
 

 

 
NAVAL 

POSTGRADUATE 
SCHOOL 

 
MONTEREY, CALIFORNIA 

 

 
THESIS 

 

Approved for public release; distribution is unlimited 

PHOTONIC ANALOG-TO-DIGITAL CONVERSION USING 
A ROBUST SYMMETRICAL NUMBER SYSTEM 

 
by 
 

Adam S. Fisher 
 

June 2005 
 
 

 Thesis Advisor:   Phillip E. Pace 
 Second Reader: John P. Powers 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

THIS PAGE INTENTIONALLY LEFT BLANK 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



i

 REPORT DOCUMENTATION PAGE Form Approved OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including 
the time for reviewing instruction, searching existing data sources, gathering and maintaining the data needed, and 
completing and reviewing the collection of information. Send comments regarding this burden estimate or any 
other aspect of this collection of information, including suggestions for reducing this burden, to Washington 
headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project 
(0704-0188) Washington DC 20503. 
1. AGENCY USE ONLY (Leave blank) 
 

2. REPORT DATE  
June 2005 

3. REPORT TYPE AND DATES COVERED 
Master’s Thesis 

  4. TITLE AND SUBTITLE:  Photonic Analog-to-Digital Conversion Using a 
Robust Symmetrical Number System 
6. AUTHOR(S)  Adam S. Fisher 

5. FUNDING NUMBERS 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Postgraduate School 
Monterey, CA  93943-5000 

8. PERFORMING 
ORGANIZATION REPORT 
NUMBER     

9. SPONSORING /MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
N/A 

10. SPONSORING/MONITORING 
     AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES  The views expressed in this thesis are those of the author and do not reflect the official 
policy or position of the Department of Defense or the U.S. Government. 
12a. DISTRIBUTION / AVAILABILITY STATEMENT   
Approved for public release; distribution is unlimited 

12b. DISTRIBUTION CODE 

13. ABSTRACT (maximum 200 words)  
 
A photonic analog-to-digital converter (ADC) based on a robust symmetrical number system (RSNS) was con-

structed and tested. The analog signal to be converted is used to amplitude modulate an optical pulse from a laser using three 
Mach-Zehnder interferometers (MZI). The Mach-Zehnder interferometers fold the input analog signal for a three-channel 
RSNS encoding. The folding waveforms are then detected and amplitude-analyzed by three separate comparator banks, the 
outputs of which are used to determine a digital representation of the analog signal. 

This design uses the RSNS preprocessing to encode the signal with the fewest number of comparators for any se-
lected bit resolution. In addition to the efficiency of its use of comparators, the RSNS encoding has inherent Gray-code proper-
ties making it particularly attractive for eliminating any possible encoding errors. The RSNS encoding is combined with an 
optical infrastructure that offers high bandwidth and low insertion loss characteristics. 
A full implementation was constructed and tested. The lack of a high-speed data acquisition device limited the results to 
examining the preprocessing and digital processing separately. With the system integration of a data acquisition device, a 
wideband direct digital antenna architecture can be demonstrated. 
 

15. NUMBER OF 
PAGES  

75 

14. SUBJECT TERMS   
Robust Symmetrical Number System, Photonic Analog-To-Digital Converter, Mode-Locked Laser 

16. PRICE CODE 

17. SECURITY 
CLASSIFICATION OF 
REPORT 

Unclassified 

18. SECURITY 
CLASSIFICATION OF THIS 
PAGE 

Unclassified 

19. SECURITY 
CLASSIFICATION OF 
ABSTRACT 

Unclassified 

20. LIMITATION 
OF ABSTRACT 

 
UL 

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)  
 Prescribed by ANSI Std. 239-18 



ii

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

THIS PAGE INTENTIONALLY LEFT BLANK 



iii

Approved for public release; distribution is unlimited 
 
 

PHOTONIC ANALOG-TO-DIGITAL CONVERSION USING A ROBUST 
SYMMETRICAL NUMBER SYSTEM 

 
Adam S. Fisher 

Ensign, United States Navy Reserve 
B.S., United States Naval Academy, 2004 

 
 

Submitted in partial fulfillment of the 
requirements for the degree of 

 
 

MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 
 
 

from the 
 
 

NAVAL POSTGRADUATE SCHOOL 
June 2005 

 
 

Author:  Adam S. Fisher 
 

 
Approved by:  Phillip E. Pace 

Thesis Advisor 
 
 

John P. Powers 
Second Reader 

 
 

John P. Powers 
Chairman, Department of Electrical and Computer Engineering 



iv

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

THIS PAGE INTENTIONALLY LEFT BLANK 



v

ABSTRACT 
 
 
 
A photonic analog-to-digital converter (ADC) based on a robust symmetrical 

number system (RSNS) was constructed and tested. The analog signal to be converted is 

used to amplitude modulate an optical pulse from a laser using three Mach-Zehnder inter-

ferometers (MZI). The Mach-Zehnder interferometers fold the input analog signal for a 

three-channel RSNS encoding. The folding waveforms are then detected and amplitude-

analyzed by three separate comparator banks, the outputs of which are used to determine 

a digital representation of the analog signal. 

This design uses the RSNS preprocessing to encode the signal with the fewest 

number of comparators for any selected bit resolution. In addition to the efficiency of its 

use of comparators, the RSNS encoding has inherent Gray-code properties making it par-

ticularly attractive for eliminating any possible encoding errors. The RSNS encoding is 

combined with an optical infrastructure that offers high bandwidth and low insertion loss 

characteristics. 

A full implementation was constructed and tested. The lack of a high-speed data 

acquisition device limited the results to examining the preprocessing and digital process-

ing separately. With the system integration of a data acquisition device, a wideband direct 

digital antenna architecture can be demonstrated. 
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EXECUTIVE SUMMARY 
 
 
 

Analog-to-digital conversion has been widely researched in recent years. This 

stems from the increased capabilities that would be realized if an analog-to-digital con-

verter (ADC) with a higher resolution and faster sampling rate was developed. Higher 

sampling rates, in particular, would allow for increased ultra-wideband and microwave 

signal collection applications. Optical processing techniques are recognized as one of the 

ways to accomplish the multi-Gb/s sampling rates necessary for such applications. Many 

unique architectures have been investigated to take advantage of the higher sampling 

rates that are available [1-10].  

An implementation for a photonic analog-to-digital converter (ADC) based on a 

robust symmetrical number system (RSNS) was constructed and tested in this thesis. The 

analog signal to be converted is used to amplitude modulate light from a continuous-

wave laser using three Mach-Zehnder interferometers (MZI). The Mach-Zehnder inter-

ferometers fold the input analog signal for a three-channel RSNS encoding. The folding 

waveforms are then detected and amplitude-analyzed by three separate comparator banks, 

the outputs of which are used to determine a digital representation of the analog signal. 

This design uses the RSNS preprocessing to encode the signal with the fewest 

number of comparators for any selected bit resolution. In addition to the efficiency of its 

use of comparators, the RSNS encoding has inherent Gray-code properties making it par-

ticularly attractive for eliminating any possible encoding errors. The RSNS encoding is 

combined with an optical infrastructure that offers high bandwidth and low insertion loss 

characteristics. 

A full implementation was constructed. The design consisted of two separate 

stages. The first stage consisted of the modulation and the optical infrastructure needed to 

produce three folding waveforms. The waveforms produced fell within the requirements 

of the RSNS encoding. A second stage was made up of a sampling circuit with three 

banks of comparators. This stage was tested using a variable DC voltage as the compara-

tor inputs. In this way, the operation of the sampling circuit was verified. The lack of a  



xvi

high-speed data acquisition device prevented the combination of the two stages. With the 

system integration of a faster data acquisition device though, a wideband direct digital 

antenna architecture can be demonstrated. 

 



1

I. INTRODUCTION 

A. BACKGROUND 
Analog-to-digital conversion has been widely researched in recent years. This 

stems from the increased capabilities that would be realized if an analog-to-digital con-

verter (ADC) with a higher resolution and faster sampling rate was developed. Higher 

sampling rates, in particular, would allow for increased ultra-wide band and microwave 

signal collection applications. Optical processing techniques are recognized as one of the 

ways to accomplish the multi-Gb/s sampling rates necessary for such applications. Many 

unique architectures have been investigated to take advantage of the higher sampling 

rates that are available [1-10]. Equation Chapter 1 Section 1 

One method includes time stretching [1,2]. If a wideband received signal can be 

stretched in time before conversion, the required sampling rates can be relaxed. In order 

to do this in continuous time, however, parallel channels are needed to segment the time 

stretched signal. Another practice involves the use of Mach-Zehnder interferometers 

(MZI). These devices have a large bandwidth and an attractive periodic folding character-

istic. MZIs are optical modulators in which the transmissivity (transfer function) of the 

device is periodic with respect to the applied voltage on the electrodes. This feature al-

lows the modulator to serve as a folding circuit in an optical ADC where a sampling laser 

is used to sample the signal on the electrodes. The modulators can operate in parallel, as 

in [3], or in series. A series implementation is observed in [4] where a single-tapped MZI 

splits and recombines the light multiple times to achieve a 4-bit ADC. Other setups in-

clude working with phase modulation [5], pulsed lasers [6], and tunable lasers with Fiber-

Bragg gratings [7]. Each has its advantages and drawbacks. 

In this thesis, an optical three-channel folding ADC that uses a Robust Symmetri-

cal Number System (RSNS) encoding was investigated [8,9]. The RSNS encoding results 

when the folding waveforms in each channel are amplitude-analyzed using a small num-

ber of comparators. The input signal is folded using three optical MZIs. One of the ad-

vantages of the RSNS is the increased resolution that the scheme can achieve (greater 

than 1-bit per interferometer) while using a minimal number of comparators. Another ad-
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vantage of the RSNS is the inherent Gray-code properties in which the comparators used 

change state one at a time. A property of a Gray-code scheme is that if a bit-error occurs 

(for example, a comparator fails to change state from one code transition to the next), the 

resulting error is only one least significant bit. An RSNS encoding coupled with wide-

band optical modulators and high-speed lasers would suggest an ADC design that has 

numerous advantages including high optical bandwidth, high efficiency, and a good de-

gree of practicality. Implementing such a design was the focus of this thesis. 

  

B. PRINCIPAL CONTRIBUTIONS 
Several goals directed towards constructing a physical implementation of an elec-

tro-optical RSNS ADC were achieved. The main contribution included producing the 

three folding waveforms for a three-channel realization. These three waveforms were 

constructed through an all-optical infrastructure. Additionally, the sampling circuit was 

built and operates properly. A fully functional physical ADC infrastructure was not 

achieved due to the limitations of the DAQPad-6507, a data acquisition device that inter-

faces with the comparator circuits to provide data for analysis via a computer program 

called LabView. A different data acquisition device, preferably one with a hardware tim-

ing circuit, is required to collect the samples from the sampling circuit. Despite this 

drawback, much was accomplished. 

A number of components were required for acquiring the necessary folding wave-

forms. Provided were a continuous laser, a 1x4 optical splitter, three circulators, three 

MZI modulators, three optical detectors complete with their own low-noise amplifiers, an 

oscilloscope, and two DC voltage sources. Before these components could function to-

gether as a circuit, many steps were involved. The first was to analyze the way in which 

the circulators were attached to the splitter and modulators. All of these were previously 

connected. However, in more than one instance, the connections had to be reconfigured 

so that the circuit could operate properly.  

The next step involved replacing the two DC voltage sources as inputs to the 

Mach-Zehnder interferometers. In their place, a variable voltage source was acquired so 

that it was possible to observe if the optical infrastructure was working properly. The 
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voltage source that was used produced a triangle waveform. With this source, the voltage 

provided to the interferometers changed linearly with respect to time, a requirement if the 

folding waveforms are to be seen.  

With the three folding waveforms established, the subsequent step was to manipu-

late the waveforms so that they complied with a three-channel RSNS. To do this, the pe-

riods and phases of the folding waveforms were set accordingly. This was accomplished 

through the use of three linear amplifiers and three coaxial cables.  

The second part of the implementation dealt with the comparators within each 

channel required to sample the folding waveforms. A prepared circuit board with three 

comparator chips of four comparators each (twelve total) were provided initially. To ef-

fectively sample the folding waveforms, a method for setting the threshold voltages of the 

comparators was devised. LabView, a computer program by National Instruments, along 

with a DAQPad-6507, provided an efficient way to write a program to set the comparator 

threshold voltages. A series of digital code words had to be sent to the comparator circuit 

board through two 8-bit ports in the DAQPad. These digital code words activated a series 

of chip selects and comparator selects, as well as wrote an 8-bit reference word to each 

comparator.  

After the program to setup the comparators was completed, another program was 

created to sample the comparator states in continuous time. This was also achieved 

through the DAQPad and LabView. However, the sampling rate maxed out at 1 kHz, 

several orders of magnitude short of where it was required to be for the whole ADC pro-

totype implementation to be successful. Full completion of the ADC would consist of ob-

taining a faster data acquisition device and then reading samples into a data file for ana-

lyzing. If this were to happen, the advantages and practicality of an RSNS system sup-

ported by an optical infrastructure could be observed firsthand.  

 

C. THESIS OUTLINE 
Chapter II of this thesis is aimed at explaining the theory of the RSNS and clari-

fies the system properties before demonstrating how it was physically implemented.  
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Chapter III is an in-depth look at the physical components of the design and how 

they function together. A large part of Chapter III is dedicated to the interferometers and 

comparators used in the ADC.  

Chapter IV reveals how the components in Chapter III are manipulated to produce 

the RSNS encoding. This chapter answers any questions about how the folding wave-

forms were generated and how the comparators serve to amplitude-analyze them. 

The results, including the folding waveforms and those from LabView programs 

are displayed in Chapter V. Finally, a conclusion featuring the accomplishments and im-

plications of this design will make up Chapter VI, including a detailed description of the 

equipment needed to complete the prototype.   
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II. ROBUST SYMMETRICAL NUMBER SYSTEM 

This chapter describes the requirements of a RSNS encoding scheme. The theory 

behind the system also makes clear the advantages of an RSNS encoding.   

Equation Section (Next) 

A. INTRODUCTION  
The Robust Symmetric Number System (RSNS) is a preprocessing method used 

by folding ADCs as proposed in [9]. An ADC that implements a RSNS scheme has a 

number of advantages over a typical Flash ADC. For one, an ADC using a RSNS archi-

tecture uses fewer comparators. Within the comparator network shown in the following 

block diagram (Figure 1), a total of twelve comparators are required to achieve an n = 6-

bit resolution. A flash ADC, on the other hand, needs 2 1n −  comparators to realize a 

resolution of n bits. Figure 2 shows the configuration of a Flash ADC that has a 3-bit 

resolution.  To come up with a 6-bit resolution, a flash ADC needs 63 comparators, com-

pared to the RSNS requirement of 12.  

The RSNS is an efficient system, however, it is not the most optimal. The most 

optimal system that can be implemented is the Optimum Symmetrical Number System 

(OSNS) [9]. An OSNS offers the greatest dynamic range for a given number of compara- 
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Figure 2.   Typical Flash ADC Design with 3-Bit Resolution (From hyperphys-
ics.phy-astr.gsu.edu) 

 
tors. As a preprocessing technique, though, there are drawbacks to choosing this system. 

The digital words corresponding to analog input values in an OSNS do not follow a 

Gray-code pattern. This is due to the fact that comparators are required to change states 

simultaneously at each code transition as the analog input changes in magnitude. Without 

the high degree of precision necessary to have this happen, errors are more likely. In ad-

dition to the difficulty of providing such precision, the absence of a digital Gray-code se-

quence means that a one-bit encoding error will result in a disproportionately large con-

version error. [9]  

ADCs featuring the RSNS, though, not only are more efficient than most ADC 

architectures but offer a Gray-code digital output pattern as well. Since the comparators 

need only change states one at a time, the digital words describing sequential analog in-

puts change by only one bit at a time. Thus, the RSNS is most robust against encoding 

errors. Though an ADC design employing an RSNS system is not the most optimal, it 

remains both efficient and practical. [9]  
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1. RSNS Theory 
The following describes how to set up a RSNS. RSNS architectures may have any 

number of N-parallel channels, but in this implementation N = 3. In an N-channel RSNS, 

there exists N separate symmetric and periodic folding waveforms. These waveforms are 

based on a row vector xm1 through xmN where m1 through mN are all positive integers and 

relatively prime with one another. The row vector, xm1, is defined as: 

 1 1 1 1[0,1, 2,..., 1, , 1,..., 2,1].mx m m m= − −  (2.1) 

Each of the N channels has its own modulus, m, and is based on the row vector, 

xmi where i represents the ith channel. The ith channel’s row vector can be further de-

scribed by repeating each element in its row vector N times. The resulting row vector for 

channel i is as follows: 

 [0,0,...,0,0,1,1,...,1,1,..., , ,..., , ,...,1,1,...,1,1].mi i i i ix m m m m=  (2.2) 

If this row vector were repeated endlessly on both sides and made periodic, then it would 

be an accurate model for the folding waveform present at the ith channel. The period of 

the ith channel row vector is given by: 

 2 ,i iP m N=  (2.3) 

where N is the number of channels. Figure 3 portrays how each of the three channels in 

this ADC implementation is related to their respective row vectors. Notice that a 

modulus-m channel has m threshold levels that amplitude-analyze the folding waveforms. 

Also note that each integer within the row vectors represents the number of comparators 

in the ON state. That is, the voltage level of the waveform, in comparison to the thresh-

olds, determines the integers within the channel’s corresponding row vector. For instance, 

the modulus-3 channel starts with the amplitude of the waveform in between comparator 

threshold values T1 and T2. In the modulus-3 row vector at the bottom of the figure, this 

corresponds to a row element of 1. Moving to the right along the folding waveform, the 

amplitude drops below T1, resulting in the row element changing to a 0. Continuing in 

this fashion will show that the row vector accurately models the folding waveform. There  
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Figure 3.   Folding Waveforms of RSNS with Corresponding Row Vectors (From 
[9].) 
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are many characteristics of Figure 3 worth noting. For one, these three channels contain 

row vectors that, when taken together, produce a Gray-code pattern from one column of 

row vector elements to the next. That is, only one comparator (row element) changes 

state during any code transition. This is accomplished by setting the period and phase of 

each waveform. The phase shift, which is more apparent in the first few transitions of 

Figure 3, is essential to maintaining the Gray-code sequence. The folding periods of the 

three waveforms also have the following relationship: 

     1 2 2 3
3 4,    .
4 5

P P P P= =      (2.4) 

In terms of the voltage, Vπ, the folding period of each folding waveform is:   

    2[V] ,
2 3j

V VP
mjN mj

π π= =     (2.5)

where Vπ is the amount of voltage required to drive the modulator output from a maxi-

mum to a minimum or vice-versa.  

 The dynamic range, M
∧

, of the RSNS is defined as the maximum range of dis-

tinctly unique column vectors throughout the system. The equation determining the dy-

namic range is given by [9]: 

    2
1 1

3 15ˆ 7
2 2RSNSM m m= + +     (2.6) 

where m1 is the modulus of the first channel.  

 To better explain the dynamic range of a RSNS encoding, take, for example, in 

Figure 3, the digital word at element n = 2 that is 000. The next instance of this word is at 

element n = 29 (not shown). Thus, the sequence goes through a range of 28 elements be-

fore repeating the digital word. If these three row vectors were extended out indefinitely, 

the Gray-code digital sequence would be shown to be periodic. As a result, there exist 

more vectors that contain distinctly unique vectors as well. The length of the vector with 

the greatest range is considered the dynamic range. Table 1 is a table displaying the  
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ranges of digital words that go without a repetition. The table makes apparent that the dy-

namic range of 43M
∧

=  for this three-channel RSNS, which starts at n = 61 and ends at n 

= 103.  

 
Table 1. Beginning, End, and Length of Code Sequences Without Repetition (From 

[9].) 
 

Referring back to Figure 3, observe the phase shifts of the three waveforms. The 

modulus-4 waveform is lagging the modulus-3 waveform by one code width at n = 0. 

The waveform with modulus-5 is lagging the modulus-3 waveform by two code widths. 

It so happens that no matter how these three waveforms are shifted relative to each other, 

the dynamic range of the system remains constant ( 43M
∧

= ). This is assuming that the 

shifts are not in multiples of three, which would destroy the Gray-code property of the 

system. The work for this is shown in [9]. 

 In summary, the theory behind the RSNS architecture and its advantages has been 

addressed. The efficiency of the system comes from the three parallel folding waveforms 

and the few number of comparators used in the analog-to-digital conversion process. At 

the same time, the scheme is practical in that the columns of the three row elements 

maintain a Gray-code sequence for any code transition point. The RSNS ADC hardware 

implementation is discussed in the next two chapters. The circuit block-diagram, along 

with the component details, is also presented.  
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III. PHYSICAL CIRCUIT DESIGN 

The physical design of the ADC employs optical components as well as electrical 

components. This provides an avenue for the development of wideband analog-to-digital 

applications. An overall circuit design is illustrated in this chapter along with a descrip-

tion of the devices used. 

Equation Section (Next) 

A. BLOCK DIAGRAM   
Figure 4 shows a detailed schematic of the RSNS ADC architecture. A received 

analog signal (acquired through an antenna) is amplified using an LNA, sampled, and 

converted into a binary format. The sampling of the analog signal of interest at each 

modulator is accomplished using an optical pulse from the laser. The optical pulse is  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.   Circuit Block Diagram 
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divided by a 1x4 optical splitter and sent to three LiNbO3 MZIs that amplitude modulate 

the pulse as a function of the analog antenna signal. Three modulated optical pulses are 

then detected, amplified, and amplitude-analyzed by three small groups of comparators. 

Each comparator consists of an amplifier and a latch. The amplifier amplifies the “differ-

ence” between the amplitude modulated pulse and the matching threshold voltage. The 

latch registers the two-state signal at the comparator output. Every bank of comparators 

generates its own set of outputs, which are combined in a logic block or read-only mem-

ory (ROM). The logic block then derives the resulting binary words that represent the 

digitized analog voltage and does so with a six-bit resolution. The following sections de-

scribe each RSNS ADC component in more detail. 

  

1. Laser 

The laser used in this architecture was a BCP 400 laser shown here in Figure 5. 

The yellow cabled optical fiber connected to the laser at the right carries a beam of light 

with a wavelength of 1310 nm. To obtain the laser pulses, the BCP can be triggered or 

the continuous wave light can be amplitude modulated externally. In this thesis however, 

neither of these methods was used. Instead, the laser provided a continuous-wave signal. 

Optical light, in the place of light pulses, then traveled through the fiber and arrive at a 

1x4 optical splitter. 

 

 
Figure 5.   BCP 400 Laser Used as Input to Splitter 
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Figure 6.   A 1x4 Optical Splitter 

 

2. Optical Splitter 
Figure 6 displays the 1x4 splitter used in the ADC architecture. It has one input 

and four outputs. In the figure, there is one input fiber to the device. The fiber is seen at 

the bottom of the figure and carries the light supplied by the laser in Figure 5. Ideally, the 

splitter takes an optical signal with power, P, and outputs four identical channels each 

with an optical power of P/4. Considering any losses however, the four output channels 

will have a power level of less than P/4. Of the four channels created by the splitter, only 

three are needed for sampling. This is due to the fact that the RSNS architecture used in 

this design only uses three channels. The fourth output may be used as a clock to register 

the system.  

 

3. Circulators 

The block diagram in Figure 4 shows that the optical pulses generated by the laser 

and split by the splitter enter three circulators before being input to the MZIs.  
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Figure 7.   Three Port Optical Circulator 

 

The interferometers themselves only have one port. Thus, separating what goes in 

through the port from what comes out is necessary. Circulators are essential devices in 

this architecture because they separate the inputs to the interferometers from the outputs. 

 The circulators used in the ADC architecture are three-port devices as shown in 

Figure 7. In this device, a signal arriving at a given port will enter the circulator and leave 

at the next port. For example, an optical signal entering the circulator at port 1 will 

propagate around the circulator and exit at port 2. A signal arriving at port 2 will be out-

put at port 3. A typical circulator will also relay a signal arriving at port 3 and output it at 

port 1.  

In the context of the ADC, port 1 of each circulator receives one of the channels 

from the laser through the 1x4 splitter. The light exits the circulator at port 2, and is sent 

to the interferometer. After the light is modulated within the interferometer, the signal re-

enters port 2 of the circulator. Beginning at port 2, the modulated light signal exits the 

circulator at port 3, having been separated from the un-modulated light and sent to the 

detector. 

 

 

Port 1 Port 2

Port 3

To/From  
Interferometer From Splitter 

To Detector 
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4. Interferometers 

A MZI, shown in Figure 8, operates by way of the Pockels effect, a characteristic 

of LiNbO3 that causes the index of refraction, n, of the material in the guide to change 

based on the intensity of the electric field through it. If the index of refraction of LiNbO3 

without any electric field present is no then the relationship between n, and an electric 

field, E, is as follows: 

31( ) .
2o on E n rn E≈ −     (3.1) 

where r is the electro-optical constant for the material. The ability to change the index of 

refraction allows the user to affect the speed of signal propagation through the device. 

The speed of propagation through an optical device is equal to c/n (c being the speed of 

light). [10]  

After receiving light from port 2 of the circulator, the interferometer splits the 

light into two identical beams which travel along the channels until being reflected by a 

reflective surface at the opposite side of the device. The two beams then travel in the re-

verse direction through the same channels and are recombined before exiting the device. 

During the period of time the light is propagating through the two channels, the speed at 

which it propagates will change based on the applied voltage, V(t), to the device. Since 

the electric field generated by the voltage is opposite in polarity for the two channels, 

 

 

 

 

 

 

 

 

Figure 8.   Reflective Mach-Zehnder Interferometer Design  
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a relative phase shift is introduced between the two beams of light as they propagate 

through a total distance of L. The total phase shift between the two beams determines 

how the beams will interfere when being combined at the output. The transmittance of a 

Mach-Zehnder interferometer is given by: 

 2( ) cos ,
2 2

o VT V
Vπ

ϕ π⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (3.2) 

where Vπ is the change in voltage that will adjust the relative phase of the two optical 

beams by 180 degrees and oϕ  is any static phase shift present from, for example, a differ-

ence in length between the two channels [10]. If the total phase difference is 180 degrees, 

then the beams will destructively interfere and cancel each other out. Figure 9 shows the 

plot of the transmittance relative to V(t). Note the difference in V(t) between peak and 

adjacent null. A change in voltage that shifts the relative phase by 180 degrees, is known  

 
Figure 9.   Theoretical Transmittance of Interferometer Vs. Analog  Modulating 

Voltage 

 

Vπ 

V(t) 
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as Vπ. The value of Vπ can vary from interferometer to interferometer. Vπ depends on the 

geometry of the interferometer and has the relationship,  

 3[V] ,dV
Lrnπ
λ

=  (3.3) 

where d is equal to the channel width, λ  represents the wavelength of the light, L is the 

total length of the channel, and n is the index of refraction of the material. For the inter-

ferometers used in the ADC, each has a 0.4 V.Vπ ≅  [10]  

 The outputs of the interferometers enter the circulators at port 2 and exit at port 3. 

From there, the modulated optical signal is received by the three optical detectors. Figure 

10 is a photo of the components for one optical channel. From the splitter, light is guided 

through a circulator and an interferometer. There are three setups identical to the one 

shown in Figure 10.  

 
Figure 10.   Optical Circuit for One RSNS Channel 
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In order to complete the analog-to-digital conversion, samples of the RF signal 

must be taken by each of the three optical channels. One of the advantages of this optical 

architecture is that it can efficiently couple the wideband RF signal into the optical do-

main for processing. The received signal bandwidth that can be analyzed, however, is 

limited by the sampling rate of the laser, since the sampling rate must be at least twice the 

maximum frequency in the signal.  

 

5. Detectors 
 Three detectors are used in the ADC circuit to convert the three optical signals to 

electrical signals. A BCP 310A Optical to Electrical converter is shown in Figure 11 and 

contains both a detector and an amplifier. The fiber cable from port 3 of the circulator for 

a given channel is shown at the very right of the converter. From there, the signal is 

changed into an electrical signal and sent to the linear amplifier displayed in the middle 

of the device in Figure 11.  

 

 
Figure 11.   BCP 310A Optical to Electrical Converter 

  

 Referring back to the block diagram in Figure 4, one can see that the converted 

and amplified signal is sent to three separate comparator banks, one for each channel. The 

comparators perform the amplitude analysis of the three electrical signals containing a 

sample of the RF signal. 
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6. Comparators 

 All three channels measure the signal’s amplitude using a bank of comparators. A 

symbol representing a comparator is shown in Figure 12. The comparator is made up of a 

differential amplifier followed by a latch. The comparator compares a voltage, VSIG(t), to 

some reference voltage, VREF. If VSIG(t) is higher than VREF when the clock goes high at 

time, t, then the comparator will output a high voltage of +VCC. Conversely, the compara-

tor will output a 0 if VSIG(t) is less than VREF at time, t. In order to measure the amplitude 

of VSIG(t), multiple comparators are used in parallel. A single comparator can describe the 

amplitude of a signal with a resolution of 1 bit.  

If three comparators are used, a resolution of 2 bits can be achieved. Figure 13 

displays three comparators set up much like a Flash ADC. If the range of amplitudes that 

VSIG(t) could realize is from 0 to +REF volts, then three comparators could split that 

range into quarters. With reference voltages of 0.25*REF ,0.50* REF , and 0.75* REF 

the comparator states will confirm which quarter of the range, 0 to +REF volts, the ampli-

tude of VSIG(t) occupies.  

 

 

  

 

 

 

 

 

Figure 12.   A Comparator 
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Figure 13.   Comparator Bank for Modulus-3 Channel 

 

The comparator bank for the Modulus-3 channel has three comparators, with three 

reference voltages shown in Figure 13. The thermometer code for this example is shown 

in Table 2. For the Modulus-4 and Modulus-5 channels, the number of comparators in the 

banks is four and five with the channels splitting the range of 0 to +REF volts into fifths 

and sixths, respectively. An important difference between the uniformly spaced reference 

voltages in Figure 13 and the ideal reference voltages that should be applied in the three-

channel RSNS ADC is that the folding waveform of the ADC is not a perfect triangle 

wave. The waveforms resulting from the MZIs are cosine squared functions. In order to 

divide this folding waveform into least significant bits of equal width, the threshold volt-

ages cannot be uniformly spaced. Threshold values of 0.067*REF, 0.5*REF, and 

0.933*REF volts, are required to obtain the equal widths for the least significant bits in 

the modulus-3 channel. For the sake of simplicity, uniform spacing, shown in Figure 13 

for the modulus-3 channel was used to test the functionality of the comparator banks.    

Adding the number of comparators needed for the three channels yields a total of 

twelve. To accommodate this number, the comparator bank requires three four-  
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Table 2. Comparator States Given a Received Voltage 

comparator MAX516 devices. The device has 24 pins in a dual-inline package. Within 

the device, four different inputs are compared to four programmed 8-bit reference volt-

ages and yield four separate outputs. Each of the four comparators is completely inde-

pendent of the others as far as input, reference, and output voltage levels. 

 Figure 14 shows the pin diagram for the MAX516 quad-comparator. Pins 3 (VCC) 

and 22 (VDD) supply power to the device. The voltage levels supplied to these pins range 

from 5 V to 15 V, but are typically equal. The ground for the current is at pin 6. The ana-

log inputs for the four comparators are labeled AIN0, AIN1, AIN2, and AIN3. VSIG (t) 

can be input to any number of these inputs by tying the pins together externally.  

 
Figure 14.   MAX 516 Pin Diagram 

  Comparator  
Amplitude of Vsig(t) states 

  (Vout3, Vout2, Vout1) 
between 0.75*REF and REF 111 
between 0.50*REF and 0.75*REF 011 
between 0.25*REF and 0.50*REF 001 
between 0 and 0.25*REF 000 

Thermometer Code 
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 The MAX516 device allows the reference voltages for the four comparators to be 

programmed independently. Each of the comparators has its own digital-to-analog con-

verter (DAC). Writing an 8-bit word describing the threshold voltage for a given com-

parator requires that it be loaded to that comparator’s DAC. To accomplish this, there are 

many steps. The first step involves choosing the 8-bit word to load to the DAC. For a ref-

erence voltage of VREF, an 8-bit word with a base-10 value of X is required according to 

the equation: 

 [V] REF* .
256REF
XV ⎛ ⎞= + ⎜ ⎟

⎝ ⎠
 (3.4) 

The 8-bit word corresponding to X is loaded at pins 11 through 18. Pin 11 (D7) represents 

the most significant bit of the word while pin 18 (D0), the least. 

 The full range of amplitudes that the comparators can effectively amplitude-

analyze is given by +REF. This value is set using pin 19 (REF). A comparator’s DAC is 

selected through pins 9 (A0) and 10 (A1). A combination of the digital states at pins 9 

and 10 results in the ability to write to one of four comparators. Table 3 displays the table 

for selecting a DAC. In this thesis, three MAX516 devices were used. A chip select at pin 

7 was used to differentiate between the three. To select a device for writing of a reference 

voltage to one of its four DACs, a low of 0 V must be sent to pin 7 on that device. 

 Once the device is selected via pin 7, the comparators DAC selected via pins 9 

and 10, the 8-bit word chosen for pins 11 through 18, and the range, REF, of the refer-

ence voltages set through pin 19, a rising edge must be seen on pin 8 (WR). This loads 

the reference voltage into the DAC of a given comparator [See Appendix]. 

 

 

 

 

Table 3. Selecting a DAC Using A0 and A1 

A1 A0 DAC selected
0 0 DAC0 
0 1 DAC1 
1 0 DAC2 
1 1 DAC3 
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Figure 15.   Comparator Banks for All Three RSNS Channels 

 

 The fully wired comparator circuit is displayed in Figure 15. In this figure, the top 

MAX516 chip is used in conjunction with the Modulus-4 channel. The bottom two chips 

are used for the Modulus-3 and Modulus-5 channel. This setup is the simplest as far as 

keeping the channels spatially separated. 

A computer program called LabView 7.1 from National Instruments was used to 

set the reference voltages for all twelve comparators. The program will be described in 

detail in a later chapter.  

Chapter IV describes how the tools and devices just discussed are integrated to 

accomplish the RSNS encoding in Chapter II. Equation Section (Next) 
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IV. RSNS IMPLEMENTATION 

The Robust Symmetric Number System represents a practical and efficient pre-

processing scheme for ADCs. The hardware to build the ADC architecture in this thesis 

was presented in the last chapter. In this chapter, the hardware configuration necessary to 

develop a RSNS ADC encoding is presented.  

 

A. FOLDING WAVEFORM PERIODS 

Applying a three-channel RSNS to an ADC requires that the outputs of the com-

parator banks shown in the block diagram in Figure 16 produce a Gray-code sequence as 

the signal received through the interferometers increases or decreases in magnitude. 

Thus, three folding waveforms with different periods and shifts must be produced by the 

optical folding circuits.  

A single channel acquires its folding property from the MZI. Looking back at the 

transmittance of an interferometer, it becomes apparent that as the received signal (Vin in 

Figure 9) steadily increases, the optical signal’s intensity at the output rises and falls with 

a folding period of 2Vπ.  

The three-channel RSNS demands three folding waveforms with periods related  

 

 

 

 

  

 

 

 

 

Figure 16.   Placement of Amplifiers in Circuit Diagram 
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to each other by Equation 2.4. All of the interferometers used in this architecture are 

identical designs. The Vπ values for all three devices 0.4V≅ . External devices are called 

upon to provide the correct folding periods for each MZI. The devices are linear amplifi-

ers that scale the received signal being input to the interferometer. Figure 16 shows where 

amplifiers are added in the block diagram. 

 The concept behind adding three amplifiers to modify the periods of the folding 

waveforms is better illustrated in the three graphs of Figure 17. A linear increase in the 

received signal voltage with respect to time is demonstrated in the three graphs. Each of 

these graphs has a different rate of voltage increase. This is due to the amplification of 

the received signals before being input to the three interferometers. Different slopes are 

the result of different amplification gains. Figure 18 reiterates the transmittance 

 
Figure 17.   Analog Received Signals with Use of Three Amplifiers of Different Gains 
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Figure 18.   Theoretical Mach-Zehnder Interferometer Transmittance 

 

characteristic of the interferometer with Vπ = 0.4V. Feeding the signal inputs of the three 

graphs into the Vin axis of the transmittance graph yields three folding waveforms of dif-

ferent periods. Much like the relationship of the waveform periods in Equation 2.4, the 

gains of the three respective amplifiers (in V/V) must be related to each other in the fol-

lowing way: 

 1 2 2 3
4 5,   .
3 4

G G G G= =  (4.1) 

Notice that the gains are inversely proportional to the periods of the waveforms. This is 

due to the fact that as the slope of an input voltage increases, the period of the corre-

sponding interferometer output decreases. Figure 19 displays the results of this concept. 

 Given the received signal inputs presented in Figure 17, the three graphs of Figure 

19 represent the matching interferometer outputs. The periods of the folding  
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Figure 19.   Modulator Outputs Given the Inputs in Figure 17 

 

waveforms are in line with the requirements of the RSNS implementation. A phase shift 

is still lacking in these output waveforms though. 

 

B. FOLDING WAVEFORM PHASE SHIFTS 
Recall that a shift between the three folding waveforms is central to maintaining a 

gray code sequence in that the row vectors change the value of subsequent elements one 

at time. No set of amplifier gain values can implement this shift. Gain modifies how 

quickly the transmittance of the interferometer cycles through its period, thus, affecting 

the output period. There are two methods for creating this shift.  

The first is with a DC offset that is applied to the interferometer inputs after am-

plification. Values of DC offset for each of the three channels is dictated by the period of 

the waveforms. Figure 20 revisits Figure 3 and shows the modulus-3 and modulus-4  
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Figure 20.   RSNS Modulus-3 and Modulus-4 Channels (From [9].) 

 

waveforms. Equation 2.3 accurately describes the periods of these two waveforms. Ob-

serve that P1 is equal to 18 divisions (mi = 3, N = 3), or 18 digital word transitions. Shift-

ing a waveform one division farther to the right requires that one do so by an amount that 

is one-eighteenth the size of the period of the modulus-3 waveform or one twenty-fourth 

of the period (mi = 4, N = 3) of the modulus-4 waveform. With this in mind, the amount 

of DC offset needed for each interferometer input becomes clear. If the hypothetical 

value of the period of the modulus-3 waveform was 0.72V, which would also be the 

value, 2Vπ , then the DC offset needed to shift any of the three waveforms by one digital 

word in the RSNS is one eighteenth of that value, or 0.04V.   

 A second method is also available to shift the folding waveforms. This method 

works by introducing time delays to the received signals. The time delays are introduced 
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by adding lengths of coaxial cable in between the inputs of the three amplifiers used to 

acquire the various periods. The cables are of length, L, which is roughly equal to a foot. 

One length of cable was introduced in between the inputs of the modulus-3 and modulus-

4 amplifiers. Thus, a delay corresponding to the time to propagate through a length, L, of 

coaxial cable is present. Another cable was introduced in between the modulus-4 and 

modulus-5 amplifier inputs yielding the same delay between the modulus-4 and modulus-

5 folding waveforms. Figure 21 shows the shifted waveforms produced by a time shift 

between the inputs in Figure 17.  

One must be warned that this technique can only be employed with a linearly in-

creasing or decreasing voltage. The input modulating signal used in the ADC was a trian-

gle wave generated by the Agilent 33120A Function/Arbitrary Waveform Generator 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 

Figure 21.   Time-Shifted Modulator Outputs 
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shown in Figure 22. Since a triangle wave has a linearly increasing voltage, followed by a 

linearly decreasing voltage, a time delay was an appropriate method for shifting the fold-

ing waveforms. The folding waveform generated has the correct phase shift in the linear 

regions of the triangle waveform. During the times where the triangle waveform transi-

tioned from an increasing signal to a decreasing signal and vice-versa, the shifts were not 

accurately placed. The amplitude of the triangle wave was more than ample and produced 

many periods of the folding waveforms.  

 A time delay is not ideal under normal operation, however. If the modulating sig-

nal input to the interferometers were to be a random analog signal, an offset would have 

to be added after amplification. In this case, a time delay is not a feasible technique. 

 

C. AMPLITUDE ANALYSIS 

 A ‘folded’ waveform is acquired through modulating a random RF signal with an 

MZI. The ‘folding’ waveforms are acquired using a linearly increasing or decreasing sig-

nal as the RF signal. Thus, the ‘folding’ waveform is a special case of ‘folded’ waveform 

that allows the observation of its period and phase. The next aspect of the RSNS physical 

implementation involves the amplitude sampling of three folded waveforms. After con-

verting each folded waveform to electrical signals, they are fed into three separate banks 

  
Figure 22.   Agilent 33120A Arbitrary Waveform Generator 
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of comparators. Recall that each channel had a number of thresholds equal to its modulus 

number. These thresholds then determine an element of the digital code word involved in 

the conversion. Determining where the amplitudes of the folding waveforms are relative 

to these threshold voltages is the job of the comparator banks. The references of the com-

parators were set accordingly. For instance, the comparator reference voltages for the 

modulus-3 channel were set so that the amplitude of the waveforms was divided into four 

equal ranges. Thus, with an amplitude of +REF Volts, the comparator reference levels 

were set to 0.25*( REF)+ ,  0.50*( REF)+ , and 0.75*(+REF) Volts. Table 4 shows the 

reference levels for each comparator. 

In a given sample, the amplitude of one of the three folding waveforms is deter-

mined by the number of comparators that are on in a given channel. For instance, if a 

sample of the modulus-3 channel yields a 001 for the corresponding states of the com-

parators, then this correlated to a RSNS row element of 1. Table 5 shows the row element 

produced for each combination of possible comparator states. In this table, the state of 

comparator 1 is considered the least significant bit for all three channels.  

 

Modulus-3 Channel Reference Voltage 
Comparator 3 0.75*(+REF) 
Comparator 2 0.50*(+REF) 
Comparator 1 0.25*(+REF) 
    
Modulus-4 Channel   
Comparator 4 0.80*(+REF) 
Comparator 3 0.60*(+REF) 
Comparator 2 0.40*(+REF) 
Comparator 1 0.20*(+REF) 
    
Modulus-5 Channel   
Comparator 5 0.83*(+REF) 
Comparator 4 0.66*(+REF) 
Comparator 3 0.50*(+REF) 
Comparator 2 0.33*(+REF) 
Comparator 1 0.16*(+REF) 

 
Table 4. Comparator Reference Voltages 
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Twelve bits representing the twelve comparator states are sent to a data acquisi-

tion device for every sample. A table lookup then converts the comparator states to the 

correct row element, corresponding to Figure 3. This is the final element of the ADC de-

sign, resulting in a digital code word describing the input analog voltage.  

Revealed here is a feasible ADC design that maintains the properties of a RSNS 

scheme utilizing folding waveforms. This chapter illustrates how the properties of the 

RSNS were obtained with an optical infrastructure. Chapter V discloses the results of the 

work that was done towards achieving a working physical ADC. The chapter consists of 

the specifics of the generated folding waveforms as well as the testing of the comparator 

sampling circuit. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Comparator States and Corresponding Row Elements 
 

 
 
 
 

Modulus-3 Channel Comparator States 
Row Element   

0 000 
1 001 
2 011 
3 111 

    
Modulus-4 Channel    
Row Element   

0 0000 
1 0001 
2 0011 
3 0111 
4 1111 

    
Modulus-5 Channel   
Row Element   

0 00000 
1 00001 
2 00011 
3 00111 
4 01111 
5 11111 
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V. ADC RESULTS 

Chapter IV described the techniques that were used to implement an RSNS ADC 

using the hardware that was available. Here, the resulting folding waveforms are dis-

played along with a discussion of how the comparator circuits were programmed and 

tested. 

 

A. FOLDING WAVEFORMS 

As mentioned in Chapter IV, the periods of the folding waveforms were realized 

through three RF amplifiers. Figure 23 shows the amplifiers that were used. In order to 

amplify the received analog voltage signal, the signal was sent to the input of three dif-

ferent amplifiers. The gain was adjusted by the knob in the middle of the figure so that 

the three folding waveform periods could be set correctly. The gain for the modulus-3 

channel was set at 6 dB, shown in Figure 23. Gains for the modulus-4 and modulus-5 

channels were approximately 4.8 dB and 3.8 dB, respectively. 

 

 
 

 
 
 

Figure 23.   HP 8347A RF Amplifier 
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Figure 24 includes two oscilloscope displays that show the three folding wave-

forms. The oscilloscope displayed the waveforms after they were detected and amplified. 

After amplification, the outputs of the linear amplifiers (shown in Figure) were fed into 

the oscilloscope. This was done with all three channels.   

 

 

 
 
 

Figure 24.   Oscilloscope Displaying a) the Modulus-3 and Modulus-4 Waveforms and 
b) the Modulus-4 and Modulus-5 Waveforms 
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The top waveform of the first display is the modulus-3 waveform, and the bottom 

the modulus-4 waveform. The modulus-4 waveform was shown again at the top of the 

second display. This was done so that the periods could be compared. The modulus-4 

waveform is shown with a different phase in the two displays. This is because the trigger-

ing of the oscilloscope was different in each display. The horizontal scale of the display 

was set to 0.5 ms per division. That said, the periods of the waveforms shown are 0.6 ms, 

0.8 ms, and 1.0 ms, respectively. Shifting the waveforms was accomplished using vari-

able lengths of coaxial cable before the RF signal amplification to introduce time delays. 

This was far from exact, and can be assumed a rough estimate. However, the waveforms 

in Figure 24 show that the peaks and nulls never occur at the same instance, which prove 

that shifts are present. 

 

B. COMPARATOR CIRCUIT TESTING 
The comparator circuit board, shown again in Figure 25, amplitude-analyzes 

 
Figure 25.   Comparator Bank Circuit 
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the folded waveforms produced in the previous section. To test the functionality of the 

comparator circuit, a DAQPad-6507, shown in Figure 26, was used to interface the circuit 

with the computer program, LabView. LabView not only aided in testing the operation of 

the comparator chips, but also facilitated the setting of the comparator threshold values. 

A total of 28 lines were used for the transfer of digital data to and from the com-

parator board. Sixteen of them were used for the setting of threshold voltages, while the 

remaining 12 were used to continuously read the comparator states.  

The first 16 lines were split into two ports of 8. The first port was used to system-

atically set the chip, write, and comparator selects. Values for the comparator threshold 

voltages were then fed through the remaining 8 lines. A different comparator threshold 

voltage was sent for each comparator, so the code words sent through the first port and 

the second port had to be timed precisely. 

 

 
 

Figure 26.   National Instruments DAQPad-6507 
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Using the DAQPad in Figure 26, a program was created in LabView to send a se-

ries of digital words so that the threshold values would be set. A screen capture of the 

program is shown in Figure 27. In this program, a total of 50 8-bit binary words were sent 

to each port. At the left of the screen capture, there are two arrays where the 8-bit binary 

values can be set. The top array is configured to send the chip, write, and comparator se-

lect information. Threshold voltage levels are sent through the bottom array. In each ar-

ray, there are two numbers. The first labels which element of the array is being displayed 

(ranges from 0-49). The second number is the 8-bit array element shown in base 10 (255 

corresponds to 8 digital ones). These arrays are then concatenated by the program and 

sent out to the comparator board two elements at a time, one for each port. 

 
 

 
 

Figure 27.   Screen Capture of LabView Program That Sets Threshold Voltages 
 

A second program was used to continuously read the states of the comparator. 

The screen capture of this program is shown in Figure 28. In this program, a sample is 
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taken every 1 ms. The sample rate is set by the loop delay shown in the screen capture. 

For each sample, the comparator states are read are displayed using rows of LEDs. The 

LEDs are not physical LEDs but rather show up on the computer screen as LEDs that 

light up green when a comparator ON state is received, and light up red when a  

 

 
 

Figure 28.   Screen Capture of LabView Program That Reads Comparator States 
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comparator OFF state is received. To test the operation of the comparator circuits, a volt-

age input to the comparators was needed. The most useful device available was a Global 

Specialties Model 1300 Power Supply, shown in Figure 29. Acting as a DC voltage 

source, this device allows the user to control the input voltage to the comparators. Thus, 

with the program that reads comparator states running, the user can witness the changing 

of the comparator states as the input DC voltage changes. Figures 30 and 31 show the 

arrays of LEDs at different times while the program was running.  

 
Figure 29.   Global Specialties Model 1300 Power Supply 

 
 
 

 
 

Figure 30.   LabView Screen Capture Showing the Comparator States with an Input 
DC Voltage of 0 V. 
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In this case, the input voltage provided by the power source was input into all 12 

comparators simultaneously. With the entire ADC running properly, the voltage inputs to 

the comparator banks would differ based on the three folding waveforms. The inputs 

were made the same for testing purposes. As the DC voltage increased, all 12 comparator 

states changed accordingly. Figure 31 displays how the comparators changed states at an 

input voltage of 2.6 V. The range of input voltage values that the comparators were to 

detect is REF=5 V. Thus, with an input voltage of 2.6 V, every comparator that has a 

threshold voltage of less than 2.6 *REF
5.0

V
V

⎛ ⎞
⎜ ⎟
⎝ ⎠

should be in the ON state. Figure 31 verifies 

that the comparators respond in this way. For instance, in the Modulus-5 comparator 

bank, the comparators with the lowest three threshold voltages are in the ON state. Since 

the middle LED (of the five in the Modulus-5 comparator bank) represents the compara-

tor with a threshold voltage of 0.5*REF, which is less than 2.6 *REF
5.0

V
V

⎛ ⎞
⎜ ⎟
⎝ ⎠

, the LED 

should be ON. The same is true for the other two LEDs, representing comparators of 

threshold voltages of 0.33*REF and 0.16*REF, respectively. 

 

 
 
 
Figure 31.   LabView Screen Capture Showing the Comparator States with an Input 

DC Voltage of 2.6 V. 
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With the folding waveforms generated and the comparator circuit functioning 

properly, the only step left is to feed the folding waveforms into the input pins of the 

comparator banks. However, a drawback was encountered when trying to do this. The 

LabView program that reads the comparator states can only read the states once every 1 

ms (equivalent to a sampling rate of 1 kHz). This is a problem considering the triangle 

wave that served as the analog received voltage source was 100 kHz. This value had to be 

used because the amplifiers that adjusted the periods of the folding waveforms had a 

bandwidth ranging from 100 kHz to 1 GHz. In order to sample the resulting folding 

waveforms effectively, a sampling rate of around 2-3 MHz is required. Not only was the 

software lacking in its ability to make the DAQPad-6507 sample that fast, but the USB 

cable that runs between the computer and the DAQPad-6507 significantly lacks the 

bandwidth required to carry samples at rates that high. Though the operation of the RSNS 

ADC was verified, a device with a higher sampling rate is required for a full implementa-

tion.  

This chapter described what was accomplished in this thesis. Chapter VI con-

cludes this thesis by featuring the accomplishments and implications of this design. 
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VI. CONCLUSION 

As the rate of analog-to-digital conversion is increased due to improved technolo-

gies and techniques, ADCs will need to perform better in areas such as resolution and ro-

bustness as well. This thesis demonstrated how a RSNS ADC architecture can offer these 

qualities. The resolution of the architecture is accomplished due to the minimal number 

of comparators that are needed to achieve a high resolution. An RSNS-encoded scheme 

also provides robustness. This means that the system can handle errors and still perform 

well due to its inherent Gray-code properties.  

An RSNS ADC architecture was constructed and tested. Operation of the ADC 

prototype was verified by observing the produced folding waveforms and proving the 

functionality of the comparator circuits.  

There are many aspects of this work that can be improved upon. For a fully com-

pleted RSNS ADC, the shifting in phase of the waveforms relative to another must be 

done with an introduced DC offset. This is contrary to the time delay technique that was 

used here. An offset must be used because the input analog voltage to the ADC will not 

necessarily be a steadily changing voltage. The signal received will most likely have 

many random qualities, making the time delay ineffective.  

Another aspect that should be improved is the accuracy of the folding waveforms. 

The periods of the folding waveforms were set using the gain dials on three amplifiers. 

An amplifier with a higher degree of precision would be useful in providing more exact 

periods. Having an accurate set of folding waveforms is necessary if the ADC is to per-

form at a high rate of conversion.  

The comparator circuit that was used to read in the folding waveforms operates 

well. Comparator threshold voltages were set according to folding waveforms with a tri-

angle wave shape. In this implementation, the MZIs produce waveforms with a cosine 

squared wave shape. Thus, the threshold levels need to be modified so that each least sig-

nificant bit will correspond to a consistent range of input voltage.  
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Carrying out the full operation of the prototype would include an improved sam-

pling device. This device will need to interface with the computer as well. LabView has 

the capability of sampling at higher rates given the access to some improved data acquisi-

tion equipment.  

The completion of this prototype is important on many levels. Better resolution 

and robustness are two of the advantages of the RSNS encoding. Coupled with the high 

bandwidth and low loss characteristics of optical fiber and components, this ADC has the 

potential to be an important step towards realizing ADCs of unrivaled capabilities. 
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APPENDIX 

The Appendix consists of the data sheets for the MAX516 Quad-Comparator with 

Programmable Threshold device. 
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