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Jianou Huang, Zizheng Cao , Member, IEEE, Xinran Zhao, Xuebing Zhang , Yu Liu, Yuanjiang Xiang,

Giampiero Gerini , Senior Member, IEEE, and A. M. J. Koonen , Fellow, IEEE

Abstract—In this article, a novel electrically controlled optical
broadband phase shifter (ECO-BPS) is proposed and experimen-
tally investigated for broadband microwave orbital angular mo-
mentum (OAM) mode generation. Based on the proposed ECO-
BPS and a 17-element circular antenna array, the effect of the
phase error on the OAM mode quality is studied by comparing
the OAM modes respectively synthesized by three phase schemes:
ideal phase shifts, ECO-BPS phase shifts, and optical true time
delay phase shifts. In addition, the crosstalk caused by the phase
error in applications of OAM modes multiplexing is investigated
in a Dammann vortex grating based OAM modes demultiplexing
system. All numerical simulation results demonstrate the feasibility
of the ECO-BPS in broadband microwave OAM applications.

Index Terms—Circular antenna array, Dammann vortex
grating, electrically-controlled optical broadband phase shifter,
orbital angular momentum.

I. INTRODUCTION

THE orbital angular momentum (OAM) is one of the funda-
mental physical properties of electromagnetic (EM) waves.

The total angular momentum of EM waves can be divided
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into two parts: the spin angular momentum (SAM) and the
OAM. SAM is associated with the wave polarization. OAM is
associated with the helicoidal phase profile in the plane perpen-
dicular to the propagation direction. Different OAM modes are
orthogonal to each other. With rich orthogonal OAM modes,
EM waves have the potential to carry a lot more channels at the
same frequency, which could significantly improve the spectrum
efficiency [1], [2]. Therefore, in the optics and radio regimes,
OAM has recently been widely considered for high-capacity
communications [3], [4].

For the generation of OAM modes, the spiral phase plate
(SPP) is useful in both optical domain and microwave fre-
quencies [5]. In the microwave regime, a circular antenna array
(CAA) can also be used to excite OAM modes [6]. Compared
with the method using SPP, which can only generate fixed OAM
modes, a CAA can generate different OAM modes by correctly
controlling the radiation phase of each antenna. Thus CAA is
more flexible and feasible in microwave OAM applications.
In order to obtain highly pure OAM modes with CAA in the
microwave regime, a reconfigurable phase shifter with low phase
error in a large bandwidth is required. However, microwave
phase shifters implemented in the electronic domain usually
have the disadvantages of limited bandwidth, large size, and
phase-frequency dependence. Therefore, researchers began to
look for solutions in the field of optics. Optical true time de-
lay (OTTD) technology, which is usually used for microwave
beam steering [7], has been proposed for the realization of
phase shifters for OAM modes excitation [8], [9], and shows
desirable performance for single frequency OAM beams. OTTD
is useful in beam steering since it eliminates the bandwidth
limitation through providing a constant time delay for each
spectral component, which corresponds to a phase shift varying
with the frequency in order to maintain the pointing of the
beam over a large bandwidth. However, this property is harmful
in broadband OAM applications, where in order to maintain
the OAM modes over a large bandwidth, it is necessary to
have the same phase shifts at different frequencies. Another
OAM beam excitation method is to conduct the phase shifts
in an optical signal processor [10]. By aligning and processing
the signals in the optical domain at different wavelengths, the
CAA achieves generating and steering a multi-mode RF-OAM
beam to independent directions. Unprecedented features, such as
large operation bandwidth, compact size, ultra-low loss, inherent
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Fig. 1. Principle of the proposed electrically-controlled optical broadband phase shifter. MW: microwave signal, OTF: optical tunable filter, PD: photo-diode.

instantaneous processing and immunity of EM interference, are
enabled by photonic technologies. Such advantages have been
developed and demonstrated in many microwave photonic based
signal processors and phase shifters [11]–[15]. Polarizers and
Mach-Zehnder modulators are used to realize high performance
microwave phase shifters. All of these designs have excellent
phase shift stability and large operating bandwidth.

In this paper, first we propose a novel electrically-controlled
optical broadband phase shifter (ECO-BPS) based on a parallel
Mach-Zehnder modulator (P-MZM) for broadband microwave
OAM modes generation. This ECO-BPS was briefly discussed in
our previous ECOC paper [16]. Here the comprehensive analysis
is presented. In our design, the phase shift is controlled by
adjusting only the DC bias, which makes the proposed phase
shifter simpler and easier to integrate. With electrical control,
the inherent broadband and low-loss features of the ECO-BPS
make it promising for future broadband microwave OAM modes
generation. Secondly, the measured phase shifts of the ECO-BPS
are applied to a 17-element circular antenna array to synthesize
l = 1 OAM beams in the broadband from 12 to 20 GHz. The
generated OAM patterns are then compared with the patterns
synthesized by ideal phase shifts and OTTD phase shifts in
terms of amplitude profiles, phase front profiles and spiral
spectrum. Through these comparisons, the effect of the phase
error on the quality of the OAM mode is investigated. Thirdly,
to further investigate the crosstalk caused by the phase error
in applications of OAM modes multiplexing, a 1× 2 Dammann
vortex grating [17] based OAM modes demultiplexing system is
designed to quantify the crosstalk of l = ±1 multiplexed OAM
modes which are synthesized by the previous three kinds of
phase shifts, respectively, in the broadband from 12 to 20 GHz.
The crosstalk results obtained from the demultiplexing system
agree very well with the spiral spectrum theory. All the nu-
merical simulations show that highly pure OAM modes can
be generated for broadband microwave signals by using the
ECO-BPS.

II. ELECTRICALLY-CONTROLLED OPTICAL BROADBAND

PHASE SHIFTER

A. Operation Principle

In this section, the detailed mathematical expressions of the
proposed ECO-BPS are derived. The ECO-BPS, which includes

a laser, an optical IQ modulator, an optical tunable filter (OTF)
and a photo-diode (PD), is schematically shown in Fig. 1. The
laser signal (optical carrier) is modulated by the microwave
signal in the Mach-Zehnder modulator MZ-a and finally detected
by a PD. This link can be easily integrated on a small photonic
chip, based on the generic foundry approach [18]. The optical
carrier can be expressed as:

E(t) = E0 exp(jω0t) (1)

where E0 and ω0 represent the amplitude and the angular fre-
quency of the optical carrier, respectively. The optical carrier
is then split into two sub-MZMs (MZ-a and MZ-b). MZ-a is
operated in the pull-push mode with DC biasVπ. The microwave
signal, used to modulate the optical carrier on MZ-a, can be
described as:

Eam(t) = Em cos(ωmt) (2)

where Em and ωm represent the amplitude and the angular
frequency of the microwave signal, respectively. For simplicity,
the microwave signal is written in its complex expression:

Eam(t) = Em exp(jωmt) (3)

With the high order (>1st) sidebands ignored, the optical
signal after MZ-a can be expressed as:

Ea(t) = − 1

2
E0J+1(m) exp(jω0t+ jωmt)

+
1

2
E0J−1(m) exp(jω0t− jωmt) (4)

where m = πEm/Vπ is the modulation depth, J+1(m) and
J−1(m) denote the 1st kind Bessel functions of order ±1. The
optical spectrum of the modulated signal after MZ-a is shown
in Fig. 1(a) schematically, where the arrows represent different
spectral components of the microwave signal modulated on the
optical carrier.

Here MZ-b is used to reserve the optical carrier, thus a single
waveguide can replace MZ-b for this purpose. No DC bias is
applied to MZ-b to allow its maximum transmission. The optical
signal after MZ-b can be expressed as:

Eb(t) =
1

2
E0 exp(jω0t) (5)
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The DC bias of MZ-c is used to tune the phase of the mod-
ulated optical signal generated by MZ-a. After MZ-c, optical
signals from MZ-a/b are combined with the additional delay τ ,
which is induced in MZ-c. The result can be written as:

Eout(t) = − 1

2
E0J+1(m) exp[j(ω0 + ωm)(t+ τ)]

+
1

2
E0J−1(m) exp[j(ω0 − ωm)(t+ τ)]

+
1

2
E0 exp(jω0t) (6)

Then the lower frequency sideband (upper wavelength side-
band) is filtered out by an optical notch filter (OTF), and the
optical signal can be expressed as:

Eout(t) = − 1

2
E0J+1(m) exp[j(ω0 + ωm)(t+ τ)]

+
1

2
E0 exp(jω0t) (7)

Equation (7) can be rewritten as:

Eout(t) = − 1

2
E0J+1(m) exp[j(ω0 + ωm)t+ θ(ωm)]

+
1

2
E0 exp(jω0t)

θ(ωm) = jω0τ

(
1 +

ωm

ω0

)
(8)

Equation (8) shows that the additional phase shift varies with
the frequency of the modulated microwave signal. However,
since ω0 � ωm, (8) can be further simplified as:

Eout(t) = − 1

2
E0J+1(m) exp[j(ω0 + ωm)t+ jω0τ ]

+
1

2
E0 exp(jω0t) (9)

The optical signal is then detected by a photo-diode (PD), and
the resulted current signal can be written as:

I(t) = μ×
{
− 1

2
E0J+1(m) exp[j(ω0 + ωm)t+ jω0τ ]

+
1

2
E0 exp(jω0t)

}

×
{
− 1

2
E0J+1(m) exp[j(ω0 + ωm)t+ jω0τ ]

+
1

2
E0 exp(jω0t)

}∗

=
1

4
μE2

0

(
J2
+1(m)+1

)
︸ ︷︷ ︸

DC

−1

2
μE2

0J+1(m) cos(ωmt+ω0τ)︸ ︷︷ ︸
microwave

(10)

where μ is the responsivity of the PD. The microwave signal
at the output of the proposed broadband phase shifter results a
time delayed replica of the original signal (2). The broadband
feature is guaranteed by the huge frequency difference between
the optical carrier and the microwave signal.

Here a comparison between the ECO-BPS and the OTTD
phase shifter proposed in [19] is carried out. For the OTTD
case, with negligible dispersion, the phase of the modulated
microwave signal can be expressed as:

Iottd(t) = IDC + IMW cos (ωm (t+ τottd))

= IDC + IMW cos (ωmt+ θottd (ωm))

θottd (ωm) = ωmτottd (11)

where IDC and IMW denote the DC and the current of the
detected microwave signal after a PD. As shown in (11), the
phase deviation regarding different frequencies of the modulated
microwave signal can not be ignored. Compared with (10),
it is obvious that the broadband feature of the ECO-BPS is
guaranteed because the delay τ is detached from ωm.

B. Experimental Setup and Measurement

The experimental setup of the ECO-BPS is shown in Fig. 2. An
optical carrier from an external cavity laser (ECL) with 12 dBm
optical power is sent to a P-MZM (Fijitsu FTM7961) via a polar-
ization controller (PC). The integrated structure of P-MZM can
guarantee its high environment robustness. As shown in Fig. 2,
MZ-a is biased at its null point (Vπ) via DC-1 for microwave
signal modulation. Then a phase shift (ϕ) is optically applied
to the optical signal via MZ-c by electrically tuning the bias
voltage of DC-2. The optical carrier from MZ-b is then combined
with the optical signal from MZ-a via MZ-c. To avoid power
imbalance for different phase shifts, the upper sidebands are
filtered out with its optical spectrum, as shown in Fig. 2(b). The
measured transmission profile of the OTF (Santec OTF950) is
shown in Fig. 2(a). The measured roll-off slope of the employed
OTF is 68 dB/nm. The beating between the optical carrier and
the lower sidebands reconstructs the microwave signal after the
photo-diode (PIN+TIA). The input and output of the ECO-BPS
are labeled as PS-in and PS-out in Fig. 2.

The phase shift performance of the ECO-BPS is evaluated by
an electrical vector network analyzer (VNA). The stimulus sinu-
soidal signal from the output of the VNA is applied to PS-in of the
ECO-BPS. The retrieved signal from PS-out of the ECO-BPS is
then fed to the input of the VNA. Such signal is further compared
with its local replica to obtain the amplitude/phase responses
(versus frequency). The frequency of stimulus sinusoidal signal
is swept from 12 GHz to 20 GHz. Its lower boundary depends
on the filter slope of OTF while its upper boundary depends
on the bandwidth of the engaged electro-optical devices. We
plan to generate seventeen progressive phase shifts from −π to
π. But in the employed VNA, the measured phase will jump
from −π to π or π to −π when the phases are close to −π
or π. Thus, we generated 16 phase shifts by applying 16 DC
levels to the ECO-BPS. The measured frequency-phase curves
are shown in Fig. 3(a). The 17th phase shift is synthesized by
fitting the measured data. It is noticed that the ripples at the lower
frequencies are stronger than the ones at the higher frequencies,
since the upper sidebands at the higher frequency can be better
filtered out. The frequency-averaging of the measured phase
shifts is shown in Fig. 3(b), which indicates a good agreement
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Fig. 2. Experimental setup of the proposed electrically controlled optical broadband phase shifter.

Fig. 3. Measured frequency-phase curve and voltage-phase curve, including (a) the measured phase response with different applied bias voltages, (b) the
frequency-averaging of (a) and its fit curve, and (c) the variance of (b).

between the measured phase shifts and the applied voltages.
Now we focus on the variation of the measured phase shifts
towards the frequency. As shown in Fig. 3(c), the phase error
variations in the middle range (7 V–9 V) are smaller than others,
mainly because the VNA is calibrated at 8 V. The maximum
standard deviation of the measured phase error is 3.44◦ from
12 GHz to 20 GHz. There are three main possible sources for
the phase error. One is the phase variation induced by residual
upper sidebands. The second is the random phase error induced
by noise. And the last is the phase error caused by the time
variation of OTF. By integrating OTF and P-MZM on a single
chip, the first and third sources can be largely reduced.

III. OAM MODE ANALYSIS

A. OAM Modes Generation and Detection Based on CAA

A CAA for OAM mode excitation with geometric and phase
configurations is shown in Fig. 4(a). Seventeen ideal short
dipoles, with progressive phases, are distributed equidistantly

around a circle. In principle, the number of antenna elements (N )
depends on the largest OAM mode (lmax) and can be expressed
as:

N > 2|lmax| (12)

The progressive phase shifts are added to the microwave
signals before being launched to the CAA, as shown in Fig. 4(a).
The unit phase shift is given by:

Δϕ = −2πl/N (13)

where l is the excited OAM mode. To cooperate with the CAA,
an ECO-BPS array of N elements can be integrated on a small
photonic chip. In this way, the system would be robust and its cost
can be well controlled. As shown in Fig. 4(b), an observation
plane for OAM modes monitoring is located 25λ0 above the
CAA plane, and λ0 = 0.025 m is the wavelength of the reference
frequency (12 GHz). The size of the observation plane is 20λ0

for both x and y directions. The phase fronts of the excited
OAM modes are intersected and monitored on the observation
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Fig. 4. (a) The geometries of the circular antenna array used for OAM modes
generation/detection and (b) its observation plane.

plane. The excited OAM modes can be flexibly configured by
controlling the phases (of all spectral components) of microwave
signals. Since different OAM modes are all orthogonal, a gen-
erated OAM mode can be separated from the multiplexed OAM
modes by a CAA with the opposite phase configurations. The
purity of generated/detected OAM modes is limited by imperfect
phase shifts (phase error). Thus a broadband phase shifter with
low phase error (at all spectral components) is required.

B. OAM Mode Synthesis

Through respectively applying ideal phase shifts, the mea-
sured ECO-BPS phase shifts and OTTD phase shifts to the
aforementioned CAA, l = 1OAM beams are synthesized by nu-
merical simulations, in the broadband from 12 GHz to 20 GHz.
OAM modes of the three cases are then compared in terms of
amplitude profiles and phase front profiles.

The synthesized 3D amplitude patterns are shown in Fig. 5,
for the frequency of 12 GHz and 20 GHz. The ideal amplitude
pattern looks like a vortex with a singular point in its center. The
ideal amplitude patterns at 12 GHz and 20 GHz are different
since their wavelengths are different. In general, the flatness and
the divergence of amplitude patterns indicate the quality of the
generated OAM modes. As shown in Fig. 5, the quality of OAM
modes synthesized by ECO-BPS phase shifts is similar to the
ideal ones, at both 12 GHz and 20 GHz. The OTTD one exhibits a
much worse quality at 20 GHz, since the phase relation between
each antenna element is not correct anymore in the OTTD phase
scheme.

In Fig. 6, the 2D amplitude patterns sliced at the observation
plane are shown from 12 GHz to 20 GHz, with a step of 2 GHz.
The quality of OAM modes synthesized by the ECO-BPS is
slightly worse than the ideal ones, mainly due to the variation of

the measured phase shifts. The quality of the modes generated
with OTTD phase shifts exhibits a degradation as the frequency
increases. At the frequencies of 18 GHz and 20 GHz, the vortex
even breaks, which indicates the partial deterioration of OAM
modes.

The phase fronts of all three cases sliced at the observation
plane are shown in Fig. 7. For the ideal case, the phase shifts
are perfectly allocated for both 12 GHz and 20 GHz microwave
signals. Therefore, the rotating phase fronts are perfectly ob-
served with a clear singular point in the center, which exhibits
a highly pure l = 1 OAM mode. The ECO-BPS case has a very
similar behavior as the ideal one, showing its feasibility for
broadband operation. For the OTTD case, the delays for each
antenna element are calculated based on the ideal phase shifts at
12 GHz. Thus, its phase front at 12 GHz is the same as the ideal
case. However, the OTTD delays will cause linearly increasing
phases at 20 GHz, resulting in the disorder of phase fronts shown
in Fig. 7. Such disorder will reduce the purity of the l = 1 OAM
mode and raise crosstalk to other OAM modes.

C. Spiral Spectrum

To accurately elucidate the disorder of the synthesized OAM
beams, the spiral spectrum [20] of l = 1 OAM modes synthe-
sized by the three kinds of phase shifts is calculated and shown
in Fig. 8. It can be seen the ideal case has pure l = 1 OAM
modes. For the ECO-BPS case, at all frequencies, about 99%
of the beam energy is carried by the l = 1 OAM mode. Highly
pure l = 1 OAM mode is obtained in the entire bandwidth. For
the OTTD case, since the phase error increases linearly with the
frequency, the generated OAM mode gradually drifts from l = 1
to l = 2 as the frequency increases. Actually, at 24 GHz, the total
phase shift of the OTTD case will be 4π, which corresponds to
an l = 2 OAM mode, that means the desired l = 1 OAM mode
is totally gone. The spiral spectrum indicates that OTTD phase
shifts can only be used in a narrow bandwidth for OAM beam
generation, but the ECO-BPS can be used to generate highly
pure broadband microwave OAM modes.

IV. CROSSTALK INVESTIGATION

Based on the previous discussions, it can be seen the phase
error causes OAM modes diffusion, which will lead to crosstalk
in applications of OAM modes multiplexing. In order to have a
better understanding of the crosstalk, an 1× 2 Dammann vortex
grating based OAM modes demultiplexing system, as shown
in Fig. 9, is designed to investigate the crosstalk of l = ±1
multiplexed OAM modes by numerical simulations. The system
configuration is as follows: The distance from OAM generation
to the grating is 25λ0. The grating diameter is set to 40λ0 to
ensure complete beam pass. The grating diffraction angle is set to
45◦ to avoid the interference between two diffraction directions.
The diffraction distance is set to 500 m to obtain far fields. All
simulations are done in a free space background.

As shown in the example of Fig. 9, when an l = 1OAM beam
illuminates the grating, in its two main diffraction directions,
l = 0OAM beam and l = 2OAM beam can be obtained, respec-
tively. The corresponding phase patterns of l = 0 OAM mode
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Fig. 5. 3D Amplitude patterns of l = 1 OAM modes based on ideal phase shifts, ECO-BPS phase shifts, and OTTD phase shifts.

Fig. 6. Amplitude patterns of l = 1 OAM modes sliced at observation plane.

Fig. 7. Phase patterns of l = 1 OAM modes sliced at observation plane.

and l = 2 OAM mode can be observed on observation plane
1 and observation plane 2, respectively. With an input l = −1
OAM beam, l = −2 OAM mode is observed on observation
plane 1 and l = 0OAM mode is observed on observation plane 2.

Fig. 8. The spiral spectrum of l = 1 OAM modes sliced at observation plane.

Fig. 9. OAM modes demultiplexing system.

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on March 23,2020 at 12:34:46 UTC from IEEE Xplore.  Restrictions apply. 



1208 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 6, MARCH 15, 2020

Fig. 10. Demultiplexing results of l = ±1 multiplexed OAM beam synthesized by ideal phase shifts at 20 GHz.

Therefore, for an incident l = ±1 multiplexed OAM beam, the
superposition of l = 0 mode and l = −2 mode is obtained on
observation plane 1, and the superposition of l = 2 mode and
l = 0 mode is obtained on observation plane 2. The two l = 0
modes are the demultiplexed signals. In the ideal case, there
is a singular point in the center of a high-order (l �= 0) OAM
beam, so only the l = 0 beam can be detected at the center of an
observation plane. Thus, at the center of an observation plane,
the field amplitude ratio of high-order (l �= 0) OAM mode to
l = 0 OAM mode is defined as crosstalk.

Fig. 10 shows the demultiplexing results of l = ±1 multi-
plexed OAM beam synthesized by ideal phase shifts at 20 GHz.
From the amplitude curve, it can be seen the amplitude pattern
of the diffraction beam is distorted. This is because the grating
diffraction angle is large (45◦). However, the singular point can
still be observed clearly at the center of each observation plane.
In addition, high quality phase patterns of l = ±2 and l = 0
are obtained on the two observation planes as expected. Thus
the demultiplexing is accomplished. Based on the results, the
calculated crosstalk is very small in the ideal case, and it can be
considered the system resolution limit.

In Fig. 11, crosstalk curves of the three kinds of phase shifts
are shown from 12 GHz to 20 GHz with a step of 2 GHz.
For the ideal case, the crosstalk maintains a very small value
(system resolution limit), around −62 dB. The crosstalk of the
ECO-BPS case is around −27 dB in the entire bandwidth. For
the OTTD case, at 12 GHz, its phase shifts are the same as
the ideal case, so they have the same small crosstalk. However,
as the frequency increases, the crosstalk of the OTTD case
increases rapidly because of the phase-frequency dependence
of the OTTD phase shifts. Starting from 14 GHz, the crosstalk

Fig. 11. Crosstalk based on ideal phase shifts, ECO-BPS phase shifts, and
OTTD phase shifts.

of the OTTD case becomes significantly larger than that of
the ECO-BPS case. It should be noticed that the OTTD phase
shifts used here are ideal, only the inherent phase error is
considered. Based on the crosstalk results, it can be seen the
crosstalk of the ECO-BPS case increases a lot compared with
that of the ideal case. This indicates small phase deviations
from the ideal values can cause OAM modes diffusion and
lead to a rapid increase in crosstalk. Therefore, broadband
phase shifters with high phase shift accuracy are essential in
applications of OAM modes multiplexing. The proposed ECO-
BPS can be integrated on one chip to further reduce its phase
deviations.
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Fig. 12. Comparison of the crosstalk respectively calculated by the demulti-
plexing system and the spiral spectrum.

On the other hand, the crosstalk can also be calculated by the
spiral spectrum which has been discussed above. The crosstalk
of the l = 1 (l = −1) mode to the l = −1 (l = 1) mode is derived
from the l = −1 (l = 1) sidelobe. A comparison is made in
Fig. 12. It can be seen that the two crosstalk results respectively
obtained from the demultiplexing system and the spiral spectrum
theory agree very well. This suggests the demultiplexing system
dose distinguish the desired OAM mode. The ideal case is not
included in the comparison because of the resolution limit of the
demultiplexing system. Although only the case of l = ±1 OAM
modes demultiplexing is analyzed here, according to the spiral
spectrum, we can infer that there is larger crosstalk among other
modes for the OTTD scheme.

V. CONCLUSION

A novel electrically-controlled optical broadband phase
shifter (ECO-BPS) is proposed to generate broadband mi-
crowave OAM modes. The standard deviation of the measured
phase error of the ECO-BPS is 3.44◦ from 12 GHz to 20 GHz.
By comparing the OAM modes respectively synthesized by ideal
phase shifts, ECO-BPS phase shifts and OTTD phase shifts in
terms of amplitude profiles, phase front profiles, spiral spectrum
and crosstalk, the feasibility of the ECO-BPS in broadband
microwave OAM applications is demonstrated.
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