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1. Introduction 

The processing of radio frequency (RF) and microwave signals in the optical domain is an 

attractive approach to overcome the bottlenecks of bandwidth, power loss, and 

electromagnetic interference (EMI) encountered in conventional electronic signal processing 

systems. A wide range of emerging RF signal processing applications require specifically 

high resolution, ultra-wide bandwidth, wide-range tunability, and fast reconfigurability. 

While these requirements are difficult to achieve using conventional all-electronic 

processing, they are feasible with photonics-based signal processing.   

Holography is an historic technology that allows the light scattered from an object to be 

recorded and reconstructed so that the object can reappear when a reference optical beam 

illuminates a hologram used to record that object. Holography has a wide range of 

applications such as optical signal storage and retrieval and information processing. The 

application of reconfigurable phase holograms to realize optical beam steering is an 

attractive field for either optical engineering or fundamental research. The reconfigurable 

phase holograms are calculated from the targeted beam steering pattern and implemented 

using spatial light modulator. Opto-VLSI processors are one of these devices that can 

dynamically generate phase holograms and perform optical beam steering.  

Although full-electronic RF signal processing is very flexible and controllable, it is 
experiencing the bottlenecks of bandwidth and EMI. Processing microwave signals in the 
photonic domain can overcome the bottlenecks in the electronic signal processing. However 
the current technologies of microwave photonics have limited flexibility and 
reconfigurability. The Opto-VLSI technology is a novel and potential discipline that combine 
benefits of photonic devices and the intelligence plus processing capabilities of Very-Large-
Scale Integrated (VLSI) circuits. It integrates intelligence into photonic systems providing a 
new foundation for a future information processing and communication systems and 
networks. This book chapter will discuss a new methodology of expanding the use of Opto-
VLSI from the conventional paradigm of optical beam processing to a new frontier of 
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photonics-based RF signal processing, leading to a wide applications such as future 
broadband RF signal filters and beamformers for wireless systems for many wireless- and 
mobile-communication-related areas.  
The application of holography in processing RF and microwave signals, which is 
implemented through an Opto-VLSI processor, offers many advantages over traditional 
microwave photonic methods in terms of flexibility and reconfigurability. The phase 
hologram is generated according to the applications of RF signal processing and uploaded 
onto the Opto-VLSI processor.  
In this chapter, we discuss the use of holography for the applications of RF and microwave 
signal processing. This book chapter is organised as follows. In Section 2 a brief background 
on Opto-VLSI processors is provided. Section 3 discusses the use of holography to realize 
tunable microwave filters. In Section 4 the adaptive generation of true time delay (TTD) 
based on uploading appropriate phase hologram onto an Opto-VLSI processor is discussed. 
In Section 5 architecture of a tunable Opto-VLSI-based beamformer for phased array 
antennas is discussed. We conclude this chapter in Section 6. 

2. Opto-VLSI processor 

An Opto-VLSI processor is an array of liquid crystal (LC) cells driven by a Very-Large-Scale-

Integrated (VLSI) circuit. Figure 1 shows a typical layout and a cell design of an 8-phase Opto-

VLSI processor. It is driven by digital holographic diffraction gratings capable of 

steering/shaping incident optical beams as illustrated in Fig. 2. The voltage level of each pixel 

can individually be controlled by using a few memory elements that select a discrete voltage 

level and apply it, through the aluminium mirror electrode, across the LC cell. A transparent 

Indium-Tin Oxide (ITO) layer is used as the second electrode, and a quarter-wave-plate (QWP) 

layer is deposited between the LC and the aluminum mirror to accomplish polarization-

insensitive operation. The ITO layer is generally grounded and a voltage is applied at the 

reflective electrode by the VLSI circuit below the LC layer. Opto-VLSI processors are 

electronically controlled, software-configured, polarization independent and are cost effective 

because of the high-volume manufacturing capability of VLSI chips as well as their capability 

of controlling multiple fiber ports in one compact Opto-VLSI module; they are also very 

reliable since beam steering is achieved with no mechanically moving parts.  

By driving the Opto-VLSI with blazed gratings of different pitches, as shown in Fig. 3, 

optical beam steering can be achieved. The diffraction (or steering) angle for an Opto-VLSI 

processor, αm, is given by (Xiao et al., 2008): 

 arcsin( )m

m

d

λ
α =  (1) 

where m is the diffraction order (usually only the first order is considered), ┣ is the light 

wavelength in vacuum, and d is the grating period. By addressing each pixel independently 

a phase hologram can be synthesized leading to optical beam steering, beam shaping or 

multicasting. For example, a 4-phase Opto-VLSI processor having a pixel size of 5 microns 

can steer a 1550 nm laser beam by a maximum angle of around ±4°. The maximum 

diffraction efficiency of an Opto-VLSI processor depends on the number of discrete phase 

levels that the VLSI can accommodate. The theoretical maximum diffraction efficiency is 

given by (Dammann, 1979): 
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where 1n gM= +  is the diffraction order ( 1n = is the desired order), and g  is an integer. 

Thus an Opto-VLSI processor with binary phase levels can have a maximum diffraction 

efficiency of 40.5%, while a four phase level allow for efficiency up to 81%. The higher 

diffraction orders (which correspond to the cases g ≠ 0) are usually unwanted crosstalk 

signals, which must be attenuated or properly routed outside the output ports to maintain 

high signal-to-crosstalk performance. 
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Fig. 1. Typical 8-phase Opto-VLSI processor and LC cell structure design. 

Adaptive optical beam steering can be achieved by reconfiguring the phase hologram 
uploaded onto the Opto-VLSI processor. Recent advances in low-switching-voltage nematic 
LC materials and layer thickness control have allowed the incorporation of a thin quarter-
wave-plate (QWP) layer between the LC and the aluminium mirror to accomplish 
polarization-insensitive multi-phase-level Opto-VLSI processors (Manolis et al., 2002), as 
shown in Fig. 1. In addition, with current 130nm VLSI fabrication processes, VLSI chips 

featuring 24mm×24mm active area, maximum switching voltage of 3.0 volts, and pixel size 
of 5 microns, can be realised. Depositing low-switching-voltage electro-optic materials and 
QWP over such VLSI chips, can realize a polarization-insensitive Opto-VLSI processor that 
has a diffraction efficiency of 87% (0.6 dB loss) and a maximum steering angle of more than 

±4.0°. 
There have been different algorithms reported for the optimization of Opto-VLSI phase 
holograms to achieve effective beam steering, including simulated annealing and projection 
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methods. In our study, a modified simulated annealing method that can achieve accurate 
beam steering with low crosstalk is adopted (Yen-Wei Chen et al., 2000). 
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Fig. 2. Principle of beam steering through variable-pitch blazed grating generation. 
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Fig. 3. Steering and multicasting capabilities of an Opto-VLSI processor. 

3. Tunable photonic microwave filters 

Photonics-based microwave and millimeter-wave filters offer advantages such as ultra-wide 
bandwidth, immunity to electromagnetic interference, and lightweight (Seeds&Williams, 
2006; Capmany et al., 2006; Minasian, 2006). These advantages open new opportunities in a 
wide range of potential applications especially when high selectivity, resolution, wide 
tunability, and fast reconfigurability characteristics are required. 
 In recent years, numerous reconfigurable coherent-free photonic microwave transversal 
filter structures have been proposed and demonstrated, where multi-wavelength source is 
employed to suppress the optical interference in conjunction with modifying the optical tap 
weights or the time-delay increment between taps (Capmany et al., 1999; Polo et al., 2003; 
Ortigosa-Blanch et al., 2006; Hunter&Nguyen, 2006; Ning et al., 2007; Blals&Yao, 2008). 
Spectral slicing of an RF-modulated broadband optical source has been employed to 
generate different wavebands. However, the use of Bragg gratings or arrayed waveguide 
gratings for realizing spectral slicing results in fixed time-delay increments, which limit the 
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tunability of the photonic microwave transversal filter. Another approach to generating 
optical taps is the use of a tunable laser array, where each tunable laser element is dedicated 
to control the weight of a single optical tap. However, the main disadvantage of this 
approach is the high cost and reliability of the filter structure, especially when the number 
of taps increases.  
As a powerful reconfigurable holography technology, a novel tunable photonic microwave 
filter has been proposed and experimentally demonstrated based on the use of an Opto-
VLSI processor (Xiao et al., 2009). Through computer-generated phase holograms uploaded 
onto the Opto-VLSI processor, arbitrary spectral slicing with adaptive wavelength 
separations as well as independent tap weight control can be achieved. This demonstration 
has a significant advantage that the time-delay increment, tap numbers and tap weights can 
be adjusted independently and simultaneously, simply by electronics. This structure has the 
highest flexibility compared to previously reported microwave filter structures (Capmany et 
al., 2006; Zheng et al., 2006). The proposed tunable filter structure is a practical solution to 
realizing flexible and tunable microwave filters. 
In Fig. 4, the proposed tunable photonic microwave filter is illustrated through an 
experimental setup. A broadband light source of amplified spontaneous emission (ASE) is 
externally modulated by an RF signal through an electro-optic modulator (EOM). The 
modulated light is amplified by an erbium doped fiber amplifier (EDFA) and routed via a 
circulator into a collimator which collimates the light into a 1-mm diameter beam. A 1200 
line/mm grating plate disperses the incident beam into spectral components along different 
directions and linearly maps them onto the active window of an Opto-VLSI processor.  
 

 

Fig. 4. Experimental setup for the tunable photonic microwave filter structure. 

The wavelength of the optical field incident onto the Opto-VLSI processor varies along the 
pixels, which can be logically partitioned into pixel blocks by programming the Opto-VLSI 
processor. The spectral component, falling within the specific pixel block of the Opto-VLSI 
processor, can be either steered back along the incidence path thus coupling it back into the 
fiber collimator with minimum attenuation, or deliberately steered “off-track” so that its 
power is partially coupled back into the fiber collimator leading to an appropriate optical 
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attenuation for that spectral component. Therefore, by manipulating the phase hologram of 
individual pixel block, the power of each waveband component can be independently 
adjusted according to the required tap weights; and by partitioning the pixels into 
appropriate blocks, the optical taps with specific wavelength spacing can be picked out from 
the wideband light source while all the other wavebands are steered off-track and 
attenuated dramatically (Xiao et al., 2008). For example, by applying an appropriate phase 
holograph consisting of 5 different blazed gratings, 5 different wavebands could be steered 
back and coupled to the collimator, as shown in Fig. 5.  In other words, by configuring the 
phase hologram employed to the Opto-VLSI processor, tap weights and tap separations can 
be adjusted simultaneously, independently and continuously.  
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Fig. 5. The principle of optical waveband selection. 

The optical taps that are coupled back into the fiber collimator are fed, through the 
circulator, to a high dispersion optical fiber, where the different RF-modulated wavebands 
experience different delay times. The delayed RF-modulated wavebands are finally photo-
detected by a photo-receiver built into a Network Analyzer, which displays the microwave 
filter response. An optical spectrum analyzer (OSA) is also used as a monitor driven by a 
small fraction of the light detected by the photodiode of the Network Analyzer.  
In the experiments, the RF signal generated by the Network Analyzer was used to intensity 
modulate the broadband ASE source using a JDS Uniphase electro-optical modulator of 4-
GHz bandwidth. A 256-phase-level one-dimensional Opto-VLSI processor was used, which 
has 1×4096 pixels, with 1 ┤m pixel size and 0.8 ┤m dead spacing between adjacent pixels. A 
Labview software was specifically developed to appropriately partition the pixel blocks so 
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that the optimum wavebands are selected. The pixel blocks are then driven by optimized 
phase holograms (blazed gratings) that steer the selected wavebands so that they are 
coupled back into the collimator. By optimizing the size and the phase profile of each pixel 
block, any desirable weight and time-delay increment is synthesized after the wavebands 
are launched into the high dispersion fiber (HDF), which has dispersion coefficient 
382.5ps/nm and insertion loss 4.6 dB.  
The response of the filter structure shown in Fig. 4 can be expressed as: 

 
0

( ) exp[ 2 ]
M

r
r

H f a j rfπ τ
=

= −   (3) 

where f is the RF frequency, M is the number of the detected RF-modulated wavebands, ra  

is the rth tap weight, which is proportional to the optical power of the rth waveband, and τ is 
the time delay between adjacent wavebands introduced by the high dispersion fiber. The 
time delay, τ, can also be expressed in terms of the dispersion of the HDF as 

 τ α λ= ⋅ Δ   (4) 

where α  denotes the dispersion coefficient of the HDF, and λΔ is the adjacent waveband 

separation. 
The principle of the photonic microwave filter was demonstrated using 5 optical taps. 
Figures 6(a), 6(d), and 6(g) show the phase holograms applied to the Opto-VLSI processor 
to generate a constant time-delay increment with variable filter weights. The Opto-VLSI 
processor was partitioned into 5 pixel blocks corresponding to 5 wavebands, and the size 
of each pixel block was 400 pixels, resulting in a center-to-center waveband separation of 
3.60 nm. For each pixel block, an optimum phase hologram was appropriately uploaded, 
so that the power level of the specific waveband was attenuated to an appropriate 
intensity. As shown in Figure 6(a), an appropriate phase hologram for each pixel block 
was employed to generate a normalized weight profile of [1, 1, 1, 1, 1]. Fig. 6(b) shows the 
selected wavebands measured by the OSA, and Fig. 6(c) shows the corresponding filter 
response. Note that the waveband coupled back into the collimator depends on the 
steering angle associated to this waveband and the numerical aperture of the collimator, 
and that the separation between adjacent wavebands depends on their pixel block sizes. 
The measured linewidth for each waveband was about 0.5 nm. Note that the spectral 
range illuminating each pixel block was around 3.6 nm. However, because this spectral 
range was diverging, only 0.5nm of this range was actually steered back and coupled into 
the collimator. By reconfiguring the phase holograms uploaded onto the various pixel 
blocks, the filter weights were varied to [0.4, 0.8, 1, 0.8, 0.4], and then to [0.2, 0.8, 1, 0.8, 
0.2] as shown in Figs. 6(e) and 6(h). The corresponding filter responses are shown in 
Figures 6(f), and 6(i), respectively, where changes in rejection band and bandwidth are 
demonstrated, as a result of waveband attenuation.   
Note that in Figures 6(c), 6(f) and 6(i) the solid lines denote the experimental results, which 
agree well with the simulation results calculated from Eq. (3,4), shown in dashed lines. All 
the filter responses shown in Fig. 6 exhibit a free-spectral range (FSR) of about 722 MHz and 
this is in good agreement with the specified dispersion coefficient of the HDF used in the 
experiments. The time delay increment, which is the product of the waveband separation 
and dispersion coefficient of the HDF, was 1.38 ns.   
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Fig. 6. Microwave filter tuning through tap weight control. (a), (d), and (g) phase hologram 
applied to the Opto-VLSI processor; (b), (e), and (h) selected RF-modulated wavebands; (c), 
(f), and (i) measured (solid line) and simulated (dashed line) filter responses for each case. 

 

 

Fig. 7. Microwave filter tuning through time-delay increment control. (a,d,g) phase 
hologram applied to the Opto-VLSI processor; (b,e,h) selected RF-modulated wavebands; 
(c,f,i) measured (solid line) and simulated (dashed line) filter responses for each case.     
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The unique capability of the proposed tunable filter structure is its ability to continuously 
tune the time delay increment. This is accomplished by changing the spacing between 
adjacent pixel blocks (i.e., the pixel block size and center). Figures 7(a), 7(d), and 7(g) show 
the phase holograms applied to the Opto-VLSI processor to synthesize a normalized weight 
profile of [0.6, 0.8, 1.0, 0.8, 0.6] but different time delay increments. The corresponding 
wavebands are shown in Figures 7(b), 7(e), and 7(h). For these three cases, the sizes of the 
pixel blocks were 200, 300, and 400 pixels, respectively, corresponding to waveband 
separations of 1.72 nm, 2.60 nm, and 3.60 nm, respectively. Note that by optimizing the 
phase hologram for each pixel block, a normalized weight profile [0.6, 0.8, 1, 0.8, 0.6] was 
maintained in all cases. Figures 7(c), 7(f), and 7(i) show the corresponding measured (solid) 
and simulated (dashed) filter responses. It is evident from Fig. 7 that the tuning of the 
waveband separation (ie. the time delay increment) controls the free-spectral-range (FSR) as 
well as the bandwidth of the filter. For example, in Fig. 7, the FSR was reduced from 1.52 
GHz, to 1.01 GHz, and then to 722MHz, and the filter bandwidth dropped from 216 MHz to 
142 MHz and then to 86 MHz, when the time-delay increment was increased from 0.66 ns, to 
0.99 ns, and then to 1.38 ns, respectively. Note that a good agreement between the simulated 
and measured filter responses is displayed in Fig. 7. 
By investigating the filter responses shown in Figures 6(c, f, i) and Figures 7(c, f, i), one can 
see that the spectral response fades remarkably as the RF frequency increases. This is due to 
the interaction between the dispersion of the HDF and the nonzero optical bandwidth of 
each waveband (Taylor et al., 2007; Pastor et al., 2003a). This limitation is inherent to all 
filters that use spectral slicing. The bandwidth of the sliced wavebands in Fig. 6 and Fig. 7 
was about 0.5 nm. Preliminary experimental results have shown that a narrower waveband 
bandwidth can be achieved using a higher dispersion grating plate and/or a larger distance 
between the grating and the Opto-VLSI processor.  
Even though the optical tap generation involves fiber to free-space and free-space to fiber 
coupling, standard passive micro-assembly can be used to realise low-cost, robust and stable 
alignment without the need of automated high- precision stages (Baxter, 2006). Note that the 
maximum number of optical taps that can be generated depends on the bandwidth of the 
ASE source, the size of the active window of the Opto-VLSI processor, and the waveband 
separation. For our current experimental system, which based on the 1-D Opto-VLSI 
processor, up to 12 optical taps with the waveband separation of 2.60 nm can be generated. 
Note that, by using a 2-D Opto-VLSI processor, one can increase the number of optical taps 
significantly. 

4. Photonic true-time delay 

Many current applications, such as RF imaging systems and wireless communications, are 
required to exhibit improved resolution, wider angular scans, and wide bandwidths. To 
obtain an optimal radiation pattern for broadband transmission, the signals received by or 
transmitted from the antenna array must be accurately time-compensated via true-time RF 
delay generation (Meijerink et al., 2010; Jiang et al., 2005). Currently electronic phase shift for 
phased-array antenna features the advantages of flexibility and reconfigurability. However, 
they are limited in their processing speed and bandwidth. In addition, the electronic phase 
shift control is accomplished through metallic coaxial cables or waveguide feeds which are 
heavy, bulky, lossy, and susceptible to electromagnetic interference (EMI) and crosstalk. The 
technology of digital signal processor (DSP) is currently thwarted either by the limited 
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resolution and the narrow bandwidth of analogue-to-digital converter, or by high power 
consumption of broadband analogue-to-digital converter.  
The processing of radio frequency (RF) and microwave signals in the optical domain is an 
attractive approach to overcome the bottlenecks encountered in conventional electronic 
signal processing systems (Capmany et al., 2005). A wide range of emerging RF signal 
processing applications require specifically high resolution, wide-range tunability, and fast 
reconfigurability. These requirements are difficult to achieve using conventional all-
electronic processing, but feasible with photonics-based signal processing.  
The use of photonics-based true time delay units has extensively been investigated in the 
last decade for applications ranging from modern microwave radar to wireless 
communication systems. In particular, broadband microwave phased-array antennas 
require the generation of variable true-time delays at each antenna element to realize beam 
or null steering, and optical fibers have been the best candidates for true-time delay 
synthesis. Compared with all-electrical techniques, optical true-time delay generation offers 
the advantages of broader bandwidth, lower insertion loss, higher phase stability, smaller 
size, lighter weight, and excellent immunity to both electromagnetic interference and 
crosstalk (Frigyes&Seeds, 1995; Italia et al., 2005b; Y. Chen&Chen, 2002; Rideout et al., 2007). 
Several approaches have been adopted to realise tunable true-time delay units, including the 
use of in-fiber chirped Bragg gratings (FBGs) (Italia et al., 2005b), white cells or fiber delay 
lines in conjunction with MEMS (Mital et al., 2006b; Anderson et al., 2006; Vidal et al., 2006), 
integrated optical waveguides (C. M. Chen et al., 2010), optically-switched fiber delay 
structures (Tong&Wu, 1998), dispersion-enhanced photonic-crystal fibers (Jiang et al., 2005), 
and higher-order mode dispersive multi-mode fibers (Raz et al., 2004). However, most of 
these reported true-time delay architectures have mainly been used for realising beam 
steering in phased array antennas, and therefore, they do not have the flexibility to 
simultaneously generate multiple arbitrary true-time delays. In addition, such architectures 
can only generate discrete true-time delays, making them impractical for broadband null 
steering (Zmuda et al., 2000). Zmuda et al. have reported a few adaptive true-time delay 
architectures based on the use of multiple tunable lasers in conjunction with high-dispersion 
fibres for the implementation of broadband nulling in microwave phased arrays (Zmuda et 
al., 2000; Zmuda et al., 1998). However, the use of multiple tunable lasers requiring 
continuous calibration makes the system implementation very expensive and impractical.  
Recently, a novel true-time delay unit has been demonstrated through uploading 
appropriate holograms onto an Opto-VLSI processor to synthesize multiple arbitrary time 
delays (Juswardy et al., 2009). This true-time-delay unit, which consists of a broadband 
optical source using Amplified Spontaneous Emission (ASE) and high dispersion fibers, has 
the capability to generate multiple true-time delays for several antenna elements 
simultaneously, making it attractive for broadband null-steering in phased array antennas. 
The principle of the phased-array antenna architecture shown in Fig. 8 is demonstrated 
using the experimental setup illustrated in Fig. 4. In this setup, a broadband ASE source was 
modulated, via a JDS Uniphase electro-optical modulator (EOM) with a half-wave voltage of 
6 V, by an RF signal which was generated using a 20 GHz network analyzer. The RF-
modulated optical signal was amplified by an EDFA and collimated at 1-mm diameter and 
then launched onto a diffractive grating plate. The latter demultiplexed the collimated ASE 
beam into multiple RF-modulated wavebands, which were then mapped onto the active 
window of a 256-phase-level 1×4096-pixel Opto-VLSI processor of 1-µm pixel size and 0.8-
µm dead spacing between adjacent pixels.  
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Fig. 8. Experimental setup used to demonstrate tunable time delay generation. 

Labview software was specially developed to generate optimised phase holograms that 
couple the specific RF-modulated wavebands back into the fiber collimator, and at the same 
time equalize their intensities by changing the maximum phase levels applied to the 
different pixel blocks. The selected wavebands were then routed via a circulator to a 22-km 
high dispersion fiber (HDF) of dispersion coefficient 382.5 ps/nm and insertion loss 4.6 dB. 
An optical spectrum analyzer (OSA) was used to monitor the spectrum detected by a 
photodiode built in the Network Analyzer, as illustrated in Fig. 4. 
One of the attractive features of the Opto-VLSI-based tunable time delay architecture is its 
ability to generate multiple RF delays without the need for RF splitters. Furthermore, the 
amplitude weight of each generated RF delay sample can simultaneously be controlled. This 
architecture offers excellent flexibility in applications such as phased-array null steering 
because multiple true-time RF delays for each antenna element can simultaneously be 
synthesized using computer generated holograms.  
In order to measure the true-time-delay between the wavebands, the network analyzer was 
set to measure the RF response produced after the photodetection of the delayed RF-
modulated wavebands. The transfer function that results from detecting M wavebands can 
be described as (Capmany et al., 2005): 

 
0

( ) exp[ 2 ]
M

r
r

H f a j rfπ τ
=

= −  (5) 

Where f is the RF frequency, M is the number of the detected RF-modulated wavebands, ra  

is the rth tap weight, which is proportional to the optical power of the rth waveband, and τ 
is the time delay between adjacent wavebands introduced by the high dispersion fiber. The 
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free spectral range of the transfer function is given by the following equation (Capmany et 

al., 2005): 

 
1

FSRf
τ

=  (6) 

The time delay, τ, can also be expressed in terms of the dispersion of the HDF as 

 τ α λ= ⋅ Δ  (7) 

where α  denotes the dispersion coefficient of the HDF, and λΔ is the wavelength 

separation between the centers of  two adjacent wavebands. 
Note that, from Eq. 7, the time delay, τ, depends on the dispersion coefficient of the 
dispersion medium, therefore, a higher dispersion medium results in a longer maximum 
attainable time delay.  
The RF insertion losses of the whole tunable true-time delay system, defined as the RF 
power ratio between input and output of the RF signal, can be approximately expressed as 
(Capmany et al., 2006) 
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Where Z0 is the effective EOM RF input impedance or resistance of the EOM electrode, Vπ 

is the voltage for a π-radian optical phase shift, R (A/W) is the photodetector 

responsivity, Popt is the input continuous wave (CW) optical power to the EOM, and 

Topt is the optical power transmission parameter that embraces all the optical losses 

and/or gain in the optical processing including the EOM insertion losses. In this 

experiment, the RF insertion loss is mainly due to the free-space optical system including 

the fibre collimator, the diffraction grating and the Opto-VLSI processor, which 

contributes around 12.5dB loss. Furthermore, the high dispersion fibre (HDF) and the 

EOM have insertion loss 4.6dB and 3.8dB, respectively. The total optical insertion loss of 

the entire system is around 21dB, whereas the EDFA provides a low gain of about 10dB 

due to saturation. The overall RF insertion loss in the experiment was about 25dB. 

However, this RF insertion loss can be compensated for by the use of an optical amplifier 

of 12.5dB gain placed after the HDF (before photodetection). 

Different phase holograms, which are depicted in Fig. 9(a), were applied to the Opto-VLSI 

processor to generate five equally-separated RF-modulated optical wavebands with 

different wavelength separations as shown in Fig. 9(b). Fig. 9(c) shows the measured RF 

responses for seven true-time delay generation scenarios, corresponding to wavelength 

separations of 1.74nm, 2.64nm, 3.66nm, 4.32nm, 5.16nm, 5.88nm and 6.84nm, respectively.  

The measured free spectral ranges of the various RF responses shown in Fig. 9(c) were used 

to calculate the true time delays, using Eq. 6. In addition, the measured waveband spacings 

(Fig. 9(b)) were also used to calculate the time delays for each scenario using Eq. 7. Table 1 

summarizes the free spectral ranges of the various measured RF responses, the measured 

waveband separations, and their corresponding time delays calculated using Eq. 6 and Eq. 

7, for the different scenarios. Excellent agreement between the true-time delays calculated 

using Eq. 6 and Eq. 7 is displayed in Table 1. 
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Fig. 9. (a) Opto-VLSI hologram, (b) Optical spectrum of 5 RF-modulated wavebands, (c) 
Measured RF responses due to the photodetection of the RF-modulated wavebands 
displayed in (b).   
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Note that the spectral response fades as the RF frequency increases, as shown in Fig. 9(c). 
This is due to the interaction between the dispersion of the HDF and the nonzero optical 
bandwidth of each waveband (Taylor et al., 2007; Pastor et al., 2003b). The bandwidth of the 
sliced wavebands in Fig. 9(b) was about 0.5 nm, and this caused about 4dB spectral walk-off 
at 3GHz. This limits the practical bandwidth of the proposed true-time delay system. 
However if the sliced wavebands are narrow, the walk off effect becomes insignificant as 
reported in (Pastor et al., 2003b). In addition, our preliminary experimental results have 
shown that a narrower waveband can be achieved using a higher dispersion grating plate 
and/or a larger distance between the grating and the Opto-VLSI processor. 
Note that the number of multiple time delays that can be generated simultaneously depend on 
(i) the spectral width of the ASE source, (ii) the maximum delay time (i.e., the maximum 
wavebands separation), and (iii) the size of the active window of the Opto-VLSI processor. The 
larger the size of the active window of the Opto-VLSI processor, the larger the number of time 
delays that can be generated. On the other hand, the more wavebands are required (more 
nulls), the smaller the maximum waveband separation that could be achieved, thus limiting 
the null angle which can be synthesized. Note, however, that for a certain number of nulls, the 
required number of wavebands for each antenna element is fixed. In this case the ASE source 
should have sufficient spectral width to ensure the synthesis of arbitrary null angles. 
Finally, the experimental results shown in Fig. 9 and Table 1 confirm the ability of the Opto-
VLSI-based true time delay unit to adaptively generate arbitrary RF delays for broadband null 
steering of phased array antennas. In order to generate multiple RF true-time delays for each 
antenna element, the Opto-VLSI processor was driven by optimised phase holograms that 
select and couple appropriate RF-modulated wavebands into a HDF that simultaneously 
delays the selected wavebands. To measure the generated time delays simultaneously, the 
selected wavebands were detected by a single photodetector to generate a microwave 
transversal filter response whose FSR and shape factor (measured by the network analyzer) 
can be used to calculate the amplitudes and delay times of the wavebands. 
 

 
Scenario 

1 
Scenario 

2 
Scenario 

3 
Scenario 

4 
Scenario 

5 
Scenario 

6 
Scenario 

7 

Measured 
FSR 

(GHz) 
1.51 0.98 0.72 0.60 0.50 0.43 0.39 

Time 
delay (ns) 
calculated 
using Eq.6 

0.66 1.02 1.39 1.67 2.00 2.32 2.58 

Measured 
waveband 
separation 

(nm) 

1.74 2.64 3.66 4.32 5.16 5.88 6.84 

Time 
delay (ns) 
calculated 
using Eq.7 

0.67 1.02 1.41 1.66 1.99 2.26 2.63 

Table. 1. Measured free spectral ranges, waveband separations, and their corresponding 
time delays calculated by Eq. 6 and Eq. 7. 
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This experiment demonstrated that arbitrary single or multiple true-time delays could be 
synthesized by slicing an RF-modulated broadband optical source and routing arbitrary 
sliced wavebands, through upload a phase hologram onto an Opto-VLSI processor, to a 
high-dispersion fiber where they experience RF delays that depend on their centre 
wavelengths.  

5. Opto-VLSI-based tunable beamformer for microwave phased-array antenna 

The growing demand for broadband mobile telephone, Internet and multimedia services, 
combined with the limited radio frequency (RF) spectrum availability, will require a 
substantial increase in the channel capacity of wireless and mobile communication systems. 
However, in current wireless network systems, the base station has no information on the 
position of each mobile user and radiates the RF signal in all directions within a cell in order 
to provide radio coverage. This results in inefficient utilization of the radiated power during 
the transmission and causes interference to adjacent cells (co-channel) that use the same 
frequency. In addition, the antenna receiver detects signals from all directions including 
noise and interference signals, making the processing of the desired signals complicated, 
thus limiting the transmission speed and the number of users.  
Phased array antennas are rapidly becoming the new frontier of wireless communications 
because of their ability to overcome user-interference effects effectively and increase channel 
capacity substantially, together with a more efficient use of transmitted energy. Every 
phased array antenna requires a key element, “the beamformer”, which locates and tracks 
the various users associated to a base station and adapts the relative amplitude and phase 
shift at each antenna element so that the main lobe (highest gain) of the antenna is directed 
toward an active user, while nulls (i.e., where the directivity is zero) are adapted towards 
co-channel interferers. Phased array antennas refer to antenna arrays need adaptive signal 
processing capability to maximize the wanted signals and also minimize the interfering 
signals. Therefore, spatially-separated users can be served in the same base-station sector 
using the same frequency/time slot, which is called space division multiple access (SDMA) 
system.  
The requirements for future phased array antenna beamformers include (i) the ability to 
perform wideband signal processing, (ii) short reaction time, (iii) small footprint (small size 
and light weight), (iv) increased coverage range and increased resolution, (v) reliability and 
maintainability, and (vi) low cost.  
Currently, two beamforming approaches are mainly deployed in all-electronic phased array 
antennas. The first approach is based on the use of analogue RF phase shifters to adapt the 
antenna’s directivity pattern (Sorensen et al., 2004), while the second approach is based on 
digitising the antenna signals using analogue-to-digital converters and using digital signal 
processing (DSP) to control the mainlobe as well as the nulls of the antenna (Jian et al., 2008). 
Both analogue and digital beamforming approaches have the advantages of flexibility; 
however, both are inherently narrowband because of the limited instantaneous bandwidths 
of RF phase shifters and analogue-to-digital converters.  
Photonics-based broadband phased-array antenna beamformers have been extensively 
investigated over the last decade for applications ranging from modern microwave radar to 
wireless communication systems. A broadband phased-array antenna requires the generation 
of variable true-time delays at each antenna element to realize beam or null steering. Several 
approaches have been adopted to realise tunable true-time delay units, including the use of in-
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fibre chirped Bragg gratings (FBGs) (Italia et al., 2005a), free-space in conjunction with white 
cells (Mital et al., 2006a), integrated optical waveguides (Flamand et al., 2000), optically-
switched fibre delay structures (Tong&Wu, 1998). However, none of these reported photonics-
based true-time delay units has the flexibility to either tune the true-time delay continuously 
or generate multiple tunable true-time delays for each antenna element simultaneously. 
Furthermore, the limited flexibility, reconfigurability, and tunability of current photonic 
beamformers make them impractical for realising broadband null steering.  
Broadband null-steering beamformers are much more difficult to realise than beam-steering 
beamformers. Theoretical analysis of broadband null steering of phased-array antennas 
shows multiple variable true-time delays are needed for each antenna element, while only 
one variable true-time delay for an antenna element is required for broadband beam 
steering. An N-element smart antenna can synthesise (N–1) nulls only, and this requires the 
beamformer to simultaneously generate (2N-1–1) delayed versions of the RF signal received 
by the antenna. 
Fig. 10(a) shows a typical N-element phased-array antenna architecture, whose array factor 
(or directional response) is given by (Zmuda et al., 1998): 

 ( )
1 1

01

( )
N N

m
N n m

mn

AF x x W xθ
− −

==

= − = ∏  (9) 

where ( )exp sinx jkd θ=    , d is the antenna element spacing, k = wave number = ω/c, and xn 

= x (θn) is a zero of the polynomial AFN corresponding to an antenna null at the angular 

coordinate θn. Note that a change of even one zero affects all the weights, Wm. Note also 

that with N antenna elements, the phased-array antenna can synthesize only (N–1) nulls, as 

evident from Equation (9).  
Without loss of generality, considering a 4-element phased array antenna, with its main lobe 
at an angle θ and nulls located along angular coordinates, θ1, θ2, and θ3, the array factor 
takes the form (Zmuda et al., 2000): 
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By expanding Eq. (10), we obtain 

 ( ) ( )21 22 23 11 12 13 013 2
4( ) j j j j j j jAF x x e e e x e e e eωτ ωτ ωτ ωτ ωτ ωτ ωτθ = − + + + + + −  (11) 

From Eq. (11), it can be observed that for a 4-element phased array antennas, 24-1–1 = 7 delay 
taps need to be generated by the true time delay unit in order to synthesis three nulls, and 
that the time delays required to be synthesized are:  
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Generally, for an N-element broadband phased array, the synthesis of (N–1) broadband 
nulls can be achieved if the beamformer of the antenna can adaptively generate and 
combine (2N-1 –1) delayed versions of the RF signals received by the antenna elements, as 
illustrated in Fig. 10(b). 
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Fig. 10. (a) Typical phased-array antenna architecture. (b) Phased array antenna architecture 

for broadband null steering. 

Recently a novel holographic-based broadband beamformer was proposed and 

demonstrated, employing an Opto-VLSI processor, a broadband light source, and high 

dispersion fibres to simultaneously generate arbitrary multiple true-time delays for each 

antenna element. This beamformer enables the realisation of adaptive multi-element 

antennas that significantly increase the capacity of next-generation wireless systems. The 

proposed beamformer has a number of novel features. First, it can adaptively achieve 

broadband beam- and null-steering through software; second, it incorporates 

microelectronics and photonics (Opto-VLSI) for RF signal processing, thus adding the 

flexibility, tunability, accuracy, and reconfigurability of microelectronics to the broadband 

capability of photonics; and third, it provides a cost-effective and compressed-hardware 

solution to multi-element antenna beamforming in next-generation wireless systems. 

Figure 11 shows the proposed Opto-VLSI-based RF phased-array antennas architecture as 
well as experimental setup for synthesis of broadband beam steering. The structure was set 
to tune four fiber lasers, all controlled by a single 2-D Opto-VLSI processor with 8-bit phase 
level, 512 × 512 pixels of a pixel size of 15┤m. Each tunable fiber laser employed an Erbium-
doped fiber amplifier (EDFA) operating in C-band, an optical coupler, a polarization 
controller (PC), and a circulator. The broadband amplified spontaneous emission (ASE) 
noise resulting from the optical amplifier was split by the optical coupler with a 5/95 power 
splitting ratio, where 5% of ASE power was used to extract the output of the tunable fiber 
laser while the remaining 95% was re-circulated in the fiber ring cavity to generate lasing. 
The polarization controller was used to optimize the diffraction efficiency of the grating 
plate and to enforce single-polarization lasing. All broadband ASE signals directed to the 
corresponding collimator array ports via optical circulators were collimated at about 0.5 mm 
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diameter. An optical lens (Lens 1) with 10 cm focal length was used between the collimator 
array and a diffraction grating plate to focus the collimated ASE beams onto a small spot 
onto the grating plate. The grating plate, having 1200 lines/mm and a blazed angle of 70° at 
1530 nm, spatially de-multiplexed the ASE beams, and spread the ASE spectra into different 
directions. Another optical lens (Lens 2) with the same focal length, located in the middle 
position between the grating plate and the Opto-VLSI processor, was used to collimate the 
dispersed optical beams and map them onto the surface of the 2-D Opto-VLSI processor, 
which was partitioned into 4 rectangular pixel blocks by software. Each pixel block was 
assigned to a tunable laser and used to efficiently couple back any part of the ASE spectrum 
illuminating this pixel block along the incident path into the corresponding collimator port. 
The Opto-VLSI processor can arbitrarily select any wavebands that are mapped onto its 
surface using the principle of beam steering described above. The selected wavebands were 
coupled back into the corresponding fiber collimator port, and then routed back to the gain 
medium via the corresponding circulator, thus forming an optical loop for single-mode laser 
generation.  
A Labview software was developed to generate and upload the optimized digital phase 

holograms that simultaneously steer the desired wavebands for each channel and couple 

back into the corresponding collimators for subsequent recirculation in the fiber loops. 

Four different wavelengths can independently be selected for lasing within the different 

fiber loops by uploading appropriate phase holograms (blazed grating) that drive all the 

pixel blocks of the Opto-VLSI processor. Therefore, this structure enables generation of 

multiple tunable fiber laser sources, each of which can be independently tuned and 

output from a specific output port, which offers excellent flexibility to synthesis beam and 

null steering. 

Each RF signal received by the element at the front-end of the phase-array antennas was 

used to intensity modulate the wavelength channels using an Electro-Optic Modulator 

(EOM). All the RF-modulated optical signals were coupled into a single fiber and routed 

into an EDFA for amplification, and then launched into a 10-km Corning LEAF non-zero 

dispersion shifted optical fiber with dispersion coefficient about 4.2 ps/nm/km and 

insertion loss of 0.2 dB/km at 1550 nm. Each RF-modulated optical signal experienced a 

true-time delay that depended on their centre wavelengths, before they were finally 

detected by a photo-diode that produced the sum of the delayed RF signals. In this way, 

the TTD between adjacent antenna elements were generated by controlling the 

wavelength spacing between the various wavelength channels. One of the attractive 

features of the proposed phased array antenna architecture shown in Fig. 1 is its ability to 

simultaneously generate all the tunable RF true-time delays for the smart antenna 

beamformer through optimised phase holograms uploaded onto the Opto-VLSI processor. 

Various phase holograms, which were synthesized and optimized for specific beam 

steering scenarios, were stored to enable beamsteering scenarios to be recalled through 

software. 

Experiments were conducted using the setup illustrated in Fig. 11 to evaluate the 

performance of a 4-element rectangular patch type smart antenna system for flexible beam 

steering. The antenna elements were separated at a distance of 99 mm, corresponding to half 

of the RF operating wavelength thus alleviating the effect of side lobes. By refreshing phase 

holograms generated for the four pixel blocks, the lasing wavelengths can be tuned in terms 

of their wavelength separations needed to generate the TTD required for RF beam steering.  
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Fig. 11. Opto-VLSI-based phased array antenna architecture for broadband beam steering. 

For each beammsteering scenario, the RF signal produced after the photodetection of the 

delayed RF-modulated optical signals was monitored by an RF power meter. Figures 12 (a-

d) show several scenarios of measured antenna radiation patterns (right) corresponding to 

different equi-spaced wavelength channels (left) generated by the Opto-VLSI processor. For 

example, in Fig. 12 (a), the Opto-VLSI processor generated a wavelength spacing of 1 nm, 

which corresponds to 42-ps delay between adjacent antenna elements. The measured 

beamsteering angle was about 7°, which is in excellent agreement with the theoretical 

prediction of 7.2°. When the spacing between the laser channels was increased from 1 nm to 

4 nm, the measured main lobe was steered from 7° to around 30º, as illustrated in Fig. 12. 

These experimental results agree very well with the theoretical predictions, demonstrating 

the excellent capability of the Opto-VLSI processor to realize a phased-array antenna 

beamformer.  

Note that this structure has the capability of null steering if each laser channel is able to 

generate multiple laser wavelengths. Single or multiple arbitrary wavelengths for each laser 

channel can be generated and the amplitude of each laser of different wavelength can also 

be controlled simply by uploading the appropriate steering phase holograms onto the Opto-

VLSI processor that can not only select arbitrary multiple wavelengths to lase but also 

control their cavity losses thus their output powers. Each pixel blocks steers a waveband 

along its initial path or slightly off-track so that variable optical attenuation (and hence RF 

attenuation) is achieved for all delayed RF signal simultaneously. 
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The experiments demonstrated an Opto-VLSI-based tunable beamformer for adaptively 
steering the radiation patter of RF phased array antennas. By using phase holograms 
implemented by a single Opto-VLSI processor 4 independent optical wavebands can be 
generated and their spectral tuned, leading to 4 independent tunable fiber lasers. The RF-
modulated lasers are used to generate TTD in 4-element rectangular patch arrayed antennas. 
Experimental results show the capability of the proposed structure to perform RF beam 
steering between 0°-30°.  
 

1 nm

2 nm

3 nm

4 nm

(a)

(b)

(c)

(d)

7º

15º

22º

30º

 

Fig. 12. Opto-VLSI-based tunable laser generations (left), and the corresponding RF beam 
steering profile measured in the experiments (right). 
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6. Conclusion 

In this chapter, we discussed the reconfigurable phase holograms for the realization of 
microwave & RF filters, true-time delays, and beamformers, for the first time ever, to 
overcome the previous disadvantages of poor tunability, inflexibility, and low-resolution of 
conventional photonic microwave signal processors. By uploading appropriate phase 
holograms onto an Opto-VLSI processor, (i) full control for tap weights and tap spacings has 
been achieved to realize a reconfigurable RF filter; (ii) arbitrary single or multiple true-time 
delays could be synthesized; and (iii) a beamformer for 4-element phased-array antennas 
has been demonstrated. These work shows that holography is a promising technology to 
flexibly process microwave & RF signals with high resolution and wide waveband. 
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