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Abstract:

Beamforming (beam-steering) is an advanced technique of the Space Division Multiple Access
(SDMA). In the beam-steering network, an array of antennas elements are spatially filters incoming
signals based on their arrive time at each element.

This paper presents a new design of true time delay beamforming technique based on using
Fibre Bragg Grating (FBG) and controlled photonic circulator in a new scheme. The simulation applies
a True Time-delay beamformer to an 8-clements linear phased array antenna to obtain 16 deferent
beams.

A single-beam optical beamforming system was proposed and analysed. Optical beamforming
network has been considered for 16GHz (Ku band). The system was studied and their results were
presented at two different levels: the first is the system architecture and the second is the optical control
devices for controlling the beamforming networks.

The mathematical simulation used to clarify the operation of the proposed systems. A MATLAB
programs on the proposed signal model based on the proposed scheme are applied to get the results.
Some results are presented to validate the performance of the proposed schemes. The results show
efficient utilization of the new beamformer for real-time operation.
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1. INTRODUCTION

Photonic True Time Delay (PTTD) beamformer was considered as a favourable
technique for wideband Phased Array Antenna (PAA) systems (Saad, 2007; Parker
and Zimmermann, 2002) and there are many studies in this field (Saad, 2013; and
Eldek, 2006).

Modern wireless communication systems often require wideband performance
for multi-function and multi-channel operations. One of the most important
components of these systems is phased array antenna because of its ability to steer the
beam very fast by an appropriate inter-element phase control (Liu and Weiss, 2010).

Using fibre grating delay lines is an effective way to reach PTTD beamformer (Saad,
2007;Chen and Lu, 2008 and Saad, 2013).
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Ideally, phased array antenna system needs to be wideband with large scanning
angle. Such system has to be composed of wideband radiation elements with stable
radiation patterns of acceptable gain, low cross polarization, and high front-to-back
ratio (Eldek, 2006). The maximum steering angle is within (-3dB) beamwidth of the
antenna co-polarized pattern, therefore wide (3dB) beamwidth is important
characteristic of the array element. Researchers have carried out a lot of effort to
design wideband elements with stable patterns and wide (3 dB) beamwidth for phased
arrays [Saad, 2007; Saad, 2013; Eldek ,2006 and Petermann ,2007).

Array beamforming (beam steering) techniques are used to produce multiple,
simultaneously main beams. The main beams can be realized to have controlled-beam
width (low side lobes and high gain). In beam steering, a single beam of the array is
directed and the direction can be varied either in small discrete steps or continuously
(Eldek, 2006).

Fiber optics is the only technique known today to have the power to meet the
strong demands for flexibility and high bandwidth posed by the rapidly growing
communication networks. One of the key elements in many components for optical
communication -active as well as passive- is the Fibre Bragg Grating (FBG). These
gratings interact with the light in the fibre by means of mode coupling, and by
tailoring grating parameters such as modulation depth and period, advanced
functionalities can be achieved (Saad 2007; Saad ,2013 and Eldek, 2008).

Analogue Beam-steering has advanced to a digital format. Performing beam-
steering in a digital domain rather than analogue at RF or Intermediate Frequency (IF)
leads to many benefits.(1)The control of the radiation pattern correctly at high
frequencies.(2) The direction and the shape of the beam can be changed fast. (3)
Rapid re-configurability allows the employment of adaptive algorithms, beam
scanning and self-adjustment.(4) Multiple beams can be generated simultaneously.
Multiple beams generation can be used, as an example, multipath discrimination. In
analogue beam-steering, the propagation time differences between array elements are
compensated with time delays whereas in DBF it can be accomplished by controlling
the amplitudes and phases (Saad ,2007; Liu and Weiss, 2010 and Godara, 1997).

2. SIGNAL MODEL

Figure (1) display a Uniform Linear Array (ULA) beam-steering network.
Beam-steering network or beamformer consists of N omnidirectional antenna
elements with distance d between elements.
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Fig 1. Uniform linear array with a beam-steering network (Liu and Weiss 2010)
The delay time T, (9) for an incident signal from the first antenna to the k™
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element, with direction of arrival (), is:

Tk(ﬂ)='_:- 1,'2.51:1.1‘,' (1)
where c is the light speed and 1 is the impinging angle, =7 /2 = 4 = m /2 (Liu and
Weiss, 2010).

The incident wave is supposed to be a complex plane wave as below:
X, (e (2

where x,(t) 1s the nth signal

The incident wave arrives at the kth element after (7, ()) seconds after the first
element.

Hence, the induced signal on each array element due to the nth source is:

xn(r)ejw{r—r;-':ﬁ,.. (3)

The overall signal, sk(t), induced due to the noise on the k™ element and signal
of N sources and, is given by

se(8) = T, (x, (el @) 4, (8) Q)]
where n(t) is the k™ element noise.

The white Gaussian noise is the supposed noise. At different antenna
elements, the noise is independent (Godara, 1997).
The beam-steering network output specified in (1) above in vector format as:

y(t) = wh s(2) 5)
where w is the vector of weights, [-]"" represents the complex conjugate (Hermitian)
transpose. With K complex factors vector of weights is given as:

w = [wy, ... wgl]” (6)
where []" represents the transpose and s is the vector of the induced signals on all the
elements as:

s(t) = [5:(2) 5;(2) ... s (D] (7)
The mean output power of the beam-steering network is
P(w) = E{y(t)y*(t)} = w*Rw (8)

where E{-} represents the expectation operator and R is the correlation matrix, which
is stated as:

R = E{x(t)x"(t)} ©)
Through manipulation algebra of (4), (7) and (9), the array matrix, R, can be written
as:

R = I3 (pigi(w)gf (@) + o 1 (10)

where p; represents the i™ source power measured at the array elements, g,(w)
represents the i™ source steering vector, o, is the noise variance of the k™ element and
I represents an identity matrix. The correlated matrix can be stated as:

R = GSG" +0° 1 (11)
where matrix G' involves of steering vectors as:
G = [golw) g1(w) ... gy_1(w)] (12)

and § is the correlated matrix of the sources (Godara 1997).
The beamforming vector gi(w) is given by:
g(r_u] — [1 E-;L..-.‘:[E. E"_}Lu:;l.[é_]f (13)

3. PHASED-ARRAY ANTENNA CALCULATIONS

The typical PAA architecture is shown in fig.(2).The proposed PAA (see
fig.(3)) consists of an 8-element array of 8-microstrip antennas that operates at
16 GHz (= A, = 18.75mm). The spacing between elements are half the wavelength
of the operating frequency (spacing = 9.375mm). The total scan range is 180°,
which is divided into 16 different beam directions that can be addressed by the system
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(see fig.(4-b)). The beam width of the PAA i1s 11.25° (180°16 =11.25°). The
progressive time delay between the signals of the antenna elements can be calculated
by dividing the scanning area into 16 deferent zones.

4.PROPOSED SCHEME

In this paper, the beamformer used with six different fibre Bragg gratings (see
fig.(4)) to get 16 deferent paths (fig.(5)). Each path provides deferent length and so
that deferent delay line. Each delay line provides single radiated beam.

The numbers inside the circulators represent the factor of the delay time (1t,
2t, 4t, 6t, 9t and 11t). In this configuration, all the delay lines will obtained. For
example in the first beam the signal with 8 wavelengths must pass through zero time
delay line that means all the circulators (A, B, C, and D) stay in forward moving (state
00) to get (t=05s).

Let’s take beam no. 6 as another example, the signal must pass through a delay
line of time delay (At = 27.55 ps) (see table (3)) which is obtained by setting the
circulators (A-up (01), B-forward (00), C-up (01), D-forward (00)). Table (1) will
illustrates the final representation of all cases while table 2 illustrates the
mathematical representation of 16 cases.

Each delayed signal has the mathematical representation below:
v, (t) = V()™ n=0,12,..,15 (14)
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Fig. 2. Typical phased-array antenna architecture (Vidal et. al. 2012).
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Fig. 3. Proposed phased array antenna system
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TABLE 1. Final representation the circulators state each beam of the 16 beams

STATUS
(Forward=00, Up=01, Down=10)
Beam no. (digital If)ormat)

A B C D
1 00 00 00 00
2 01 00 00 00
3 00 01 00 00
4 01 01 00 00
5 00 00 01 00
6 01 00 01 00
7 10 00 00 00
8 01 01 01 00
9 10 01 00 00
10 00 10 00 00
11 01 10 00 00
12 00 00 10 00
13 01 00 10 00
14 00 01 10 00
15 01 01 10 00
16 10 10 00 00

TABLE 2. Mathematical representation of all 16 cases

Beam Beam Beam Beam

No, | V@M | T, | VO/M® | T\, | Ve@N® | T\, Vo (£)/Vy(t)
1 1 5 ﬂ,_r'i...-r 9 ﬂ,j:;.frgjs_.-r 13 ‘,jur ‘”"J.lr..-:
2 glet 6 é.j...-: ﬁlj-‘l-...ar 10 e_l";...-: 14 glewt gjtlur
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Fig. 4. (a) The proposed delay lines based on Fiber Bragg Gratings (FBG), (b) Schematic radiation
pattern representation of the proposed phased-array antenna.

5.CALCULATION OF TIME DELAYS AND SIMULATION RESULTS
The wavelengths 44,45, ...4¢ are connected to antenna element 1, 2, 3, to 8,
respectively. Table (3) shows the calculated absolute time delays required when the
PAA is radiating in the upper-most direction (beam 1 in fig.(4-b), & = 5.6257), and in
the lower-most direction (beam 16 in fig.(4-b), 8 = 174.375%).
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From the above limitations (beam 1 in & = 5.625° and beam 16 in
§ = 174.375%), the absolute compensation delay is 31.1ps (0°-90°) (see table 3) and
the path-length differences can be calculated considering the group velocity of the

waveguide structure.
TABLE 3. Calculated time delay between the signals of the antenna elements of the proposed 16
different beam directions.

Beam no. 1 2 3 4 5 6 7 8
At [ps] 3.06 9.07 | 1472 | 19.82 | 24.15 | 27.55 | 29.90 | 31.10

Beam no. 9 10 11 12 13 14 15 16
At [ps] 31.10 | 29.91 | 27.58 | 24.18 | 19.85 | 14.77 9.11 3.11

The variable time delays have been found by calculating the difference in time
delay between beam 1 and beam 16 for each wavelength (which is 62.2 ps), and then
splitting this difference in the ratio 1:2:4:6:9:11, which will be the ratio in 6 different
delay lines for each wavelength.

The compensation delay is determined when the variable delay of each
wavelength is zero, i.e. when all the switches are set to bypass (00 case). At this
setting, it has been chosen that the PAA should radiate beam 1 (0 is 5.625° in figure
5), which means that the relative delays between the different wavelengths should be
3.06ps. From this value, the absolute compensation delays (see table 4) and the path-
length differences can be calculated considering the group velocity of the waveguide

structure.
TABLE 4. Variable absolute delays in [ps] for the different wavelengths.

A 22 23 yy s s A7 g
I'" timedelay | 3.06 | 9.07 | 1472 | 19.82 | 24.15| 27.55| 29.90 | 31.10
2" time delay | 6.12 | 18.13 | 29.45| 39.63 | 4830 | 5510 | 59.80 | 62.19
3" time delay | 12.25 | 36.27 | 58.90 | 79.27 | 96.59 | 110.21 | 119.59 | 124.39
4" time delay | 18.37 | 54.40 | 88.35 | 118.90 | 144.89 | 165.31 | 179.39 | 186.58
5™ time delay | 27.55 | 81.60 | 132.52 | 178.35 | 217.33 | 247.97 | 269.09 | 279.88
6" time delay | 33.68 | 99.74 | 161.97 | 217.98 | 265.62 | 303.07 | 328.88 | 342.07

The total delay for each wavelength will be the sum of the compensation delay

plus the variable delay (see table 5).
TABLE 5. The total delay for each wavelength [ps]

Beam no. ].1 ].2 ].3 ].4 ].5 ]'6 ].7 ]'8
1 0 31.1 62.2 93.3 124.4 | 155.5 | 186.6 | 217.7
2 3.06 | 40.17 | 76.92 | 113.12 | 148.55 | 183.05 | 216.50 | 248.80
3 6.12 | 49.23 | 91.65| 132.93 | 172.70 | 210.60 | 246.40 | 279.89
4 9.18 | 58.30 | 106.37 | 152.75 | 196.84 | 238.16 | 276.30 | 310.99
5 12.25 | 67.37 | 121.10 | 172.57 | 220.99 | 265.71 | 306.19 | 342.09
6 1531 7643 | 135.82 | 192.38 | 245.14 | 293.26 | 336.09 | 373.19
7 1837 | 85.50 | 150.55 | 212.20 | 269.29 | 320.81 | 365.99 | 404.28
8 21.43 | 94.57 | 165.27 | 232.01 | 293.43 | 348.36 | 395.89 | 435.38

9 24.49 | 103.64 | 179.99 | 251.83 | 317.58 | 375.92 | 425.79 | 466.48
10 27.55 | 112.70 | 194.72 | 271.65 | 341.73 | 403.47 | 455.69 | 497.58
11 30.61 | 121.77 | 209.44 | 291.46 | 365.88 | 431.02 | 485.59 | 528.67
12 33.68 | 130.84 | 224.17 | 311.28 | 390.02 | 458.57 | 515.48 | 559.77
13 36.74 | 139.90 | 238.89 | 331.10 | 414.17 | 486.12 | 545.38 | 590.87
14 39.80 | 148.97 | 253.62 | 350.91 | 438.32 | 513.68 | 575.28 | 621.96
15 42.86 | 158.04 | 268.34 | 370.73 | 462.47 | 541.23 | 605.18 | 653.06
16 45.92 | 167.10 | 283.06 | 390.55 | 486.62 | 568.78 | 635.08 | 684.16

6.CALCULATION OF DELAY LINE LENGTHS
The delay line lengths that calculated by using the following equation are
shown in table 6 below:
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delay = rdsh:_r ""'-g':m" (15)

l

where #4014, Tepresents the delay time, c is the velocity of light, and Ny, 1s the group
effective index of the InP waveguide. The group effective index is around 3.6, and
this is the value that was used to compute the delay line lengths. Table 6 below shows

the calculated delay line lengths.
TABLE 6 Calculated delay line lengths (m).

Beam no. | Al A2 A3 A4 AS A6 A7 A8
1 0.00| 2.59 | 5.18 | 7.78 11037 | 12.96 | 15.55 | 18.14
2 026 | 335| 641 | 943 | 1238 | 15.25 | 18.04 | 20.73
3 051 4.10] 7.64 | 11.08 | 14.39 | 17.55 | 20.53 | 23.32
4 0.77| 4.86 | 8.86| 12.73 | 16.40 | 19.85 | 23.02 | 25.92
5 1.02 ] 5.61 | 10.09 | 14.38 | 18.42 | 22.14 | 25.52 | 28.51
6 1.28 | 6.37 | 11.32 ] 16.03 | 20.43 | 24.44 | 28.01 | 31.10
7 1.53 | 7.13 ] 12.55| 17.68 | 22.44 | 26.73 | 30.50 | 33.69
8 1.79 | 7.88 | 13.77 | 19.33 | 24.45 | 29.03 | 32.99 | 36.28
9 2.04 | 8.64 | 15.00 | 20.99 | 26.47 | 31.33 | 35.48 | 38.87
10 230 | 9.39 ] 16.23 | 22.64 | 28.48 | 33.62 | 37.97 | 41.46
11 2.55 ] 10.15 | 17.45 | 24.29 | 30.49 | 35.92 | 40.47 | 44.06
12 2.81 | 10.90 | 18.68 | 25.94 | 32.50 | 38.21 | 42.96 | 46.65
13 3.06 | 11.66 | 19.91 | 27.59 | 34.51 | 40.51 | 45.45 | 49.24
14 332 [ 12.41 | 21.13 | 29.24 | 36.53 | 42.81 | 47.94 | 51.83
15 3.57 | 13.17 | 22.36 | 30.89 | 38.54 | 45.10 | 50.43 | 54.42
16 3.83 | 13.93 | 23.59 | 32.55 | 40.55 | 47.40 | 52.92 | 57.01

Figures (5-a to 5-d)) show four examples of the obtained radiation patterns of
the simulated beams of an eight-elements (N=8) PAA with a physical separation of
half-wavelength (9.375mm) elements of spacing d=A/2=9.375mm between elements
and various phase shift.

(© (d
Fig. 5. Four examples of the obtained radiation pattern of 8-clements PAA. (a) Beam no. 4 with
(6 = 39.38%), (b) Beam no. 7 with (§ = 73.13"), (¢) Beam no. 10 with (§ = 106.88%), (d) Beam no.
13 with (6 = 140.637).
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7. CONCLUSIONS

The purpose of the paper was to improve a restructuring antenna array to
steering the output beam of the transmitter or receiver. By employing directional
antenna, many performance developments are conceivable in the radio networks.

Phased array antenna systems has the ability to steer the beams instead of
switching between fixed beams. Another factor studded in this paper, which is the
model of the signal. This model show that the improved array could be realized in
several shapes of which the ULA was selected. The whole radiation pattern of the
array was effected by the radiation pattern of each element, this process known as
pattern multiplication. The results show that the array performance is depend on the
element spacing, number of elements, amplitude illumination, and scan angle.

In this paper, a new beamforming architecture has been proposed and studied
due to their potential to fulfil the requirements when a single highly directive beam
switched antenna is employed.

The use of optical beamforming networks based on the optical Fiber Bragg
Gratings (FBGs) has been considered for the 16 GHz frequency band (Ku band).
Single-beam option has been considered and detailed architectures have been
proposed for an 8 element array. The proposed beamformer are valid for transmitting
and receiving modes.

The results show that the 16 beams could be determined by changing the path
length of the signal by using photonic circulators and FBGs.
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