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ABSTRACT 

INTEGRATED POLARIZATION IMAGER 

BY 

JOHN HOLGUIN 

 

 

Master of Science in Electrical Engineering 

New Mexico State University 

Las Cruces, New Mexico, 2007 

Dr. Paul M. Furth, Chair 

Polarization gives us important information about an object, such as surface 

shapes, curvature and material properties.  The major goal of the Integrated 

Polarization Imager (IPI) is to obtain a polarized image of an object in real time.     

The IPI is a VLSI chip fabricated in the AMI 0.5µm process.  It consists of an 

array of 96 x 96 photodiodes.  Each n+/p-substrate photodiodes converts the 

incoming photon energy into current.  Each photodiode has one of four different 

photo-etched aluminum wire grid polarizer covering it.    The four wire grid filters are 

designed to allow the following polarized components of light through: vertical, 

horizontal, +45º and -45º.   

A wire grid polarizer will allow a certain polarized component of light through 

and block most of the other components.  The shortest wavelength (?), for which a 

grid will act as a useful polarizer is ?=2d, where d is the grid spacing.  The spacing, d, 
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the polarizer was designed for is 300nm, so the IPI is designed wavelengths of 600nm 

or longer. 

Testing of the IPI requires an optical test bench consisting of a white light 

source, color filters, a polarizer, and a lens to image the light on the IPI.  Color filters 

are used to test the IPI at different wavelengths in order to find its spectral sensitivity.  

A polarizer is used to test the IPI at known polarizations in order to test for leakage, 

uniformity, cross talk, and pixel variation.  The IPI sensor is designed to determine if 

light that is reflected or emitted from an object is linearly polarized.  The entire array 

then generates a polarized image of the object.  Some Stokes Parameters as well as 

the degree of polarization will also be determined. 

The major goal of the IPI is to obtain a polarized image of an object in real-time 

using a low-cost standard CMOS process.  The four different polarizers allow the IPI 

to make polarization measurements without having to change polarization filters or 

physically rotate the IPI which could cause measurement errors.  Unlike other CMOS 

polarization imagers, this does not require a polarization film to be placed over the 

photodiode array since the linear polarizers are created using metal layers during the 

chip fabrication process.  

 The optical light sources and polarizer geometries may have resulted in 

undesirable linear polarization measurements.  A stable light source, as well as finer 

geometries may have improved the performance of the wire grid polarizers.  The AMI 

0.5µm process does not allow polarizer geometries fine enough to polarize light 

within the spectral sensitivity of the photodiodes that can be built in that process. 
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1.  INTRODUCTION 
 
 Polarization gives us important information about an object, such as surface 

shapes, curvature and material properties [GRUEV].  There are very few polarized 

light sources in nature, but linear polarization images are important because almost all 

reflected or scatted light is linearly polarized [KALAYJIAN].  Humans can only see 

intensity and color. Other creatures such as bees, dragonflies, octopi, crayfish, 

beetles, flies, some fish, and lizards are able to sense and use polarization in their 

environments [ANDREOU].  Polarization imagers present polarization measurements 

as intensity and color.     

 Polarization information gathered by the Integrated Polarization Imager (IPI) 

can be very useful because of the following interactions between light and matter 

[SALEH]: 

§ The amount of light reflected at the boundary between two materials depends 

on the polarization of the incident wave. 

§ The amount of light absorbed by certain materials is polarization dependent. 

§ Light scattering from matter is generally polarization sensitive. 

§ The refractive index of anisotropic material depends on the polarization.  

Waves with different polarizations travel at different velocities and undergo 

different phase shifts, so that the polarization ellipse is modified as the wave 

advances.  For example, linearly polarized light can be transformed into 

circular polarized light. 
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§ Optically active materials have the natural ability to rotate the polarization 

plane of linearly polarized light.  In the presence of a magnetic field, most 

materials rotate the polarization.   

Polarization in used to classify chemical isomers, analyze solar and atmospheric 

phenomena, investigate gate stress and strain through photoelasticity, classify 

materials/objects and analyze reflections [ANDREOU].  Other applications include 

natural object recognition, automatic target detection and recognition, inspection of 

ship hulls for damage, and marine biology [WOLFF].  

This thesis presents an imager design in which an array linear polarizers is 

created using the metal layers available for most IC fabrication technologies.  Cost of 

CMOS polarization imagers may be reduced since a separate the polarizer does not 

have to be fabricated using different process from the integrated circuit.  This 

approach provides a possible solution for real-time linear polarization measurements 

and polarization image representation. 
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2.   FUNDAMENTALS OF POLARIZATION AND POLARIZATION 
IMAGERS 
 
2.1 Polarization of Light  
 
 Light is observed as transverse waves that vibrate sinusoidally with time in a 

direction orthogonal to their direction of propagation. The electric-field vector )(tE
r

 

can be described as a function of time in the following equation: 

 )()( 21 ˆˆ)( φωφω +−−+−− += kztj
y

kztj
x eEyeExtE

r
                                                        (2.1) 

where Ex, and Ey, are the component amplitudes, ?  is the angular frequency, k is the 

wave vector, and φ  is the phase angle of the orthogonal electric field.  The 

relationship between these parameters defines the polarization of the electric field. 

When 021 ≠− φφ , light is elliptically polarized [KALAYJIAN].  When Ex= Ey and 

2/21 πφφ =−  the light is circularly polarized as shown in Figures 2.1 and 2.3 (b) 

[ANDREOU].   

 

Figure 2.1:  Circularly Polarized Light 
 
 If the phase difference 021 =− φφ  or p, light is linearly polarized.  When one 

of the components vanishes, the light is linearly.  There are very few polarized light 
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sources in nature, but almost all reflected or scatted light is linearly polarized 

[KALAYJIAN].   

 

Figure 2.2:  Linearly Polarized Light 
 
 

 

                      (a)                                          (b)                                         (c) 

Figure 2.3:  Front View (a) Unpolarized Light (b) Circularly Polarized Light and (c) 

Linearly Polarized Light 

 
2.1.1 How Light Becomes Polarized 

 Polarized light can come from a polarized light source or light that is 

originally unpolarized becomes polarized.  Collision polarization in solar flares is one 
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of the few polarized light sources found in nature [ANDREOU]. Light is polarized 

when reflected off of, or transmitted through certain materials.  Reflection of light off 

of non-metallic surface results in some degree of polarization parallel to the surface.  

Polarization by scattering is known as the removal of energy from an incident wave 

and the subsequent reemission of some portion of that energy [HETCH].  Light can 

become polarized through absorption, reflection, refraction, or birefringence.    

2.1.1.1 Absorption (Dichroism)  

 The absorption of light by some anisotropic materials depends on the direction 

of the electric field.  These dichroic materials have anisotropic molecular structures 

whose response is sensitive to the direction of the applied field.   One naturally 

occurring mineral, tourmaline, has such a molecular structure. The most common 

dichroic material is the Polaroid H-sheet. 

Polarizer 

 Light can be polarized when transmitted through a polarizer.  A polarizer is a 

man made device that transmits the component of the electric field in the direction of 

its transmission axis and blocks the orthogonal component [SALEH].  One way to 

determine whether a material/device is a linear polarizer is to use Malus’s law: 

 θθ 2cos)0()( II =                                                                                          (2.2) 

where I(?) is the irradiance reaching a detector and I(0) is the maximum irradiance 

which occurs when the angle ? between the transmissions axes of the polarizer and 

analyzer is zero [HECHT]. 
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Wire-Grid Polarizer 

 Wire-grid polarizers for electromagnetic radiation can be dated back to Hertz 

[GUO].    The wire grid polarizer is composed of a grid of parallel conducting wires.  

The transmission axis is perpendicular to the wires.  As shown in Figure 2.4, an 

unpolarized electromagnetic wave travels along the z-axis.  One component of the 

electrical field is parallel to the wires and the other is perpendicular to them.  The y-

component of the field drives the conduction electrons along the length of each wire 

generating a current.  The electrons in collide with lattice atoms, imparting energy to 

them and heating the wires (Joule heat).  Energy is transferred from the field to the 

grid.  The incident wave is canceled by the wave reradiated in the forward direction, 

resulting in little or no transmission of the y-component of the field.  The electrons 

are not free to move very far in the x-direction, and the x-component of the field is 

almost unaltered as it propagates through the grid [HECHT]. 

2.1.1.2 Reflection 

 The reflection of light from the boundary between two dielectric isotropic 

materials is polarization dependent.  At the Brewster angle of incidence, 

 
1

21tan
n
n

B
−=θ                                                                                                 (2.3) 

Where n1 and n2 are the refractive indices, light of transverse magnetic (TM) 

 



 7

 

  Figure 2.4: Wire Grid Polarizer 

polarization is not reflected.  At this angle, only the transverse electric (TE) 

component of the incident light is reflected, so that the reflector serves as a polarizer 

[SALLEH]. 

2.1.1.3 Selective Refraction in Anisotropic Media (Polarizing Beamsplitters) 

 Molecules that are located in space at random positions are isotropic.  If the 

molecules are not totally random then the medium is anisotropic.  When light refracts 

at the surface of an anisotropic crystal the two polarizations refract at different angles 

and are spatially separated.  This is another way of obtaining polarized light from 

unpolarized light. 

2.2  Polarization Measurements 

Degree of Polarization 

 For completely polarized light, the degree of polarization equals one.  The 

degree of polarization is the ratio of the polarized component to the total intensity 
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[KALAYJIAN].  For the IPI, the degree of linear polarization is found using the 

following equation: 

           2
4545

2
4545

2

]2/)[(
)()(

°−°

°−°

+++
−+−

=
IIII

IIII
DoP

VH

VH                                                            (2.4) 

Where IH, IV, I45º, and I-45º, are the photo current outputs from the horizontal, vertical, 

45º and -45º linear polarizers. 

Stokes Parameters 

 Stokes Parameters are used to define the polarization state of an electrical 

field including visible light.  For the IPI the following equations were used: 

VH

VH

II
II

S
+
−

=1                                                                                                 (2.5) 

   
°−°

°−°

+
−

=
4545

45452
II
II

S                                                                                            (2.6)   

Equation (2.5) and (2.6) indicate the preference for linear polarization.  The value for 

S1 and S2 ranges from -1 to 1.   If S1 equals 1, than the light is linearly polarized at 

90º and the linear polarization angle of the light is perpendicular to the wire grid.  If 

S2 equals 1, than the light is linearly polarized at -45º.   

2.3 Photodiode  

 There are two groups of photodiodes that convert photo-energy into electrical 

energy.  The first is a photodetector, whose purpose is to detect or determine 

information about the photo-energy.  The second is a solar cell, whose purpose is 

conversion of the photo-energy to produce electrical power [PIERRET].  
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 The relationship between the optical wavelength (?) and the associated photon 

energy (Eph = hv) is  

 
phE

hc
hv
hc

v
c

===λ                                                                                         (2.7) 

Where c = speed of light, h is Planck’s constant, and v is the mode of frequency.  If ? 

is expressed in µm and Eph in eV the equation becomes 

 phE
24.1=λ                                                                                                     (2.8)  

The wavelength at which the photo energy is equal to the semiconductor band gap 

energy is known as the cutoff wavelength ?c. 

 GEc
24.1=λ                                                                                                      

(2.9) 

The cutoff wavelength indicates the longest wavelength that can be detected by the 

material.  Silicon-based (Si) photodiodes have the greatest response for wavelengths 

(?) in the range of approximately 190nm-1100nm.  

 

Figure 2.5:  Photodiode Wavelength (?) Ranges [PIERRET]. 
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PN Junction Photodiodes 

 A conducting material is made up of atoms that have easily shared orbiting 

electrons.  At absolute zero temperature all of the valence electrons in the 

semiconductor crystal reside in the valence energy band, Ev.  As temperature 

increases the electrons gain energy and move to a conducting energy level. Ec. There 

aren’t any allowed energies between Ev and Ec.  When the electron moves from the 

valence energy band to the conduction energy band, a hole is left in the valence band.  

The Fermi energy level indicates the energy level where the probability of occupation 

by a free electron is 50%.  In p-type silicon the Fermi level, Ef, moves toward the 

valence band [BAKER].  This process is shown in Figure 2.6. 

 

Figure 2.6:  Electron-Hole creation, Light Induced Current [PIERRET]. 
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 In the pn-substrate photodiode the depletion region has a built- in electric field, 

caused by space charges from the diffusion of majority carriers across the interface of 

p and n regions.  This region is responsible for converting incoming photons into 

electron-hole pairs.  For every photon, an electron-hole pair is generated.  The 

minority carriers created in the within a diffusion lengths of the p-side or n-side live 

long enough to diffuse to the depletion region [PIERRET].   

 The depletion region has an electric field that sweeps these carriers and photo-

generated carriers in the depletion region to the opposite side of the junction.  This 

contributes to the reverse-going component of the current through the diode.  

Photodiodes can be operated in one of two modes, zero bias or reverse bias.  In zero 

bias mode light causes a photocurrent in one direction and induces a dark current in 

the opposite direction [PIERRET]. 

 If the photo-generation rate (GL) is assumed to be uniform throughout the 

diode, the added component due to light (IL) should be equal to –q times the electron-

hole pairs photo-generated per second in the volume A(LN + W + LP), or 

 Ldark III +=                                                                                               (2.10) 

With 

 LPNL GLWLqAI )( ++−=                                                                         (2.11) 

 The depletion width W in a pn junction diode is small compared to LN + LP. 

Photons are absorbed and electron-hole pairs are photo-generated in a semiconductor 

if Eph > EG.  The semiconductor spectral response therefore essentially cuts off at ? = 

1.24/EG.  For Si, EG = 1.12 eV at 300 K and has a minimal response at wavelength 
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greater that ?G ˜ 1.1 µm.  At shorter wavelengths, fewer photons are absorbed 

[PIERRET].  The Spectral response of a Si pn junction photodiode is shown in Figure 

2.7.  A maximum bandwidth of 10MHz was achieved, for a pn photodiode, with a 

photo current of 1µA and a source ?=675µm source [ZIMMERMAN]. 

 

Figure 2.7:  Spectral response of a Si pn junction photodiode [PIERRET]. 

2.4  Polarization Imagers  

 The purpose of a Polarization Imager is to visually present linear polarization 

in terms of color and intensity [WOLFF].  The polarization state of a source can be 

measured by mechanically rotating a linear polarizer in front of a single photodetector 

or camera to three angular positions.  This technique is a time-domain multiplexed 
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measurement.  Its disadvantage is the need for mechanical rotation and a 3 X 

reduction in the temporal frame rate [GUO]. 

   Another technique uses three polarization elements at different orientations 

and three separate photodetectors or cameras.  This technique is spatial-domain 

multiplexed measurement and its disadvantage is an 3  X reduction in spatial 

resolution [GUO].   

2.4.1 CMOS Polarization Imagers   

 Traditional CMOS polarization images are composed of a 2D array of 

photodiodes covered with a polarizer film.  A polarizer film was made by spin 

coating a dichroic dye solution on a rubbed surface.  The polarizer films are less than 

0.5um thick and have a polarization extinction ratio as high as 330 in the visible 

wavelength range [GUO].  Some CMOS image sensors have the ability to compute 

polarization parameters using an analog processing unit, as shown in Figure 2.8.  In 

this design they have fabricated two micro array polarizers that are mounted on top of 

the image sensor.   

 A commercially available thin film polarizer is used to create an array or 

polarizers.  The polarizer consists of an iodine-doped Polyvinyl Alcohol (PVA) layer, 

which acts as a dense array of thin microscopic wires.  The image sensor is composed 

of a 256 by 256 photo pixel array.  Block-parallel pixel read out is employed in order 

to compute Stokes parameters [GRUEV]. 

 Another CMOS polarization imager design uses a translinear circuit to 

compute polarization contrast which is defined by the difference over the sum of 
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Figure 2.8:  Architecture of Focal Plane Polarization Imaging System [GRUEV]. 

transmitted radiances(TR) through two orthogonal polarizers.   
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⊥                                                          (2.12) 

The linear polarizers for this CMOS imager is also composed of Polyvinyl Alcohol 

films placed over the photodiode imager [KALAYJIAN]. 

2.4.2 Polarization Camera  

 One polarization camera design uses liquid-crystal technology [WOLFF].  

The polarization camera takes monochrome polarization images, which means that 
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the polarization state at each pixel is measured over a single range of wavelengths.  

The polarization camera can also take multiple polarization images over different 

spectral wavelength ranges [WOLFF].   

 

Figure 2.9:  Polarization Camera Architecture [WOLFF]. 

 The polarization camera is composed of an optical head, a video imaging 

device and electronic driver box.  The optical head is composed of two liquid crystal 

polarizers in series with twists of 45º and 90º in front of a fixed linear polarizer.  

When an AC signal passes through each of the liquid crystals, the polarization state of 

light passing through the crystals is unaltered.  When no voltage is applies, the linear 

polarized component of incident light rotates by a fixed amount nº, with the value of 

n determined when the liquid crystal is fabricated.  A timing circuit synchronizes the 

switching of the liquid crystals with the imaging device video rate.  This can produce 

digitized polarized images at the following states: 0º, 45º, 90º and 135º which are 

used to measure partial linear polarization [WOLFF].   
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3.  ARCHITECTURE, DESIGN AND SIMULATION 

3.1 Integrated Polarization Imager 

 The Integrated Polarization Imager (IPI) is a VLSI chip fabricated in the AMI 

0.5µm process.  The architecture of the IPI, shown in Figure 3.1, consists of an array 

of 96 x 96 pixels.  A pixel consists of a single NMOS transistor and an n+/p-substrate 

photodiode.  The photodiode converts the incoming photon energy into current.  Each 

pixel has one of four different photo-etched aluminum wire grid polarizer covering it.    

The four polarizers are designed to allow one of the following polarized components 

of light through: vertical 90º, horizontal 0º, +45º and -45º.  Four pixels, along with the 

different a polarizer placed on each pixel make a quad polarizer array.  

 

Figure 3.1:  IPI Chip Architecture 
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3.1.1 PMOS Passive Pixel Sensor 

 The IPI was designed using Passive Pixel Sensor (PPS) architecture.  The PPS 

pixel consists of a photodiode and an NMOS transistor.  The transistor is used as a 

charge gate, switching the contents of the pixel to a current scaling circuit, when the 

gate of the transis tor is high.  A NMOS transistor is placed at the top of each column 

for column select.  When the gate of that transistor is high that column is selected.   

 There are several disadvantages to using a PPS architecture.  The passive 

pixel structure has problems due to its large capacitive loads.  The large bus is 

directly connected to each pixel during readout, the RC time constant is very high and 

the readout is slow.  The passive pixel readout noise is typically high [FISH].  Passive 

pixel sensors are limited to small array sizes and slow readout [HORNSEY]. 

 The PPS has several advantages because it has a high fill factor because each 

pixel has only one transistor.  Fill factor is the ratio of photodiode area of a pixel to its 

total area.  A large fill factor is also needed because the wire grid polarizer blocks 

much of the signal.  Quantum efficiency can be high due to this large fill factor 

[FISH].   

3.1.2 Pixel Design 

 The photodiode pixel is composed of a PN photodiode, and an NMOS 

transistor with minimum length=0.6 µm and width=1.5 µm.  The area of active over 

p-substrate was chosen to be 18.9 µm x 18.9 µm.  The output current can be 

estimated based on the benchmark of 10 nA per 10 µm2. The source of the NMOS 

transistor is connected to the output of the photodiode and the drain is connected to 
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Figure 3.2: Passive Pixel Array Architecture [FISH]. 

the column select decoder.  The gate of the transistor is connected to the row select 

decoder.   It also has a VSS contact and a metal 1 wire to connect all pixels to VSS. 

                

                                   (a)                                                          (b) 

Figure 3.3:  Pixel (a) Schematic (b)Layout (Area=22.8µm x 22.8µm)  
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3.1.3 Wire Grid Polarizer  

 A polarizer is a device that transmits one linear component of the electric field 

and blocks the orthogonal component.  It works by selective absorption or 

reflection/refraction at the boundary of an anisotropic medium.  The shortest 

wavelength (?), for which a grid will act as a useful polarizer is  

 d2≈λ                                                                       (3.1) 

where d is the grid spacing [BURTON].  Another source states that the size of the 

thin microscopic wires has to be 1/10th or smaller of the light’s wavelength in order to 

have an effective polarizer [GRUEV]. 

 The wire grid polarizer is made from two metal layers, metal 2 and metal 3.  

The minimum width of metal 2 is 0.90µm and the minimum spacing between metal 2 

is 0.90µm.  The minimum width of metal 3 is 1.5µm and the minimum spacing is 

also0.90µm.  In order to operate in the visible wavelength range(400nm-700nm) the 

spacing, d,  between the two metal layers is 300nm for the horizontal and vertical 

polarizer and 212nm for the plus and minus 45° polarizer.  Additional metal was 

connected to the polarizer in order to ground it to VSS to prevent any charge build up 

on the polarizer.    

 Due to limitations in the technology available, the pixels have a poor fill 

factor.  Much of the photodiode is covered by the polarizer.  The fill factor is the 

percentage of the pixel that is light sensitive.  The fill factor for the vertical and 

horizontal polarizer is approximately 14%.  The fill factor for the plus and minus 45° 

polarizer is approximately 9.5%.   
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Figure 3.4: Vertical & Horizontal Polarizer Cross Section 

 

Figure 3.5: Quad Polarizer Layout (Area=44.7µm x 45.6µm) 
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Figure 3.6: Quad Polarizer Array (a) Layout (Area=44.7µm x 45.6µm) and (b) 
Photograph 

 
3.2 14-Bit Counter 

 The 14-bit counter, shown in Figure 3.7, is composed of two 7-bit counters 

shown Figure 3.7.  The carry out from the first 7-bit counter is the carry in for the 

second 7-bit counter.  The second 7-bit counter counts up on each rising edge of the 

signal c_in, shown in 3.8, which is the carry out signal from the first 7-bit counter.  

The carry in bit of the second 7-bit counter becomes high when the bottom seven bit 

counter reaches 95. 

 The output signals of the 14-bit counter, Q0-Q13, are connected to the inputs 

of the row and column decoder.  The output from the 14-bit counter is connected to 

the decoders so that array data is read out in the following order: IV, I-45º, I+45 º, IH…IV, 

I-45º, I+45 º, IH.  The signals IV, I-45º, I+45 º, IH represent the output current from a pixel 

covered by one of the four different polarizers.   
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Figure 3.7:  14-Bit Counter Architecture 

 

Figure 3.8: 14-bit Counter Simulation Results (Signal: c_in, Output signals: Q6-Q9) 
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                               (a)                                                              (b)  

Figure 3.9:  14-bit Counter (a) Layout (Area=157.8µm x 190.05µm) and (b) 

Photograph 

3.2.1 7-Bit Counter 

 The 7-bit counter, shown in Figure 3.10, is composed of seven Positive-edge-

triggered D-flipflop’s and half adders as well as reset circuitry.  The D-flipflop is to 

synchronize the counter with the clock.  The counter counts up on each rising edge of 

the clock signal.  The carryout of the first stage is connected to the carry in of the 

second stage.  A single stage of a counter is composed of a D-flipflop and a feedback 

loop to the half adder. 

 The 7-bit counter is reset by reset circuitry shown in Figure 3.10.  The 7-bit 

counter resets to the decimal value zero when the input reset signal is high or when 
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the output of the 7-bit counter reaches the decimal value 95.  The counter counts up, 

and the digital output of the counter is shown in Figure 3.11.       

 

 

 

Figure 3.10:  7-Bit Counter Architecture  
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Figure 3.11: 7-bit Counter Simulation Results (Input signals: clk, reset. Output 

signals: Counter Bits q0-q3.)  

3.2.2 Positive-edge-triggered D-flipflop 

 The positive-edge-triggered D-flipflop is a storage circuit that changes states 

on the rising edge of a clock signal.  It is made from two-level sensitive latches in 

cascade, the Master Latch and the Slave Latch.   

 A schematic of the D-flipflop is shown in Figure 3.12.  The D input is stored 

when the clock signal goes low.  When the clock goes low the Master latch captures 

the input while the Slave Latch holds the previous input.  TG1 (transition gate) and 

TG4 are on.  TG2 and TG3 are off.  The D input goes to point A and its complement 

to point B. When the clock is high the Master Latch obtains the input and transfers it 

to the Slave Latch.  TG1 and TG4 are off.  TG2 and TG3 are on.  The value of D 

input is then passed to the Q output.  When the clock goes low again TG1 and TG4 
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are on.  The value of D on Q circulates around the two inverters and Q changes when 

the clock goes back high [BAKER]. 

 The D-flipflop simulation results, Figure 3.13 show the output signal q follow 

the input signal d on the rising edge of the clk signal.  

 

Figure 3.12: D-flipflop Schematic  

 

Figure 3.13:  D-flipflop Simulation Results (Input signals: clk, d. Output signal: q.) 
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Figure 3.14:  D-flipflop Layout (Area=38.4µm x 24.9µm) 

3.2.3 Half Adder 

The half adder is a circuit which computes the binary addition of two bits (Figure 

3.15). 

          

                                    (a)                                                                (b) 

Figure 3.15:  Half Adder (a) four possible cases and (b) truth table [BROWN]. 

The sum bit is comprised of an XOR gate and the carry bit is a two input AND gate.  

The schematic of the ha lf-adder is shown in Figure 3.16. 
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Figure 3.16:  Half Adder Schematic  

 

Figure 3.17:  Half Adder Simulation Results (Inputs: a and b. Outputs: c and s.) 
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Figure 3.18:  Half Adder Layout (Area=24µm x 25.2µm) 

3.3 Decoder 

 The IPI pixel array is made up of 96 x 96 pixels.  The purpose of the decoder 

is to read data from the array one pixel at a time.  As the 14-bit counter counts up, a 

different pixel output is selected. The input binary signal to the decoder, (0000000)2, 

represents the first row or column and the input binary signal (1011111)2 represents 

the 96th row or column.     

 The Integrated Polarization Imager has two decoders, one for the row select 

and one for the column select.  Each decoder is composed of ninety-six 7x1 AND 

gates as shown in Figure 3.19.  It is used to select the output from the ninety-six rows 

or columns.  The input to the decoder represents a binary value.  For example if the 

binary input to the decoder is (0000100), which is the decimal value 4, the fifth row 

or column will be selected.  In the Decoder Simulation Results (Figure 3.20), the 
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output signal z0 represents the first row or column select.  The input signals a, b and c 

are counter bits with a is the least significant bit. 

 

Figure 3.19: Row and Column Decoder Architecture 

 

Figure 3.20:  Decoder Simulation Results (Inputs: a, b, and c. Outputs: z0, z1, z2, z3, 

and z4.) 



 31

AND 7x1 

 The AND 7x1 is a seven input AND gate.  It is comprised of one 4 input  

NAND gate, one 3 input NAND gate and one 2 input NOR gate (Figure 3.21).  This 

design minimizes the number of transistors therefore reducing area and increasing 

speed.  The AND 7x1 is used for construction of the decoder and in the reset circuitry 

in the 14-bit counter.  All of the inputs to the AND 7x1 must be asserted high in order 

for the output signal to be high (Figure 3.22). 

    

(a) 

          

(b) 

Figure 3.21: AND 7x1 (a) Symbolic Representation and (b) Schematic 
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Figure 3.22: And 7x1 Simulation Results (Input signals: a, b, c, d, e, f, and g. Output 

signal: out) 

 

Figure 3.23:  And7x1 Layout (Area=31.2µm x 24.9µm) 
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3.4 Current Scaling Circuit 

 The current scaling circuit is made up of five current mirrors (Figure 3.25).  

Current mirrors are used to generate copies of a reference current.  The current output 

of a single photodiode can be very small (0.2nA) so this circuit amplifies the 

photodiode current by 100 or 10000 times. 

 

Figure 3.24:  NMOS Current Mirror Stage  

 Two identical MOS devices that have equal gate-source voltages and operate 

in saturation carry equal currents. The output current of the NMOS current mirror, 

shown in Figure 3.24, can be determined by the following equation: 

                REFout I
LW
LW

I
1

2

)/(
)/(

=                                               (3.2) 

 The current scaling circuit is composed of three NMOS current mirrors and 

two PMOS current mirrors. The width of the output transistor (M2) at each current 

mirror stage of the Current Scaling Circuit is ten times the width of the first transistor 
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(M1) of that stage.  Therefore the output current from a photodiode is amplified 10 

times in each of the five current mirror stages.  A current output from this circuit is 

100 or 10000 times the current input. 

 

Figure 3.25: Current Scaling Circuit Schematic  

 

 

Figure 3.26: Current Scaling Circuit Layout (Area=142.8µm x 24.9µm) 
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3.5 Pulse-Generator Circuit 

 The pulse-generator circuit, shown in Figure 3.27, is composed of a two input 

AND gate and a Current Starved Pulse Delay Circuit (CSPDC).   The inverted and 

delayed clock pulse from the CSPDC and the original clock pulse are inputs to the 

AND gate.  The output of the Pulse-generator Circuit is a clock pulse, shown in 

Figure 3.28, controlled by the input current, IBias.  

 

Figure 3.27:  Pulse-Generator Schematic 

 

Figure 3.28:  Pulse-Generator Simulation Results (Input: clk. Outputs: clk_pulse1, 

clk_pulse2.) 
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3.5.1 The Current-Starved Pulse Delay Circuit (CSPDC) 

 The purpose of the Current-Starved Pulse Delay Circuit (CSPDC) is to invert 

and delay the clock pulse (Figure 3.27).  The clock pulse is delayed by reducing the 

current through the first three inverters, therefore changing their propagation delays.  

The current source limits the current available to the inverter so the inverter is starved 

for current.  The input current, Ibias, is mirrored in first three inverters.  As shown in 

the CSPDC simulation results (Figure 3.30), when the input current IBias is smaller, a 

longer delay in the output signal was produced.  The output signals, out_1 and out_2 

from the simulation results are produced from a test bench with two Current-Starved 

Oscillators with two different input currents.  Because there are an odd number of 

inverters, the input clock signal is inverted.  A summery of the entire IPI chip can be 

found in Table 3.1.  This table includes: the technology used, layout areas, polarizer 

geometries, and pixel fill factors. 

 

Figure 3.29:  Current-Starved Pulse Delay Circuit Schematic  
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Figure 3.30: Clock Delay Circuit Simulation Results (Inputs: clk, IBias=10nA,100nA. 

Outputs: out_1, out _2.) 

Table 3.1:  IPI Chip Summary 
Technology AMI 0.5µm  
Number of Transistors 13056 
Number of Pixels 96 x 96 
Chip Size 2999.25µm x 2999.25µm 
Chip Array Size 2190.9µm x 2191.35µm 
Pixel Size  22.8µm x 22.8µm 
PN Photo Diode Size 18.9 µm x 18.9 µm 
Quad Polarizer Array Size  44.7µm x 45.6µm 
Current Mirror Size 142.8µm x 24.9µm 
And 7x1 Size 31.2µm x 24.9µm 
Decoder Size 1414.5µm x 58.64µm 
D-flipflop Size 38.4µm x 24.9µm 
Half Adder Size 24µm x 25.2 µm 
Pulse Generator Size 104.55µm x 25.50µm 
14-Bit Counter Size 157.8µm x 190.05µm 
Wire Grid Polarizer Spacing(vertical & horizontal) d=0.3µm 
Wire Grid Polarizer Spacing(+45º & -45º) d=0.212µm 
Fill Factor w/ vertical & horizontal polarizer 14% 
Fill Factor w/ +45º & -45º polarizer 9.50% 
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Figure 3.32: Integrated Polarization Imager Layout (Area=2999.25µm x 2999.25µm) 

 
 

 
 

Figure 3.33:  Integrated Polarization Imager Photograph 
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4. ELECTRICAL AND OPTICAL TESTING 
 
 Testing for the Integrated Polarization Imager consisted of an optical test 

bench as well as an electrical test bench for the test circuits.  Electrical verification 

tests were performed on the counter, decoder, and Current-Starved Pulse Delay 

Circuit.  Test pixels on the Integrated Polarization Imager (IPI) were tested to 

characterize the performance of the wire grid polarizers as well as the pn-junction 

photodiodes.  Last, the entire array was tested in an optical test bench. 

 The square 3mm X 3mm silicon chip was packaged and placed in a DIP 40 

pin package.  The 40 pin package was placed on a standard breadboard in an 

aluminum enclosure shown in Figure 4.1  

 

 
Figure 4.1:  IPI Aluminum Enclosure. 

 
  .  The breadboard in the aluminum enclosure contains circuitry to supply 

power to the IPI, and to read the small current outputs from the IPI.   
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 The IPI power supply, shown in Figure 4.2, consists of a 9V battery power 

supply, a voltage regulator and two variable resistors.  The 1K? and 50K?  variable 

resistors are adjusted so that 2.5V is suppled to the IPI.    

 
Figure 4.2:  Power Supply Schematic  

 
The virtual ground circuit, shown in Figure 4.3, is used to supply a signal 

ground for the transimpedance amplifier.  The transimpedance amplifier requires the 

non- inverting terminal to be at a potential higher ground.  

 

Figure 4.3:  Virtual Ground Schematic  
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The output currents from photodiodes are very small (nano Amperes) and 

cannot be measured using standard test equipment.  A transimpedance amplifier, 

shown in Figure 4.4, is used to measure these small currents.  The output voltage of 

the transimpedance amplifier is proportional to the current.   

 

Figure 4.4:  Transimpedence Amplifier Schematic 

The resistance (R) must be increased as the output current decreases and vice versa.  

The output current (equal to IIN in Fig. 4.4) from the IPI can be measured using the 

following equation: 

OUT
OUT V

R
I =                                                                                                   (4.1) 

The pins to the IPI are described in Table 4.1.  Any pins that are not listed have no 

connection.  The pin number, the corresponding signal name and a description of the 

signal are shown in Table 4.1.   
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Table 4.1:  IPI Pin Description 
 

Pin 
# 

Name Pin 
Type 

Pad Type Description 

1 out_1 output Bare source NMOS W=120u L=6u  
2 out_2 output Bare drain NMOS W=120u L=6u  
3 Ibias input Bare Controls pulse width of pulse 

generator 
4 CLK2 input Pad Protect clock signal for pulse generator 
5 10000Iout output Bare Current output from IPI x 10000 
6 100Iout output Bare Current output from IPI x 100 
16 Vdd input Pad Protect 2.5 V to power IPI 
17 col_0 output Digital Buffer First column IPI output 
18 Q0 output Digital Buffer least significant bit from counter 
19 Q1 output Digital Buffer bit from counter 
20 CLK input Pad Protect clock signal for IPI (14-bit 

counter) 
21 Q13 output Digital Buffer most significant bit from counter 
22 row_0 output Digital Buffer First row IPI output 
23 + input Vdd 2.5 V to pad frame 
24 - input Vss 0 V to pad frame 
25 Reset input Pad Protect resets counter 
26 Vss input Pad Protect 0 V to power IPI 
28 pd_45 input Pad Protect selects test photodiode w/ 45 

degree filter 
29 pd_h input Pad Protect selects test photodiode w/ 

horizontal filter 
30 pd_m45 input Pad Protect selects test photodiode w/ -45 

degree filter 
31 pd_v input Pad Protect selects test photodiode w/ vertical 

filter 
32 Pd input Pad Protect selects test photodiode 
33 100Iout_test output Bare current output from test 

photodiodes x 100 
34 10000Iout_test output Bare current output from test 

photodiodes x 10000 
35 pd_out  Output Bare Current output from test 

photodiode 
36 - Input Vss 0 V to pad frame 
37 + Input Vdd 2.5 V to pad frame 
38 Vss_T Input Pad Protect 0 V to power Test Circuits 
39 Vdd_T Input Pad Protect 2.5 V to power Test Circuits 
40 clk_pulse Output Digital Buffer clock pulse  
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4.1 IPI Circuitry Testing  

The purpose of the on-chip IPI circuitry is to read the data from the array or 

test pixels to an off-chip device.  Several signal lines from the counter, decoders and 

clock pulse generator circuit have been tested in order to verify that these circuits 

work correctly.  

4.1.1 Row and Column Decoder Output Test 

 To test the column and row decoders, a function generator provided a slow, 

square wave clock pulse signal to the input of the 14-bit counter.  The clock pulse 

signal has a frequency of 1Hz, and a peak to peak voltage of 2.5V.  For the initial 

counter value of zero, the row decoder signal, R0, and the column decoder signal, C0, 

both go high.  As the counts up one bit the column signal goes low and the row signal 

stays high.  The decoder output signals are consistent with the block-parallel pixel 

read out that is implemented in this design (Figure 4.5).  The output signals, R0 and 

C0, and are shown in Figure 4.6. 

 

Figure 4.5:  Block-parallel pixel read out. 
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Figure 4.6:  Decoder Oscilloscope Wave Form (Output signals: C0, R0.) 

4.1.2 Test Procedure for 14-bit Counter bits Q0, Q1, and Q13  

For testing the 14-bit Counter, a square wave clock pulse from a function 

generator with a frequency of 1KHz and a peak to peak voltage of 5V was sent to the 

input pin CLK.  As shown in Figure 4.7, the period of the output signal Q0 was 

measured to be twice the period of the clock pulse.  The period of the output signal 

Q1 is twice the period of Q0 as shown in Figure 4.8.  The pulse width of Q13, shown 

in Figure 4.9, is 31.68 ms.  The counter bit Q13 bit goes from low to a high when the 

column selected is greater than or equal to the decimal value 64.  The counter bit Q13 

goes from a high to low signal when the counter resets. 
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Figure 4.7: 14-Bit Counter Oscilloscope Wave Form (Input signal: CLK Output                

signal: Q0.)  

 

 

Figure 4.8: 14-Bit Counter Oscilloscope Waveforms (output signals: Q0 and Q1) 
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Figure 4.9: 14-Bit Counter Oscilloscope Waveforms (input signals: CLK, output                

signals: Q13.)  

4.1.3 Test Procedure for Pulse-generator Circuit 

 For testing the Pulse-generator circuit, a square wave clock pulse from a 

function generator with a frequency of 500Hz and a peak to peak voltage of 2.5V was 

sent to the clock input pin of the pulse-generator circuit.   A resistor was attached 

from VDD to Ibias(Pin 3), to create an Ibias current input for the circuit.  For the first 

test, a resistance of 50.92M?  was chosen, to create an Ibias current of 49nA.  The 

oscilloscope reading is shown in Figure 4.10.   

In the second test, shown in Figure 4.11, a resistance of 9.99M?  was chosen 

to create a smaller Ibias current of 25.03nA.  This smaller current created a longer 

delay as described in Chapter 3.5.1.  The peak-to-peak voltage of the clk_pulse signal 

is 2.5 V.  All of the digital signals are buffered through Digital Buffer output pad.  
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These digital buffers are driven by 2.5 V, therefore the maximum output voltage from 

these pads are 2.5 V. 

 

Figure 4.10: Pulse Generator Circuit Oscilloscope Waveforms at Ibias = 49nA (input 

signal: CLK, output signal:  clk_pulse.) 

 

Figure 4.11: Pulse Generator Circuit Oscilloscope Waveforms at Ibias = 25nA (Input 

signal: CLK, output signal:  clk_pulse.) 
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4.2 IPI Array Testing  
 

Testing of the IPI requires an optical test bench consisting of a white light 

source, HeNe laser, color filters, a polarizer, and a lens to image the light on the IPI.  

Color filters are used to test the IPI at different wavelengths in order to find its 

spectral sensitivity.  A fixed linear polarizer is used to test the IPI at known 

polarizations in order to test the performance of the linear polarizer fabricated on the 

chip.  Based on the output of the photodiodes, the degree of linear polarization of the 

light that is reflected off an object is calculated.  The output of the IPI array will go to 

an A/D converter which converts the analog signal to a digital signal.  The digital 

signal goes to a DE2 board which stores the data into memory.  Lastly, the data from 

the array is sent to a computer where a polarized image of the light source is 

generated.  Some Stokes Parameters, as well as the degree of polarization, are 

calculated on the computer. 

 

Figure 4.12:  IPI  Array Test Bench 
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4.2.1 Hardware-IPI Array Test Bench 
 
DE2 Board 
 

The DE2 board has many features. The features used for this project is the 

Altera Cyclone II FPGA, the 512-KB SRAM, the USB port to connect to a computer, 

and a software file to program the FPGA to read data from the SRAM.  It also comes 

with a Control Panel facility that allows the user to access data stored in the SRAM 

from a computer. 

 
 

Figure 4.13:  Altera DE2 Development and Education Board [DE2]. 
 
A/D and D/A Board 

 The analog to digital (A/D) and digital to analog (D/A) Board was built and 

designed by an NMSU undergraduate student [CHAVEZ] and was used to convert 

the analog signal from the IPI into a digital signal.  Only the A/D chip (Figure 4.14) 

was used, where as the D/A chip was put into a sleep mode using a signal from the 

FPGA.  Table 4.2 describes the input pins for the A/D converter. 
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Table 4.2:  A/D Converter Input Pins 
Input 
Pins 

Value Description 

VDD 3.3V Power Supply 
ADclk f=1MHz Clock for A/D converter; Vp_p=3.3V Voffset=1.65V 
DAclk f=1KHz Clock for FPGA data storage and IPI counter 
MSB 0V or 3.3V 3.3V-resets IPI counter 0V-starts storing data into 

memory 
Ain 0.5V to 1.5V Input Analog Voltage Range  

 
 

 
 

Figure 4.14:  A/D Schematic [CHAVEZ]. 

A/D Converter Test using Matlab 

 The A/D converter was tested using a test bench similar to the IPI Test Bench 

(Figure 4.12), except the analog signal input to the A/D converter was a sine wave 

from a function generator with a peak-to-peak voltage of 1V, offset voltage of 1V, 

and a frequency of 100KHz.  The VHDL code loaded to the FPGA is found in 
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Appendix A. and the Matlab code is found in Appendix C.  The clock signal to both 

the A/D converter and the FPGA has a peak-to-peak voltage of 3.3V, offset voltage of 

1.65V, and frequency of 1MHz.  Figure 4.15 shows the plot generated by Matlab 

code (Appendix C).  This sine wave shows that the A/D converter operates correctly 

and with very little error.  

 

Figure 4.15:  Analog to Digital Sine Wave Test  

4.2.2 Software-IPI Array Test Bench 

A critical component of this project is writing software to store data, perform 

calculations, and present the data.  Because the IPI has 9216 pixels it would be too 

laborious to record the data from each individual pixel.  Software is necessary to 

gather polarization data from the IPI array at much higher speeds.  VHDL code was 

written to program an Altera FPGA in order store the digital data, from the IPI array, 

into memory.  Matlab was used to arrange, calculate, and present data.  The Matlab 
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code was very useful in performing computations as well as displaying results from 

the IPI 2-D array.  It was also helpful in testing the accuracy of the A/D converter. 

4.2.2.1 VHDL Design 

The VHDL code written (Appendix A) for the Integrated Polarization Imager 

was used to program an Altera Cyclone II FPGA device in order to store a 10-bit 

digital signal from the A/D converter [VELUDANDI]. 

  The input signal, I, is a 10-bit digital signal from the A/D converter.  The 

input signal reset comes from a toggle switch on an aluminum box which contains a 

breadboard with the IPI and other circuitry on it. The switch can be switched from a 

high (3.3 V) to a low (0 V).  When the switch is high the 14-bit counter on the IPI is 

reset, and an if statement in the VHDL code prevents the FPGA from writing data to 

the SRAM. When the reset signal is low the counter on the IPI begins counting, and 

the FPGA begins to write data to the SRAM.   

The input signal clk is a clock signal.  The clock signal is generated form a 

function generator.  The clock signal for the FPGA and the 14-bit counter on the IPI 

are the same.  The frequency of the clock is 1 KHz which is different from the 1MHz 

frequency for the A/D converter.  The IPI requires a slower frequency to read data 

from the array and the A/D converter will not operate at this slower frequency.  When 

testing the A/D converter with sine wave from a function generator as the analog 

input, the same 1MHz clock frequency can be use for both the A/D converter and the 

FPGA.  Using two clock signals can produce errors since data could be read on a 

rising or falling edge of a clock. 
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The output signals we, ce, lb and ub are inputs to the SRAM which must all be 

asserted low for the SRAM to write data in.  The output signals dastby, and adstby, 

are input signals to the A/D and D/A board.  The A/D and the D/A chips have pins 

that are active high that allow the chip to go into a sleep or stand by mode.  When 

dastby is logic high it puts the D/A converter into a sleep mode.  The signal adstby is 

logic low so the A/D converter is not in sleep mode. 

The output signals led_test1 and led_test2 are assigned to LED’s on the DE2 

board.  The signal led_test1 is high when data is being written to the SRAM and 

led_test2 is low.  When data is not being read into the SRAM, led_test1 is low and 

led_test2 is high. 

The 16-bit input output signal SRAM_IN is the data that is being read into the 

SRAM.  It is set equal to the signal I and the last six most significant bits are padded 

with zeros because the signal I is a 10-bit signal.  The signal SRAM_IN is set equal to 

the signal I on a rising edge of a clock when data from the next pixel on the IPI is 

selected. 

The 18-bit input output signal address specifies the address location in the 

SRAM, that is, where you want SRAM_IN data to be written to.  The address is 

incremented on each rising edge of a clock and is reset to zero when an internal signal 

pix_count is greater than the number of pixels in the array.  The initial value of 

pix_count is zero which represents the first pixel. 
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4.2.2.2 VHDL Timing Simulations  

The VHDL code was simulated using Quartus II software.  Figure 4.16 shows 

that the address signal resets to zero when reset is high.  Figure 4.17 shows that the 

address resets to zero after 9215.  Both figures show that SRAM_IN equals the signal 

I, on the rising edge of a clock.  The signal, I, has been labeled as in on Figure 4.16 

and 4.17.  

 

Figure 4.16:  VHDL Simulation Results (input signals: clk, in, reset. output signals:     

SRAM_IN, address.) 

 

 

Figure 4.17:  VHDL Simulation Results (input signals: in, reset. output signals:  

SRAM_IN, address.) 
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After successful code simulation, each variable must be assigned to a pin.  

Any input or output signals from the A/D converter, like the clock and the binary 

vector, are assigned to pins on the expansion header located on the DE2 board.  The 

signals led_test1 and led_test2 are assigned to LED pins which light up LED’s on the 

DE2 board when they are active high.  The rest of the signals are assigned to pins on 

the SRAM.    

Lastly, the project is compiled which creates a binary *.sof file which contains 

the data needed to configure the FPGA device. 

4.2.2.3 Matlab Design 

 The Matlab code, shown in Appendix B, was used to arrange data, perform 

calculations, and present the data.  After the IPI.sof file has been loaded to the FPGA 

and the FPGA has collected and stored data into the SRAM, a second file, 

DE2_control_pannel.sof, must be downloaded onto the FPGA to run the control 

panel application.  The program, DE2_control_panel.exe, is then run on the computer 

so that the Control Panel User Interface will appear.  The data from the SRAM on the 

DE2 board is sent to the computer through a USB cable.  The data is saved as file on 

a computer using the Control Interface.   

 This file cannot be read directly by Matlab.  It is converted into a hexadecimal 

text file using conversion software called Hexprobe, which displays the data in the 

file as hexadecimal numbers.  The file is copied as hexadecimal text and pasted onto 

Microsoft Notepad and saved as a *.hex file.  The *.hex file contains four 
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hexadecimal values on each line and the number of lines depends on the size of the 

data file read from the SRAM.   

The Matlab code reads the data from the *.hex file and converts it into 

decimal values.  The following calculations are performed using Matlab: 
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All equations are calculated made for each quadrant of polarizers so there are 

576 calculations for each equation.  As described in Chapter 2.2 (4.2) and (4.3) are 

used to determine what the dominant linear polarization in each quadrant. Equation 

(4.4) calculates the degree of polarization from each quadrant.  For completely 

polarized light, the degree of polarization(DoP) equals one.  

The data from the IPI array is read out using block-parallel pixel read out as 

described in Chapter 4.1.1.  The Matlab code sorts the data for equations (4.2), (4.3), 

and (4.4), into square arrays according to the type of linear polarizer (horizontal, 

vertical, +45º, and -45º).  The arrays are then displayed as grayscale images.   

When a grayscale image is created, each array value is assigned a shade.  

White is assigned to the largest number and black is assigned to the smallest number.  

All the values in between are shades of gray, lighter shades for larger numbers and 
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vice versa. The results are images from the IPI array were the differences from the 

linear polarizers can be observed.  

4.2.2.4 Matlab Simulations  

For testing the Matlab code a *.hex file was created in Microsoft Notepad.  

The file contains four repeating hexadecimal values in order from smallest to largest. 

The first test image, as shown in Figure 4.18, was generated by Matlab and 

sorted into quadrants by polarizer.  It is much easier to see the differences from the 

four different polarizers if the data is stored this way.  Starting with the quadrant in 

the upper left corner and procedding clock-wise the quadrants contain the outputs 

from the pixels with a vertical, -45°, horizontal and +45° linear polarizer.   

 

Figure 4.18:  Matlab Code Test-Pixels Grouped in Quadrants by Polarizer 
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In the second test image, as shown in Figure 4.19, the pixels are sorted in the 

exact order that they appear on the IPI array.  This can be useful for observing 

intensity spots from the light source. 

 

Figure 4.19:  Matlab Code Test-IPI Intensity Output  

The last three grayscale images created by Matlab, S1, S2, and DoP, are not 

shown since they are all solid colors because the test input *.hex file is four repeating 

numbers. 

4.2.3  Array Test Results 

 A single laser spot was placed on the center of the IPI array.  The linear 

polarizer in the optical test bench was rotated at four different orientations (0º, 45º, 

90º, 135º). The images show no recognizable pattern when the polarizer was rotated 

to the four different orientations.  The horizontal streaking, shown in the results, may 

be due to a slow response from the current scaling circuit due to the large capacitive 
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loads and the block-parallel readout implementation.  The inconclusive test results for 

the IPI Array, at the four different orientations, are shown in Appendix D.  Poor 

images are due to poor pixel fill factor which is 14% or 9.5%.  Most of the light is 

absorbed or reflected by the wire grid polarizers.   

4.3 Pixel Testing  
 

Pixel Testing is performed to measure the performance of the linear polarizers 

fabricated on the IPI.  All of the plotted current outputs that had been scaled by the 

current scaling circuit were divided by 10000 to get the approximate current output 

from the pixel.  A photograph of the test pixels is shown in Figure 4.20. 

 

 

Figure 4.20:  Test Pixels Photograph  

 An optical test bench is used to conduct these tests.  The optical test bench 

consists of a light source, color filters, irises, an attenuator, and an imaging lens 
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mounted on an optical breadboard.  The light source was either a white light, with or 

without a color filter, or a HeNe laser with ?=632.8nm. The color filters are used to 

test the IPI pixels at wave lengths of ?=650nm, 750nm, 850nm, and 950nm.  When 

the laser is used as the source, the white light source and color filters are removed.  

The attenuator is used to lower the intensity of the laser beam.  The iris is used to 

filter scattered or reflected light from the source.  The imaging lens is used to focus 

the light source on the array.  A photograph of the optical testbench is shown in 

Figure 4.21. 

 

Figure 4.21:  Optical Testbench Photograph 

4.3.1 Power Meter Test 

For the first test, an optical power meter replaced the IPI Chip to make power 

measurements of the two sources and to demonstrate the effectiveness of the two 

linear polarizers used in the optical test bench.  One polarizer is fixed and the other is 

rotated from 0° to 180° degrees in increments of 10° degrees.  The optical test bench 

used for the Power Meter Test is shown in Figure 4.22 (a) and (b) 
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(a)

 
           (b) 

 
Figure 4.22:  Power Meter Optical Test Bench with (a) White Light Source and (b) 

Laser Source 

4.3.3.1  Power Meter Test Results 

 The results of the power meter tests are shown in Figures 4.23 and 4.24. 
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Figure 4.23:  Optical Power Meter (HeNe Laser Source). 
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Optical Power Meter(650nm)
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Figure 4.24:  Optical Power Meter (?=650nm Light Source). 

This test verifies that the linear polarizers used in the optical test bench, 

perform as expected.  When the polarizers are in phase the optical power is near zero 

Watts.  When the polarizers are out of phase by 90º, maximum power is measured. 

4.3.2 Two Polarizers Test 

This test involves the bare photodiodes.  The Bare Photodiode is the 

photodiode whose output current is not scaled.  The Bare Photodiode Amplified is the 

photodiode whose current has been amplified 10,000 times by the current scaling 

circuit. The optical test bench used for these test is shown with the two different 

sources in Figure 4.25 (a) and (b). 

For testing the fixed polarizer is stationary and the other polarizer is rotated 

from 0° to 180° degrees in increments of 10° degrees.  The purpose of this test is to 

see what the bare photodiode output is with an ideal linear polarizer.  The fixed linear 

polarizer replaces the wire grid polarizer on the IPI to measure the current output with 

an ideal linear polarizer.   
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(a) 

 
(b) 

 
Figure 4.25:  Two Polarizers with Bare Photo-diodes Test Optical Test Bench with (a) 

White Light Source and (b) Laser Source 

4.3.2.1 Two Polarizers Test Results 

 The results of these tests are shown in Figures 4.26-4.29. 
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Figure 4.26:  Two Polarizer Test-Bare Photodiode (HeNe Laser Source) 
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Figure 4.27:  Two Polarizer Test-Bare Photodiode Amplified (HeNe Laser Source) 

 The test results is what was expected.  The maximum current output is when 

the linear polarizers are parallel and the minimum current output is when the 

polarizers are orthogonal.  The test results show what the ideal output of the pixels 

covered with a wire grid polarizer would look like. 
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Figure 4.28:  Two Polarizer Test-Bare Photodiode (White Light Source) 
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Figure 4.29:  Two Polarizer Test-Bare Photodiode Amplified (White Light Source) 

4.3.3 One Polarizer Test 

The purpose of these tests are to verify the performance of the wire grid 

polarizers that have been fabricated on the chip.  The optical test bench used for these 

test is shown with the two different sources in Figure 4.30 (a) and (b). 

 
(a) 

 
(b) 

 
Figure 4.30:  One Polarizer Test with IPI Optical Test Bench with (a) White Light 

Source and (b) Laser Source 
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  For these tests the fixed polarizer is removed and the adjustable polarizer is 

rotated from 0° to 180° degrees in increments of 10° degrees.    All test photodiodes 

are included in this test.  

4.3.3.1 One Polarizer Test Results 

 The results from this test are shown in Figures 4.31-4.43. 
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Figure 4.31:  One Polarizer Test-Bare Photodiode (Laser Source) 
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Figure 4.32:  One Polarizer Test-Bare Photodiodes Amplified (Laser Source) 
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Figure 4.33:  One Polarizer Test-Polarizer Photodiodes (Laser Source) 
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Figure 4.34:  One Polarizer Test-Bare Photodiodes (?=650nm Source) 
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Figure 4.35:  One Polarizer Test-Polarizer Photodiodes (?=650nm Source) 
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Figure 4.36:  One Polarizer Test-Bare Photodiodes (?=750nm Source) 
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Figure 4.37:  One Polarizer Test-Polarizer Photodiodes (?=750nm Source) 
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Figure 4.38:  One Polarizer Test-Bare Photodiodes (?=850nm Source) 
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Figure 4.39:  One Polarizer Test-Polarizer Photodiodes (?=850nm Source) 
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Figure 4.40:  One Polarizer Test-Bare Photodiodes (?=950nm Source) 
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Figure 4.41:  One Polarizer Test-Polarizer Photodiodes (?=950nm Source) 
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Figure 4.42:  One Polarizer Test-Bare Photodiodes (White Light Source) 
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Figure 4.43:  One Polarizer Test-Polarizer Photodiodes (White Light Source) 

 When testing the bare photodiodes, the current outputs should be more flat 

and less sinusoidal.  The light sources may be unstable or polarized.  Better polarizer 

results are shown in Figure 4.33, when the HeNe laser is used as a source. The 

vertical polarizer seems to be out of phase by 180º with the horizontal polarizer 

between the linear polarizer angles of 60º and 140º, although some the data is not 

consistent with theory.  The measurements do get better when tested with a longer 

wavelength source. 
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5.  CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusions   

 All of the IPI digital interface circuitry and of chip test equipment operated as 

expected.  All of the hardware and software used to test the IPI array was tested and 

operated as expected.  The optical light sources and polarizer geometries may have 

resulted in undesirable linear polarization measurements. 

 Reasons for inconsistencies with theory may have resulted from the optical 

light sources, which may not have been stable.  It was observed that the intensity of 

the white light source would change.  The intensity of the white light source was 

adjustable by changing a variable resistor whose value may have change over time as 

temperature increased.  The HeNe laser source took several hours to stabilize and the 

intensity may have changed over time.  The HeNe laser is a random linear 

polarization source. The polarization may be slowly rotating or flip between arbitrary 

orientations [GOLDWASSER].  The HeNe laser a non- ideal source for linear 

polarization measurements. 

Finer geometries may have improved the performance of the wire grid 

polarizers.  This would also achieve a greater fill factor for the image sensor because 

the polarizer wires would be thinner therefore exposing a greater area of the 

photodiode.  The use two metal layers to create a polarizer may not be needed. 

5.2 Recommendations  

  The polarizer geometries are limited by the processes layout design rules.  It 

may have been possible for MOSIS to waive the metal 2 and metal 3 layout design 



 72

rules for the polarizer since it is not an electric circuit.  If this were possible, the 

geometries for the wire polarizer may have been as fine as the grid size.  Finer 

polarizer geometries could have also been achieved if the IPI was fabricated in a 

smaller technology node.  

 The test circuits should be isolated from each other.  The test circuits are 

connected to separate output pad, without the Current Scaling Circuit, it would 

eliminate some sources of parasitic current.  The architecture of the chip could be 

improved by isolating the test pixels from each other.  Placing the test pixels close 

together caused unwanted interference from the optical source when trying isolating 

the output from a single test pixel.  

The Matlab code should be modified when displaying the IPI array results. 

The grayscale shades should be assigned to a range of values instead of white 

assigned to the largest number and black to the smallest number.  A scale will allow 

comparison of different array outputs and result in better interpretation of the array 

results.  The Stokes parameters and degree of polarization equations calculated in 

Matlab, should include calibrated output values from the pixels with  ±45º polarizers.  

These pixels have a 4.5% difference in fill factor from the pixels with the vertical and 

horizontal polarizers. Therefore, these pixels should be calibrated to compensate for 

the smaller current output.   Intensity and average intensity are other parameters that 

could be calculated. 

 Connecting the outputs of the test pixels to separated bonding pads may have 

reduced current leakage and/or parasitic current.  Connecting the output signals from 
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test pixels to a single node that lead to a current amplification circuit may have 

caused current leakage if not all of the desired the NMOS pass gates on the test pixels 

were turned completely off.  The NMOS pass gate, which was not completely 

covered with a metal layer, was exposed to the optical light source. The bare NMOS 

pass-gate may have acted as a photodiode which would have created a parasitic light-

induced current.   

A smaller pixel array and more test pixels may have been more appropriate 

chip architecture since the performance of the wire grid polarizer was unknown.  

More test pixels with different polarizer geometries could have determined what 

geometries worked best as a linear polarizer in the visible wavelength range.   

 Last, a polarization imager in the visible wavelength range could not be 

designed in the AMI 0.5µm process.  The size of the wires has to be 1/10th or smaller 

of the light’s wavelength in order to have an effective polarizer [GRUEV].  

According to this relationship, the wavelengths at which the IPI polarizers may be 

useful wavelengths longer than 3000nm.  An n-well photo-diode may be more 

appropriate to use because it has a longer wavelength response than a pn junction 

photo diode used in this design.  A polarization imager must be designed in a 

fabrication process that allow polarizer geometries fine enough to polarize light 

within the spectral sensitivity of the photodiodes that can be built in that process.  
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APPENDIX A: VHDL Code (FPGA)-Loads Data into Memory  

LIBRARY ieee;  
USE ieee.std_logic_1164.all;  
USE ieee.std_logic_unsigned.all;  
USE ieee.numeric_std.all; 
 
ENTITY IPI IS  
 PORT 
 ( 
     clk, reset:IN STD_LOGIC; 
  we, ce, lb, ub, dastby, adstby, led_test1, led_test2:OUT STD_LOGIC;  
--data input to SRAM 
  SRAM_IN:INOUT STD_LOGIC_VECTOR(15 downto 0);  
--address to SRAM   
  address:INOUT STD_LOGIC_VECTOR(17 downto 0); 
--Converted signal from Integrated Polarization Imager 
  I:IN STD_LOGIC_VECTOR(9 downto 0) 
 ); 
END IPI;  
 
ARCHITECTURE test_arch OF IPI IS  
BEGIN 
PROCESS(clk) 
--pix_count is used to reset the address 
VARIABLE pix_count: integer:=0;  
   BEGIN 
--Selects A/D Converter and puts the D/A converter in sleep mode.  
 adstby<='0';  
 dastby<='1';  
--Following output signals put the SRAM in read mode.  
 we<='0';  
 ce<='0';  
 lb<='0';  
 ub<='0';  
--led_test1 is high when data is being written to the SRAM  
 led_test1<='0';  
 SRAM_IN<= "000000" & I(9) & I(8) & I(7) & I(6) & I(5)& I(4)& I(3)& I(2)& I(1)& I(0);  
 address<="000000000000000000";    
--led_test2 is high when data is not being written to the SRAM  
 IF (reset = '1') then 
  led_test2<='1';   
 ELSE 
  led_test2<='0';  
 END IF; 
  IF (reset = '0') THEN 
      IF (clk'event AND clk = '1') THEN     
        SRAM_IN<= "000000" & I(9) & I(8) & I(7) & I(6) & I(5)& I(4)& 
I(3)& I(2)& I(1)& I(0);  
            address<=address+"000000000000000001"; 
     pix_count:=pix_count+1;  
     led_test1<='1';  
      IF (pix_count > 9215) THEN 
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       address<="000000000000000000";  
       pix_count:=0;  
      END IF;  
       ELSE 
    SRAM_IN<=SRAM_IN;  
       address<=address; 
    led_test1<='1';  
         END IF; 
  END IF; 
 END PROCESS; 
END test_arch; 
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APPENDIX B: Matlab Code-Array Test 
 
 
clc;  
clear all; 
FID=fopen('test0.hex','r'); %open file 
A=fgetl(FID);  
A1 = sscanf(A, '%x', [4,inf]); %read hex data from note pad and coverts to decimal value 
tempd=[]; 
 
i=0; 
while(A~=-1) 
 i=i+1; 
    IV=A1(1,:);  %vertical pixel value 
    IM=A1(2,:);  %-45 degree pixel value 
    IP=A1(3,:);  %+45 degree pixel value 
    IH=A1(4,:);  %horizontal pixel value 
    S1(i,1)=(IH-IV)/(IH+IV); %Stokes Parameter 
    S2(i,1)=(IP-IM)/(IP+IM); %Stokes Parameter 
    DOP(i,1)=sqrt(((IH-IV)^2+(IP-IM)^2)/((IH+IV+IP+IM)/2)^2); %Degree of Polarization 
     
    tempd=[tempd;IV];  
    tempd=[tempd;IM];  
    tempd=[tempd;IP];  
    tempd=[tempd;IH];  
    A=fgetl(FID);  
    if(A~=-1) 
    A1 = sscanf(A, '%x', [4,inf]); 
    end     
end 
fclose(FID);  
tempd;  
 
r=96;  %*********************number of rows  
c=96;  %*********************number of columns  
x=tempd(1:r*c); %array size 
 
kv=1; 
km=1; 
kp=1; 
kh=1; 
k=1; 
y=0; 
%while loop arranges data into by polarizer into four seperate columns  
while (k<=(r*c)) 
    y=y+1;     
    if y==1 
            V(kv,1)=x(k,1);  
            kv=kv+1;  
    elseif y==2 
            M(km,1)=x(k,1); 
            km=km+1; 
    elseif y==3 
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            P(kp,1)=x(k,1); 
            kp=kp+1; 
    else 
            H(kh,1)=x(k,1);  
            kh=kh+1; 
            y=0; 
    end 
    k=k+1;       
end 
%Groups pixels into 2-D array quadrants by polarizer%%%%%%%%%%%%%%%%%% 
k=1; 
for ii=1:r/2 
    for jj=1:c/2 
        samp1(ii,jj)=V(k,1); 
        k=k+1; 
    end 
end 
k=1; 
for ii=1:r/2 
    for jj=(c/2+1):c 
        samp1(ii,jj)=M(k,1); 
        k=k+1; 
    end 
end 
k=1; 
for ii=(r/2+1):r 
    for jj=1:c/2 
        samp1(ii,jj)=P(k,1); 
        k=k+1; 
    end 
end 
k=1; 
for ii=(r/2+1):r 
    for jj=(c/2+1):c 
        samp1(ii,jj)=H(k,1);  
        k=k+1; 
    end 
end 
figure;  
pic = samp1; 
colormap(gray); 
X=imagesc(pic);  
title('PIXELS GROUPED IN QUADRANTS BY POLARIZER');  
 
%arranges pixels into a 2-D array in their original 
order%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
kv=1; 
km=1; 
kp=1; 
kh=1; 
 
for ii=1:r 
    for jj=1:c 
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        if mod(ii,2)==1%************************ODD ROW 
            if mod(jj,2)==1%********************ODD COLUMN 
                samp2(ii,jj)=V(kv,1);  
                kv=kv+1;  
            else%*******************************EVEN COLUMN 
                samp2(ii,jj)=M(km,1);  
                km=km+1; 
            end 
        else%***********************************EVEN ROW 
            if mod(jj,2)==1%********************ODD COLUMN 
                samp2(ii,jj)=P(kp,1); 
                kp=kp+1; 
            else%*******************************EVEN COLUMN 
                samp2(ii,jj)=H(kh,1);  
                kh=kh+1; 
            end 
        end 
    end 
end 
figure;  
pic = samp2; 
colormap(gray); 
Y=imagesc(pic);  
title('IPI INTENSITY OUTPUT');  
%Creates 2-D array images for Degree of Polarization, S1 and S2 
k=1; 
for ii=1:r/4 
    for jj=1:c/4 
        stokes1(ii,jj)=S1(k,1);  
        stokes2(ii,jj)=S2(k,1);  
        dop(ii,jj)=DOP(k,1); 
        k=k+1; 
    end 
end 
figure;  
pic = stokes1; 
colormap(gray); 
Y=imagesc(pic);  
title('Stokes Parameter S1'); 
figure;  
pic = stokes2; 
colormap(gray); 
Y=imagesc(pic);  
title('Stokes Parameter S2'); 
figure;  
pic = dop; 
colormap(gray); 
Y=imagesc(pic);  
title('Degree of Polarization'); 
 
 
 



 81

APPENDIX C: Matlab Code-A/D Converter Test  
 
clc;  
clear all; 
FID=fopen('test0.hex','r'); %open file 
A=fgetl(FID);  
A1 = sscanf(A, '%x', [4,inf]); %read hex data 
tempd=[]; 
i=0; 
while(A~=-1) 
    i=i+1; 
    IV=A1(1,:);  %vertical pixel value 
    IM=A1(2,:);  %-45 degree pixel value 
    IP=A1(3,:);  %+45 degree pixel value 
    IH=A1(4,:);  %horizontal pixel value 
  
    tempd=[tempd;IV];  
    tempd=[tempd;IM];  
    tempd=[tempd;IP];  
    tempd=[tempd;IH];  
    A=fgetl(FID);  
    if(A~=-1) 
        A1 = sscanf(A, '%x', [4,inf]); 
    end 
end 
fclose(FID);  
tempd;  
 
figure;  
plot(tempd);  
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APPENDIX D: IPI Array Testing Results 
 
Linear Polarizer Angle=0° 

                                    

  (a)                                                                 (b) 

Figure D.1:  IPI Array Intensity (a) Output (b) Grouped in Quadrants by Polarizers. 

                                     

(a)                                                                       (b) 

Figure D.2:  IPI Array Stokes Parameters (a) Output (b) Grouped by Polarizers. 

 

Figure D.3:  IPI Array Degree of Polarization. 
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Linear Polarizer Angle=45° 

                                      

(a)                                                                                    (b) 

Figure D.4:  IPI Array Intensity (a) Output (b) Grouped in Quadrants by Polarizers. 

                                      

(a)                                                                       (b) 

Figure D.5:  IPI Array Stokes Parameters (a) Output (b) Grouped by Polarizers. 

 

Figure D.6:  IPI Array Degree of Polarization. 
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Linear Polarizer Angle=90° 

                                     

(a)                                                                                    (b) 

Figure D.7:  IPI Array Intensity (a) Output (b) Grouped in Quadrants by Polarizers. 

                                      

(a)                                                                       (b) 

Figure D.8:  IPI Array Stokes Parameters (a) Output (b) Grouped by Polarizers. 

             

Figure D.9:  IPI Array Degree of Polarization 
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Linear Polarizer Angle=135° 

                                      

(a)                                                                                    (b) 

Figure D.10:  IPI Array Intensity (a) Output (b) Grouped in Quadrants by Polarizers 

                                      

(a)                                                                       (b) 

Figure D.11:  IPI Array Stokes Parameters (a) Output (b) Grouped by Polarizers 

 

Figure D.12:  IPI Array Degree of Polarization 

 

 

 


