)

Figure 2. Case 5 movement in the same circular away from the main beam. Considering movement
from A to B as positive and the opposite direction as negative.
At the new position, B, the nominalized antenna array factor is some value, p (with p < 1), and
the new angle is θn . From Eq. (24) the angle is deﬁned as γ = kd(cos θn + cos θm ) where θn is the new
AoD for maximum directivity. Thus, the new angle can be calculated from power level at that point:
p = cos(kd(cos θ − cos θm )/2)
Rearranging Eq. (25) for the new desired angle θn yields



θn = cos−1 2 ∗ cos1 (p) / (kd + cos θm )

(25)
(26)
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Using the new angle, we determine the location of the MS as the ﬁrst step. In the second step, the
new angle becomes the AoD where a new maximum directivity beam is formed towards the MS. The
new angle in γ = kd(cos θ − cos θm ) is used to determine the new phase angle δ of the smart antenna
phase shifter and form the new beam in the new direction. The two-step process allows us to both track
the MS and form the beam with maximum directivity towards the new position of the moving MS.
4. SIMULATION RESULTS
Simulation results of cases 1, 2, 4, and 5 are shown in Figs. 3 to 6, respectively. Since case 3 is similar
to either case 1 or 3, it is not mentioned in this section. Fig. 3 shows case 1 results where nulls are
formed in the 30◦ , 45◦ , 90◦ , 120◦ , 270◦ , and 345◦ directions. To aid visibility, black arrows are drawn
to indicate the angles at which the interfering source is present. It can be observed that the model is
in good agreement with theory, giving zero reception power level in the direction of the interferer.

Figure 3. Case 1 forming of null in the direction of the interferer.
Case 2 results are shown in Fig. 4 where the maximum directivity of the beam should be formed
in the 30◦ , 45◦ , 90◦ , 120◦ , 270◦ , and 345◦ directions. It can be observed that the analytically derived
beamforming code output is in good agreement with the desired direction for maximum directivity (i.e.,
maximum array factor of the beam).
Figure 5 shows the beams formed to verify case 4 where θm (position of desired MS) and θi (position
of the interfering MS) are taken to be 30◦ and 300◦ ; 120◦ and 30◦ ; 180◦ and 300◦ ; and 340◦ and 270◦
for the blue, red, yellow, and purple plots, respectively. The nulls are clearly seen in Fig. 5, which are
similar to the plots in Fig. 3 and are in good agreement with the speciﬁcations. The beamforming in
desired maximum directivity shows some good agreement when the θm and θi angle pairs are 90◦ and
0◦ , 120◦ and 60◦ , and 150◦ and 75◦ , respectively, while the worst case is the pair 60◦ and 35◦ . It appears
that the beamforming code oﬀers a higher resolution when the diﬀerence between θm and θi is more
than 60◦ . The worst case diﬀerence between θm and θi is 25◦ , while the diﬀerences for the acceptably
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Figure 4. Case 2 forming of a beam with maximum directivity in the desired direction.

Figure 5. Case 4 simultaneous beam and null forming for ﬁve angles.
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accurate cases are 90◦ , 60◦ , and 75◦ . Thus, when the diﬀerence between θm and θi is more than 60◦ ,
the beamforming code can form an acceptable maximum beam and null. When the diﬀerence between
the angle pairs is less than 60◦ , the beamforming code fails to form a distinctive beam with maximum
directivity.
In Fig. 6, we see seven plots showing the tracking of the moving MS as evident by new plots as the
power level decreases due to movement in the positive direction. The beamforming code shows agreeing
results of the concept of electromagnetically tracking the MS and beamforming using the same code.
This technique promises to be a simple, fast, and power eﬃcient method of tracking mobile users. To
validate the speed of the code, the execution time was measured.

Figure 6. Case 5 tracking of mobile user position and beamforming in the new direction.
The time taken to generate and calculate the weights for beamforming or null forming in the
desired direction varies from case to case. On average, the beamforming code took 335.9 ms to form a
null (case 1) and 175.1 ms to maximize (case 2) the beam in the desired direction from sixteen AoA,
trialed twice giving a sample size of thirty-two readings. For case 4, the beamforming code took an
average of 19.32 seconds to form the null and the maximum beam from a total of twenty-two readings.
While in evaluating the speed of case 5, four diﬀerent desired angles were used to determine an average
speed of the beamforming code. It was observed that for maximum power level, which is array factor
of 1, it took an average of 76.27 ms to determine the direction and form the beam. As the MS moves
away from the maximum directivity of the beam, AF = 1, the power level decreases. The average time
to determine the next subsequent AoA and beamforming is less than 10 ms as shown in Table 1.
Table 1. Beamforming code convergence time for Case 5.
Array Factor
Time (ms)

1
76.27

0.85
8.486

0.7
7.65

0.5
6.519

0.35
11.012

0.15
2.748

0
2.603
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5. DISCUSSION
5.1. Beamforming Code Application
The beamforming code was applied in four cases. Fig. 3 shows the simulation results for case 1, where
a null is formed by the antenna array to cancel the signal from an interfering source. For clarity, black
arrows point to the nulls for each angle in Fig. 3. On the other hand, Fig. 4 shows the scenario where
the antenna array would form a beam in the desired direction of an MS with which the two-element
smart antenna transceiver needs to maintain maximum reception and transmission. The desired MS
should be kept in the direction of maximum directivity. In both cases, there is good agreement for six
angles of nulls and maximum directivity. The maximum angle is where the plot crosses the outer signal
power of 1. The results are comparable to that presented in [9].
The best results for case 4 are shown in Fig. 5 with ﬁve angles of maximum directivity and nulls
for the 2 × 2 MIMO system. More elements would be needed to form a perfect beam. However, the ﬁrst
set of angles show 100% agreement in the null at 35◦ and half power in the desired maximum direction
of 60◦ . The second set also shows 100% agreement in the null and much better beam in the maximum
direction. The third set of angles show 100% agreement in forming the null at 120◦ and 100% agreement
in the maximum direction with the main lobe despite the lower power. The other two sets all show
similar performances. It is evident that the 2 × 2 MIMO antenna can form a null and beam in the
desired direction. However, forming a much eﬃcient beam would require more antenna elements [20]
with a nonlinear array [21].
Case 5 results are shown in Fig. 6. As deﬁned in Eq. (26), the reduced power level indicates the
angular distance of movement from previous maximum power level. The initial position is the AoA
with array factor of 1 which can be the direction of maximum directivity. As the MS moves, the power
level should decrease. The change in power level deﬁnes the resolution of the tracking and is used to
determine the new AoD for beamforming. Thus, if the next reception power level is 0.7, the tracking
algorithm accurately locates the new MS position to be at 30◦ . The direction of movement can either
be clockwise or anticlockwise as deﬁned by movement of the MS, as shown in Fig. 2. The alternate
implementation of this case is the method outlined in [22], where phase array antennas were used in
tracking and beamforming, which can be less power eﬃcient. Employing artiﬁcial intelligence (AI) may
improve the performance of the antenna [12, 23]. The incorporation of AI in this work will be further
investigated as an extension of this work to introduce both AI driven antennas [24] and analytically
(angle shift) driven single beam antennas [20] in the context of speciﬁc applications [15, 16]. This is a
valuable research area in which more work is needed to improve the application-dependent usefulness
of smart beamforming antennas [3]. The advantages of our proposed beamforming code are that it is
simpler and requires less computational power and fast.
5.2. Speed of Processing of the Beamforming Code
In addition, the proposed beamforming code is fast. The speed of the beamforming code to converge is
as low as 10 ms to 19 s. It is anticipated that cases 1 and 2 should oﬀer shorter processing time than
cases 4 and 5 because of the number of unknown variables involved. It was case 4 that took the longest
processing time of 19 s. The fast time of 10 ms was to move the beam between diﬀerent power levels in
case of movement of the MS considered in case 5. Despite that, the ﬁrst step took longer to track and
form the ﬁrst beam, and the subsequent steps took a fraction of time taken for the ﬁrst step to generate
the new beam. The evaluation of this beamforming code in hardware is a valuable contribution to the
development of smart antennas as discussed in [3] where accurate and stable beamforming algorithm
is needed to add value to massive MIMO antennas for 5G and 6G mobile networks. The technique
presented here may be readily extended to massive MIMO systems.
5.3. Stability of the Beamforming Code
Finally, an in-depth study of the accuracy of the proposed beamforming code will be a follow-up work
to this paper. However, we show the stability of the beamforming code in Fig. 7 by generating the ﬁve
beams for case 5 at three diﬀerent operating frequencies in the 5G FR1 and FR2 bands. Note that

Progress In Electromagnetics Research C, Vol. 110, 2021

150

210

263

150

210

150

210

180

180

180

(a)

(b)

(c)

Figure 7. Stability plots for Case 5 for three diﬀerent frequencies; (a) 6 GHz, (b) 30 GHz and (c)
60 GHz with AoA of 240◦ as the prescribed θmax .
there is not much diﬀerence between the beams formed as the frequency changes. We have shown that
the proposed beamforming code is functional and stable. It is anticipated that by employing artiﬁcial
neural network (ANN) algorithm to determine the weights for the movement of the mobile stations, the
beamforming code will be eﬀective in high multipath environments [3].
6. CONCLUSION
A fast, memory eﬃcient beamforming antenna with mobile station tracking was presented in this paper.
The eﬃciency of the proposed 2 × 2 MIMO was investigated by deriving the normalized array factor
for four cases that illustrated the beneﬁts of smart beamforming antennas presented in this paper.
These beneﬁts are dealing with interferers, reaching the desired user with optimum signal strength,
simultaneously blocking interference and connecting legitimate users. Finally, a fast and accurate
tracking of the MS in two dimensions was an added feature of the work presented. The beamforming
code derived from the antenna array factor showed acceptable results when separately producing nulls
and maximum beams. Some challenges exist when producing nulls and maximum beams simultaneously.
These challenges include the accuracy and stability of producing the maximum beam. These challenges
will be the focus of the next phase of this research work.
The beneﬁt of model-based tracking of the MS and maintaining a reliable link showed promising
results. While the shape of the beam changes as the MS moves to new positions, the tracking and
beamforming function of the code is straight forward and converges faster in operation. The inherited
nature of the beam pattern at each new position oﬀers the variable to determine the location of the MS,
and the new beam helps establish a good link with the user within the coverage area in two dimensions,
or the x-y plane. Tracking should continue to extend the coverage area thus minimizing handoﬀ. More
research is required to conﬁrm the rate and range of coverage area before handoﬀ to another cell, as
well as extending the tracker to three-dimensional scenarios.
The processing speed of the beamforming code is promising with the fastest processing time of
10 ms for tracking an MS while the slowest processing time of 19 s for simultaneous null and maximum
beamforming function. Evaluating the performance of beamforming code on a standard computer
implies that on a dedicated controller, the processing time would be much shorter. Future work will
include the veriﬁcation of the beamforming code on custom designed hardware with the aid of embedded
ANN to eﬀectively perform multiple tasks using little memory and shorter processing time.
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