International Journal dfletworks and Communications 2019, 9(1):33
DOI: 10.5923/j.ijnc.20190901.02

Configurable BeamSteering Network for Phase Array
Antennas Part I: Proposed Configurable Photonic True
Time Delay Line

Duaa Alyas Karim Aljaf*", Raad Sami Fyattf

'Department oElectronic and Communications EngineeringMshrain University, Baghdad, Iraq
2Department of Computer Engineering;Rahrain University, Baghdad, Iraq

Abstract Beamsteering networks for phase array antennas (PAAs) have been successfully amdleffigiéemented

in the literature using photonic true time delay line (TTDL). The delay line has been designed according to the operatin
microwave frequencyg, and number of radiating elements N of the PAA and cannot be adopted efficiently for other PAAs
operating at different parameters values. Future wireless communication base stations will deal with PAAs having differen
values of'®@; and N ad therefore, it is essential to design smart betaring networks. In this paper, a configurable
photonic TTDL is proposed for PAA beasteering network. The delay line consists of cascaded linearly chirped fiber Bragg
gratings (LCFBGs) whose number aslopted according to the operating frequency, number of radiating elements, and
steering angle. A parametric study of the used LCFBG is performed and the simulation results reveal that a FBG designe
with 80 mm length and modified Gaussian apodizationr®ie562 ps time delay difference across its reflectively spectrum
bandwidth (4 nm). The scanning capabilities of PAAs incorporating this configurable photonic delay line is investigated anc
the results are given in the accompanying paper [1]. The siowlasults reported here are obtained uSDytiGrating ver.

14-1" Software.

Keywords Phasearray antennd.inearly chirped fiber Bragg gratinylicrowave photonicsTrue time delay line

) operation of traditional PAAs relies on microwave phase
1. Introduction shifters which are used to contrtthe phase of each
o ) ) ) ) radiating elements (stdntenna) in the PAA. The
Recently, there is increasing interest in microwavgierference of electromagnetic waves from these radiating
photonics (MWPased signal processing which conneci§iements control the beam pattern in the free space.
microwave domai Wlth_ o_ptlcal domal_n [2, 3]. The MWP Microwave photonic phase shifters suffer from besquint
technique enables efficient generation and processing phpiem which limis the operation bandwidth [5]. This
microwave signals using photonic technology [4, Shroplem arises due to the dependence of beam steering
The main inherent features of MWP are immunity gngie on the microwave frequency which leads to the
electromagnetic interference, low loss, whBndwidth gjergence of beam directions of different microwave
operation, compactness, and light weight [6, 7]. Furthgfequencies at increasing steering angles. This problem can
MWP can offer tunability and reconfigurability for thepe golved by using a true time delay line (TTDL) which
Whole system, Whlch_ is hard to realize using conventiongkers a linear phase shifiequency characteristics and
microwave technqlog|es_[8, _9]. _ _hence ensures a frequeringependent steering angle.
One of the main applications of MWP is beam steeringy,otonic delay line has been emerged as promising
and beam forming of microwave and millimeter wave phasgyngidates for TTDL beam steering netksiin terms of
array antennas (PAAs) [10, 5]. This application has begfys and bandwidth beside its suitability for implementation
demonstrated successfully for wireless communicatiops e platform [15, 16]. In photonic beam steering
[11-13]and radarimaging systems [14]. The steering  pepwork, the microwave signal is mapped into an optical
carrier. The modulated optical carrier is then launched into
doaa.engeneering@gmail cqbuaa Alyas Karim Aligf the photoni TTDL to get the required delay and the
Published online at http:/fjournal.sapub.org/ijnc resu]tant optical' signal is .photodetector to get a delayed
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This work is licensed underetCreative Commons Attribution International It is worth to mention here that photofiased beam
License (CC BY)http://creativecommons.org/licenses/by/4.0/ Steering networks cannot be in genera| realized using

* Corresponding author:


mailto:doaa.engeneering@gmail.com
http://creativecommons.org/licenses/by/4.0/

24 Duaa Alyas Karim Aljakt al: Configurable Beansteering Network for Phase
Array AntennasPart I: Proposed Configurable Photonic True Time Delay Line

conventional pbtonic transmission lines (optical fibers orsignals combine coherently to one large reflection at a
optical waveguides). These photonic lines offer time delgarticular wavelength. This is refed to as the Bragg
which is almost independent of the laser wavelength. Thendition, and the wavelength at which this reflection
time delayst offered by photonic line of lengtlL is occurs is called the Bragg wavelength. Only those
given by 3t = ¢ 3lj ® wherewis the speed of light in wavelengths that satisfy the Bragg condition are affected
free space and is the refractive index of propagationand strongly back reflected through the same core of the
medum. Therefore, the phase sh#é between successivefiper. Uniform FBGs are based on a periodical modulation
radiating elements cannot be varied by tuning the lagdfhe refractive index in the core of an optical fiber Figure

wavelength. In contrasts photonic TTDL implementeqd 54 they are the most popular gradmaged type of
using fber Brag grating (FBG) technology offers ate;chnology.

time delay 3t(_) which is a functipn of the Iasgr The Braggvavelength_s equals to [1P

wavelength _ [6]. The coresponding phase shift .

3%o_ = 2° 31()j Tas = 2“ 031 Yay where —5 = 2¥€am @)

Tso = 1@ is the time period of a microwave signal ofvhere ¥ is the period of the refractive index modulation,
frequency™@; (or wavelengthl, ). Hence the steering and ¢y, is the effective refractive index of the fiber core.
angle = sin ' 14 3% 2°'Q [17] becomes equal t0 |n a chirped FBG, periodicity of the modulation is not
sin [ wst _jQ], where Q is the radiating elementsconstant, but it changes along the propagation axise
spacing. In this caser is independent of the microwavefunction ¥(z) defines the chirp pattern. This implies that
signal spectral contents and can be controlled by tuning tch different section of the grating reflects a different
laser wavelength.. The individual radiating element areBragg wavelength, and the overall spectrum of the FBG

frequently space about a Halfavelength apart (i.e., results from the spectrum of each section of the grating.
Q=144 ] 2), wherel g, is taken as the center welength

of the microwave signal spectrum. This makes=
sin 1[27Q, 31(]. Therefore, to obtain a fixed value of Fiber core

— the time delay>t _ should be adapted according to ’ ‘ . | Cladding

the operating microwave frequengy, . At low microwave A ‘

frequencies, th required value ofst _ can not be IncidentLight | ‘

obtained by one FBG and cascaded configuration c —_ : Transmitted Light
photonic TTDLs is required. This issue is addressed in thi <« —

paper where an adaptive photonic TTDL is proposed usin ‘
=0

Index change

FBGASs and optical switche$he concepts of this workay =

be applied in base stations of wireless communicatio

systems which will deal with PAAs having different values Reflected Light

of 90. and nu.mber of radlatmg (_elements. Therefore, it |§|gure 1. Concept offiber Bragg grang. lllustrative spectra of the

essem'al_to design Smart b?ame”_ng networks for th_eseincident, reflectednd transmitted waves are given

base stations and this subject will be addressed in the

accompanying paper [1]. Consider an uniform FBG extended along thaxis from
z=0 to z=L. Assume that the periodic variation of the

refractive index over the grating axialirection (Z axis)
2.Background on Apodized Linealy takes the following form [20]
Chirped Fiber Bragg Grating & & =g+ YEsin(2 o) )
) o ) where¢, is the axial average of the refractive ind&,
_ This section introduces the main concepts of FBG and {ig,resents the peak of the refractive index variation,xand
linearly chirped version. The principles of refractivgjenotes the grating pitch which represents the period of the
index-apodization profiles are briefly illustrated. z-dependent refractive index variation as shown in Figure 2.
The typical value o¥¢ varies in the rangd0 ° to 10 2.
Under weak coupling (i.e.Y& < &,), the fundamental
Fiber Bragg gratings (FBGs) are formed by constructingode of the gratingravelength can be expressed as [18]
a periodic or aquagieriodic modulation of refractive index Gd = o600y s(d)'dp"? 3)
inside the core of an optical fiber, see Figurg@His change L o ’
in index of refraction is typically created by exposing th@here &a —and e(q) represent forward and
fiber core to an intense interference pattern of UV enerdjAckwardpropagating modes, respectively, dngis the
The exposure produces a permanent increase in HigPagation constant
refractive index of the fiber's core, creating a fixed index T4= 2" tom (4)
modulation acording to the exposure pattern. This fixed =t
index modulation is called a grating [18]. A small amount Here £qx, is the effective refractive index of the
of light is reflected at each period. All the reflected lighundamental mode whose wavelength_is.

2.1 Concepts ofFiber Bragg Grating
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The relation between the forward moded and the wavelength component is reflected at different grating
backward mode (¢) is governed by the following coupledposition. This type of FBG can be fabricated by varying the
equations [18] peak refractive index variatioge (see equ. 2) with the axial

o v e length z For an FBG extending from z = 0 to z = L, the
— = e a Q¢ (5a) i i i
o ¢ linearly chirped period can be expressed as [20]
%= man™ (5b) T2 = v+ 8y 6 (13a)
where Qis the coupling coefficient where¥; is the center period of the grating adgis the
e L3t (50) chirp parameter. The maximum and minimum grating
T periads occur at z = 0 and z = L, respectively
3=2y 2| (5d) Yoo = e+ 650) 2 (13b)
Equations 5a and 5b should be solved as two simultaneous Yoo = ¥e Og0j2 (13c)

equations to yield> & ande & . Taking the derivative of

Note thatbg= (Ysqm Yae)i0 and¥ga Yoo iS
both sided of equ. 3 with respect to z yields 6= (Yoam  Vaa)] gam a8

the total chirp. Recall that the Bragg wavelength is

92_a2 = 0o ¢ ( RQW) + Q g Q e (6a) related tahe grating periods and effective refractive index
o _ X €0m bY _g = 28 . Then for a LCFBG, the minimum
Subsisting equ. 5a into equ. 6a gives and maximum value of the Bragg wavelength can be
'%2: Qe o + Be A (6b) computed from ‘
e ) ()ae = 2€0m¥ae (14)
E-l- e (1 QS @ = 0 (7) (=o)(xum - szmYuum (15)
The solution that will incorporate the boundary condition The dispersion parameter of the FBG is defined as the
(0 =0 variation of the time delayt associated with reflection
£ A =0Q (®3dsinh| (& 0) 8) transfer function with wavelength
? 1 = Qo (16)
where| = 23 For a LCFBG, he dispersion parameter ca calculéed
Using equ. 5b yields approximately by
v = O q023ar Beainh & D T o bj & _ Eoonl] 6 _ 0
ea TQQ [ %SInh @ 0 + | coshl (& U()g) I bs°d0= (8)max  (Lg)mn  2%0mYadn Yae 40T (17)

where ¥; = (Yo Yaw)l 2 Which corresponds to the

grating period at the axial center of the FBG. Note that
(10) T ss'@ o is constant over the spectral range of interest and this

ensures a lingavariation of time delay with_. This feature

Using the boundary conditioa 0 = 1 gives
Q

B | cosh| G+"§sinh\ 0

The amplitude reflection coefficient is given by is very important to design TTDL where the time delay can
S e _ be varied linarly with the laser wavelength.
1k o0 - "Gsinh( | 0) (12)
o 2.3 Apodization Profiles
| = "Qsinh (| 0) (12)
| cosh| 0+@sinh | D Refractive indexapodization profile refers to the case
when the peak of the refractive index variatigé is not
Fihar care uniform along the FBG axis (see equ. 2). In this césds
z-dependent and can be expressed as
B=2[Tneff O s o g2
Ye a = (¥8)s "XQ) (18)
ALA2,...hn % MA2,...hnehi where (Y&), corresponds to the uniform apodization profile
= I > where the peak of the refractive index is uniform across the
N AN length of the FBG and T(z) is the apodization profile or
\ function. Note that T(z) is similar to a spatial window used in

signal processing.

It is well known from the literature that using apodization
Figure 2. Refractive index change in optidier and linear chirping in Bragg gratings reduces the side lobe
) ) level in the reflectivity response and also the group time
2.2 Linearly Chirped FBG delay response ripple [21]. However, different apodization

The chirped FBG has nonuniform grating periocalong profiles having diferent impact and it would be useful to
its length z. Wherny(z) varies linearly with z, the structurechoose the profile that is more suitable for the problem under
is called linearly chirped (LC) FBGThe LCFBG is investigation. In this work, the apodization profile is chosen
characterized by a wider reflection spectrum since eagh give large time delay difference across the LCFBG

Index change
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spectrum. The investigation done ihist work reveals (v) Nonidentical FBGs can be used to design the
that the best results are obtained by using two types of phobnic line if needed for certain applications.
apodization profiles

(i) Modified Gaussian Apodization (MGA) [22] 3.2 Design Guidelines
. 200 2 ¢ The performance of the photonic TTDL depends mainly
Yq =exp —5= (19) on the reflection characteristics of the employed FBGs.

The design of the FBG should satisfy the following
wherenis the order of MGA and is the taper parameter. requirements

(i) Gaussian Apodization (GA) [22] (i) High-peak and wideband optical power reflection
26 ) 2 spectrum centered at a given wavelength The
. (20) wavelength of the used TSLs should distributed
around the center wavelength; and seealmost
Note that the two profiles are symmetric around the center the same power reflection. According to that5dB
of the grating and normalized such tisat(z) 1S bandwidh measure is used here to estimate the
bandwidth of the power reflection spectrum J.
This ensures 0dB (i.e., 100%) power reflection at

Y& =exp In2

3. Proposed Beamsteering Network the center wavelengths; and-0.5dB (i.e., 89%)

at the lower and higher cutoff wavelengths. The
3.1 System Configuration slight variaions in the power reflections seen by the

Figure 3illustrates the main concepts of the configurable semiconductor lasers can be equalized at the receiver

photonic TTDL:based bearsteering network investigated ~ ©nd by adapting the gains of the LNAs. .
in this work. For Nelement PAA, the outputs of-dnable (i) Linear variation of the time delay associated with
semiconductor lasers (TSLs) are multiplexedd the FBG amplitude (field) rgflchon transfe:-r .functlon
resultant waveform is then modulated e tmicrowave across the sgetrum and without ripple. This is useful

signal. The modulated multiplexed signal is launched into O ensure a linear variation of the time delay with
the configurable TTDL and the output is applied to 1:N __ TSLs wavelength spacing. N
demultiplexer. Each of the demultiplexer output is detected (i) Large time delay across the spectragmand it is

by a photodiode (PD) to recover a delayed version of the ~ Preferred to yield high dispersion parameter
microwave sigal which is then amplified by a lewnoise Ik T O_.

amplifier (LNA) before feeding the radiating element. The A linearly chirpedFBG (LCFBG) is used in this delay
configurable photonic delay line consists kfcascaded line to yield a linear time delayavelength characteristics.
identical FBGs. Successive FBGs are separated Bje Bragg wavelength varies linearly along the FBG axis
electrically controlled optical switch (OS) (sedgife and yields a time dele}y that decreases Imear_ly with the
3(b-d)). The OS operates in either bar state or cross stifa/elength in theeflection spectrum bandwidtfrigure 4
depending whether the state of the control signal is ON §#oWs an ideal time delay characteristi¢s) of a LCFBG
OFF, respectively. When the OS operates in the bar stag/0ss the power reflection bandwidih = s _ae-

the switch passes the input optical signal to next FBG fof '€= @nd e are, respectively, the upper and low

extra delay.n the cross state, the input signal does not ne lﬂimﬁ wavelengths of the spectrum. The chirp parameter of

extra time delay and therefore passes directly to tF1ee FBG is a positive quantity and computed from

demultiplexer input. ok o T=d:@", T(fédl;)) 21)
Few remarks related to the configurable photonic delay _ °-  -G@m  -am .
line are given in the following The time delay at a given welength _qwithin the

() The proposed TTDL is quite general aodn be reflection bandwidth can be expressed as

used with different PAAs having their own fomo i T(la o) (22)
operating microwave frequencies and number e@fhere Tk T(_g and fj k () are the time delays
radiating elements. associated with_o and the reference wavelength ,
(i) The first FBG is always in operation independent a&spectively.
the states of the OSs. The time delay difference between two adjacent TSLs
(iii) The FBGs operate in the reflection mode. Therefor¢hose wavelengths differs ts;_ is given by
the reflection transfer functions of the FBGs are at=1 a_ (23)

used to determine the associated time delays. wheres = o o With w> .

(iv) The proposed configurable delay line can be =" =0 =0l =@~ =ab
redesigned to use the transmission functions of the
FBGs.
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The TSLs operate in continucusve (CW) mod
with equal wavelength spacirgg . The wavelengths of the
TSLs (L@ & 12,8, 0) are assumed to be distributed
symmetrically around the spectrum center wavelength.
Figure 5 illustrates the wavelengths corresponding to a
4-element PAA.

Bi
b— a - "
Ay A Ac A3 Ay Wavelength

Figure 5. Wavelengths distribution of four TS used in the #lement of
PAA
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When the PAA is deghed with N even, the wavelengthsavailable in the photonic line. The used optical circulators
of the unmodulated (CW) tunable lasers can be calculaiedlate the incident field from the reflected field for each

using the following formula used FBG. Thereforehé¢ isolator acts as a buffer stage
541 20 . . between two successive FBGs. Hence the total reflection
0 b 2 3. x12,8,0 (24)  transfer function of thed-go cascaded gratings can be
According to equ. (24),=_ G 1 3j2 and computed as the product 0f~th_e transfer functions-gf,
=5 0 1a3j2 gratingsThe wor d fi s oloddergifdthatthes us

reflected field of the FBG does not affect the operation of the

The maximum wavelength spaci s IS Set to
gth Spacif@_)s evious FBG in the cascaded network. According to this

0 j U to ensure that the wavelengths of the first and la&s] > ; X
lasers (i.e._; and_ ) are not located at the spectrum edg scussion, thg total reflection transfer function of thg-q
According to that; > 4 and_ < _ ¢ €ven when cascaded gratings can be expressed as

3 approachesit maximum value. Setting3_)q ¢, 1O Qo Q= BP(g‘O"QTQ Q= Q QsPee(? (31a)
6 j U is useful to tolerate FBG fabrication error. In other
words, this setting ensures that the wavelengths of the T
are laying within the FBG spectrum. When tends to its
maximum value (34 ¢, then_; and_; approach their
minimum and maximum values, respectively.

here Q- "Q is the field reflection transfer function of the
FBG involves in the operation ari@is the optical

frequency. Further, the magnitude and the phase of the total

field reflection transfer function are expressed, respectively

as
e - 6 1 v ”n, ) "GOz ”n
(1ae = o —5 O_ (25a) §Q "Qs= BL39S0 Qs (31b)
()i = b+ —— 6 (25b) 5 Q= BRE°—dQ (31c)

Additional design guidelines related to singland The total time delayfy, seen by used cascaded FBGs is
multi-FBG steering networks along with the used OS af@mputed as , ) o
given in the following subsections. for 'O = 1 0% Q@ _ 1 Y0004, Q

%0 m = m _ Py

a- Single FBG Steering Network 2' QQ 2 &1 Q0

Consider now a uniform linear PAA having N radiating = B%;‘T'{'O(’r--@~-o "D (32)
elements and opates with a microwave freqUenc®;  where (t:g0 Q)7 represents the time delay associated
with its bearrsteering network uses a single LCFBG. Th@it the reflection transfer function of th&h FBG

phase shifa%o between two successive radiating elements, 5 juated at the optical frequeniyNote that

is related to the corresponding time delay difference by () The total time delay is the accumulation of the

3%0= 2" 31 Yy = 2" 3t=2""Q, 131 (26) individual time delays of the used FBGs calculated
where Ty and @, is the period and frequency of the = under isolation condition. o
microwave signal used to modulate the lasers optical carrier€ji) When the used FBGs are identical, then
respectively. Then the steering angleis given by §'Q,:;o "Qs= §Q "QsV®0 and Ty, Q=
= sin Mg 3% 2°°Q) = sin L Gt Q ;)i-%cl)e‘r-‘gg,ewhere Q and tg correspond to a
= sin }(& 2jQ (27) (i) If each FBG is designed to havE00% power
The argument of the'® ! function should not exceed 1. reflection at the center frequency and0.5dB
This yields the following threshold condition which bandwidth consideration, then the total power
determines the upper bound of the wavelength spacing, reflection evaluated at the FBG spectrum edges is
Y ) .0, 4%, .070, an . en Vgo=
V)s 89.%, 79.4%, 70.8%, and 63.1%hen (
VAV Vo o= g 1, 2, 3, and 4, respectively, This requires careful
(Vo= Q& .y= aan = O_) U (28) consideration to adapt the gains of the LNAs to
If the network operates with_= Y_ 4, then the compensate for the power reflection variation seen
maximum achievable steering angle is given by by the TSLs.
(Daan K T8y_ 4 = SIN L(ch 6j0Q (29 (iv) For identical U-go gratings, the steering angle
According to equ. (29), the maximum number of radiating becomes _ ' N N
elements of the antenna whose beam can be stesvad —= sin Y(Ogo® 39 (33a)
90° using one FB(i)ased neAtwork is computed from (Dae = sin Y Vgod 300 (33b)
Ogap = @ 5] O (30a)  Then the minimum nun of cascaded FBGs required
= ®Q, T 6=O when'Q= _4,i2 (30b) achieve maximum steering of 9@ngle can be computed
where |]. denotes the maximum integer in the argument.from! e
(Uadea= OQH 60 (33¢)

b- Multi FBG -Based BearrSteering Network

Consider the case when the beam steering is achieved by @j2 9"’ T o=§when _Q: 0] 2 (33d)
using number of FBGS)-¢o from the K cascaded FBGWhere [] denotesceil function which rounds ughe
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argument to the next integer. Using equs. (36) and (37) into equ. (38b) yields
(v) Usingelement spacini equals_g , j 2 yields A= Q@ Fo@ (39a)
S_gyj2 = Sin Y2060 R T 32) (34a) A1y = 6 g = GO[Q @1+ Q@2 (39h)
(PDaawSr_ayj2= Sin H(20g0R T 6_j0) (34b) U= FQO1+ Q@2 (39¢)
. To achieve—+= 90, the required wavelengiifference  consider the practical case éf= ¢ which corresponds
Y_ can be estimated the following expression to a 3dBdirectionl coupler. Introducing ;= (", + 1',)j 2
Y S 2900= 1j2° 0o’ @ | (35a) andng= ("; n,) as the phase average and difference,

respectively, leads to

and should be less thanj 0 . (35Db) . o o
- G, = GFQ 2[Q ®d2 QR 2]

c- 2x 2 Optical Switch

The 2x 2 optical switch can be designed using = 2@Q Pésin(ng 2) (40a)
Mach-Zehnder (MZ) configuration and implemented using 81y = Uy = WQ Pe[Q @02 + P02
silicon photonic platform. Figure 6 shows a schematic of MZ = 2’0 26 cos" ¢ 2) (40Db)
switch which consists of an input optical coupler, e Bt D s D
interferometric MZ region, and an output optical coupler. Gz = FQ P QP+ QP02
The control voltage is applied across one of the MZ arms to = 27@Q 2 sin(n g 2) (40c)

change its refractive index and hence introducing note that the conditiond= & leads 08 11 = G-
propagation phase difference with respect to the other 8841 that & 1= 0, and this is independent of the

[23]- condition &= w. Consider now the following special
operating states
MZ1 (i) Case 1 No applied voltage

N _\_/ U E, In this case]' = 0 (assuming equdength MZ arms).
Thendll = d22 =0 anddlz = dz]_ = TQ(I)Z'Q Q . This

. _/_\ n_ corresponds to crosgate operation. Since the optical power

2 E,

is proportional to the absolutalue square if the electric

fnput Coupler Output Coupler field, thenP, = 4¢#P, and P, = 4G#R,.
(ii) Case Il Voltage is applied to yield o = 180°
Figure 6. Schematicof the 2x 2 MachZhender switch used irhe In this case d1,= 0 =0 and Gq33= Gy =
proposed photonic delay line QQ @ .

This indicates bastate operation which yield$; =

The two electric fields at the optical coupler output arfa?p and P, = 4C%P, The insertion loss of the switch
1 4 — 2 ’

relatgd to the two input fields by the following transfer,  , can be Compared from
matrix [24]

G o — “E®nooNEL Q _ R+ B
o (36) 07 "EADEOMOONEL'Q P+ Py
For the two special cases mentioned abbygs 1j 4¢7.

Eg=

5 €

where & and @ are, respectively, the bar and cros S .
transmission coefficients of the coupler. The M pt?bz th%tz the IOS? of the d'(;gc“ona' ..C_OUP 1B

interferometer (MZI) is assumed to have lossless arfjﬂ( + o) and _th's equalsl] 2,, whgn W= . For
waveguides andherefore, the transfer matrig; ¢, which 0SSIess czoupller (ief 4=1) thenw= 1j 2. For lossy
relates the output fields to the input fields will beeteined SOUPIer,® => 1j 2. Note further thaf o= 29 4 since the
by the propagation phases of the two arms MZ waveguide arms are assumed lossless.

E = Q7 0 (37)
0 Q% 4. Performance Evaluation of Linearly
wheren ; andn, are, respectively, the phases gained by the Chirped FBG
electric fields at the end of the upper and lower waveguides.

If one assumes identical input and outputilers, the  The time delaywavelength characteristics of the
switch output fieldsQ; and Q, are related to its input fields proposed photonic delay line dependents on the reflection
Q and G by response of the used LCFBG. This section present

[} _E (o] (38) parametric study to characterize the time delay spectrum
Q ) associated with the reflection transfer function of LCFBG
where'E; is the transfer function of the<2 switch operating with apod.izatior'] profile and 1550 nm referenpe
E. = E+Ex«Ex (38b) wavelength. The simulation results are obtained using
Lo eTe e the commercial softwareagkage"OptiGrating ver. 141",
E; k gll glz (38c) Initial simulation tests are performed to select the
21 32 apodization profile suitable for efficient design of photonic
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TTDL-based beam steering. The target is to get The effect of FBG length on its per reflectivity and time

() Large time delay difference across the FB@elay spectrais illustrated in Figuresiggpfor L= 40, 60,
spectrum bandidth (WhiCh is denoted here b‘]g) 80, 100, and 120 nm, respectively. The main conclusions
(i) The time delay t(_) varies linearly across the drawn from these figures are
spectrum bandwidth without ripple. (i) ForL= 40,60, and 80 mm, the time deldgcreases

The initial simulation tests performed in this work have linearly with wavelength ah characterized by
shown that modified Gaussian apodization (MGA) designed ~ % = 251.85,405.04, and 562.12 ps over the
with, n = 4 ard s = 0.7 offers the best time delay reflectlylty bandwidthe _ = 3.65,3.9_3 and4:07ea_
spectrum performance. The next apodization profile to be ~ respectively. The  corresponding  dispersion
used is the Gaussian (GA) designed with=s 0.5. parametery are 69, 103.85and 138.11 ps/nm,
Therefore, theénvestigation in this section focuses only on __ respectively. _
these two apodization types. In the following, resware (i) Increasing L 0100 and 120 nm destroys thisear
reported for MGZbased FBG. Results related to Gaussian | -— characteristics and leads to two and three
profile are given in the Appendix sections, respectively.

The FBG structure parameters used in the simulation ar 1 R
chosen to match those of a standard singbele fiber / \

(SSMF), see Table 1. This is useful to achieve higt
coupling efficiency at the FBG / SSMF interface. The _
V-parameter of the FBG is estimated toZ24 at_=1550
nm using the expressiovi= “Q, &7 &%) _ [32]. Here
'Q, is the core diameteg, is the core refractive index, and
¢, is the cladding refracte index. Note thaV is lower than
2.405 which is the upper bound for singh®de operatin. 05
Unless otherwise started, the following parameters are us¢

in the simulation: refractive index modulatie = 6 x

10 4, total chirp € Y5, ¥ae = 2 NM, and FBG length

T I L
~
S

0.50

Apodizatior

L L I
,/".

L
.\,w\
/

1 " 1 ' " 1 L n " 4 L " L

e
)

20000.0 40000.0 60000.0 80000.0

L= 80 mm. Grating Length [um]
Table 1 Parameters values dfe LCFBG used in the simulation (@)
Paramete Value ~
Core diametert ; 8.5 um . omE " \\\
Cladding diametet , 62.5 um é L \\\
Core refractive index 1.4600 = o83t = \\-\\
Cladding refractive index 1.4550 EQE r \\\
Total chirp 2 nm 2 05310 - -
Center wavelength 1550 nm *g : ‘\\\\
Index modulation 0.0006 @ oss0s - ~ .

Figure 7 illustrates the main characteristics of a 8
mm-LCFBG designed with MGA =4 andi = 0.7).
Parts a and b of this figure describe the apodization profiie
and chirp profile, respectively. The variation of the grating ()
refractive index modulatiotYt (z) and grating periodr(z) Profile
along the FBGength is diplayed in Figure @. Note that the F
grating period decreases linearly with z (framgg, = 532 oo |
nm at = 0 to ¥4 = 530 nm at z= L). The total chirp is
Yoo Yoo =28 and the chirp parameteg=
(Yaco Yae)i0=25x 10 2 nm/mm. Part d of Figure 7
shows the spectrum of both power reflection and
transmission transfer functions. The reflectivity spectrum
has a bandwidtl®_ = 4.07 nm at-0.5dB level and 0dB peak —
level at the center wavelengtly = 1550 nm. The variation .
of the time delay across the reflectivity spectrum is presentec : : : !
in Figure 7e which shows a linear decrease with wavelength o0 oo oo eooee oo
The maximum time delay differenaig = 562.12 ps which
yields a dispersion parametgr= 138.11 ps/nm. ©

0.0 20000.0 40000.0 G0000.0

Grating Length [um]

T

Index

0.00025

0.00000

=0.00025

Grating Ref

Length [pm]
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Figure 8. Effect of FBG length on its power reflectivity and time delay
spectrum (@) L= 40 mm (b) L= 60 mm (c) L= 80 nfui) L= 100 mm (e) L=

B @ 120 MM. s Delay wemmmm Reflection
- 5 The dependence of , &, and! on FBG length is
@ illustrated in Figures 9¢a), respectively. At E 95 nm, the
o 0y-_ characteristics becomes discontinuous and consists of
w0 two linear sections. The discontinuous multisession behavior
remains for L> 95 nm. Therefore, the results in Figure 9 are
Less presented for L 90 mm. Note that spectrum bandwidth

increases sublinearly thi FBG length. In contrast, the
parametemn, increases almost linearly with L and reaches a
maximum value of 562.12 ps at £ 80 mm. Thend,

Wavelength [pm]

(b)
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decreases with L as L increases toward 90 mm. In the reg
of L 80 mm, thed,-L relation can be fitted bthe linear
characteristicgy, = @+ G whereé, and L are measured
in ps and mm, respectively. Furthéd= 58.44 ps and
= 7.757 ps/nm. In other wordsfy, increases by about
7.8 ps for each 1 mm increase in the FBG length when L
80 mm. Note furthethat the sublinear and linear variations
of 6 and &, respectively, with L (for L 80 mm region)
makes the dispersion parameter & 6_ an increasing == & & B & = u
function of L here. At L= 80 mm, &, approaches its Length (mm)
maximum value of 562.12ps aid equas 4.07 nm. This
leads tdf = 138.11 ps/nm which represents the maximum ©
dispersion parameter in the region of L8Omm. Therefore, Figure 9. Effect of FBGlength on the (a) bandwidth (b) time delay
80 mmLCFBGs will be used later to design the!sPersion
beamsteering network. It is worth to mention here that the 4s
peak power reflectity Y(_;) equals 0.71dB (85%)

0.1dB (98%), and 0dB (100%) atl10, 20, and 30 mm, 44}
respectively. E,

The simulation is extended further to investigate the effe(£ 42
of total chirp on the characteristic of the 80 sa@FBG and
the results are presented in RigulO. The performance
parameters are recorded when the total chirp is varied fro
1.8 to 2.3 nm. The main conclusions drawn for this figure ar 38[ | ‘ | . . ‘ . |

() The bandwidthé increases linearly with the total 18 185 19 195 2 205 21 215 22 225 23
chirp (slope= 1.74). Total Chirp (nm)

(i) The time delay differencéd, decreases slightly and ()
almost linearly with the total chirp (slopg -50 575
ps/nm).

(iii) The dispersion parameter decreases almost lineg 570
with total chirp (slope -71 ps/nm).
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Figure 10. Effective of total chirp of 80 mrFBG on the (a) bandwidth.
(b) (b) time delay. (c) dispersion

According to the above conclusions, the following
guestion needs to be answered. Which is the suitable value of
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the total chirp that can be used to design the LCFBG for tﬁ@ppendix Performance Parameters of

beamsteering network?. Using FBG with large bandwidth : : .
makes its suitable for useittv large NPAA. Further, FBG LCFBG DeSIQn with Gaussian

with large time delay difference reduces the lower bound Hfp0dization
the microwave frequency to be steered. In this work, a tot=! | -
chirp of 2 nm is used as a trade off between the tw - /
mentioned performance parameters,and Q. i

Tabe 2 lists performance comparison between tw = o |
LCFBGs, one is designed with MGA € 4 andi = 0.7)
and the other is designed with GAi € 0.5). The
comparison results are presented for three FBG lengths (
60 and 80 mm). Other structure parameters usethé N
simulation are identical for both FBGs as given in Table 0zs |- / \
The simulation reveals that the peak power reflectivity / ~
0dB for all the cases considered here and therefore not lis < ! — !
in Table 2. Investigation the results in Table 2 highlights tt o0 20000.0 60000.0
following findings. Using MGA enhances both spectrur
bandwidthé_ and time delay, almost by the same factor @)
over GA. This leads to approximately the same dispersicn -
parameterf for the two apodization profiles. This N N
enhancement factor is about 1.30, 1.22, and 1.185fo4Q, " h
60, and 80 mm, respectively. From engineering point of vie'
one can say that MGA offers about20% increase in both
6 and &, over GA and this lead® the same dispersion
parameter .

ization

o
©

Apod
\“
-

40000.0 80000.0

Grating Length [um]

0.5318 .

0.5310 -~

Table 2 Performance compaon between MGAand MA-LCFBGs

FBG
Length
(mm)

Apodization

profile

Reflection

spectrum

bandwidth
(nm)

Maximum
time delay
difference

&, (ps)

Dispersion
parameter
(ps/nm)

Modified
Gaussian

3.65

251.85

69.00

40

Gaussian

2.81

192.66

68.56

Modified
Gaussian

3.90

405.04

103.85

60

Gaussian

3.19

331.13

103.80

Modified
Gaussian

4.07

562.12

138.11

80

Gaussian

3.45

478.15

138.59

5. Conclusions
A Configurable photonic true time deldyne (TTDL)

0.5305

0.00050

0.00000

=0.00025

Grating Ref Index

=0.00050

consisting of cascaded linearly chirped fiber Bragg gratin
(LCFBGS) has been proposed to support the design of PA
beamsteering networks. Parametric study of the designe
LCFBG has been performed and the simulation results reveau

0.00025

Grating Period [um]
s

1 1 ™

0.0

20000.0 40000.0 60000.0

Grating Length [pm]
(b)

Profile

0.0

20000.0 40000.0 80000.0 80000.0

Length [um]

that desigmig the LCFBG with modified Gaussian ©

apodization (MGA) offers higiperformance time delay Figure Al. Characteristics of 80 mibCFBG. (a) Apodization profile. (b)
characteristics. A LCFBG of 80mm Iength offers 562.12 @irp p_rofjle.(c) Grating prgfile. (d) Spectrum of both power reflection and
time delay difference across the 4.07 nm spectrum specl|Smission transfer functions
bandwidh. The length of the LCFBG should be chosen

carefully to yield a linear time delayptical wavelength

characteristics. Designing the LCFBG with L>80 mm will

destroys this linear relation.
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