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Figure 8.5- Power spectrum of a zero-strained sample, polarizer only. The polarizer is 
rotating at 115 Hz. No chopper is present. The spacing of the harmonics is also 115 
Hz. The magnitude of the components as frequency increases suggests it is related to 
Bessel functions (inset shows oth, 1st and Z'd order functions). Note the strongly 
attenuated harmonic around 1725 Hz. 

8.2 Mechanical Phase Modulation of Optical Waves 

An optical EM wave can be modulated by varying the index of refraction of the 

transparent material it is propagating through. Modulation can also be achieved if the 

beam is propagating through two or more mediums with dissimilar refraction indices and 

the ratio of the propagation distance through the mediums is altered in time. If we are 

interested only in the total change of the wave phase, rather than its actual phase value at 

a given space and time, this scenario can be simplified to traveling a fixed distanced 

through the two mediums where the spatial location of their interface is changing in time. 

In other words, the ratio of distance traveled through each medium is time varying. This 
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is illustrated in Figure 8.6 for the case of a sinusoidally varying interface location 

between air and glass. 

y=O 

glass 
np 

air 
n=1 

Figure 8.6- Simplified model of time-varying interface location. Assume a 
sinusoidally changing position of the interface between two materials with 
dissimilar indices of refraction. The mean location of the interface is y=y/IIJ the 
location at any given instant of time is Y:.YI and the location of the photodetector is 
at Y:Yd· The index of refraction of the glass is np-

If we assume an initial phase of zero at time zero and ignore wave polarization 

then they-propagating electric field of an optical wave is generally 

E(y, t) = Re~N }= cos(mt- ky) =co{ mt-
2~ y), (8.1) 

where m is the angular frequency, n is the index of refraction of the material, A. is the 

wavelength of light in the material (not necessarily a vacuum) and tis time. We can find 

an expression for the electric field phase aty=yd by considering the wave propagating in 

glass, where the initial phase must be determined at the boundary y=y;. 

(8.2) 
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where np is the index of the glass material and .Ap is the wavelength of light in the glass. 

Similarly, we can fmd the phase term aty=yd by using the angle from Eq. (8.2) as an 

initial condition. 

iD(y ~ yd,t)~( ad-~ n,(yd -y,))+ ~: n,y,) 

~mt-27r[ ~ (yd- y,)+ n~~'l 
(8.3) 

where no and Ao are the index of refraction and wavelength in air, respectively. Substitute 

for y; a sinusoidally varying position with amplitude and mean Ym and angular frequency 

(8.4) 

Since we are primarily interested in how the phase will be changing in time at the 

detector, we take the derivative, 

(8.5) 

Equations (8.4) and (8.5) show that sinusoidally varying the position of the material 

interface results in sinusoidal frequency modulation (time rate of change of phase) of the 

propagating electrical field. Eq. (8.4) can be generalized as 

(J>{y = y d, t) = OJt - C cos( OJ mt) + (J> i (8.6) 
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where C represents the depth of modulation which is a constant that is dependent on the 

index of refraction of the two mediums and the mean and amplitude of the modulating 

signal, and an initial phase constant represented by f/J;. Since Eq. (8.5) can also be 

generalized to the same form, for the purposes of this discussion without actual values for 

the constants, the modulation can be equally considered frequency or phase modulation. 

These equations provide insight into interpreting the results of Figure 8.5. 

If we consider that the rotating polarizer glass may not have uniform thickness, 

then the actual thickness seen by the propagating beam will be dependent on its location 

on the glass at a given instant. If the beam is not aimed at the centre of rotation, then the 

thickness seen by the optical beam will be changing periodically with angular frequency 

It is unlikely that the actual thickness variation as the glass is spun past the beam 

is monotonically sinusoidal as in our example above. However, since the thickness is 

periodic with angular frequencya>m we can expand it as a Fourier series. We will assume 

the initial phase constant l/J;, is zero. 

Q>(y = yd,t)= mt-Cm(t) (8.7) 

where m(t) is some periodic modulating function and C is the modulation depth. 

Expanding m(t) we have 

00 

m(t) = a0 + L ak cos(mmt )+ bk sin(mmt ), (8.8) 
k=l 

and Eq. (8.7) can be rewritten as 
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(8.9) 

where the constant C has been absorbed into the Fourier coefficients. Recall that Eq. 

(8.9) is the phase term of the optical electric field wave, where m is the frequency of the 

light wave ( ~ 1014 Hz). Thus, the periodic electric field wave is phase modulated by a 

sum oflow frequency harmonic waves. Mathematical analysis of multi-frequency phase 

modulation of a single carrier wave is complex and can be found in other references 

[50,51]. To summarize the findings in [51] and apply them to the propagating electric 

field, for a sinusoidal wave that is frequency modulated by k harmonics of OJm, we find the 

electric field incident on the detector is 

(8.10) 

where Jn is the nth order Bessel fimction, me is now the carrier angular frequency, and zi 

and ~ are defmed as 

(8.11) 

B,=tan-'(-d,} i=l, 2, ... k (8.12) 

Some important results found by [51] are worth mentioning. The frequency spectrum is 

centered on me, the fimdamental frequency of the optical light wave in our case. 

Sidebands appear on either side of me separated by mm where the harmonic amplitude is 
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determined from Eq. (8.10). Furthermore, Figure 8.7 below (copied directly from [51]) 

illustrates through example that frequency modulation can create asymmetry in the 

sidebands and harmonics can appear missing (or highly attenuated). 

Figure 8.7- Two-tone frequency modulation. Left) 5 and 10kHz modulation with 10kHz 
deviation. Notice the asymmetry about the carrier f0• Right) Two-tone modulation can 
create attenuated harmonics that may appear missing or buried in the measured spectrum. 
Copied directly from [51]. 

The evidence from the DOP spectral analysis suggests that the off-centre focus of 

an optical beam onto a rotating transparent medium that is not uniformly thick will 

produce multi-tone phase modulation of the electric field wave. This will create a series 

of sidebands centred on the carrier wave frequency. However this does not explain why 

the sidebands appear at base band frequencies. In order to understand the low frequency 

power spectrum in Figure 8.5, we must consider the effect of the photodetector. When 

the electrical field of the optical beam is incident on the photodetector, the response is 

proportional to the square of the electric field. 

(8.13) 
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where Vis the voltage response from the photodetector. The squared response is 

important since without it the phase modulation sidebands would only exist in the 

terahertz range. Multiplying the electric field with itself creates sum and difference 

frequencies of all the sidebands in accordance with Eq. (3.4) for phase sensitive detection. 

It is obvious in this case that the electric field is frequency and phase matched with itself 

(homodyning). As a result, we would expect that the terahertz sidebands are shifted down 

to low frequencies such that the carrier frequency is now zero. As a fmal note on 

homodyning, since both sidebands around the carrier frequencies are involved in sum­

difference generation, any asymmetry will play a role in determining the magnitudes of 

the low frequency components. 

The overall magnitude (envelope) of the phase modulated sidebands is generally a 

function of the depth of modulation, which in this case is determined by the thickness 

variation in the rotating glass. If the variance is not a significant fraction of a wavelength, 

it is unlikely the effect would be strong enough to be detectable let alone interfere with 

our DOP measurements. 

In order to confirm that the time varying thickness of the glass medium is creating 

phase modulation harmonics in the base band, a simulation of the model is carried out in 

MA TLAB and presented below. 

8.3 Simulation of Mechanical Phase Modulation 

This chapter has demonstrated that a light beam passing through a transparent 

medium with periodically varying thickness will phase modulate the electric field. We 
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Figure 8.8- Interferometer reflection scan of the Polarcor polarized glass. The area 
scanned is approximately 1.3 mm by 1.8 mm. Left) Contour maps of the glass surface. 
Right) Surface profile along the line indicated in the figure. The surface imperfections 
appear to be on the order of several hundred nanometers. The ringing around the 
edges is likely caused by diffraction effects and is unlikely representative of actual 
surface elevation. 

need to discover if the variation in the polarized glass disc used in the DOP experiment is 

sufficient to not only create harmonics, but shift them to base band as well as seen in 

Figure 8.5. To investigate this, a reflection scan (Zygo Newview 6000 interferometer) of 

the glass was used to get an approximation for typical surface features. Figure 8.8 shows 

a scan of a random location on both the top and the bottom of the glass. It appears that 

the surface is covered with many individual imperfections, where the magnitude of the 

imperfection can be several hundred nanometers. Since the wavelength of the 

photoluminescence in the DOP experiment is approximately 900 nm, the imperfections 

appear to range from A../8 to A../3. 
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We can simulate the effect of the variations in the glass by creating a modulation 

function similar to the profiles in right side of Figure 8.8. To simulate /../8 and 'A/3 

variations, the amplitude of the phase modulating function will be 2n/8 and 2n/3 

respectively. In order to numerically evaluate Eq. (8.7), we cannot use the actual 

frequency of the light wave since the carrier frequency (~1014 Hz) would take far too 

many data samples to complete the necessary mechanical cycles at 115 Hz. However, 

since phase modulation is independent of the carrier frequency value, we can change it to 

a much lower frequency without invalidating the results. To calculate the spectrum 

created by the rotating polarized glass we have 

V(t)= E2 (t)= cos2 (mt -Cm(t)), (8.14) 

where C={27r/8,2m'3} and a sample function for the 2nlmm periodic wave m(t) is shown 

inset in Figure 8.9. The choice for m is arbitrary as long as m >> mm. Plotted in Figure 

8.9 is the spectrum of a phase modulated electric field in accordance with Eq. (8.7). The 

top of Figure 8.9 shows that the 10kHz electric field has undergone phase modulation 

with sidebands separated by 100Hz. Squaring the electric field has created all the 2m 

centred frequencies but not the difference frequencies at base band as we were expecting. 

It appears that a single pass through of a varying medium is insufficient to create the base 

band harmonics present in our DOP experiment due to cancellations between the 

generated base band harmonics. 
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Figure 8.9- Power spectrum of simulated photodetector output. Carrier is 10kHz and 
phase modulation is 100Hz. Depth of phase modulation is 1118. Top) Spectrum of the 
phase modulated electric field. One period of the normalized modulating function is 
shown inset. Bottom) Spectrum of the electric field squared. 

However, the glass medium in our DOP experiment forms a Fabry-Perot cavity in 

which some of the light is reflected twice off the interior sides of the front and back facets 

before interfering with pass-through light. The equations for the interfering light waves 

are 

E P (t):;::: cos(wt- Cm(t )) , Eq. (8.15a) 

ER (t) = R 2 cos(wt- 3Cm(t )) , Eq.(8.15b) 

Er (t) = cos(wt- Cm(t ))+ R2 cos(wt- 3Cm(t )) , Eq. (8.15c) 
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where Ep(t), ER(t), Er(t) are the electric fields of the pass through, reflected and total 

respectively, R is the reflection coefficient and the factor of 3 accounts for the extra 

distance the reflected wave travels through the medium. The total electric field wave is 

then the sum of Equations (8.15a) and (8.15b). For the Polarcor glass, the index of 

refraction is 1.54, meaning the reflection coefficient is approximately 0.045, calculated 

from the Fresnel equations. Eq. (8.15c) has been plotted below in Figure 8.10 for a 10 

kHz carrier, 100Hz modulation frequency, and both modulation depths of2n/3 an 8n/3. 

A reflection coefficient of0.3 was used instead of0.045 in order to emphasize the 

: : ----------------------,-----------------:-------,-------. . . . . . . . 
____________________ _!. _______________________ j ______ _ 

. . -------------,------------------------.,-------. . . . . . . . . . . . ____________ ..._ ______ ___ ______________ .. ______ _ 

Figure 8.10- Baseband generation of phase modulation harmonics using Fabry-Perot 
effect. Reflection coefficient of 0.3 is used to emphasize the contrast with Figure 8.9. 
Top) Squared electric field response for modulation depth of A/8. Bottom) Modulation 
depth of A/3. 
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contrast with Figure 8.9 that without the Fabry-Perot effect, the base band generation will 

not occur. Notice that in the figures the spectral width of the carrier is not perfectly 

monochromatic due to a finite discrete sequence length in MA TLAB. As a result, this 

artificial broadening is also appearing in the base band and obscuring the harmonics we 

are looking for. With a reflection coefficient of 0.045, they will no longer be discemable 

in the plot. Fortunately, it is easy to estimate the magnitude. The amplitude of the 

reflected wave will be 0.0452 or 2.025 x 1 o-3 which corresponds to a difference in the 

power spectral density plot of approximately -27 dB. If we refer back to Figure 8.1, we 

see the difference in power between the PL and the modulation harmonics is 

approximately 30 dB, in line with our expectations for a material with an index of 

refraction of 1.54. 

8.4 The Total Spectrum 

It is now probable that the rotating polarizer will generate measurable harmonics 

at integer multiples of its mechanical frequency. These shall be considered primary 

harmonics. Once again employing Eq. (3.4), when the chopper signal (Figure 8.4) is 

modulated by the transfer function of the polarizer (Figure 8.5) the fundamental 1070 Hz 

signal will create sum and difference signals with each of the primary harmonics (115n 

were n is the nth harmonic for 115Hz rotation), the result of which shall be considered 

secondary harmonics. Furthermore, the chopper signal is neither a pure square wave nor 

sinusoid, thus additional components near the fundamental are also present in Figure 8.4 

(e.g. 1070 ± 25Hz @ 45 dB). Each of these nearby chopper sidebands will also create 
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Table 8.1 -Harmonic generation for 115Hz polarizer and 1070 Hz chopper 

Harmonic Harmonic Frequencies (Hz) Type 

Primary 115 Ill 345 460 575 690 805 920 1035 1150 1265 

Secondary 955 840 725 610 495 380 KG 150 35 80 Ill (Diff) 

Secondary 1185 1300 1415 1530 1645 1760 1875 1990 2105 2220 2335 
(Sum) 

Tertiary 980 865 750 635 520 405 290 175 60 55 170 (1095Hz) 
Tertiary 930 815 700 585 470 355 240 125 10 105 220 (1045Hz) 

Table 8.1- The fundamental frequency for primary generation is 115Hz. Fundamental 
frequency for sum and difference secondary generation is 1070Hz. Difference-only 
tertiary generation is shown for 1070i:25 Hz. The frequencies most likely to create 
noise in our DOP readings are the secondary harmonics at 195 and 265Hz for phase 
sensitive detection at 230 Hz. 

sum and difference components with each of the primary harmonics, creating tertiary 

harmonics. To be as accurate as possible, the multiples of the chopper frequency must 

also be considered in sum and difference generation however these will be neglected to 

keep the analysis manageable since the primary harmonics at these frequencies are of far 

less strength as can be seen in Figure 8.1. Table 8.1 above calculates the primary, 

secondary and one pair of difference tertiary harmonics for chopper and polarizer 

frequencies of 1070 Hz and 115 Hz respectively with chopper sidebands of 1 070±25 Hz 

as seen in Figure 8.1. 

Figure 8.11 below shows a zoomed view ofthe spectrum shown in Figure 8.1 in 

the vicinity of 230 Hz, the frequency at which we measure the polarizer response. The 

primary and secondary frequencies predicted in Table 8.1 are present. 
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Figure 8.11 - Close-up view of Figure 8.1 in the vicinity of 230 Hz. The predicted 
primary and secondary harmonics are clearly visible. 

8.5 Optimizing the Polarizer and Chopper Frequencies 

The DOP maps can be optimized by selecting frequencies for the polarizer and 

chopper such that the secondary harmonics are spectrally as far as possible from the 

polarizer and chopper signal. The results of Table 8.1 can be empirically summarized by 

defining the beat frequency to be the difference between the chopper and the nearest 

primary harmonic. Beat harmonics (separated by the beat frequency) will appear on b.oth 

sides of every primary harmonic since these are the sources of the beating. Therefore, we 

can minimize the impact by selecting frequencies such that the beat frequency is 1/3 rd the 

mechanical frequency of the polarizer. A beat frequency of anything greater or less than 
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Polarizer t 
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I Harmonic Harmonic 
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,, 
1035 1073 1112 1150 

Frequency {Hz) 

Figure 8.12 - Optimal configuration of the polarizer and chopper frequencies. The beat 
frequency is determined by the difference between the chopper and the nearest primary 
harmonic. In the case above, the nearest primary harmonic is 1035 Hz creating a beat 
frequency of 38 Hz. While increasing the beat frequency will move the secondary 
harmonics further from the polarizer, it will also move the beat frequency closer to the 
chopper. 

1/3 rd of the mechanical frequency will move the secondary harmonics closer to the 

chopper or polarizer signals of interest. By setting the polarizer rotation at 115 Hz and 

the chopper at 1070Hz, the beat frequency is 35Hz where as optimal beat frequency 

would be 115/3 = 38.3 Hz. This situation is illustrated in Figure 8.12 for the optimal 

configuration. 

By examining Figure 8.12, we see that if we increase the beat frequency past the 

l/3rd mechanical frequency point, the secondary harmonic at 1112Hz will be getting 

closer to the chopper signal as it gets further from 1150 Hz. Further enhancement may 

possibly be gained by fmding the location at which the choppers nearest primary 
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harmonic and secondary harmonic are not at equal distances, but at equal effective 

magnitudes when the frequency response of the post-multiply lowpass filtering is 

accounted for. Finally, the power line harmonics must also be considered. In Figures 8.2 

and 8.3, the even harmonics of the power line were not significant, however the odd 

harmonics were. As a result, I have chosen to set the polarizer at 230Hz and the chopper 

at 1070 Hz in order to keep the polarizer at a reasonable distance from the power line 

harmonics as well. It should be mentioned that the step resolution of the chopper 

frequency is 10 Hz. To illustrate the impact of poor frequency configuration and thus the 

secondary harmonics on the DOP maps, two DOP maps are presented below. 

The left side of Figure 8.13 shows a scan where the polarizer and chopper are set 

to 230Hz and 1040Hz respectively. Using our empirical analysis, this creates a beat 

frequency of 5 Hz. The secondary harmonic will be well within the passband of the 

Polarizer = 230 Hz, Chopper = 1 040 Hz 
Beat Frequency = 5 Hz 

DOP Offset= 0.123%, Noise Level= ±0.167% DOP 

Polarizer = 230 Hz, Chopper = 1070 H.z 
Maximum Phase Modulation 

DOP Offset = 3.260%, Noise Level = ±0.079% DOP 

Figure 8.13- Effect of secondary harmonics in a poor frequency configuration. Left) 
The PL is focused near (but not at) the centre of the 230 Hz rotating polarizer, but the 
chopper is configured for 1040 Hz, resulting in a beat frequency of 5 Hl. Righ~ The 
chopper is configured for 1070Hz, but the PL is focused at approximately 213' of the 
radius from the centre of rotation. 
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output stage lowpass filtering, and as a result the periodic noise is clearly evident in the 

scan and the map is of poor quality. The right side of Figure 8.13 has returned the 

polarizer and chopper to 230Hz and 1070Hz respectively, but the polarizer motor has 

been translated such that the beam is now focused far from the centre of rotation, thus 

increasing the magnitude of the primary and secondary harmonics. We see that while the 

noise has increased slightly (typical RMS noise in Chapter 6 was found to be between 

0.050% and 0.065%), the map is still fairly accurate however the DOP now has a large 

offset in the unstrained region. The strength of the secondary harmonics is very strong, 

however the 3 5 Hz beat frequency has ensured the interfering signal is not in the 

passband of the output stage. Moreover, the polarizer demodulation frequency of230 Hz 

is itself a primary harmonic, and this harmonic will appear as an offset in the DOP 

reading. In this case, an offset of over 3% is measured. For contrast, the maximum 

variation in DOP between the assumed unstrained region (green) and the highly strained 

regions around the center rib is approximately 1.5%. 

With respect to the mechanically induced optical phase modulation present in the 

DOP experiment, it is important to choose good frequencies at which to operate the 

polarizer and chopper, as well as ensure that the optical beam is focused on or close to the 

centre of the rotating polarizer glass. Failure to perform the former will have significant 

impact on the amount of noise present in DOP maps. Failure to perform the latter will 

have a much smaller impact on noise, but will heavily influence the average DOP seen 

from the sample. The basis for locating the centre of rotation on the polarizer is simple; 

when the HeN e laser is focused on a spatial location with an expected zero degree of 
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polarization, the reading from the lock-in amplifier should also be zero. A suggested 

procedure to minimize the effects of the frequency modulation is to: 

i) Calibrate the zero level reading by measuring PL/DOP/ROP with the beam 

blocked. This will remove any offsets introduced by the electronics. 

ii) Unblock the beam, and position the sample under study so the HeNe is 

focused on a location far from any strain inducing effects, where the DOP 

is expected to be zero but the PL is nonzero. If the DOP/ROP reading is 

not zero, continue on to step iii). 

iii) Translate the polarizer motor along the horizontal x-axis to fmd the 

opposite edges of the glass. The PL will drop dramatically at the edge. 

Estimate and set the motor at the location of the middle. 

iv) Repeat step iii) for the vertical z-axis. 

v) Fine tune the position of the motor in both x and z directions until the DOP 

and ROP readings are as close to zero as possible. 
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Chapter 9. Conclusions 

This thesis has reported the results of a thorough investigation of the DOP 

experiment. Previously unexplained behavior with regards to noise and error as the 

optical chopper frequency varied has been spectrally examined and found to be the result 

of sideband generation of beat frequencies between the optical chopper and polarizer. 

The origin of these frequencies is hypothesized to be caused by mechanical frequency 

modulation of the terahertz light wave by the rotating polarizer. A physical model 

explaining the phenomenon was presented. Recommendations and procedures for 

minimizing the impact of the interfering harmonics have been established. A reduction in 

noise level of roughly 50% for typical DOP scan times has been achieved on both the 

original analog and new digital systems by minimizing harmonics. 

The research was carried out by replacing the analog phase sensitive detection 

circuit with a modular digital system. The design of the system was presented along with 

several novel techniques for synchronizing phase sensitive detectors and expanding their 

capabilities. The platform style of system construction will provide researchers with a 

reconfigurable architecture that can be modified for their own research with far less 

expertise and time required versus a full-custom solution. The platform also provides a 

feature rich alternative to purchasing expensive commercial equipment. 

This thesis covered a broad range of topics including DOP theory, quantization 

analysis, recommended procedures and provides a design reference for graduate students 

new to digital system design. Hopefully this contribution will improve both the 

engineering knowledge and skills of future DOP researchers. 
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Appendix A. Two's Complement Binary Number System 

A firm understanding of two's complement binary numbers is absolutely essential 

to working with digital signal processing systems. Binary numbers are often referred to 

as unsigned or signed where unsigned means the numbers are non-negative. Unsigned 

numbers follow the typical numerical rules for a base-2 counting system. Below are 

some examples of 8-bit binary numbers and their unsigned base-16 and base-l 0 

equivalents. Note that it is conventional to precede a hex number with 'Ox' to indicate 

hexadecimal. The subscript in parentheses indicates the number base. 

0000 0000(2) ~ OxOO(t6) ~Ooo) 

0111 1111(2) ~ Ox7F(t6) ~ 127oo) 

1000 0000(2) ~ Ox80(t6) ~ 128oo) 

1111 1111(2) ~ OxFF(t6) ~ 255oo) 

(A.l) 

(A.2) 

(A.3) 

(A.4) 

When a binary number system includes negative numbers, 2's complement notation is 

used. In 2's complement notation, the most significant bit (MSB) of the binary number is 

the sign bit. A sign bit of '0' means the number is positive, and will follow the 

conventional number rules. A sign-bit of' 1' indicates the number is negative, however 

the remaining bits do not follow the same convention as the positive numbers. The 

reason for this is if negative numbers had the same representation as positive numbers, 

but with the MSB as '1 ', they would not follow the rules for binary arithmetic, i.e. adding 

two numbers would give you the wrong answer. 2's complement ensures all arithmetic 
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rules will apply and give you the correct answer regardless of whether the numbers are 

actually signed or unsigned. 

The following equations describe how to convert a decimal number to a 2' s 

complement n-bit number. 

2s_comp__pos = dec_to_bin(positive_number, n), (A.5a) 

2s _comp _neg = dec _to_ bin( (negative_ number + 2"), n), (A.5b) 

where 2s _ comp __pos and 2s _comp _neg are the 2' s complement positive and negative 

numbers respectively, and dec _to_ bin is a function that takes in a positive number and the 

number of bits to convert it to. 

The following equations describe how to convert a 2' s complement binary number 

to a decimal number. 

dec_ msb _zero = bin _to_ dec(2s _ comp __ps), 

dec_ msb _one = bin _to_ dec(2s _ comp __ps) - 2", 

(A.6a) 

(A.6b) 

where dec msb zero is to be used ifthe MSB is '0' and dec msb one is to be used if the - - - -

MSB is '1 '. 

Alternatively, a common method for finding the 2' s complement of a binary 

number is to copy (or keep the same) all bits starting from the LSB until the first ' 1 ' is 

reached. Then all remaining bits after that ' 1 ' to the MSB should be inverted. An 

example of this transformation is shown in Eq. (A.7). This transformation illustrates the 

2's complement representation for -11 Ooo)· 

0110 1110(2) 7 1001 0010(2) (A.7) 
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Some examples are shown below for an 8-bit 2' s complement system. 

Ooo) -7 0000 0000(2) -7 OxOO(t6) 

127(lo) -7 0111 1111(2) -7 Ox7F(l6) 

-1(lo) -7 1111 1111(2) -7 OxFF(t6) 

-128(lo) -7 1000 0000(2) -7 Ox80(t6) 

The range of ann-bit 2's complement number is defmed as 

-2(n-I) ~range~ (2(n-J))-1 
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Appendix B. Glossary of Terms 

ADC -analog to digital converter. 

CED- command encoder/decoder. Used to process and create communication protocol 
packets. 

CSR- configuration status register. Stores device configuration and status for the 
system. 

DAC- digital to analog converter. 

DLIA- digital lock-in amplifier. 

DOP- degree of polarization. Refers generally to the experiment or to polarization 
induced by direct strain. 

DSP - digital signal processing. Analog data has been quantized and processed 
discretely. 

FIR- finite impulse response. A type of discrete filter. 

FPGA -field programmable gate array. A reconfigurable digital logic device. 

FSM- finite state machine. A digital circuit that implements a state-transition diagram. 

PL - photoluminescence. The total light emitted from the sample that is excited by a 
pump laser. 

ROP- rotated degree of polarization. Refers to polarization induced by shear strain. 

RAM- random access memory. 

ROM- read-only memory. 

SRAM - synchronous random access memory. 
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