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ABSTRACT

A compact and affordable photonic true-lime-detay (TTD) beam steering device for phased aray antenna
applications using multiplexed substrate-guided wave propagation is presented. The TTD design uses
helographic input and output couplers 1o change the direction of beam propagation as well as optical
fanout. Optical delays of various delay lines can be adjusted easily through the substrate thickness and
the total internal reflection angle inside the substrate meterial. Broadband microwave signals for feeding
the radiating elements are generated throngh optical heterodyne technique and they are detecled by metal-
serniconductor-metal (MSM) detector arrays. The physical aspects of phase-shifters and true-time-delays
are first introduced, Then design issves on the photonic TTD architecture and practical constraints on
making holographic grating couplers are discussed, especially concerning with recording gratings on
DuPout photopolymer materials. Finally, the gencration and detection of high frequency microwave
signals up to ZEDGHZ by optical hetercdyne techniques are illustrated.

Key words: phased-array-antenna; true-time-delay; holographic couplers, substrate-guided mode
propagation; optical heterodyne detection.

{. INTROD

Phased-array antenna (PAA)s syslems combine the signals from as many as thousands of antenna
elements to point a directive beam at some angle in space. PAA offers many advantages, including
steering without physical movement, accurate beam pointing, increased scan flexibility, precise elemental
phase and amplitude control to obtain low spatial sidelobes, and reduced power consumption and
weight. The characteristics and angle of the beam are selected elecirenically across the aray elements
using analog or digital control of the amplitude and phase of excitation. Such an electronic phase control
15 traditionally accomplished through bulky, heavy coaxial wavepuide feed, Furthermore, as higher
frequency phased amay operation is Jpursued, element spacimg will becotne increasingly tight, making
waveguide congestion and crosstalk at the array backplane serious concerns. However, innavation and
progress in photonic technology are gradually changing the scenario of PAA technology.! For instance,
photonic systems can be used to provide tue-time-delay(TTD} transmission paths for the microwave
signals that are distributed 10 array elements.2 We will present the distribution of true-time-delay
broadband microwave signals for phased array antenna through massive substrate guided waves
combined with surface-normal coupling. The broadband microwave signals are generated through
optical heterodyne technique. The physical aspects of phase-shifters and true-time-delay are first
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introduced. Then design issues on the photonic TTD architecture and related topics are addressed.
Principle and practical constraints on making holographic grating couplers are discussed next, especially
concerning with recording gratings on DuPom photopolymer materials. Finally, the generation ang

r:}i:tectiun of high frequency microwave signals up to 25 GHz by optical heterodyne techniques are
illustrated,

Z PHASE SHIFTERS AND TID CONTRQL

For a linear array radiating elements with individual phase control, the far fieid pattern slong the direction
of 8;can be expressed as

E®,0= La, explioo texpli(y, + nk_Asing)] ()
nul]

where @, is the microwave frequency; k, =, /¢ is the wave vector, and A is the distance belween
radiating elements. By electronically controlling the relative phase between snocessive tadiating elements
i of the array, the direction of the radiated beam can be steered. For example, to point the beam at an angle
6,. ¥, is set to the following value

v, =—nk,_ Asind,. (2)

Differentiating the above equation, we have

" AB, = —tanﬁﬂ[ﬁm’“ ] (3)

., @,

ik
1_;,!:' R It is clear that for a fixed set of y,'s, if the microwave frequency is changed by an amonnt Acy_, the
E*i:’ radiated beamn will drift by an amount AB, . This phenomenon js called “beam squint™, which leads to an
1! undesirable drop of the antenna gain in the €, direction. To satisfy the wide bandwidth requirerents of
'?,’! future PAAs, mue-time-delay (TTD) steering techniques must be implemented so that the far field pattern

is independent of the microwave frequency. In the TTD approach, the path difference between two
radiators js compensated by lengthening the microwave feed to the radiating element with a shorter path
to the microwave phase-front. Specifically, the microwave exciting the (n+1) th antenna element is made

to propagate through an additional delay line of Jength D, = n1.(8,). The length of this delay line is
designed (o provide a tme delay

1L,{0,) ={nAsing,)/ ¢ (4)
for the (n+1)th delay element. For all frequencies o, W, is given by
- Yo =01, (8,). (5)
With such a delay set-up, when the second phase term inside Eq. (1) is changed due 1o frequency

" "hopping”, the first term will change accordingly 1o compensate for the change such that the sam of 1he
two remain unchanged. Thus, constmclive mterference can be obtained in the direction @, at all
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frequencies, TTDs permit greater bandwidth and hence higher resolution phased array radar operation
than what is possible using electronic phase shifters. However, TTDs are not casily realized in
practice.? For a practical TTD beam stesring system, array elements are divided into subarrays and each
subartay share a common time delay network. Also, ach time-delay unit is also built with discrete time
delay increments. The delay selected for each steering angle represents a "guantized™ approximation to a
linear phase taper that dictates delay times of 0,At,2At,» » s, NAt across the array, where At is given by
AsinG, fc. In this way, the system provides some, but not all, of the bernefits of true-time-delay

steering.
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Figure 1 True-time-delay with substrale mode optical fanout

Often times, fiber delay links arc used as photonic TTD delay vnit4 The lengths of the fibers in these
links were cut to provide a prespecified set of differential time delays determined by the antenna aperture
and its maximum steering angle {8, ). During steering of the phased array, one delay line, as specified
by the steering angle, is selected from each of sub-TTD delay module to provide time delay for the
anteana subarray fed by the module. In this report, a totally different approach is adopted for the TTDs.
Figure 1 illustrates a proposed 2-D substrate mode puided wave optical elements used for massive fan-
out tras-time-delays with 5-bit resolution. Successive delays of 0, AT, 2AT, 3AT, ... 31AT are
provided by substrate-guided wave propagation with different bouncing distances. Optical fanout of
various delay lines are accomplished by helographic volume phase grating couplers. These gratings
couple the light into and out of substrate modes from the surface-normal direction.

The pivotal issue in this TTD approach lies at constructing highly diffractive efficient input and output
holographic couplers on the subsirate. Siiver halide, dichromated gelatin (DCG) films and photopolymer
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holographic recording films can all be used for making holographic couﬂnrs, Silver halide suffers from
lower resolution and higher scatier. DCG has excellent helographic performance (high index
modulation) and low scatter. However, DCG is seriously affected by raw material variability, requires
complex wet processing and final holegrams must be hermetically sealed to ensures environmental
stability.& Photopolymer films do not require wet processing and particular means to protect the finished
hologram and thus become the material of choice, Yolume phase halograms are formed in the
photopolymer material (DuPont HRF-600 film} through optical recording which produces a spatial
variation in refractive index, The sinusoidal index of refraction variation in the photopolymer material is
generated by 1he diffusion and migration of photosensitive monomers and the subsequent fixing of these
monomers. According to Kogelnik's coupled wave theory? for thick hologram gratings, the efficiency
of a volume transmission grating is a sinusoidal function of the product of grating thickness and index
modulation. By selecting the proper thickness for a holographic film with a given index modulation,
large than 90% diffraction efficiency has been realized for a desired reconstruction wavelength,
Diffractinn efficiency can be controlled by varying the photo-exposure dosage or the ratio of the twq

interference beams.®
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Figure 2 Set-up for making holographic grating couplers

The holographic pholapolymer is usually coated from solvent onte a clear suppert, a 50 pm Mylar®
polyester film. A removable cover sheet of 25 um Mylar film is used to protect the slightly tacky
photopoiymer. The film is used for holographic recording by removal of the cover sheet and Jaminatioh — »
of the film to a glass plate, Hologram recording process consists of exposure, UV cure, and heal 3
processing. A two beam interference recording method for making holographic gratings o0
photopolymer struclures is shown in Fig. 2. The 514 nm linc from an Argon ion laser is used as the 3
recording wavelength. The laser output is first split into two separate beams, which are spatially filtered
and cellimated respeclively. These two beams intersect on the photopolymer film with specific desig

angles. These angles delerming the grating periodicity and the slant angle with respect to the surface
normal of the film. The substrate bouncing angle and the diffraction efficiency depend eritically on these
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two angles. Both types of hologram gratings are created by successively exposing holographic patterns
within the selectively defined and sensitized regions of the polymer film.

Design of holographic gratings is accomplished by constructing a grating vector such that a specific |
phase matching condition can be met. Notice that a particular desiga 15 for operation at a specific Bragg i
diffraction angle and a specific display wavelength. To form a slanted grating coupler which converts a
vertical incident wave to a TIR with bouncing angle o in the substrate, the two incident angles of the

recording bearn with respect to the surface normal of the film are®

- . \
8, =sin™ {—n-sin 2 +sin™ 3"'A-srirl(E] ]

o, |2 LA, /)
and {6}

. , \
.- . . o
B, =sin™ B sin E—sm" hsm[—] :
n, 2 LA, 2/)

where 1 s the average refractive index of the holographic material, n is the refractive index of the

medium on top of the holographic emulsion (p, =1 for air), *, and A represent the wavelengths of the
recording and display (reconstruction} waves, respactively.

Due to the slanted nature of the grating and to the difference in refractive index between the polymer film
and the mediomn gbove it, the range of o is limited. To increase o, i.¢., increasa the bouncing distance

of the substrate mode, we can ¢ither decrease the ratio of A /A, by changing the recording and

reconstruction wavelength to increase n, by puiting a high index prism right in front of the holographic
emuision area during recording.

2. PRELIMINARY RESULTS

Figure 3 stiows the CCD image of the TTD fanouts with a preliminary one-dimensional TTD test unit.
The gradual decrease in fanout intensity js clearly observable. This is cansed by the cascading effect of
light propagation down the substrate while the output couplers have mote or less the same diffraction
efficiency . For a practical device, it is desired that the light coupled out surface normally to be uniform,
in intensity. An uniform light intensity will relax the responsivity requirements for wideband fast MSM
detectors, hence achieving a more balanced signal-to-noise raiio at the microwave end. This is critical
since signal strength at multigigaherz range is stringently restricted by $/N ratio requirement, wideband
amplifier dynamic range and limited detector responsivities. To ensate that the fanout optical signals

from each output conpler are uniform in intensity, it is necessary to fine tune the diffraction efficiency
from each output couplers.
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{ ! Figure 3. CCD image of TTD fanocuts at various substrate mode Jocauons

ikt With the coherent miting of two CW lasers oscillating at sinple longiudinal frequencies, microwave
[ r [requency rf signals cza be gencraled by vptical heterodyne echriques. We employad two lunable diode
il lasers with a lasing wzvelength arcund 786 nm, which are stabilized by the current and tsmperature
i; P conwollers. The line widith of the laser is around 100 KH:. As indicated in Fig. 6, the ouipuis of the

I lasers are combined by 2 50:50 beam splitter, passing an oplical isolator and then coupled into die TTD

! unil al normal incidencz.  One of the weak fanoutls 18 ¢oupled 10 2 mullimode fiber (MME) with a 10X
uip microscope objective #ns. The cutput of the fiber is launched direclly 1o an ulirafast pholodetector with
4:'" : 60 GHe bandwidih trzagh the matched FC connector. The PD output is amplified through a broadband
i arnplifier and immedniely connecied to a spectrum analyzer for display. The photocurrent ontpul from
4] the P contains a DC part and an AC part corvesponding 1o the high frequency rf beat signal. If the

: I optical fields of two separate lasers are given by E, = A exp{jont) and E, = A, exp{jlo+ a1},
: E where @, is the bez frequency and the two lasers are linearly polarized in the same dire¢tion. The
' putput of the photodeiestor in the Torm of photocwrent is therefore given by 10

11 1
|:! : :';r]:i—-?rmf +A +2F(t3 YA A, cos(a), 1)), (7)

ii': : Here, ¢ is the electror charge, 1 is the quanmm efficiency of the detsctor, &v is the incoming photon
i, : enerpy and  Fl,,) is the frequency response function of the PD. The optical-to-electrical conversion
represented by Ey.(7) i equivalent Lo that of direcdy modulating a laser diode.
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Figure 4. Sct-up of the gencration of microwave signals by optical heterodymic detcetion.

With the set-up of Fig. 4, we have successfully produced and deiected microwave frequency signals up
Lo the 25.6 GHe band. Figure 5 shows (e detected 20 GHz o signal of one of the [anouls by a spectrum
analyzer. A signal to noise {8/N) ratio of ~ 20 dB is obtained. Presenty, 25 GHz is limited only by the
frequency response of Lhe amplifier and the specirum analyzer used. Realizing ihe [act thai a small lune
of the laser wavelength { a few A" ) will provide a large bear frequency, the task of generatin wideband
1l signals is relaiively easy. In [acl, microwave signals as high as several hundred g1 l':.ias already
been achieved, only {lindﬂmd by the difficulties of detecting and demonstrating of such signals. By using

axternal mixers and wideband amplifier, much higher upper frequency 11 is expected.
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Figure 6 Using masking to implement ¢ diffraction efficiencies of output coupiers

To achieve an uniforim T delav line fanout in intensity, we anticipated by using masking schemé 3
dunng holographic recosding. 4 illustrated in Fiz. 6. Problems related with this method include 8
maslsm,lg OpENINg sze and the influence of multiple exposure on the integrity of the whole hologram. The
mask size is affected by the slanted nature of the hotogram and ihe relative smail spatial separabong
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ethod. This work is currently in progress.
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