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completely scan the surface. Using the same beam expansion and scan technique, the 

dimensions of surface ‘C’ are determined to be 15.8 mm X 15.8 mm. These measured 

dimensions are marked in Fig.10.6. 

 

 

 

 

 

Figure 44 (Fig.10.5) Mini sky-scraper structures feature extraction of Surface ‘B’ using 
an expanded beam of null-to-null diameter of 6 mm and employing low resolution 
surface scanning by object motion. 
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The height of each protrusion is measured by making the optical beam fall over each 

surface one at a time and forming a minimum spot over each surface and the distance of 

the surface from the ECVFL plane is determined. The distance DT-REF of the reference 

plane of the test object from the ECVFL is also determined in the same way. The 

minimum spot at the reference plane forms at an applied voltage of 44 V. Hence from 

Fig.10.3a, DT is determined to be 50 cm. The minimum beam spots for surface ‘A’, 

surface ‘B’, and surface ‘C’ are formed for applied voltages of 44.3 V, 44.9 V and 44.5 

V, respectively. The distances of surface ‘A’, surface ‘B’ and surface ‘C’ from the 

ECVFL plane are thus determined to be 46.3 cm, 38 cm and 41.5 cm, respectively. Using 

Eq.10.2 surface ‘A’ is measured to be 3.7 cm in height, surface ‘B’ is 12 cm in height and 

surface ‘C’ is 8.5 cm in height with respect to the reference plane.  
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Figure 45 (Fig.10.6) Reconstructed shape of the object mini sky-scraper structures 3-D 
test using both flooding and scanning techniques.   
 

The CCD camera imaging system has a magnification ratio ‘M’. To accurately determine 

the transverse dimensions of each target feature, M has to be determined. This image 

capture calibration is done by measuring the minimum beam diameter as seen by the 

CCD camera for a given DT and comparing it to the expected minimum beam size for 

that value of DT. The spot size (also captured on the CCD camera) at this given DT is 

varied until such a beam spot is achieved that increasing or decreasing the ECVFL 
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applied voltage by one step ΔV only results in an increase in the spot size. This signifies 

the beam spot size minima and the corresponding optical beam is mapped to a certain 

number of pixels on the CCD camera. The size of the CCD pixel grid and the number of 

grid elements are already known. Using this information, the beam spot size on the CCD 

is determined. The theoretical minimum beam spot size for any given DT is determined 

using Eq.10.24. M is determined for a given DT by comparing the minimum beam size 

measured by the CCD to the theoretical minimum beam size. Once M is determined, the 

viewing module focus is fixed for small 3-D objects which require a small range of 

viewing module foci. For large objects, the viewing module focus has to be altered and M 

is determined for each surface feature. “M” is measured to be 0.182 for the experiment. 

Using Eq.10.7, the axial resolution of the sensor is determined to be < 1.7 cm. Similarly 

using Eq.10.36, the transverse resolution of the sensor is calculated to be < 0.15 mm.  

 

Fig.10.7 shows the block diagram for the computer algorithm used to compute the null-

to-null beam diameter of a given CCD image. After reading the grayscale x-y image from 

the CCD, the maximum pixel intensity value ‘ψ’ is stored for reference. Next, the image 

is scanned line-by-line in both the x-direction and the y-direction. As one determines the 

null-to-null beam size according to the definition of Eq.10.25, for each line scan the 

maximum number of consecutive pixels having an intensity > 0.01ψ is recorded. Then 

the longest pixel sequence in both the x-direction (PX-Max) and the y-direction (PY-Max) is 

computed. Next, the null-to-null beam diameter in both the ‘x’ and ‘y’ directions is 

computed by the following equations: 

PixelXMaxXXT DPW −−− ×=2 .      (10.38) 
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PixelYMaxYYT DPW −−− ×=2 ,            (10.39) 

where DX-Pixel and DY-Pixel are the CCD pixel pitch values in the x-direction and the y-

direction, respectively.  

 

 

Figure 46 (Fig.10.7) Block diagram of the computer algorithm used to determine beam 
diameters. 
 

The dynamic range R of feature height measurement is 109.44 cm. This dynamic range is 

determined by the range of focal lengths for which the ECVFL can be tuned. The 

percentage errors in transverse measurements for surface ‘A’, surface ‘B’ and surface ‘C’ 

are 0.625%, 0.41% and 0.38%, respectively. Similarly the height measurement errors for 

surface ‘A’, surface ‘B’ and surface ‘C’ are 4.03%, 3.9% and 2.01%, respectively. A 

higher dynamic range for height measurement can be achieved for the proposed sensor if 

the laser beam is collimated instead of being used as a raw beam as it has been done for 

the present experimental demonstration.    
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The Gaussian laser beam has a λ/4 Rayleigh Criterion based focal depth of Δz ~ ±2 

λ(F#)2 where λ is the wavelength of the optical beam and F# (F-Number) of the ECVFL 

is given by F(V)/D where D is the diameter of the clear aperture of the ECVFL. This 

focal depth Δz is < 0.492 cm for the operating range of the demonstrated sensor using an 

ECVFL with D = 0.34 cm and F(V) = FMax = 21.28 cm. Much like a confocal 

microscope, the depth of focus sets the fundamental limitation on the depth resolution of 

the proposed sensor. 

 

10.4 Implications for 3-D Information Capture and Transfer 

 

As shown in Fig.10.8, the proposed smart spatial sampling optical sensor for 3-D targets 

can match the transverse optical beam size to the target transverse feature size at the 

given axial (along optical axis) location. This can be done by engaging the diverging 

beam or negative focal length control of a given ECVFL lens. Hence, spatial sampling 

smartness is produced with instantaneous spatial mapping of the flat target feature zone 

(e.g., AB, CD, and EF shown in Fig.10.8) implemented without the need for point-by-

point smallest resolution transverse beam scanning over the flat feature zone. Thus, 

compared to prior-art optical distance measurement 3-D sensors (see Fig.10.8(a) and (b)) 

where the scanning beam spot size stays fixed (apart from the natural beam diffraction-

based expansion) for all 3-D scan positions of the beam on the 3-D target (what is called 

non-smart spatial sampling), the proposed sensor adjusts the transverse beam spot size at 

each axial position based on the specific target’s 3-D shape profile (See Fig.10.8(c) 

where feature size is AB). Hence, the agile sampling spot can be several times the spot 
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size due to a naturally divergent beam. Of course, for higher spatial sampling resolution 

in the transverse plane, the proposed sensor operation can be used with the ECVFL in its 

converging lens state (see Fig.10.8(d)). Thus, using the ECVFL diverging state, an 

optimized smaller sampling data set (see Fig.10.9) can be generated for a given target, in 

particular when the feature size is smaller (e.g., CD or EF in Fig.10.8) than the natural 

diffracted beam spot size (Fig.10.8(a)).  
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Figure 47 (Fig.10.8) Transverse direction 3-D object spatial sampling by a scanning laser 
beam using the (a) classic uncompressed data diffraction limited beam expanding laser 
spot, (b) similar to classic unassisted laser beam scanning when ECVFL is in its flate no-
lensing state, (c) smart data compressed large beam spot size scanning using the ECVFL 
in its diverging lens mode with spot size matched to target feature size AB, and (d) High 
spatial resolution target feature sampling using the ECVFL in its converging lens mode 
with laser spot smaller than target feature size. 
 

Fig.10.9 assumes a symmetric sample target feature and the proposed sensor is engaging 

the diverging power of the ECVFL lens, i.e., F(V) is negative. Specifically, one can 

define a transverse feature scan data compression factor as: 

2









=

C
F N

NC ,       (10.40) 
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F w

w
C ,       (10.41) 

where NC is the compressed number of scan pixels in the x or y-directions and N is the 

number of uncompressed pixels for the same scan length. Here wT-∞ and wT-Div are the 

beam radii for the classic diffraction case (when no agile lens is used) and the scenario 

with an activated agile lens, respectively. Given a situation where wT-Div = 5wT-∞, the 

compression factor CF = 25, implying 25 times less data generated for storage and 

transfer. In addition, 25 times smaller object scanning operations are needed, which could 

imply faster feature scan completion time.  

  

Depending on the optical surface quality of the target (diffused or specular), the targeted 

beam spot on the object is monitored by an off-axis optical camera or an on-axis photo-

detector optics and electronics. Thus, the spot detection optics and electronics provides 

feedback to the variable lens controllers to produce the minimal scanned spot beam to 

gather the shape reconstruction data for the 3-D object. Hence, the proposed novel sensor 

using agile focal lengths allows volumetric data compression for transverse 

measurements during the remote sensing of 3-D objects.  
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that the reflected beam exactly traces the path of the incoming beam and couples back 

into FL with essentially no additional losses. The ECVFL focal length satisfying this 

coupling condition for a given mirror motion D1 is labeled as FIdeal. 

 

 

Figure 49 (Fig.11.1) Proposed Agile Lens-based VPDL: Fiber Lens FL, Electronically 
Controlled Variable Focus Lens ECVFL, Mirror M and Circulator C. 
 

A requirement for the proposed folded optical system to form a minimum beam waist at 

M for lossless operation has been exploited to propose a lossless free-space optical delay 

line using agile lensing. By moving the mirror M and adjusting F, a lossless FL coupling 

condition can be achieved for different mirror positions. The mirror motion constitutes 

broadband optical signal delay and the VPDL operation. Fig.11.1a shows the zero 

reference delay setting of the proposed VPDL. The ECVFL is set to its minimum focal 
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length FMin (i.e. strongest lensing) and hence the minimum beam waist 2wMin is formed 

closest to the ECVFL. Next the ECVFL focal length is varied to larger focal length 

values and the minimum beam waist is pushed farther away from the ECVFL as shown in 

Fig.11.1b. This additional distance ‘D1’ with respect to the zero delay reference position 

(at F = FMin) causes the optical signal to travel a greater distance. This additional time 

delay ΔT is given by: 

    
Airv
DT 12

=∆ ,       (11.1) 

where vAir is the velocity of light in air. The next steps show the calculation of the 

minimum beam waist location for different values of F and the time delay dynamic range 

of the VPDL is also determined.  

A Gaussian beam optical field can be represented by the complex q-parameter q(z) such 

that [11]: 

( ) ( )




∝ zq

jkrzrE 2exp,
2

, where               (11.2) 

( ) ( ) ( )zw
j

zRzq 2

11
π

λ
−=

.                        (11.3) 

Here λ is the wavelength, k=2π/λ, and 
22 yxr +=  where (x,y) are the Cartesian 

coordinates of the optical field plane. q1 is the Gaussian beam q-parameter at the location 

of the minimum waist radius, z is the optical beam travel direction, w is the 1/e2 beam 

radius, and R is the radius of curvature of the Gaussian beam wavefront. Using Eq.11.3 

with R(z) = ∞ and beam waist radius w Min1 at a distance ‘d1’ before the ECVFL, the q-

parameter is given by: 
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    jwq Min

λ
π 2

1
1 = .                                (11.4) 

Therefore, the q-parameter q2 of the beam at distance d2 after passing through the ECVFL 

is given by [KL66]: 

DCq
BAqq

+
+

=
1

1
2 .                    (11.5) 

Here A, B, C and D are the elements of the ABCD matrix involving the beam 

transmission through the ECVFL and its subsequent propagation for a distance d2 until it 

gets to a minimum beam waist 2wMin. In other words, one can write the matrix as [KL66]: 
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where F is the focal length of the positive focus ECVFL.  
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From Eq.11.3 and Eq.11.5 we have: 

BAq
DCq

dw
j

Rq +
+

=−=
1

1

2
2

22 )(
11

π
λ

.    (11.10) 

When a minimum beam waist forms at a distance d2, then the complex q-parameter 

satisfies the condition: 
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01Re
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.        (11.11) 

Here ‘Re’ denotes the real part of the complex quantity. Solving Eq.11.11, we get a 

relationship between d2 and F. This is given as: 
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In Eq.11.12, the only variable on the right hand side of the equation is F, given that wMin1, 

λ and d1 are known. Hence the freespace distance change dynamic range R of the VPDL 

is given by: 

MinMax ddR 22 −= ,       (11.13) 

Where d2Max and d2Min are the values of d2 at F = FMax and F = FMin respectively and FMax 

and FMin are the maximum and minimum ECVFL focal lengths respectively. Hence the 

time delay dynamic range RT of the VPDL is given by: 

( )
Air

MinMax
T v

dd
R 222 −

=        (11.14) 

The next section shows the experimental demonstration of the proposed design. 

 

11.3 Experimental Demonstration of the Agile-Lens Based VPDL 

 

The proposed design in Fig.11.1 was experimentally demonstrated using a Varioptic 

Arctic 320 liquid lens, an IR 1545nm laser source and a 2d1 = 12.5 cm self imaging FL. 

A movable IR mirror was placed on a mechanical rail such that the mirror assembly 
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could slide on the rail to change mirror positions. To show signal delay, the IR light from 

the laser source has been modulated using a 500MHz Radio Frequency (RF) signal. Light 

exiting through the output OUT port was demodulated using a Nortel Networks photo-

detector, thus retrieving the RF signal. To emphasize the importance of using an ECVFL 

for a lossless freespace operation, Fig.2 shows the comparison between the optical power 

levels at the output port of the VPDL when F is set to FMin and when F is set to FIdeal for 

D1 = 5cm, 10cm, 15cm. The difference in output optical power levels are 3.9dB, 5.7dB 

and 9.9dB respectively for D1 = 5cm, D1 = 10cm and D1 = 15 cm mirror positions, 

respectively. Light couples back efficiently into FL when F = FIdeal for different mirror 

positions but as D1 increases, the light coupling efficiency reduces for the reference 

condition of F = FMin. Hence the difference in power levels in Fig.11.2 increases for an 

increasing D1. In other words this implies that the freespace delay signal would have 

suffered an expected increasing optical loss if the ECVFL was to be replaced by a static 

lens with F = FMin and this loss would have been equivalent to the difference in the power 

levels shown in Fig.11.2 for different mirror positions. Note that had the reference zero 

delay position been set to the self imaging location (i.e. d2Min = 0), the separation 

misalignment loss [BR03] would have been much greater. Note that the maximum value 

of D1 is equal to R as determined using Eq.11.13 with wMin1 = 0.69mm, FMin = 4.9cm and 

FMax = 21.1cm. R is calculated to be 16.2cm. Hence the maximum D1 for the experiment 

was chosen to be 15cm. The time delay range is calculated using Eq.11.14 and for the 

given ECVFL RT = 1.08ns. 
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      (a) 

 

(b) 
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 (c) 

Figure 50 (Fig.11.2) The optical power level difference between F = FMin and F = FIdeal 
ECVFL setting for a) D1 = 5cm, b) D1 = 10cm, and c) D1 = 15cm. 
 
 
Next, Fig.11.3 shows the oscilloscope traces of the delayed RF signals for mirror 

positions of D1 = 5 cm, 10 cm and 15 cm. Each plot shows two traces. The lower curve in 

each plot shows the retrieved 500MHz signal for the D1 = 0 cm reference mirror position 

in the optical setup. This is used as the reference signal to measure delays. The upper 

curve shows the RF signal retrieved for each of the three mirror positions. Signal delays 

of 1/3 ns, 2/3 ns and 1 ns are shown for mirror positions D1 = 5 cm, D1 = 10 cm and D1 = 

15 cm, respectively.  
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(a) (b) 

 

      (c) 

Figure 51 (Fig.11.3) Oscilloscope traces for a 500 MHz RF signal delay via the proposed 
VPDL set for delays of a) 1/3 ns, b) 2/3 ns, and c) 1 ns. 
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      (a) 

 

(b) 
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         (c) 

 

 (d) 

Figure 52 (Fig.11.4) Plots of broadband system response at F = FIdeal for mirror positions 
of a) D1 = 0 cm, D1 = 5 cm, D1 = 10 cm, and D1 = 15 cm.  
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Finally Fig.11.4 shows the broadband response of the proposed design. These plots show 

the C-Band (1530nm-1550nm) spectral response of the system for mirror positions D1 = 

0cm, D1 = 5cm, D1 = 10cm and D1 = 15cm. As seen in Fig.4, the measured spectral 

variation for the given wavelength band is ± 0.2dB and this is because of the uncoated 

surfaces of the agile lens and its Fabry-Perot response. 

 

The components used for the experimental demonstration have different optical loss 

values for the communication C-Band for which the experiment was performed. The 

ECVFL transmission loss was measured to be 3.5 dB. As the optical beam is made to 

pass through the ECVFL twice for the proposed delay line operation, the total ECVFL 

loss is measured to be 7 dB. The loss of the Fiber Lens (FL) is characterized to be 0.65dB 

for light traveling in any single direction through the FL. As seen in Fig.1, light passes 

twice through FL. Hence the total FL loss is 1.3 dB. The FL-to-Freespace-to-FL coupling 

loss for the experiment was 0.5 dB. The circulator port1-port2 loss is 0.6 dB and port2-

port3 loss was measured to be 0.3 dB. Hence the total system loss for the delay line 

experiment was 9.7 dB. Note that the ECVFL loss is due to its design for use in the 

visible optical wavelengths (400nm-700nm) where it is designed for a 92% transmission 

or 0.5 dB loss. With proper IR Anti-Reflection (AR) coating on the ECVFL, the IR single 

pass ECVFL loss is expected to be 0.5 dB and this reduces ECVFL caused total loss from 

7 dB to 1 dB when the IR beam is passed through the ECVFL twice. Today, a high 

quality FL has a single pass loss of 0.1 dB. Similarly, an excellent commercial circulator 

has a 0.1dB port-to-port (port1-port2 and port2-port3) loss. Hence by employing an IR 

AR coated ECVFL with optimized FL-freespace-FL coupling of 0.1dB and best  FL and 
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circulator, the total optical system loss is reduced to 1.5dB. In effect, compared to prior-

art freespace variable delay design for a 1 ns delay with a maximum loss of 19 dB, the 

proposed delay line has a much improved 1.5 dB loss.   

 

11.4 Conclusion 

 

In conclusion, presented for the first time is a loss controlled broadband freespace VPDL 

using electronically controlled agile lensing. The proposed design uses the electronic 

tuning capability of an agile lens to implement a controlled loss freespace-to-fiber lens 

coupling mechanism for changing mirror distances required for variable delay. The 

broadband response of the proposed VPDL is presented along with various RF signal 

delays for different mirror settings. The proposed VPDL can be useful in applications 

using broadband light such as in optical/RF radar controls, tunable optical/RF filters, and 

ultra-short pulse laser systems and related signal processors. 
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APPENDIX A 

SUPPLEMENTARY CALCULATIONS FOR PROPOSED 

DISTANCE SENSOR  
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This section briefly discusses the working of the Varioptic Arctic 320 liquid lens and 

plots the theoretical curves for measurement resolution of the optical distance sensor 

presented in Chapter 8. The Varioptic Arctic 320 liquid lens provides data for the focal 

length ‘F’ of the liquid lens versus the applied control voltage ‘Vc’. This is plotted in 

Fig.A1 (a). Using this data we can plot the smallest step size ‘ F∆ ’ versus ‘F’ for the 

smallest voltage step size mVVc 200=∆ . This is shown in Fig.A1 (b).  

From the lens equation it is known that: 

FD
FDD

S

S
T −

=           (1A) 

 
The smallest measurable change in distance ‘DT’ of the target from the liquid lens 

is‘ TD∆ ’. Using Eq.1A one gets: 
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where F∆ depends on V∆ and the value of ‘F’.  
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The percentage measurement resolution versus ‘DT’ and ‘Vc’ are plotted in Fig.A2 (a) and 

Fig.A2 (b), respectively. 
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Figure 53 (Fig.A1) Plots of (a) ECVFL focal length ‘F’ versus applied voltage ‘Vc’ and 
(b) focal length minimum step ‘ΔF’ versus ‘Vc’. 

(a) 

(b) 
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Figure 54 (Fig.A2) Plots of (a) ECVFL measurement resolution versus DT and (b) 
percentage measurement resolution versus ‘Vc’. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 

(b) 
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APPENDIX B 

DESCRIPTION OF GAIN/SLOPE EQUAIZATION 

FOR THE PROPOSED GAIN SLOPE HYBRID EQUALIZER 
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This appendix describes the creation of the negative and positive slopes due to the tilt 

motion of FL in chapter 6. Fig.B1 shows the normal state where no tilt is applied to FL 

and FL is Bragg matched to the grating. This results in all the wavelengths traveling in 

line and coupling back into FL completely. Hence no attenuation is incurred to any 

component of the broadband spectrum. Therefore no slope is observed. In the optical 

band of interest, λH, λC and λL refer to the highest, center, and lowest wavelengths, 

respectively. 

 

 

Figure 55 (Fig.B1) Zero slope state when FL is Bragg matched to the grating. 
 
 

Next the positive and negative slope states of the proposed hybrid spectral processor are 

shown in Fig.B2 and Fig.B3, respectively. Here FL is tilted either left or right (when 

viewing the system from the top) from the Bragg matched state, as shown in the figures 

next. When FL is tilted to the right, the reflected λH is closer to FL and hence couples 

better than λL. This introduces the positive wavelength slope. On the other hand when FL 
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is tilted to the left, the reflected λL is closer to FL than λH. Therefore, a negative 

wavelength slope is introduced.  

 

 

Figure 56 (Fig.B2) Positive slope incurred to the broadband signal due to right-handed tilt 
applied to the FL.  
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Figure 57 (Fig.B3) Negative slope incurred to the broadband signal due to left-handed tilt 
applied to the FL.  
 

These figures clearly show the effect of the tilt introduced to the FL with respect to the 

perfectly Bragg matched no tilt state. 
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APPENDIX C 

OPERATION PRINCIPLE OF ELECTROWETTING 

TECHNOLOGY-BASED AGILE LENS 
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The electrowetting technology-based agile lens uses two liquids. We call them liquid A 

and liquid B throughout the text. The interface between the liquids forms an 

electronically controlled agile lens where the radius of curvature of the interface 

determines the focal length of the agile lens. One of the liquids used is a conductive 

liquid (i.e., water) and the other liquid is a non-conductive liquid (i.e., oil). The two 

liquids are chosen so that they are immiscible and have approximately equal densities. 

The requirement for the two liquids to be immiscible is evident because mixing of the 

two liquids is not desirable for the lensing operation. The two liquids are required to have 

approximately equal densities so that gravitational pull does not distort the liquid 

A/Liquid B interface which remains spherical no matter what the orientation of the agile 

lens. The liquids are encased in a transparent glass window on two sides and two annular 

electrodes on the sides. One of the electrodes is not insulated and is in contact with the 

conducting liquid only while the other electrode is insulated and in contact with both the 

liquids. As shown in Fig.C1, the solid angle θ at the liquid interface is given by [B05]:  

OW

SOSW

γ
γγ

θ
−

=cos ,       (C1) 

where γ notation indicates the surface tension in units of Newtons/m (or N/m) at a given 

interface. γSW is the surface tension between the solid electrode and water, γSO is the 

surface tension between the solid electrode and oil, and γOW is the surface tension 

between oil and water. Eq.C1 gives the natural solid angle θ at the liquid/liquid interface 

when no voltage is applied to the agile lens. Next a voltage is applied to the lens and θ 

changes according to the following relationship [KH04]: 
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2
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−
= .     (C2) 
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where V is the applied voltage in Volts, ε is the unit-less dielectric constant of the 

insulating layer, T in meters is the thickness of the insulating layer and ε0 is the 

permittivity of free space in units of F/m. One can use C/A=(εε0)/T where C is the 

equivalent capacitance between the Electrode/Liquids(A&B) in F/m and A is the surface 

area of the insulating layer separating the insulated electrode from the two liquids. 
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Figure 58 (Fig.C1) Agile Lensing via Electrowetting Technology with the Application of 
External Voltage. 
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