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Abstract. Many applications, including phased array an-
tennas, require a significant and tunable time delay, which 
pure electrical methods cannot establish. A variable mi-
crowave true-time delay line utilizing a photonic approach 
is presented in this paper. The variation of the delay is 
achieved by the application of dispersive fiber and tunable 
laser. With this method, the tunable delay line can control 
multiple radiating elements. In this paper, both DWDM 
and CWDM solutions are theoretically investigated and 
compared. The experimental work applying DWDM tuna-
ble laser validates the theoretical analysis. Finally, the 
phased array concept is presented, and the system simula-
tion shows the operation. The suggested phased array 
feeding method requires only one laser source, an external 
intensity modulator, passive combiners, and dividers in-
stead of multiple optical transmitters with multiplexers and 
demultiplexers. 

Keywords 
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1. Introduction 
A variety of applications, including phased array an-

tennas for radio frequency communication [1], optical 
communications [2], or future radar systems [3], demand 
the generation and control of time delays for significant 
frequency bandwidth microwave signals to be transmitted 
and processed. Delay lines are essential hardware items for 
applications requiring time delay as part of systems tests or 
evaluation.  

Surface acoustic waves (SAW) based technology pro-
vides a noticeable delay at lower microwave frequencies 
[4]. However, the excitation and reception of the surface 
acoustic waves limit the behavior of this approach. The 
high cost and high insertion loss, particularly at higher 
frequencies, cannot be accepted in many applications.  

On the other hand, the optical transmission also de-
lays the transmitted radio frequency (RF) signal [5]. Fiber-
optic-based microwave delay lines provide convenient RF 

input and output; the delay is realized between these con-
nector points. The optical signal is intensity-modulated by 
the RF signal, transmitted over a fiber optic link to the 
receiver, and provides the proper signal delay time. The 
optical solution offers small size and weight, low loss and 
electromagnetic immunity, massive bandwidth, and per-
formance advantages over traditional coax solutions. 
A continuously tunable optical delay line is a crucial ele-
ment for many microwave photonics applications, includ-
ing the control of optically fed phased array antennas [6], 
[7] or optoelectronic synchronization oscillators [8]. Hence 
tunability is one of the critical points of the device. The 
tuning accuracy of time delay is required ranging from 
a few picoseconds to several tens of nanoseconds. 

The fiber delay-line approach is bulky and tempera-
ture-dependent. These drawbacks can be overcome by 
monolithic integration. Integrated photonic circuits are 
usually manufactured using CMOS-compatible silicon-on-
insulator (SOI) technology [9]. It allows the realization of 
highly complex optical functionalities in a compact size 
and reduced unit cost. However, photonic integrated cir-
cuits usually show polarization-dependent behavior and 
high attenuation for unity length [10]. Also, the phase noise 
of the generated RF signal at the output of an integrated 
optoelectronic oscillator is higher than applying the fiber-
based solution [11]. The optical path can be lengthened due 
to diminishing the light's group velocity, called slow light 
[12]. Many of these methods bear inherent limitations that 
hinder their practical development into components: they 
use impractical media as ultracold atomic gases, the al-
lowed delays are modes, or they are very narrowband. 

In this paper, an electronically controlled, optical-
based delay device is investigated by the theoretical de-
scription and measurements. The acquired data is used to 
evaluate this delay method's viability for beam steering 
applications in a patch antenna system. Section 2 presents 
the theoretical investigation of the tunable phase delay line 
concept. Section 3 gives measurement results on the fiber-
based delay line focusing on the tunability. Section 4 pre-
sents the proposed feeding network applying the investi-
gated fiber-based delay lines. This section also describes 
the simulation environment and provides system-level 
simulations and optimization results. Finally, the conclu-
sion summarizes the paper. 
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2. Theoretical Investigation of the 
Delay Line 
The simplified block diagram of the optoelectronic 

delay line includes three main functional blocks. The RF 
signal is converted to an optical signal by a direct modula-
tion or external electro-optical modulator in the transmitter. 
The intensity-modulated optical signal is transmitted over 
an optical waveguide. Optical fiber is used as an optical 
waveguide in the presented investigation, but the results 
can also be generalized to any integrated or non-integrated 
optical waveguides. The receiver converts the modulated 
optical signal to the electrical regime, and the delayed RF 
signal is realized at the output of the photodiode. As with 
any two-port electronic device, the RF transfer function of 
the delay line can be defined. The optical fiber loss is low; 
the electrical-optical and optical-electrical conversions 
dominate in the insertion loss in short transmission length. 
The optionally used multiplexer/combiner devices add 
valuable insertion loss contribution. Optical fiber has high 
bandwidth; the overall system transmission bandwidth 
depends mainly on the optical transmitter's modulation 
bandwidth and the receiver's detection bandwidth. The 
optoelectronic delay line is an active device; the laser gives 
some additional intensity noise; shot and thermal noises 
also present at the receiver's electrical output. The charac-
teristics of the external modulator mainly limit the linearity 
of the transmission [13].  

The delay is determined by the propagation time of 
the optical signal via the optical fiber. The optical length of 
the fiber is the physical length divided by the refractive 
index. Therefore, the propagation time is defined as the 
following: 

 ( )L n
t

c


   (1) 

where L is the length of the fiber, c is the speed of light in 
vacuum, n is the optical fiber refractive index, λ is the 
wavelength of the optical carrier  

The refractive index depends on the light wavelength 
through the chromatic dispersion of the optical fiber. This 
dependence can be calculated with the dispersion coeffi-
cient, which can be found in the fiber datasheet at a given 
wavelength. Near the central optical wavelength, the 
wavelength dependence can be modeled by linear ap-
proximation. The wavelength-dependent propagation time 
is defined as the following: 
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where Dλ0 is the dispersion coefficient at the center optical 
wavelength, ∆λ is the wavelength difference from the cen-
ter wavelength. 

Based on these equations, the delay time can be ad-
justed by the proper choice of the optical fiber, fiber length, 
and optical carrier wavelength.  

2.1 Length and Fiber Type-based Tunability 

The realized delay is proportional to the fiber length. 
Delay adjustment can be achieved with small changes in 
propagation distance. It is possible by stretching the fiber 
mechanically. For that purpose, a piezo-electric stretcher 
can provide electrical variation. This method is limited to 
typically below one ps delay variation. The temperature 
also affects the propagation time via two effects. The ther-
mal expansion of the fiber tunes the physical length of the 
fiber with a 0.5·10–6 1/K thermal expansion coefficient. 
Also, the fiber's refractive index is changed via the thermo-
optic effect [14], [15]. Several applications require a sub-
stantially more significant variable time delay. The propa-
gation length can be changed by applying different types 
and length fiber spools in parallel or serial setups. Electri-
cal controlled optical switches select the proper fiber 
length; the optical switches' speed defines the tuning time. 
The number of spools defines the available length, but the 
resolution is limited [13].  

2.2 Dispersion-based Tunability 

Delay adjustment can also be achieved with group 
velocity differences in the dispersive fiber. It is propor-
tional to the wavelength shift multiplied by the dispersive 
fiber's group velocity difference [16] 

  d 1 2t D L       (3) 

where td is the delay difference, D is the dispersion 
coefficient of the fiber, λ1 is the original wavelength, and λ2 
is the shifted wavelength. 

The group velocity is defined by the fiber's material 
and structural properties and the wavelength of light propa-
gating through it. The manufacturing process determines 
the structural and material properties of the fiber; their 
tuning is practically impossible. However, the rapid, pre-
cise, and flexible control of wavelengths is feasible utiliz-
ing tunable laser sources. Since the wavelength can be 
tuned through laser temperature, it is possible to modify the 
microwave signal phase at the delay line's output by laser 
diode temperature control. 
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where φ is the phase of the microwave signal at the output 
of the delay line, ω is the angular frequency of the trans-
mitted microwave signal. 

Applying a tunable optical source, like DWDM tuna-
ble laser with a 35 nm wavelength span, can realize high 
delay variation. If an erbium-doped fiber amplifier (EDFA) 
compensates for the optical loss, the wavelength is also 
limited by the EDFA gain bandwidth, 35 nm in the C band. 
The delay variation can be increased by applying CWDM 
lasers with 20 nm wavelength steps and over 200 nm 
wavelength range. In a CWDM system, optical amplifica-
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tion is impossible due to the lack of an optical amplifier 
with 200 nm amplification bandwidth.  

Table 1 summarizes the parameters of the investigated 
fibers based on the information of the datasheets. Table 2 
represents the calculated tuning range with different optical 
fiber types. The wavelength column shows the wavelength 
detuning from the initial value, while the delay column 
gives the differential delay achieved by this amount of 
detuning. The delay device introduced time delay varies 
linearly with the optical carrier's wavelength and the slope 
of the linear fit to the theoretical value computing from the 
dispersion coefficient. The results show that the G.652 and 
G.657 fibers provide the same delay tunability, but the 
delay's absolute value is different. However, the dispersion 
compensation fiber (DCF) results in higher time delay 
variation as a function of the wavelength due to the consid-
erable dispersion value. 

Several other optical waveguides are available, like 
photonic integrated solutions or plastic optical fiber. In the 
case of these waveguides, the applied optical wavelength, 
the optical attenuation, the value of the chromatics disper-
sion coefficient, and the behavior of its wavelength de-
pendence are different. However, the basis of the presented 
operation is the same, and the method is applicable.  

In several applications, the time difference is signifi-
cant instead of the absolute value of the propagation time. 
More precisely, the phase difference of the transmitted RF 
signal. The time delay can be converted to phase delay (4), 
and the value depends on the RF signal's frequency. 1 ps 
time delay causes 3.6, 9, 36, and 216° phase delay at 1, 2.5, 
10, and 60 GHz RF frequency. So, 100 ps time tunability 
covers the whole period (360°) at 1 GHz RF carrier. Higher 
tunability is unnecessary as the same time delay difference 
causes a higher phase delay at higher RF frequencies. 

2.3 Modeling of the Dispersion Coefficient 

The optical fiber datasheets only give a rough esti-
mate of the chromatic dispersion coefficient at specific 
wavelengths. The listed zero-dispersion wavelength and 
dispersion slope value are not accurate enough to use in 
time delay calculations. The fiber dispersion must be pre-
cisely measured in the desired wavelength range (Sec-
tion 3) or modeled to ensure a well controllable operation 
for the photonic delay device.  

The previous subchapter's calculation is improved 
with wavelength-dependent chromatic dispersion model-
ing. The chromatic dispersion has two main contributions: 
the material dispersion coefficient increases, but the wave-
guide dispersion coefficient decreases versus the optical 
wavelength [14]. 

The chromatic dispersion of a standard single-mode 
fiber (G.652) was mathematically modeled [14] and com-
pared with the curve's linear approximation. The chromatic 
dispersion coefficient is measured at λ1 and λ2 optical 
wavelength during linear approximation and assumed that 
the coefficient is linearly proportional with the wavelength. 

 

Fiber 
type

Dispersion coefficient @ 
1550 nm [ps/(nm km)] 

Refractive index 

G.652 17  
1.4695 @ 1550 nm 
1.4690 @ 1330 nm 

G.657 17  
1.4682 @ 1550 nm 
1.4677 @ 1330 nm 

DCF –100…–170 (…–360)   - 

Tab. 1. Parameters for different fibers.  
 

Fiber 
type 

Wavelength 
difference   

[nm] 

Delay difference 
@ 10 m fiber 

length [ps] 

Delay difference @ 
100 m fiber length 

[ps]

G.652 
240 16.7 167 

35 @ C band 6 60 

G.657 
240 16.7 167 

35 @ C band 6 60 

DCF 
240 240 2400 

35 @ C band 35 350 

Tab. 2. Tunability for different fibers.  

The approximated chromatic dispersion coefficient can be 
calculated between λ1 and λ2 wavelengths. The results show 
that less than 1% of error is expected from this linear ap-
proximation simplification inside the 35 nm wide C-band. 
This treatment gives an acceptable magnitude of error 
while simplifying the calculation of the expected time de-
lay. However, the nonlinear approximation of the wave-
length-dependent chromatic dispersion coefficient has to be 
considered by applying CWDM lasers with a large wave-
length span (several times 20 nm wavelength differences). 

2.4 Degradation of the Behavior 

The delay device is treated as a single two-port elec-
trical component, exhibiting a certain degree of attenuation, 
noise, and nonlinearity. These degradation effects have to 
be kept at reasonably low levels.  

The noise of the optical source is characterized by the 
relative intensity noise (RIN). It gives information about 
the laser power fluctuation compared to the average output 
power. It is in the range of –120 dB/Hz, and it has a maxi-
mum at the relaxation oscillation frequency in the GHz 
regime. Dark, shot and thermal noises appear at the electri-
cal output of the photodiodes.  

The nonlinearity of the Mach-Zehnder modulator 
must also be taken into account. High electrical-optical 
conversion efficiency requires high modulating RF power, 
further driving the modulator into its characteristic nonlin-
ear section. 

The delay's temperature dependence can be used for 
tunability; contrary, the operation is temperature-sensitive 
[14], [15]. The proper tune of the wavelength can compen-
sate for a small fiber length difference from the theoretical 
length. For this purpose, a stable and fine-tunable laser 
source is necessary. Highly accurate, continuously tunable 
laser sources are available in the market with a wavelength 
accuracy of several pm. 10 pm of wavelength error causes 
about 17 fs positive or negative delay difference in the 
device equipped with 100 m G.652 fiber. Dispersion is 
a feature of the device as it opens the door to delay tunabil-
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ity. But chromatic dispersion can also degrade the quality 
of the transmitted RF signal [17]. 

3. Experimental Investigation of the 
Delay Line 

3.1 Dispersion Coefficient Measurement 

The feasibility of photonics-assisted phase shifting 
with a single tunable laser source was tested. The realized 
RF signal was compared with an external electrical refer-
ence. The waveforms were recorded at three different 
modulating frequencies (500 MHz, 1 GHz, 1.5 GHz) at 
several laser wavelengths (fit with DWDM standard) over 
1 and 10 km standard G.652 single-mode optical fibers. 
Figure 1 shows the block diagram of the measurement 
setup. The measured data was used to give a linear ap-
proximation of the dispersion curve in the C-band. 

3.2 Relative Phase Delay Measurement 

From the point of several applications, the tunability, 
namely the delay difference, is more important. For this 
measurement, the setup is extended by a second, fix laser 
source. The two optical signals were added together, mod-
ulated by one common external modulator. The modulated 
optical signals are transmitted via the optical fiber and 
separated again, converted to the electrical domain, and 
measured by an oscilloscope. The analog signal carried by 
the 1550 nm fix optical carrier was used as a stable trigger 
signal for the oscilloscope. The relative phases of the RF 
carriers recovered with the photodiodes at the end of the 
optoelectronic link were compared. It represents the rela-
tive phase shift that can be achieved by further given 
wavelength change at a certain fiber length and RF fre-
quency. The measured results are summarized in Tab. 3. 

Suppose the 1 km long single-mode optical fiber is 
changed to 10 km long fiber, which adds about 2 dB of 
extra attenuation in the whole optical transmission. In that 
case, the optical power is reduced at the photodiode. Con-
sequently, the electrical power at the output is also de-
creased. In the long propagation distance, the investigated 
RF signal is ahead of the signal carried by the optical refer-
ence carrier with 1, 2, or 4 complete cycles (360, 720 de-
grees). 

The expected phase is worked out based on the chro-
matic dispersion approximation measurement (Section 3.1). 
It is calculated from the fiber lengths and wavelength dif-
ferences and then compared with the measured values. This 
gives a 0.71% phase error mean absolute value for the 1 km 
measurement, meaning that the dispersion curve acquired 
by measurements is valid and the phase-shifting function-
ality is reliable. The 10 km measurement error is higher 
because the dispersion curve was estimated based on the 
1 km fiber spool measurement. All fiber spools were stand-
ard G.652 single-mode silica fiber, but the provider and the 

 
Fig. 1. Experimental setup. TLS: Tunable Laser Source, OSA: 

Optical Spectrum Analyzer, DPMZM: Dual Parallel 
Mach-Zehnder Modulator, PC: Polarization control. 

 

Wavelength 
difference 

[nm] 

Fiber 
length 
[km] 

RF 
frequency 

[GHz] 

Measured 
phase  

[°] 

Expected 
phase  

[°] 

3.91 1 2 45.01 45.12 

7.84 1 2 90.21 90.08 

3.91 10 2 80.62+360 91.24+360 

7.84 10 2 174.4+720 190.84+720 

3.91 1 4 90.42 90.25 

4.302 1 4 97.74 99.36 

7.84 1 4 180.45 182.17 

0.39 10 4 90.09 89.48 

3.91 10 4 194.7 + 720 182.42+720 

Tab. 3. Measured phase difference tuning of two RF 
sinusoidal signals carried by separated optical carriers 
over single-mode optical fiber of a given length at the 
given frequencies. 

fabrication time were different. So, the chromatic disper-
sion coefficient was a little different. 

3.3 Power Level and Nonlinearity 
Measurement 

Another factor to consider is the eventual difference 
in attenuation on the paths of various wavelengths. The 
main contribution comes from the external modulator as 
a wavelength-dependent device. However, the insertion 
loss of the fiber and the photodiode's efficiency are also af-
fected by the applied optical wavelength. It can be compen-
sated using controllable attenuators or precise external 
modulator DC bias control. Automated bias control opera-
tion continuously can adjust the DC bias voltage of the 
external modulator to maintain the correct setpoint [18]. 

The nonlinearity of the transmission was also tested. 
The high RF frequency (higher than some GHz) requires 
the application of an external modulator. The traditionally 
used Mach-Zehnder (MZ) and electro-absorption (EA) 
external modulators have worse linearity than direct mod-
ulated lasers. However, the direct modulated laser source's 
linearity depends on bias current, frequency, and the level 
of optical reflection in the system [19]. Contrary, external 
modulators have a more stable linearity behavior.  

The measurement setup (Fig. 1) was extended by one 
more RF generator for two-tone measurement. The two 
generator's output signals are added, and the two-tones 
signal intensity modulates the optical carrier by applying 
the Mach-Zehnder modulator. IEEE linearity meas-
urements were done at different optical carrier wavelengths. 
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Fig. 2. Nonlinearity at two different wavelengths (1530 nm 

and 1550 nm). 

The power of the transmitted RF signal and the third-order 
intermodulation products are measured. Figure 2 shows 
a small difference in the transmitted RF power at the two 
different wavelengths. But the third-order intercept point is 
significantly changed. The linearity depends on the optical 
wavelength, mainly because the applied MZ modulator is 
a wavelength-dependent device, and the optimal bias point 
is different at the tuned optical wavelength. So, automatic 
bias control of the MZ modulator is required for proper 
operation [18]. 

4. Antenna Beam Steering Simulation 

4.1 Phased Array Antenna  

Phased array antenna is a key element of future mo-
bile works [20]. It is a combination of antenna elements in 
which there is a control of the phase and power of the sig-
nal applied at each antenna element resulting in a wide 
variety of possible radiation patterns. Each antenna element 
requires a time delay proportional to its relative position 
within the array [21]. Consequently, all antenna elements 
are fed by the same analog electrical information but fix 
incremental phase differences between individual antennas 
[22]. If circularly polarized patch antennas are applied as 
array elements, the required Δφ incremental phase shift 
between the antenna elements can be calculated to steer the 
radiation pattern of the array by  

 360  sin
Δ

x f

c

    
  (6) 

where x is the distance of the antenna elements, f is the RF 
carrier frequency. 

4.2 System Concept 

The proposed phased array antenna system uses a se-
rial-feed concept realized by the electro-optical delay lines, 
as shown in Fig. 3. Unlike many parallel systems currently 
under investigation [23], [24], the proposed scheme re-
quires one wavelength-tunable laser with one external 
modulator and different fiber lengths to the various antenna 
elements. The passive optical distribution system provides 
the necessary phase and true-time delays. 

 
Fig. 3. Phased array antenna feed system concept. 

A tunable delay line is required for beamforming ap-
plication. As the laser is tuned in our design, the differen-
tial delay between fiber paths changes, and the beam is 
steering [13]. The proposed transmitter-phased array an-
tenna's optical feeding system (Fig. 3) includes a tunable 
transmitter, optical fiber distribution system, and a photo-
diode at every antenna element [16]. The proportional time 
delay for all array elements is realized by optical wave-
length control; the number of radiating directions is limited 
only by the number of available laser wavelengths. 

4.3 Simulation of the Radiation Pattern 

The phased array antenna is mathematically modeled 
as N-slit diffraction. Each individual antenna acts as a slit, 
emitting radio waves; their diffraction pattern can be cal-
culated by adding the phase shift φ to the fringing term. 
The tunability of the phase shift φ between successive 
antennas can adjust the angle at which the maximum en-
ergy is emitted [23], [24].  

The radiation pattern simulation was realized by 
Matlab code. Figure 4. represents an example of the simu-
lation results when a 1 × 4 subarray was fed. The phase 
differences between the antenna elements were 10°, 20°, 
40°, and 80°. The required time delay is 5.6 ps, 11.2 ps, 
22.4 ps, and 44.9 ps at 5 GHz RF frequency. It can be re-
alized by standard single-mode fiber with DWDM laser, 
but the required fiber length is about 50–100 m. The fiber 
length can be decreased using DCF with a higher chromatic 
dispersion coefficient or a tunable CWDM laser source 
with about a 200 nm wavelength span. For example, CWDM 

 

 
Fig. 4. Simulated radiation pattern in a polar diagram λ/2 

four-element patch antenna, fRF = 5 GHz, Δφ = 10°, 
20°, 40°, and 80°. 
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standard tunable laser can be applied with a 20 nm wave-
length step in the 1470–1610 nm range over 1.1 m DCF. 
As a validation of the operation function, the simulated far-
field radiation patterns in the polar diagram (Fig. 4) are 
markedly modified. 

A detailed antenna model is necessary to consider the 
feeder network's effect, the fabrication inaccuracy, and the 
non-ideal optoelectronic delay line operation. It was built 
in CST Microwave Studio environment. The simulations 
were made with 2 by 4 patch antenna, spaced 2·λ/3 apart, at 
4 GHz (Fig. 5). 

Figure 6 shows the situation when the phase delay 
between the antenna elements is zero. The main lobe mag-
nitude turned out to be 16.7 dB, with the sidelobe level at  
–14.5 dB. The main lobe was 1° away from the ideal situa-
tion and had an angular 3 dB width of 17.7°. On the right 
side of Fig. 6, there is still no nominal delay difference. But 
uniformly distributed phase error is introduced between the 
antenna elements, maximizing the absolute value of the 
error by 20 degrees. It causes a slight reduction of the main 
lobe magnitude with 0.1 and increases the angular width by 
several tenths of degrees. The sidelobe suppression is de-
creased by between 1 and 3 dB, and the main lobe is 
steered away by less than 5°. 

 
Fig. 5. Simulated 2  4 patch antenna array structure. 

 
Fig. 6. Simulated radiation pattern in a polar diagram, 2  4 

element patch antenna, fRF = 4 GHz, without phase 
delay, without and with error, respectively. 

 

Fig. 7. Simulated radiation pattern in a polar diagram, 2  4 
element patch antenna, fRF = 4 GHz, Δφ = 80°, without 
and with error, respectively. 

Figure 7 shows the radiation pattern during beam 
steering when the delay between the antenna elements is 
80°. Based on the simulation results, the main lobe has 
a magnitude of 15.3 dB, the angular width of 19.7°, and the 
sidelobe level is –10.9 dB in the ideal case. The added error 
has about the same effect as in the previous case; it remains 
in the expected domain.  

The presented investigation focused on the main lobe 
direction and applied constant amplitude at the antenna 
elements. The sidelobe level can be reduced by the array-
weighting method using different attenuators in the optical 
branches. It is realizable, but the array-weighting optimiza-
tion was not included in this paper. 

5. Conclusions 
This paper presents a method for establishing variable 

microwave true-time delay utilizing a photonic approach 
with theory, measurements, and further system simulations.  
The variation of the delay is achieved by applying disper-
sive fiber and tunable laser. The feeding network for beam 
steering of phased array antennas is built up based on the 
investigated delay line.  

The theoretical investigation pointed out that the time 
delay for up to 360-degree phase delay difference can be 
realized by single-mode fiber and DWDM laser source. 
The chromatic dispersion coefficient's detailed model 
showed that 1% of error is expected from the simplification 
inside the 35 nm wide C-band.   

According to the delay measurements, the calculated 
delay applying linear approximation compared with the 
measured values gives 0.71% phase error. The experi-
mental results also presented that the chromatic dispersion 
simplification has to be done based on the measurement of 
the same fiber. A general approximation cannot be applied 
for standard fiber, as the provider and the fabrication time 
can be different. The experimental results also showed that 
automatic bias control of the MZ modulator is required for 
proper operation. 

The proposed phased array antenna feeding method 
requires just one controllable laser source and one external 
optical modulator. The phase difference is realized by 
a passive distribution network, including different fiber 
length branches and optical power dividers.  

In the antenna system simulations, the fact was veri-
fied that the phase error introduced by the photonic delay 
device is still acceptable for beam steering scenarios. The 
added error causes a slight reduction of the main lobe mag-
nitude with 0.1 and increases the angular width by several 
tenths of degrees. The sidelobe suppression is decreased by 
between 1 and 3 dB, and the main lobe is steered away by 
less than 5°. 
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