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Abstract— Traditional phased arrays based on phase shifters
suffer severely from the beam-squint problem when operating
at the wideband mode. Optical beamforming is one feasible
solution for broadband beam steering, of which the performance,
however, is affected by the amplitude–phase coupling. To solve
this problem, we propose an optical beamforming system with
amplitude–phase coupling suppression based on polarization
manipulation. A polarization controller is used to control the
transmission of carrier light along the fast or slow axis in the
polarization-maintaining fiber. As there is a fixed transmission
time difference between the two orthogonal modes, the phase
adjustment can be achieved with low amplitude variation
because of the low polarization-dependent loss. In addition,
the intensity of the signal can be controlled using a polarizer
with negligible phase variation, realizing amplitude control
with low phase coupling. Experimental results show that the
amplitude–phase coupling coefficient is about 5.8 × 10−3 ps/dB,
while the phase–amplitude coupling is less than 7.5 × 10−3 dB/ps.
The performance of the optical beamforming is analyzed by
numerical simulation and proof-of-concept experiment, showing
that the beam pointing deflection is less than 0.1◦, while the
main-lobe-to-sidelobe suppression ratio deteriorates less than
1 dB when the beam scans from 0◦ to 45◦.

Index Terms— Amplitude–phase coupling, beamforming,
phased array antenna, polarization control, polarization-
maintaining fibers (PMFs), true-time delay (TTD).

I. INTRODUCTION

PHASED arrays traditionally use phase shifters to control
the beam direction, which shows great advantages in

terms of fast beam scanning and high reconfigurability [1],
[2]. With the demand for target recognition, a large bandwidth
is required for a phased array to achieve high resolution.
However, as the bandwidth increases, the beam-squint prob-
lem would present [3], [4], [5], [6]. To address this issue,
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beamforming based on optical true-time delays (TTDs) is
considered an effective solution [7], [8], [9], [10].

In general, the approaches to implementing the TTD can
be divided into several categories: 1) different propagating
lengths switched by optical switches [11], [12], [13]; 2) fiber
grating-based TTD [14], [15], [16]; and 3) optical dispersion
with different input wavelengths [17], [18], [19]. The schemes
mentioned above are applicable for broadband scenarios and
provide a solid basis for microwave photonic phased array
systems. However, the fiber grating-based TTD would easily
cause amplitude–phase coupling due to the nonuniformity
frequency response of fiber gratings [20]. Besides, for the
dispersion-based TTD, the magnitude controlling is usually
achieved using optical amplifiers and attenuators [21], [22],
[23], [24], which will inevitably introduce a delay variation.
The errors induced by the amplitude–phase coupling would
significantly affect the performance of phased array systems,
such as the power reduction of the main lobe, broadening
of the main lobe, and raising of the sidelobe [25], [26].
One TTD without amplitude–phase coupling is achieved by
utilizing two spatial light modulators (SLMs) to modify the
amplitude and phase of the signal [27]. However, the insertion
loss could be large because of the inefficient coupling between
the free-space devices and the optical fiber. Besides, with the
tremble of the free-space system, the optical power and path
length of the spatial light injected into the optical fiber will be
fluctuated. Therefore, new technologies with amplitude–phase
coupling suppression for the optical beamforming system are
highly anticipated.

In this article, we propose an optical beamforming net-
work (OBFN) with large suppression of the amplitude–phase
coupling based on optical polarization manipulation. A phase
control module (PCM) is used to realize the TTD, which
is implemented by regulating the polarization direction of
a linearly polarized light along the fast or slow axis of a
length of polarization-maintaining fiber (PMF) via a polar-
ization controller (PC). The amplitude control is achieved
by an amplitude control module (ACM) using a polarizer.
With the suppressed amplitude–phase coupling, the OBFN
performance, such as the accuracy of the beam direction
and the main-lobe-to-sidelobe suppression ratio, is improved.
This article is organized as follows. Section II describes the
principle and composition of the OBFN. In Section III, the
performance of the proposed amplitude and PCMs is analyzed
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Fig. 1. Schematic of the proposed OBFNs. LD: laser diode. EOM: electroop-
tic modulator. OC: optical coupler. PCM: phase control module. ACM: ampli-
tude control module. PD: photodetector.

in detail. In addition, the key performance of the OBFN link is
investigated by numerical simulation. Finally, some concluding
remarks are given in Section IV.

II. PRINCIPLE

The schematic of the proposed system is shown in Fig. 1.
The optical carrier is modulated by an RF signal in an
electrooptic modulator (EOM). After distributing equally to
N links by the coupler, signals are adjusted by the PCM
and ACM based on polarization manipulation. Finally, the RF
signals are emitted into space after square-law detection in
the photodetector (PD). Here, we take a link to illustrate the
principle in detail.

PMFs have two orthogonal polarization modes, fast and
slow, with different refractive indexes, n f and ns , respectively.
When a linearly polarized light travels through the fast and
slow axes, there is a transmission time difference �τ , which
depends on the length of the fiber, L, and beat length of the
PMF, l p = λ/�n (�n = n f − ns). The time delay can be
described as

�τ = L

c/n f
− L

c/ns
= L

(
n f − ns

)
c

= L/λc

cl p
(1)

where c is the velocity of light in free space and λ0 is the
wavelength of the optic carrier produced by a laser diode (LD).
If the light does not transmit along with the desired mode [28],
[29], the phase of the photocurrent, Ic, will be

ϕ = tan−1

[
sin2 θ sin(ω�τ)

cos2 θ − sin2 θ cos(ω�τ)

]
(2)

where θ is the angle between the fast axis and linearly
polarized light and �τ is the time difference of the light
propagation along with the two modes of the PMF. When
θ = 0 or π /2, the module can be regarded as a TTD module,
while the induced phase difference is ω�τ .

Fig. 2 shows the structure of the PCM based on polarization,
composed of N minimum delay units shown in the dotted
box. The delay control unit includes a polarization switch
and a PMF. A series of delay control units realize �τ ,
2�τ , 4�τ, . . . , 2n−1�τ delay differences, which constitutes
an N-bits step delayer. Since the loss difference between the
two orthogonal polarization modes is small [30], the signal
amplitude fluctuation error could be ignored.

The structure of the optical ACM is shown in Fig. 3,
including a PC and polarizer. In the diagram, the blue dashed
line indicates the orthogonal polarization coordinate system

Fig. 2. Structure of PCM. The minimum delay control unit is in the
dotted box. The PCM consists of N delay units. PS: polarization switch.
PMF: polarization-maintaining fiber.

Fig. 3. Structure of PCM. The cylinder represents the polarizer, and α is
the angle between the polarization direction of the light and the polarizer’s
transmission axis. PC: polarization controller.

with the polarization directions x and y. When the linearly
polarized light passes through the polarizer, the output light
field is the projection of the original light field on the polarizer
transmission axis. By tuning the PC, the magnitude of the
output light field can be adjusted to achieve the output signal
amplitude control. Assuming that a linearly polarized light
with single-sideband modulation is injected into the ACM, the
expression can be described as

E ∝ J0(γ ) + j J1(γ )e jωmt (3)

where γ is the modulation index, Jn is the nth-order Bessel
function of the first kind, and ωm is the angular frequency of
the RF signal. Then, the output signal of the polarizer is Eout =
Ecosα, where α is the angle between the input polarization
direction and the polarizer transmission axis. After square-law
detection, the electric field can be written as

I (t) ∝ cos2 α
[
J 2

0 (γ ) + J 2
1 (γ )

]
− 2 cos2 αJ0(γ )J1(γ ) sin(ωmt). (4)

Ignoring the dc component, the excitation signal transmitted
to the antenna is 2cos2αJ0(γ )J1(γ )sin(ωmt). It can be seen
from (4) that the amplitude of the excitation signal is only
determined by the angle of polarization angle without inducing
the phase coupling. Since the delay introduced by the polarizer
is on the order of femtoseconds, the phase change of the RF
signal can be disregarded, thus achieving amplitude control
with low phase-to-amplitude coupling.

III. EXPERIMENT AND SIMULATION RESULTS

The performance of the PCM and ACM is experimentally
tested. In addition, the performance of the OBFN network
shown in Fig. 1 is also analyzed with numerical simulation.

A. Performance of PCM

In the experiment, 12 PMFs with lengths from 10 to
65 m are tested. The delay difference between two orthogonal
polarizations of PMFs is measured using a self-developed
high-precision optical delay meter with a delay precision of
up to ±0.1 ps [31]. The fitting curve of delay difference and
length is shown in Fig. 4. The red line is the fitting curve
with a slope of 1.28 ps/m. The length error of the fiber has a
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Fig. 4. Delay difference of two polarization modes of PMFs and fitting
curve. The black points are test points. The red line is the fitting curve with
a slope of 1.28 ps/m of the test results.

Fig. 5. Experimental results of PCM. (a) Phase difference (red line) between
fast and slow modes of 15-m PMF. The phase error (black line) between the
measured phase and the reference phase. (b) Amplitude difference.

much lower impact on the required delay difference compared
with single-mode fiber (SMF). For example, 1-ps delay can be
achieved using 0.78-m PMF, while it should be obtained by
0.2-mm SMF in traditional TTD, which is difficult to achieve
such high accuracy length controlling in practice.

To investigate the RF phase controlling ability of the
PCM, a measurement of the delay control unit is performed.
A frequency sweep signal from 0 to 20 GHz with a power
of 0 dBm is generated as the input RF signal by a vector
network analyzer (VNA, Agilent NA-L N5235A). The optical
carrier at 1550 nm with a power of 14.6 dBm produced by
a narrow linewidth laser is modulated by the RF signal in a
Mach–Zehnder modulator (MZM). After passing through the
PCM, the optical signals are converted into electrical signals
by PD. Finally, VNA receives the signal output from the unit.

The phase difference and amplitude difference of the signal
transmitted along 15-m PMF are measured. Fig. 5(a) shows
the phase error (black line), which is defined as the difference

Fig. 6. Experimental results when light is not transmitted along with the fast
or slow modes of PMF. (a) Phase difference. (b) Amplitude difference. PMF
is 15 m long.

between the measured phase and the reference phase. It can
be seen that the phase difference [red line of Fig. 5(a)] is
linear to the frequency. The slope is about −7.4◦/GHz (i.e.,
−20.61 ps at 10 GHz). In addition, the phase error is less
than 2◦ (approximately 0.5 ps at 10 GHz). It should be noted
here, as VNA can only produce about 13-GHz baseband
signal, the higher frequency part is generated by frequency
doubling with lower signal-to-noise ratio (SNR). A phase
noise analyzer (ROHDE & SCHWARZ, Phase Noise Analyzer
FSWP 1 MHz–50 GHz) is used to measure the amplitude of
the signal in two orthogonal polarization modes separately.
The amplitude difference of the output signal is plotted in
Fig. 5(b). As can be seen, the amplitude difference of the
signal is mainly concentrated in the ±0.2-dB range.

The necessity of an optical signal being injected along
the fast or slow axis is also verified. When the light is not
transmitted along with the fast or slow modes of PMF, the
phase and amplitude controlling results are shown in Fig. 6.
Fig. 6(a) shows the phase difference, showing nonlinearly with
the frequency (red line, fit curve). It means that the PCM is not
a TTD unit, which is not suitable for broadband beamforming.
In addition, when controlling the phase through PCM, the
amplitude of the RF signal varies with frequency as shown
in Fig. 6(b), inducing large phase–amplitude coupling.

B. Performance of ACM

To analyze the performance of the ACM, the PC is rotated
from 0◦ to 180◦. A VNA is used to generate the 4–18-GHz
sweep signal and monitor the amplitude change of the signals.
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Fig. 7. Relationship between optical power and the scale of the PC. The
black solid line with square markings is the power curve of the output signal
from ACM. The red line is the slope of the first falling edge, −0.7215 dB/◦ .

Fig. 8. Phase difference between received signals and reference.

The amplitude of the signal is used as the reference when the
PC is set at the 0 scales. Fig. 7 shows the measured power
of the output signal. The black solid line square markings are
the power curve of the ACM output signal agreeing with the
theory. To achieve amplitude controller, one edge range can
be used, i.e., the first falling edge. The red line is the slope of
the first falling edge, approximating −0.7215 dB/◦. In addition,
the amplitude adjustment range is about 42 dB.

The phase response of the ACM is further investigated.
VNA is used to generate the 4–18-GHz sweep signal and acts
as a phase discriminator to monitor the phase change of the
signals. Rotating the polarizer at 0 scales, the output signal of
ACM is taken as the reference. The phase variety introduced
by the ACM is less than 2◦ (0.28 ps at 10 GHz) when the
amplitude is adjusted within 33 dB, as shown in Fig. 8. Thus,
the amplitude-to-phase coupling coefficient and the maximum
coupling delay being obtained are 5.8 × 10−3 ps/dB and
0.28 ps, respectively. The ACM still introduces a delay, which
may be caused by the fact that there is still a small angle
between the input polarization of the light and the transmission
axis of the polarizer. In addition, as the attenuation increases,
the SNR deteriorates, inducing a larger phase difference jitter.
The effective amplitude controlling range is about 33 dB.

C. Simulation of OBFN Based on Polarization Manipulation

In this section, we analyze the effect of the amplitude-to-
phase and phase-to-amplitude coupling of PCM and ACM
on the OBFN system. To evaluate the performance of the
wideband OBFN, a correlation-maximum pattern (CMP) [32]
is used. In addition, three key parameters (KPs), i.e., the
value of the target direction (KP1, relative value), the peak

TABLE I

PARAMETERS OF THE POLARIZATION-BASED OBFN IN CALCULATION

sidelobe level (PSLL, KP2, relative value), and the average
angle deviation to the target direction (KP3), are extracted from
the CMP to quantitatively analyze the impact of the amplitude–
phase coupling.

Based on the experimental results of ACM and PCM, the
OBFN performance based on the proposed polarization con-
trolling is simulated and analyzed. The common parameters
are listed in Table I. Linear frequency modulation (LFM)
signal with a time width of 0.1 ms and a bandwidth of
8–12 GHz is used as the RF signal. The PCM is set up as
a 9-bit step delayer with a step of 1 ps. To avoid the effect of
the grating lobe, the spacing between two adjacent elements
is 1.25 cm, which is half of the minimum RF wavelength.
Assume that the performance of each polarization switch of
PCM is completely consistent. Similarly, the performance of
the ACM of each link is consistent.

To study the effect of amplitude-to-phase coupling (caused
by ACM) on the OBFN, we substitute the delay fluctuation as
an influencing factor in the system. In the simulation, PCMs
are adjusted to orient the main lobe of the OBFN to the
direction of 30◦, while the amplitude of the output signal
of each link remains the same. The CMPs in three cases
are compared. In the first case, i.e., the proposed scheme,
we add to each link a random delay from 0 to 0.3 ps induced
by amplitude-to-phase coupling of the ACM. In the second
case, a random delay from 0 to 3 ps (±10.8◦ at 10 GHz) is
added to each link to simulate the traditional ACM with large
amplitude-to-phase coupling. In the last case, we obtain the
CMP without amplitude-to-phase coupling as the reference.

The normalized CMPs of three cases are shown in Fig. 9,
where the red line represents the results of the proposed
scheme (the first case). The blue dotted line and the black
dashed line depict the CMPs of the second and last cases,
respectively. In addition, we tested the first two cases by ten
times to obtain the average of their KPs. As can be seen, both
CMPs of the proposed scheme and the case without coupling
almost completely overlap. Compared to the ideal case, the
main lobe of the second case deviated by 0.07◦, while the
PSLL increased by 0.17 dB. More power leaks from the main
lobe (reduced by 0.015 dB) to the rest sidelobe, which results
in an overall rise in the sidelobe.

To further analyze the effect of amplitude-to-phase coupling
on OBFN, an experiment with different delay fluctuations is
carried out. The fluctuation value is set to a random delay
with a mean of 0 and a variance of x picoseconds, where
x is an integer from 0 to 6. The main lobe is oriented in
the direction of 30◦. Fig. 10(a) shows the KP1 (the value
of the target direction on CMP), which decreases by 0.2 dB
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Fig. 9. CMPs of three different cases. The proposed scheme (red line, the
random delay fluctuation from 0 to 0.3 ps). The case with coupling has the
random delay fluctuation from 0 to 3 ps (blue dotted line). The case without
coupling (black dashed line).

Fig. 10. Effect of amplitude-to-phase coupling on OBFN. (a) KP1 (the value
of the target direction on CMP). (b) PSLL. (c) Angle deviation to the target
direction. The horizontal coordinate in the graph is the variance of the delay
fluctuation.

as the phase variance increases. Fig. 10(b) shows that the
effect of sidelobe suppression progressively deteriorates by
about 1.57 dB. Besides, the angle deviation becomes larger
with the maximum deviation angle of about 0.36◦, as shown
in Fig. 10(c). In total, the amplitude-to-phase coupling will
shorten the irradiation distance and deflect the direction of
OBFN, while the other sidelobes are raised.

The effect of phase-to-amplitude coupling (induced by
PCM) on the performance of the OBFN system is also inves-
tigated. It is known from [30] that the polarization-dependent
loss is less than 0.28 dB for all the differential group delays.
Meanwhile, refer to the experimental results in Section III-B to
set the simulation parameters. In the simulation, CMPs of three
different cases are analyzed. In the first case, the amplitude
coupling parameter is set as 0.3 dB. The parameter used in
the second case is 1 dB to simulate the traditional PCM with
large phase-to-amplitude coupling. The last case is the ideal
case without coupling as a reference. The orientation of the
main lobe is still set to 30◦. The CMPs are given in Fig. 11.
showing that the main lobe decreases in the first two cases
(2.38 and 7.51 dB) compared to the ideal one. The proposed
PCM achieves suppression of the sidelobe for about 5.1 dB.

Fig. 11. CMPs of three different cases with different phase-to-amplitude
coupling. First case: proposed scheme in which the loss between two work
states of PCM is 0.3 dB, red line. Second case: loss between two work states
of PCM is set as 1 dB, blue dotted line. Last case: without coupling, black
dashed line.

Fig. 12. Effect of phase-to-amplitude coupling on OBFN. (a) KP1. (b) PSLL.
(c) MSSR. The horizontal coordinate is the boundary value of the amplitude
fluctuation interval.

To further investigate the effect of phase-to-amplitude cou-
pling on CMPs, we set the amplitude difference between two
work states of PCMs to different values. Considering that
the amplitude difference is fluctuating, the phase-to-amplitude
coupling term of each link is a random variable selected in
[0, x]. The number x takes the values from 0 to 2 dB, while
the main lobe is steered to 30◦. The average results of multiple
tests are shown in Fig. 12, in which Fig. 12(a) and (b) shows
the KP1 and the PSLL, respectively. Fig. 12(c) represents
the main-lobe-to-sidelobe suppression ratio (MSSR) under
different phase-to-amplitude coupling. It can be seen that as
the phase-to-amplitude coupling becomes larger, the value of
KP1 steadily drops by about 7 dB, while PSLL decreases.
In addition, the worst MSSR is reduced by about 3.7 dB.

In actual application, the coupling would exist in both the
PCM and the ACM. Therefore, the simulation results are also
given with amplitude-to-phase and phase-to-amplitude cou-
pling simultaneously. The coupling term is set as mentioned
before. By adjusting the PCM and ACM, the beam is steered
to 30◦, while the output signal amplitude is the same for each
link. In the first one, two parameters of coupling are set as x
(a random number selected in (0, 0.3) ps) and y (a random
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Fig. 13. Three CMPs. The first one is the proposed scheme (red line) with
(0, 0.3) ps time fluctuation and (0, 0.3) dB amplitude coupling. The second
one is the control group with amplitude and phase coupling (blue dotted line)
with (0, 3) ps time fluctuation and (0, 1) dB amplitude coupling. The last one
is the case without coupling (black dashed line).

number selected in (0, 0.3) dB), while x and y in the second
case are selected in (0, 3) ps and (0, 1) dB, respectively. The
last case without coupling is treated as a reference. The CMPs
are given in Fig. 13. Compared to the proposed scheme, KP1

of the second case is attenuated by 2.73 dB, while the MSSR
increases by 0.56 dB from 14.25 dB.

Since the working state of the delay units in the PCM is
determined by the direction of the main lobe, the performance
of the OBFN at different orientations is also investigated.
The main lobe of the OBFN is scanned from 0◦ to 45◦.
Simulation analyses of two cases are carried out, where the
first case is the proposed scheme, while the second one is
the case with coupling. The performance of the proposed
OBFN is characterized by the average results of multiple
tests, which are shown in Fig. 14. As can be seen, the KP1s
of case one in Fig. 14(a) decrease with the increase of the
azimuth angle, while the change is less than 1.5 dB. Fig. 14(b)
shows the sidelobe suppression effect of the OBFN in different
orientations. Compared with the second case, the MSSR of
the proposed scheme deteriorates within 1 dB. Moreover, the
directivity of the proposed case [see Fig.14(c)] has a maximum
angle deflection of less than 0.02◦.

D. Experimental Verification of OBFN Based on Polarization
Manipulation

According to the theory of generalized pattern multipli-
cation [33], the field radiated by a phased array system
can be obtained by multiplying the spectrum of the ref-
erence wave, the response of the single antenna, and the
frequency-dependent array factor. The CMP of the OBFN
system can be obtained by correlating the radiation field
function with the reference waveform in the time domain.
Because the spectrum of the reference wave and the response
of the single antenna are usually known functions, we simply
need to measure the array factor to calculate the radiation
field. To obtain the array factor, the response of each channel
in OBFN is measured with the experimental setup, as shown
in Fig. 15(a). An optical carrier is modulated via MZM with
8–12-GHz frequency swept signals generated by the VNA.
After passing through the PCM and ACM, the optical signal is
converted into an electrical signal through PD and received by

Fig. 14. OBFN performance of two cases. The first one is the proposed
scheme (red line with circle markers). The second one is the case where both
amplitude and phase coupling exist (black dashed line with triangle markers).
(a) KP1. (b) PSLL (KP2). (c) Angle deviation.

Fig. 15. (a) Photograph of the experimental setup for measuring the
transmission response of the photonic link. (b) Two CMPs. The first one
is the proposed scheme (red line) based on the experiment. The second one
(blue line) is the results with amplitude–phase coupling.

the VNA. In addition, an optical delay meter is used to monitor
the transmission delay of the light in the PMF. To simplify the
description, light transmitted along the fast axis of the PMF
is described as state 0; otherwise, it would be in state 1. The
responses of the 15-m PMF in states 0 and 1 are measured,
where the measured delay difference between the two working
states is 20.9 ps.

The delay difference between adjacent channels is set as
20.9 ps, while the total delay of each channel is consistent with
the numerical simulation. Based on the experimental data, the
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array factor of an OBFN with 16 channels can be obtained.
Moreover, the reference waveform is given as a chirp signal
of 8–12 GHz with a duration of 100 ns. Fig. 15(b) shows
the normalized CMP (red line). As can be seen, the MSSR
is 13.41 dB, while the 3-dB width of the main lobe is about
8.8◦. As a comparison, a random delay error of (0, 3) ps and a
random amplitude error of (0, 0.5) dB are added to each link.
The average CMP (blue dashed line) is shown in Fig. 15(b).
Compared with the system with amplitude and phase coupling,
the main lobe amplitude and MSSR of the proposed method
are improved by 7.1 and 1.56 dB, respectively.

IV. CONCLUSION

In conclusion, we proposed and experimentally proved a
broadband OBFN based on polarization manipulation with
amplitude–phase coupling suppression. With high birefringent
properties of the PMF, high-precision delay and amplitude
controlling with a low amplitude–phase coupling are achieved.
The experimental results show that the amplitude-to-phase
coupling induced by ACM is approximately 5.8 × 10−3 ps/dB,
while the phase-to-amplitude coupling induced by PCM is less
than 7.5 × 10−3 dB/ps. In the numerical simulation, the beam
pointing of the proposed OBFN system deflected less than
0.1◦, while the MSSR deteriorates less than 1 dB when the
beam scans from 0◦ to 45◦.
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