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Abstract 
 
In this paper, an optical beam-former in receiving mode has been proposed and experimentally demonstrated. 
The requirement in system’s hardware has been dramatically reduced using a hybrid approach between dis-
persive and non-dispersive delay. The proposed system is capable of supporting RF signals from L-band to 
X-band, with large coverage and strong robustness against the grating’s group delay ripples. 
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1. Introduction 
 
Despite having many advantages such as better directivity, 
higher gain, and beam-steering, traditional electrical con- 
trolled phase array antennas face serious problems 
working with large bandwidth RF signals at high fre-
quencies. One of the most difficult obstacles to overcome 
is the “beam-squint” phenomenon. The beam direction of 
the array changes across the RF signal’s bandwidth. For 
applications with large bandwidth and high frequency 
requirements, optical beam-forming is a promising can-
didate. Optical beam-formers inherit advantages charac-
teristics such as large bandwidth, compactness, light-
weight, and immunity to electromagnetic interference. 
More importantly, they can operate squint-free with wide- 
band, high frequency signals, thus avoiding the most 
significant drawback of the traditional electrical beam- 
formers. 

Optical beamformers using chirped grating and optical 
delay lines are among the most prominent approaches for 
photonic beamforming [1]. However, in the former ap-
proach, the supported array size is limited since each 
element requires one tunable laser [2]. In the later ap-
proach, the length of the delay device results in many 
obstacles [3]. In order to combine the advantages of both 
approaches, optical beamforming systems using a com-
bination of dispersive and non-dispersive delays have 
been proposed [4-7]. In [8], we have shown a hybrid 
approach between dispersive and non-dispersive delay for 
optical beam-former in transmitting mode. The novel 
system employing that method has dramatically reduced 
hardware requirements. 

In this paper, the receiving schematic following our 
hybrid approach is presented. In our proposed receiver, 
the number of tunable laser is reduced by more than three 
times. The number of tunable optical delay line is reduced 
by two times. The required time delay for both devices is 
also greatly reduced. Experimental and simulation results 
have shown that the proposed beam-former can support 
signals with wide RF bandwidth from L-band to X-band. 
There were only slight distortions in the simulated radia-
tion patterns in comparison with the ideal radiation pat-
terns. 

In [9], preliminary simulations and measurements of 
the proposed system were reported. In this article, many 
more details about the simulation radiation patterns and 
measurement results have been disclosed and discussed, 
especially about the distortions in radiation patterns. The 
system in this article has been improved from the previous 
system discussed in [10]. In [10], the combination of 
optical signals required intensive fine-tuning to ensure no 
interference between signals modulated at the same op-
tical wavelength. In this paper, the problem has been 
overcome using polarization beam combiners. 

Since the proposed system use chirped grating, the ef-
fect of group delay ripples (GDR) has also been addressed. 
As studied in [11,12], the GDR has a strong negative 
impact on the performance of optical beam-former using 
chirped grating in transmission operation. The study in 
[12] also suggested that grating may not be suitable for 
receiving operation. However, simulations have shown 
that our proposed hybrid system is more robust against 
GDR. 

The paper is organized as described. The proposed 
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beam-former is presented in Section 2. Experimental and 
simulation results of the proposed system are shown and 
discussed in Section 3. Finally, conclusions are drawn in 
Section 4. 
 
2. Principles 
 
In order to form the beam toward a particular direction θ 
in transmitting operation, an amount of time delay t is 
required between two consecutive elements of a phased 
array antenna: 

 sint d c               (1) 

where d is the spacing between elements and c is the speed 
of light. Because of the additive or destructive combina-
tion of the transmitted signals from the elements, the main 
beam in far field would point at the desired direction.  

In receiving operations, the above concept is also ap-
plied. It is assumed that the receiving signal approaches at 
the angle θ. The delay between the received signals of two 
consecutive elements is t. By properly delaying the re-
ceived signal at each element, the beam-former can pro- 

vide the strongest accumulated output signal. In a sense, 
delaying the received signal can be considered as pointing 
the main beam toward the desired direction. 

The proposed beam-former in receiving mode is shown 
in Figure 1. The signal’s delay at each element is also 
noted in that figure. The purpose of the beam-former is to 
correctly delay the signals, thus obtaining the strongest 
output signal after the photodiode.  

The working principle has been discussed in [9]. How- 
ever, for better clarity, a brief explanation is provided here. 
Firstly, the received signal from each element after the 
low noise amplifier is modulated with an optical signal 
through an electro-optic modulator. The first and third 
laser sources are tunable lasers, while the second and 
fourth laser sources are fixed wavelength lasers. The 
modulated optical signal for each modulator is noted in 
Figure 1. 

Couplers are used to combine the modulated signals 
into several branches. Optical delay lines are used to delay 
the signal as shown in Figure 1. All optical delay lines are 
non-dispersive devices. The delay signals from the bran- 
ches are then combined and passed through the multi- 

 

 

Figure 1. Hybrid optical beamformer in receiving mode.  
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channel chirped fiber grating (MCFG). The reflectivity 
and group delay characteristic of the MCFG can be re-
ferred to in [11]. In a sense, the MCFG can be considered 
as a cascade of several nearly identical chirped gratings. 
Each optical wavelength falls into one channel of the 
MCFG. By tuning the wavelength, λ1 is delayed by 4t in 
comparison with λ2, and λ3 is delayed by 2t in comparison 
with λ4. 

In order to avoid interferences, the optical signals with 
the same wavelength have to be of different polarizations. 
At the inputs of the polarizing beam splitter (PBS), the 
two input signals at the same wavelength are turned or-
thogonal via polarization controllers. The output signal 
after the PBS has two polarizations and can still be proc-
essed with the photo detector in the later stage. 

As a result, all the input signals have same amount of 7t 
delay in time. The accumulated output signal after the 
photodiode should be the strongest possible signal. In 
other words, by tuning the optical delay lines and the 
tunable lasers, the receiver has turned its main beam to-
ward the signal’s incoming direction. 

Only four channels of the MCFG are used in this 
schematic. Since the MCFG has around 50 channels, it is 
possible to increase the supported array size by adding 
similar delay branches before the MCFG. In Table 1, the 
comparison between hardware’s requirements of the hy-
brid system versus the typical systems is shown. 

For optical beamformers using chirped grating, each 
element in the array requires one expensive tunable laser, 
which makes the system impractical. Optical beamformer 
using only optical delay lines is more cost-effective. 
However, the long delay requirement causes many dis-
advantages [13]. 

Our proposed approach, which utilizes a combination 
of both chirped grating and optical delay lines, has several 
advantages. The hybrid approach has been able to dra-
matically reduce the number of required tunable lasers 
and optical delay lines, as seen in Table 1. Moreover, the 
required delay for both the grating and delay line is 
greatly reduced. The proposed hybrid approach has been 
able to subdue the most prominent disadvantages of op-
tical beamformers using chirped grating and optical delay 
line. 

On the other hand, the scalability of our proposed sys-
tem is limited. In receiving mode, combining modulated 
optical signals at the same wavelength may cause inter-
ferences. Polarization controller have been used to ensure 
that optical signal at the same wavelength have different 
polarization. As a result, each optical carrier signal can 
only be used two times. Therefore, although applying the 
same concept as in [8], the number of laser sources has to 
be increased in receiving operation. 
 
3. Experimental and Simulation Results 
 
In order to test the hybrid system, experiments have been 
conducted. Since there were not enough devices, impro-
vising was made. Combining optical signal of different 
wavelengths does not distort the signal [14]. With proper 
polarizing, combining optical signal of the same wave-
lengths also does not cause distortion [15]. The MCFG 
helps prevent beatings [2]. On the other hand, the stability, 
precision, linearity, and the supported amount of time 
delay are among the most important parameters of a 
beamformer. Therefore, the set-up in Figure 2 was used 
to measure the delay capability in time domain of the 
proposed hybrid optical beamformer scheme. Each 
branch of the schematic in Figure 1 was measured at a 
time. For the branch with optical delay line, an optical 
delay was inserted between the modulator and the MCFG. 

In the experiment, the wavelengths for four sources 
were 1547.503, 1548.312, 1549.112 and 1549.917 nm, 
respectively. The tuning step was 0.001 nm. The optical 
signal occupied four separated channels of the MCFG. 
The grating was a MCFG from Teraxion, modeled as the 
Clear Spectrum DCX D061983. 

The photodiode was use to convert the signal back into 
electrical domain. The output RF signals were then 
compared with the reference input RF signals. The tuning 
ranges of the tunable sources were from 1547.373 to 
1547.643 nm for the first wavelength and from 1548.982 
to 1549.252 nm for the third wavelength. The optical 
delay lines were tuned accordingly to the absolute delay 
between the wavelengths as explained in the previous 
section. The resulting delays between the RF output sig-
nals after the photodiodes at the outputs are shown in  

 
Table 1. Comparison between systems’ requirements in receiving mode. 

 
Number of optical 

delay lines 
Maximum time delay 

from delay line 
Number of  

tunable lasers 
Maximum time delay 
from chirped grating 

Optical beamformer using chirped grating 
(4/8/16 elements) 

0/0/0 0/0/0 3/7/15 3t/7t/15t 

Optical beamformer using optical delay line 
(4/8/16 elements) 

3/7/15 3t/7t/15t 0/0/0 0/0/0 

Optical beamformer using the hybrid method 
(4/8/16 elements) 

1/3/7 t/2t/3t 1/2/4 2t/4t/8t 
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Figure 2. Experiment setup. 
 
Figures 3 and 4.  

As seen in those figures, the time delays are mostly 
linear. The results indicate that the tuning devices in the 
system, such as the laser sources and the optical lines, can 
be programmed to linearly and continuously tune. 

The amount of delay stayed mostly unchanged at dif-
ferent RF signal frequencies, as shown in Figures 5 and 6. 
Considering the optical system as a black box, those re-
sults indicated that the system is able to support signals 
for L, S, C, and X-band arrays. The measured group de-
lays of the two set of elements are also nearly the same 
since the MCFG channels have similar characteristics. 
The results have suggested that the hybrid optical beam-
former system is flexible.  

The measured data was imported into Matlab to simu-
late the radiation pattern. The simulated arrays were 8- 
element arrays with half-wavelength spacing at 8 GHz 
and 2 GHz. Using the measured data, the first array was 
able to steer from broadside to 58˚, while the second array 
was able to steer from broadside to 17˚. For the 8-element 
array, the MCFG is only needed to provide 4t in time 
delay. A typical schematic using chirped grating requires 
the grating to provide 7t. As a result, given the same 
amount of delay from the MCFG, a typical beam-former 
using chirped grating can only steer the beam toward 29˚ 
for 8 GHz RF signals and toward 10˚ for 2 GHz RF signal, 
respectively. 

In Figures 7 and 8, the simulated radiation pattern were 
compared with the ideal radiation patterns, where the 
there is no GDR and no amplitude fluctuations. The effect 
of mutual coupling was calculated in all cases. The time 
delay could be fine-tuned to correct the beam direction. 
There was less than 0.2˚ and less than 0.5˚ in main beam 
direction error for the 2 GHz and 8 GHz arrays, respec-
tively. Both the beam width and the sidelobe level are 
affected by the signal’s amplitude. In the system, each 
signal passing through one optical delay line suffered 1 
dB loss. As a result, the main beam gain was decreased by 
1.89 dB, and the sidelobe level was increased by 0.3 dB. 
In the worst case with additional amplitude fluctuations  
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Figure 3. Time delays at the elements in the upper branch. 
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Figure 4. Time delays at the elements in the lower branch. 
 

2 3 4 5 6 7 8
-40

-30

-20

-10

0

10

20

30

40

50

60

70

RF signal frequency (GHz)

D
el

ay
 (

ps
)

 

 

1547.473 nm

1547.493 nm
1547.513 nm

1547.533 nm

 

Figure 5. Time delay at different frequencies while tuning 
the first tunable laser. 
 
from all devices, the main beam gain was decreased by 
2.57 dB and the sidelobe level was increased by 0.6 dB. 
The simulated pattern’s 3dB beam width is increased by  
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Figure 6. Time delay at different frequencies while tuning 
the second tunable laser. 
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Figure 7. Comparison between the simulated and the ideal 
normalized radiation patterns for 8 GHz signals at 55˚. 
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Figure 8. Comparison between the simulated and the ideal 
normalized radiation patterns for 2 GHz signals at 17˚. 

about 0.17˚. 
As analyzed in [11,12], the fluctuations in group delay 

characteristic of the grating force many limitations on the 
optical beamformer using chirped grating. Since the 
proposed beamformer uses a chirped grating, its robust-
ness against the GDR error should be tested. The main 
beam direction errors of the proposed system were com-
pared with which of a typical optical beamformer using 
chirped grating.  

In Figure 9, the errors in the hybrid system stay mostly 
the same for different array sizes. In comparison, the 
errors of the typical system quickly increase. The reason 
for that relates to the way the chirped grating is used. In a 
typical beamformer, each element is directly controlled 
via the delay of the grating, while the hybrid method only 
uses two channels of the grating to control the array. The 
less dependence on dispersive delay also reduces the 
negative effect of the group delay ripples. 

In receiving, the quality and the signal’s impulse re-
sponse also have a higher priority. Previous report sug-
gested that optical beamformers using chirped grating do 
not perform well in reception [12]. However, the system 
in [12] did not use the hybrid approach. The proposed 
system, on the other hand, is robust against GDR.  

Using the same condition as in [12], linear frequency 
modulated (LFM) signals are considered. The details 
about LFM can be found in [16]. In short, this particular 
type of signal is highly recommended for its resolution 
and detection range. The radar systems using those signals 
place a strong emphasis on the quality of received signal’s 
impulse response [17,18]. The change in the peak’s posi-
tion of the impulse response may cause false distance’s 
estimation, while the rise in sidelobe level may conceal 
targets.  

The fluctuation in group delay causes symmetrical re- 
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Figure 9. Main beam direction error at different RF signal 
frequencies and different array sizes. 
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sponses of the received signal around the non-error signal. 
This phenomenon, called “paired echo”, is caused by 
dispersion error as studied in [18]. Depending on the 
disturbance’s period, the 3 dB width of the main lobe may 
increase or new sidelobes may arise in the impulse re-
sponse.  

Preliminary study was done in [9]. Further analysis has 
shown that the negative effect of GDR is nearly non- 
existent. In the hybrid system, only two wavelengths were 
tuned across a small region in the grating. Furthermore, 
only a part of the total delay was from the grating. As a 
result, the influence from GDR was minimized. Although 
the echo was presented at several different positions in 
time domain, the displacement of them was greatly re-
duced to a few picoseconds, while the LFM pulse duration 
is usually in microseconds. Since the scaling is so dis-
tinctive, the negative effects such as distortions from 
additive and subtractive combinations are negligible. The 
study in [12] also agreed that small ripples do not reduce 
the system performance. However, the system in [12] 
could not achieve this goal since every element was under 
the influence from GDR.  

 For example, a simple case of LFM has been consid-
ered. In Figure 10, the impulse response of a LFM with 
bandwidth of 1 GHz and pulse duration of 10 μs with and 
without GDR are shown. The centre frequency was cho-
sen as 7.5 GHz. As seen in the figure, the two cases were 
almost undistinguishable. All the important factors such 
as the 3 dB width of the main lobe, the main lobe position, 
the number of sidelobes, and the sidelobe level are mostly 
unchanged. The change in main lobe level across the 
signal bandwidth was only around 0.015 dB. 
 
4. Conclusions 
 
In this paper, an optical beam-former in receiving mode 
 

 

Figure 10. Impulse response of the LFM signal under the 
influence of GDR. 

using a hybrid approach between dispersive and non- 
dispersive delay has been introduced. The support RF 
signal covers a huge bandwidth from L-band to X-band. 
In addition, the proposed beam-former has provided such 
promising capabilities using incredibly less requirement 
in optical hardware and time delay. Analysis about the 
effect of GDR has also indicated that the proposed sys-
tem is more robust against GDR. 
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