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Abstract – This paper demonstrates how to implement
a vortex electromagnetic wave generation system with
beam steering using only delay lines as phase-shifting
elements. The system is based on uniform circular
array and phased array technology. A detailed theoret-
ical derivation is presented, which yields an input fre-
quency matrix corresponding to each target case. Fur-
thermore, considering the random initial phase problem
of the actual phase-locked source, the above scheme is
further improved in this paper. By cleverly setting the cir-
cuit structure, the influence of the initial phase inconsis-
tency on the phase control system is filtered out. The per-
formance is verified by analytical calculations and full-
wave electromagnetic simulations, which are in good
agreement with the proposed theory. The scheme pro-
posed in this paper can completely get rid of the phase
shifter and realize the free adjustment of the topologi-
cal charge number/beam steering angle. The adjustment
accuracy depends on the tuning accuracy of the phase-
locked source, which can achieved an accuracy over 1Hz
at a cost of less than six dollars, which makes it an inter-
esting and flexible low-cost vortex electromagnetic wave
generation scheme.

Index Terms – OAM (orbital angular momentum) wave,
phase-shifter-less, random initial phase, tunable steering
angle, tunable topological charge.

I. INTRODUCTION
Over the past decades, investigations have shown

that electromagnetic waves not only have spin angu-
lar momentum, but also orbital angular momentum
[1]. Some subsequent studies have stated clearly that
electromagnetic waves carrying orbital angular momen-
tum, called vortex electromagnetic waves, have a helical
phase structure, whose wavefront rotates along the beam
axis in space [2]. The vortex electromagnetic waves of

different OAM modes have different phase structures,
and the integer modes are orthogonal to each other [3],
which means that the orbital angular momentum can pro-
vide rotational degrees of freedom for the electromag-
netic field and this is beneficial for novel multiplexing
applications [4, 5]. Orbital angular momentum has been
discovered in optical research [1], and vortex electro-
magnetic waves have been used in radar imaging [6],
quantum state manipulation [7], identification of scat-
terer characteristics [8], 2D underwater imaging [9] and
other fields.

The state-of-the-art OAM generation architectures
can be mainly divided into four types, namely transmis-
sion helical structure [10], transmission grating structure
[11], helical reflector structure [12] and array antenna
[13, 14]. When vortex electromagnetic waves were first
proposed, the proponents described how to feed a uni-
form circular array to generate orbital angular momen-
tum in the radio frequency band [15]. A uniform cir-
cular phased array has the advantages of simple pro-
cessing and easy operation, so it is a good vortex elec-
tromagnetic wave generator [16]. As one of the com-
monly used methods of generating vortex electromag-
netic waves [17, 18], the uniform circular array antenna
usually needs to be used with phase shifters [19–21].
Due to the high cost of phase shifters, many authors try
to replace the phase shifter with other structures in the
design of the OAM generator [22–24]. However, none of
these solutions have good reconfigurability.

In this work, an effective OAM phased array imple-
mentation method based on the uniform circular array
antenna is proposed to achieve system reconfigurabil-
ity at low cost. In some schemes, delay lines are used
instead of phase shifters to generate vortex electromag-
netic waves with different topological charges, which
simplifies the system. However, if the beam pointing
control of OAM is to be further realized without chang-
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ing the length of the delay line, the phase shifter is still
required. In contrast, the proposed technique can be per-
formed without other phase-shifting units. By adjusting
the frequency of each local oscillator signal, a vortex
electromagnetic wave generation system with arbitrary
topology charge and beam pointing angle is designed
without the need for phase shifters.

II. LOW-COST OAM PHASED ARRAY
SYSTEM

A. Low-cost OAM phased array circuit-level imple-
mentation technology

The uniform circular array used to generate vortex
electromagnetic waves is shown in Fig. 1 (a).

(a)

(b)

Fig. 1. (a) Diagram of the circular array configuration,
and (b) low-cost OAM phased array system schematic
diagram.

The far-field radiation pattern for a uniform circular
array is [25]:

G(A,θ ,ϕ) =
M

∑
m=1

Amei[kasinθ cos(ϕ−ϕm)+αm], (1)

where ϕm = 2πm/M, Am is the amplitude of the exci-
tation signal for each antenna element, and αm is the
phase relationship of them. When αm = 2πml/M (lϕm),

the directional pattern function of the array is [7]:

G(θ ,ϕ) =
M

∑
m=1

eilϕm � eikasinθ cos(ϕ−ϕm)

= Meilϕ i−1Jl(sinθ). (2)

It carries a phase factor eilϕ , so it can generate vor-
tex electromagnetic waves, where l is the mode of OAM.
On this basis, the beam pointing control factor is added.
If the preset pointing angle is (θ0,ϕ0), the phase exci-
tation vector of each array element can be given by the
following equation [26]:

S =

{
kasinθ0 cos

(
ϕ0−

2πm
M

)}
. (3)

Therefore, to generate a vortex electromagnetic
wave with a topological charge of l, and a beam point-
ing angle of (θ0,ϕ0), the phase shift should be [15]:

S =

{
lϕm + kasinθ0 cos

(
ϕ0−

2πm
M

)}
. (4)

By plugging Eq. 4, the radiation pattern is re-
obtained as [27]:

G(θ ,ϕ) =
M

∑
m=1

eilϕmeika(sinθ cos(ϕ−ϕm)−sinθ0 cos(ϕ0−ϕm))

= Meilξ � eil π
2 Jl(kaρ), (5)

where ρ =
√

u2 + v2, cosξ = u√
u2+v2

, u = sinθ cosϕ−
sinθ0 cosϕ0, v = sinθ sinϕ− sinθ0 sinϕ0. It can be seen
that after adding beam pointing control, the array fac-
tor function still carries the azimuth component, which
proves that it also has the characteristics of vortex elec-
tromagnetic waves.

The system schematic diagram is shown in
Fig. 1 (b). Beam steering is performed by simply chang-
ing the radiation frequency, since the necessary phase
shifts are provided by the delay lines [28]. The phase-
modulated signal is sent by M channels of local oscil-
lator signal sources, and the phase is adjusted through
the fixed-length delay line. After that, the signals are
mixed with the M channels of intermediate frequency
signal sources through the heterodyne mixer, which form
the TX chains and then send the mixed signal into the
antenna array through a filter. In this way, the purpose of
adjusting the phase of each antenna unit without chang-
ing its finally radio frequency is achieved.

Let the IF signal be SIF = Acos(ωIF t +ϕ1), and the
local oscillator signal be SLO = Bcos(ωLOt +ϕ2). After
mixing the two and filtering:

SRF =C cos((ωIF +ωLO) t +(ϕ1 +ϕ2)) . (6)
When the frequency of the local oscillator signal

increases ∆ω , the frequency of the intermediate fre-
quency signal decreases ∆ω . Let the delay line act on the
local oscillator signal source, the local oscillator signal
will add a phase shift ∆ϕ generated by passing through
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them, and at this time the local oscillator signal is:
SLO = Bcos((ωLO +∆ω) t +ϕ2 +∆ϕ) . (7)

If the phase shift constant of the delay line is β =
ω
√

εµ , let the length of the delay line be l′, and the
corresponding phase shift ∆ϕ is l′β . By plugging it into
Eq. 7, and assuming that the initial phase of the signal
source is 0, we obtain:

SRF =C sin
(
(ωIF +ωLO) t + l′ (ωLO +∆ω)

√
εµ
)
. (8)

In order to obtain the vortex electromagnetic wave,
the phase offset required for the mth array element is
∆ϕm = 2πml/M. Then, the length of the delay line cor-
responding to the mth array element is calculated as:

l′m =
∆ϕm

ωm
√

εµ
=

2πml
Mωm

√
εµ

, (9)

where ωm is the input frequency of the delay line
corresponding to the mth element. Set l = 1, ΩM =
(ω1,ω2, ...,ωM)T = (ω ′,ω ′, ...,ω ′)T , and substitute into
Eq. 9 to obtain:

l′m =
2πm

Mω ′
√

εµ
. (10)

To determine the length of the delay line corre-
sponding to each array element by Eq. 10, let it be
L′M = (l′1, l′2, ..., l′M)T , and set L = (1,2, ...,M/2−1)T .
By plugging Eq. 10 into Eq. 9 it, we obtain: ωm = ω ′l,
and then we can obtain the frequency matrix as:

Ω(l,m) =


ω ′ ω ′ . . . ω ′

2ω ′ 2ω ′ . . . 2ω ′

...
...

. . .
...(M

2 −1
)

ω ′
(M

2 −1
)

ω ′ · · ·
(M

2 −1
)

ω ′

.

(11)
This is a matrix with M/2−1 rows and M columns,

(the rows and columns correspond to the topological
charge and the array element serial number respectively),
and its value is the frequency value that the local oscilla-
tor signal source needs to output.

It can be seen that if the delay line-based system is
used to generate vortex electromagnetic waves, when the
length of the delay line is determined and control beam
pointing is not considered, there is a linear relationship
between the frequency and the topological charge. The
frequency of the input signal required by the time line is
the same. Therefore, only two signal sources are required
to output eight local oscillator signals and eight interme-
diate frequency signals, respectively, through the power
divider.

If the beam is deflected with an angle of (θ0,ϕ0), the
phase offset required by the mth array element is given
by Eq. 4. At this time, the output frequency of the local
oscillator signal source corresponding to the mth array
element is:

ωm =
2πml− kaM sinθ0 cos

(
ϕ0− 2πm

M

)
Ml′m

√
εµ

. (12)

Let the length of the delay line still be L′M =
(l′1, l′2, ..., l′M)T , to make the beam pointing angle
(θ ,ϕ)=(θ1,ϕ1), let (θ1,ϕ1)=ν1, and set: ψν1 (m) =
−ω ′kaM sinθ1 cos(ϕ1−2πm/M)/2πm. Then Eq. 12
can be written as: ωm = ω ′l +ψν1 (m). Finally, the fre-
quency matrix is written as:

Ω =


ω ′+ψ (1) . . . ω ′+ψ (M)

2ω ′+ψ (1) . . . 2ω ′+ψ (M)
...

. . .
...(M

2 −1
)

ω ′+ψ (1) · · ·
(M

2 −1
)

ω ′+ψ (M)

 .

(13)
Eq. 13 is the frequency matrix corresponding to the

local oscillator signal. It can be seen from Eq. 13 that
after adding beam pointing control, the input frequen-
cies required for the corresponding delay lines of dif-
ferent array elements under the same topology load and
beam pointing angle are no longer the same, so one sig-
nal source cannot be used to provide all entries. If the
final RF signal frequency is ωRF , the frequency matrix
corresponding to the intermediate frequency signal is
ωRF −Ω(l,m).

To sum up, without changing the length of the delay
line, the system needs 2 M signal sources, including
M local oscillator signal sources and M intermediate
frequency signal sources. In practical applications, two
groups of one-way constant temperature crystal oscilla-
tors plus M-way phase-locked loops can be used to real-
ize this function.

B. Electromagnetic simulation
Select a uniform circular antenna array with eight

elements, select the X-band (10GHz) as the RF fre-
quency, and simulate the system in Systemvue. When
the beam pointing angle is (0, 0) and the OAM mode
is 1, select 500MHz as the M-channel local oscillator
signal source output frequency. On this basis, accord-
ing to Eq. 13, the frequency value of the output sig-
nal of each signal source is regulated to generate differ-
ent forms of vortex electromagnetic waves. The system
block diagram is shown in Fig. 2.

In this paper’s simulation, the beam pointing angle
is uniformly specified in the direction of the lowest
amplitude value in the zero-depth region. As shown in
Fig. 3, when the topological charge is both 1 and the
pointing angle is (15, 15) and (30, 30) respectively,
(a) and (b) reveal the relationship curves between the
amplitude value and the pitch angle θ on the azimuth
pointing plane. The angle corresponding to the mini-
mum amplitude value is the beam deflection angle. Pan-
els (c) and (d) in Fig. 3 indicate the situation when
the pointing angles are same but the topological charge
generated is changed to 2. Therefore we can conclude
that when the 30dB deviation is used as the standard,
under the same topological charge condition, the angle
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Fig. 2. System block diagram.

occupied by the zero-depth area is proportional to the
beam deflection angle value. When the influence of
the deflection angle is not considered, the zero-depth
area will follow the OAM mode and increased signif-
icantly. In the lower right corner of each picture in
Fig. 3, there is a complete array pattern. It can be
seen that the system has achieved splendid results in
the control of azimuth and pitch angles, and can main-
tain the structure of vortex electromagnetic waves at the
same time.

(a) (b)

(c) (d)

Fig. 3. Array pattern. (a) Charge1 (15,15). (b) Charge1
(30,30). (c) Charge2 (15,15). (d) Charge2 (30,30).

Multiple phase-locked loops in a system can main-
tain the same initial phase when outputting the same fre-
quency signal, but different phase-locked loops in this
paper need to output different frequencies, so the initial

phase of each signal becomes random. This will cause
the phase relationship between the signals that are finally
fed to the antenna elements of the array to no longer be
as preset, and the impact will be devastating. A random
initial phase of 0◦-360◦ is assigned to a certain number
of signal sources in Fig. 2. Set the topological load is a 1,
and the pitch angle deflection is 20◦, the generated pat-
tern and phase diagram are shown in Figs. 4 (a) and (b),
respectively.

It can be seen that the phased structure of the vortex
electromagnetic wave was damaged, and if the system is
executed a second time, another unordered result will be
randomly obtained, so it needs to be improved.

III. RANDOM INITIAL PHASE
CONDITIONS SYSTEM

A. Improved scheme of phase-locked source under
random initial phase conditions

According to Section II A, the premise that the sys-
tem can successfully achieve the expected effect requires
that the initial phases of the M channels of local oscil-
lator signal sources are consistent, and the same is true
of the M channels of IF signal sources. If there is an
initial phase difference between the signal sources, the
difference will remain until the final signal input to the
antenna array, which will eventually destroy the phase
control structure of the vortex electromagnetic wave gen-
eration system, as in Fig. 4. However, because of the
system’s constant temperature crystal oscillator and M-
channel phase-locked loop, it cannot guarantee that the
initial phase is still consistent after random frequency
modulation. In contrast to the instantaneous phase, the
initial phase has no practical significance and an accu-
rate and effective measurement method, so it is difficult
to realize in practice.

According to equation, when the topological charge
is l, and the control beam angle is v0 = (θ0,ϕ0), the
required output frequency of each local oscillator sig-
nal is lω ′+ψν0 (m), and each IF signal is (ωRF − lω ′)−
ψν0 (m). If the frequency of one LO signal source is pre-
set as lω ′, and the frequency of one IF signal source is

(a)
(b)

Fig. 4. After adding random initial phase: (a) Pattern, and
(b) Phase diagram.
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set as ωRF − lω ′, then each of them needs to be added
or subtracted ψν0 (m), which is the required frequency.
Therefore, we can mix these two signals with M signals
of frequency ψν0 (m) (here called weighted signals), and
then filter out the interference frequency, and the output
signal frequency is the required value.

The schematic diagram of the improved system is
shown in Fig. 5, and in this way, the primary phase inter-
ference can be eliminated.

Fig. 5. Random initial phase condition system schematic
diagram.

Let the IF signal be SIF = Acos(ωIF t +ϕ1), the
local oscillator signal be SLO = Bcos(ωLOt +ϕ2), and
the m-way weighted signal be:

SC = Bcos
(
ψν0 (m) t +ϕ

′
m
)
, (14)

where ϕ1, ϕ2, ϕ ′m are all random phases from 0 to 360◦.
After mixing and filtering with the m-way weighted sig-
nals, the intermediate frequency signal and the local
oscillator signal become:

SIF = Acos
((

ωIF −ψν0 (m)
)

t +ϕ1−ϕ
′
m
)
, (15)

SLO = Bcos
((

ωLO +ψν0 (m)
)

t +ϕ2 +ϕ
′
m
)
. (16)

After that, the local oscillator signals of each chan-
nel pass through the delay line to obtain:

SLO = Bcos
((

ωLO +ψν0 (m)
)

t +ϕ2 +ϕ
′
m +∆ϕm

)
,

(17)
where ∆ϕm is the desired phase difference relationship.
The M channels of local oscillator signals are mixed with
the intermediate frequency and filtered, and the final sig-
nal is obtained as:

SRF =C cos((ωLO +ωIF) t +ϕ2 +ϕ1 +∆ϕm) , (18)
where ϕ1 and ϕ2 are independent of the array ele-
ment number m, except for ∆ϕm, there is no addi-
tional phase difference between the signals input to
each antenna unit, and the structure of vortex elec-
tromagnetic wave and beam pointing control remains
intact.

B. Electromagnetic simulation
The system block diagram in Systemvue is shown in

Fig. 6. The uniform circular antenna array with eight ele-
ments and the X band radio frequency are still selected.

A random initial phase of 0-360◦ is added to each signal
source in Fig. 6.

Fig. 6. Random initial phase condition system block dia-
gram.

The system is simulated and the results obtained are
shown in Fig. 7. When the topological load is set to 1

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 7. Charge1 (15,0). (a) Pattern. (b) Phase diagram
with pointing. (c) Phase diagram Charge1 (30,0). (d)
Pattern. (e) Phase diagram with pointing. (f) Phase dia-
gram Charge2 (15,0). (h) Pattern. (h) Phase diagram with
pointing. (i) Phase diagram Charge2 (30,0). (j) Pattern.
(k) Phase diagram with pointing. (l) Phase diagram.
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and the beam pointing is set to (15, 0), (a) is the pattern
of the array, and it can be seen that the pitch angle θ is
shifted by a certain degree. As shown in (b), the plane
is intercepted with the pointing axis of (a) as the normal
and the phase diagram is drawn when the condition of the
circular field is satisfied. (c) is the front view of the phase
map. (j) (k) (l) show the same situation when the OAM
mode is 2 and the beam pointing is (30, 0). As can be
seen from Fig. 7, even if the initial phases of the various
signal sources are inconsistent, the system can still offset
the effects and obtain ideal results. In order to further
verify the system’s effect, the OAM spectrum is drawn
here. It can be seen that there is a circle of white lines
on the phase diagram of the three-dimensional space in
Figs. 7 (b) and (d), which is the ring current selected as
the reference for the OAM spectrum drawing. As shown
in Fig. 8, (a) and (b) are histograms of the purity of each
OAM mode with the topological charge set to 1 and the
pitch angle θ pointing set to 15◦ and 30◦ respectively, (c)
and (d) are for the same case but the topological charge
is set to 2.

(a) (b)

(c) (d)

Fig. 8. OAM mode purity. (a) Charge1 (15,0). (b)
Charge1 (30,0). (c) Charge2 (15,0). (d) Charge2 (30,0).

It can be seen from Fig. 7 that the OAM generated
by the system has good purity, and, under the same topo-
logical charge, when the angular deflection increases, the
OAM purity has a relatively obvious decline. When the
angular orientation control is not considered, the closer
the topological charge is to M/2−1, and the purity also
decreases to a certain extent.

IV. CONCLUSION
In this work, a vortex electromagnetic wave gen-

eration system with beam steering function is designed
based on the delay line. The system is improved by rear-
ranging the phase-locked loop and the signal source, so
that it cannot be affected by the phase noise to a certain
extent. At the same time, the phase interference which
cannot be handled by the initial phase random struc-
ture can be compensated by modifying the frequency
matrix, Eq. 13, which increases the robustness of the
system. The two systems were separately modeled in
Systemvue for electromagnetic simulation and structure
analyses of the generated vortex electromagnetic wave,
which subsequently demonstrates that the proposed sys-
tem has achieved quite good results. It can generate vor-
tex electromagnetic waves of various modes in the range
of l ≤ N/2−1, and control the beam pointing with high
precision. Future work is expected to focus on achiev-
ing sidelobe suppression, and further optimization of the
system structure.
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