
  

AFRL-SN-RS-TR-2003-271 
Final Technical Report 
November 2003 
 
 
 
 
 
 
A 10-BIT 10 GSPS OPTICAL ADC FOR RADAR 
SIGNAL PROCESSING  
  
University of Connecticut 
 
  
 
 
 
 
 
 
 
 

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AIR FORCE RESEARCH LABORATORY 
SENSORS DIRECTORATE 
ROME RESEARCH SITE 

ROME, NEW YORK 

 



  

 
 

 STINFO FINAL REPORT 
 
 
 This report has been reviewed by the Air Force Research Laboratory, Information 
Directorate, Public Affairs Office (IFOIPA) and is releasable to the National Technical 
Information Service (NTIS).  At NTIS it will be releasable to the general public, 
including foreign nations. 
 
 
 AFRL-SN-RS-TR-2003-271 has been reviewed and is approved for publication. 
 
 
 
 
 
 
 
APPROVED:   /s/ 
   JAMES R. HUNTER 
   Project Engineer  
 
 
 
 
 
 
 
 FOR THE DIRECTOR:   /s/ 
     RICHARD G. SHAUGHNESSY, Lt Col, USAF  
     Chief, Rome Operations Office 
     Sensors Directorate  
 
 
 
 
 
 
 
 
 



  

 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 074-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing this 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
November 2003

3. REPORT TYPE AND DATES COVERED 
Final  Mar 01 – Dec 02 

4. TITLE AND SUBTITLE 
 
A 10-BIT 10 GSPS OPTICAL ADC FOR RADAR SIGNAL PROCESSING  

6. AUTHOR(S) 
 
Eric Donkor  
  

5.  FUNDING NUMBERS 
C     -  F30602-01-1-0515 
PE   -  62204F 
PR   -  762D 
TA   -  SN 
WU  -  01 
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 
University of Connecticut 
Office of Sponsored Programs  
343 Mansfield Rd., Box U 151, Room 114 
Storrs, CT 06269-2151 

8. PERFORMING ORGANIZATION 
    REPORT NUMBER 
 
 
 

9.  SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
 
AFRL/SNDP  
25 Electronic Parkway 
Rome, NY 13441-4515 

10. SPONSORING / MONITORING 
      AGENCY REPORT NUMBER 
 
AFRL-SN-RS-TR-2003-271 
 

11. SUPPLEMENTARY NOTES 
 
AFRL Project Engineer:  James R. Hunter, SNDP, 315-330-7045, hunterj@rl.af.mil  

12a. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited.  
 

12b. DISTRIBUTION CODE 
 
 

13. ABSTRACT (Maximum 200 Words) 
Next generation radar systems for tactical aircraft will need to improve aircraft survivability, allow for cooperative 
multistatic mode of operation, provide efficient anti-jamming features, and compensate for motion-induced clutter.  
Faster digital processors are required, in particular analog-to-digital converters (ADCs) for digital processing of X-band 
radar systems.  This effort investigated and demonstrated an optoelectronic scheme for a high-speed optical ADC.  The 
system was designed with the following objectives in mind:  a) maintain the RF signal in the electrical domain 
throughout the conversion process and eliminate use of bulky optical components; b) low optical power budget (e.g. 
basic sampling circuit requires 50-60 m optical power); c) direct interface to electronic quantization circuits; and d) 
compact design.  The effort achieved sampling rates of 4 GSPS.  The limitation in conversion speed was dictated by the 
photodiode which had a 3dB-bandwidth of 5GHz.  The following tasks were completed:  1) Pspice simulation of 
sampling circuit; 2) Design implementation and synchronization of the optical clocks needed for a) sampling of incoming 
RF signals, b) demultiplexing the sampled signals to lower data rate for electronic quantization; 3) Interface of optical 
sampling circuit with National Instrument LABVIEW data acquisition system for quantization of sampled signals to 
produce an 8-bit gray code digital output; and 4) Optical sampling circuit optimization resulting in a 50% reduction in 
optical power consumption.   
 

15. NUMBER OF PAGES
18

14. SUBJECT TERMS  
Photonics, Analog-to-Digital, A/D, Optical Signal Processing, High Band Radar Systems, 
Digital Processing, Optical Sampling, Parallel Signal Multiplexing, Parallel Signal 
Processing  

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. Z39-18 
298-102 



 

 

 

i

 
Table of Contents 

 
Executive Summary……………………………………………….………………… 
 
1. PSPICE Simulation of optical Sampling Circuit……………………………….. 

2. Optical clock synchronization………………………………...…………………. 

3. Simulation of combined sampling/demultiplexing subsystem…………………. 

4. Quantization of sampled RF……………………………………………………... 

5. Discussion…………………………………………………………………………..

 

1 

2 

4 

7 

10

11

 
 
 
 
 



 

 

 

ii

List of Figures 
 
Fig 1.  Basic RF sampling circuit…………………………….……………………... 
 
Fig 2. Equivalent circuit of photodiode…………………………………………….. 

Fig 3. PSPICE model for optoelectronic sampling circuit………………………... 

Fig 4. Simulation result for the sampling circuit………………………………….. 

Fig 5. Electronic counter circuit used to drive a pigtailed laser diode…………… 

Fig 6. Clock generation for sampling and demultiplexing………………………... 

Fig 7. Oscilloscope display of Optical clock………………………………………... 

Fig 8. PSPICE model for sampling block followed by demultiplexer blocks……. 

Fig 9. PSPICE model for the sampling/demultiplexer subsystem………………... 

Fig 10. Simulation result for the circuit of figure 9………………………………...

Fig 11. A portion of the sampled RF……………………………………………….. 

Fig 12. LABVIEW front panel display of the quantizer………………………….. 

Fig 13. Original/new optoelectronic sampling and demultiplexing circuit……….

 

2 

3 

3 

4 

5 

6 

7 

8 

9 

10

11

12

13



 

 

 

1

  A 10-bit 10 GSPS Optical ADC for Radar Signal Processing  

 

 

Executive Summary 

 

We investigated and demonstrated an optoelectronic scheme for a high-speed 

optical analog-to-digital converter.  The system was designed with the following 

objectives in mind: a) to maintain the RF signal in the electrical domain throughout the 

conversion process and thereby eliminate the use of bulky optical components b) low 

optical power budget.  For instance the basic sampling circuit require 50-60 µm optical 

power c) direct interface to electronic quantization circuits, d) compact design.  In all a  

sampling rate of 4 GSPS was achieved.  The limitation in conversion speed was dictated 

by the photodiode which had a 3dB-bandwidth of 5GHz.  The following tasks were 

completed:  

1) Pspice simulation of sampling circuit.  

2) Design, implementation and synchronization of the optical clocks needed for a) 

sampling of incoming RF signals, b) demultiplexing the sampled signals to lower data 

rate for electronic quantization. 

3) Interface of optical sampling circuit with National Instrument LABVIEW data 

acquisition system for quantization of sampled signals to produce an 8-bit gray code 

digital output.  

4) Optical sampling circuit optimization resulting in a 50% reduction in optical power 

consumption.   
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1. PSPICE Simulation of optical Sampling Circuit 

Figure 1 represents the basic optoelectronic RF sampling circuit.  It consists of two 

back-to-back photodiodes arranged to act as a fast optoelectronic switch.  The back-to-

back arrangement is essentially an electrical open circuit, which can be taken to be the 

OFF-state of a fast optoelectronic switch.  When the diodes are simultaneously actuated 

with a laser pulse, the switch toggles to the ON-state.  Thus, a train of mode-locked laser 

pulses applied to the diodes of figure 1 will result in optical sampling of the RF input. 

The sampled RF appears across the load resistance. 

 

 

Figure 1. Basic RF sampling circuit. The circuit consists of two back-to-back 
photodiodes that act as fast optoelectronic switch actuated by mode-locked laser 
pulses. 
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A PSPICE circuit of figure 1 was designed and simulated.  The diode was represented 

by its equivalent circuit, shown in figure 2.  The ideal diode was represented in the 

PSPICE circuit as a switch, and the input optical pulses needed to actuate the switch 

were represented as electrical signal with the same repetition rate, amplitude and 

pulse-width as the laser pulses.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Equivalent circuit of photodiode. 

Fig. 3: PSPICE model for optoelectronic sampling circuit. 
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The parameter values for the components in figure 3 were obtained from manufacturers’ 

data sheets for the photodiode.  The “Sbreak” elements (S1 and S2) represent the 

optoelectronic switches in figure 1 (or the ideal diodes of figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

A sample simulation is shown in figure 4.  The upper graph depicts the pulses that actuate 

the photodiode.  The input sinusoid and the sampled RF output are shown in the lower 

circuit. 

2.  Optical clock synchronization. 

 Two of the optical clocks required for the optical ADC system run at 1GHz and 

250MHz respectively, and the third is digitally tunable between 10-100MHz.  The 

250MHz optical clock was tapped directly from the output of a 100ps 250MHz mode-

Figure 4. Simulation result for the sampling circuit. Top figure represents the 
sampling pulses, bottom figure represent the RF input and the sampled output. 
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locked fiber laser.  Tapping and circulating a portion of the 250MHz mode-locked laser 

output generated the 1GHz optical clock.  The 1GHz and 250 MHz clocks are 

synchronized by virtue of the fact that they were generated from a single mode-locked 

laser source.  The 10-100MHz tunable clock was generated from the output of a laser 

diode driven by an electronic laser driver circuit.  The laser driver circuit is shown in 

figure 5.  It is designed around an electronic counter chip MC100E136FN which takes as 

its input a sinusoidal signal and produces a digital output with a bit rate that is selectable 

between 10MHz and 100MHz.  The output is taken from the Cout.  

 

 

 

Figure 5. Electronic counter circuit used to drive a pigtailed laser diode. The laser diode 
output gives optical pulses 4ns wide and of variable repetition rate. 
 

The frequency of the square wave depends on the setting of Q0-Q5 switches.  The signal 

is amplified and buffered with the GAL-2 transistor circuits and the THS3001 chip.  The 
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output of the counter circuit is used to drive a pig-tailed laser diode to produce an optical 

pulse width of 4ns.  In order to synchronize the laser diode output signal with the other 

1GHz and 250MHz clocks we tapped the 250 MHz RF signal needed to drive the input of 

the counter from the 250MHz reference signal of the mode-locked laser.  

 

 

 

 

 

    

 

 

 

 

         

 

 

Fig. 6 shows a diagram representing the clock generation technique.  The 

250MHz (4ns rep rate, 100ps width at 1330nm) optical pulse from the mode locked laser 

serves as the clock for the intermediate tier of the sampling hierarchy.  This optical pulse 

is then chosen to be 1.5 meters.  A 250MHz sine wave reference (electrical) is available 

from the mode-locked laser.  This reference is used as the standard from which the clock 

for the quantizing tier of the demultiplexing hardware is derived.  An ECL counter set for 
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Fig. 6  Clock generation for sampling and demultiplexing 
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divide-by-N, where 
N

250MHz  is the maximum acceptable input rate of the selected 

quantizer, is used to demultiplex the 250MHz optical clock.  This electrical signal is then 

used to drive a laser diode, which will control the photodiode.  The width of the 

demultiplexed pulses are approximately 20ns wide, corresponding to the width of the 

demultiplexed optical pulses from the laser diode.  Figure 7 is a high-speed digital 

display of the three clock pulses.  The top is 25MHz, the middle 250MHZ, and the 

bottom 1GHz. 

 

 

Figure 7 Oscilloscope display of Optical clock. Top is 25MHz, Middle 250MHz, 
bottom 1GHz. 
 

3. Simulation of combined sampling/demultiplexing subsystem 

Figure 8 shows the sampling circuit in the dashed block.  The incoming 1GHz RF 

signal is amplified and split into multiple channels with each channel fed into a separate 

sampling circuit.  The optical clock actuating the photodiodes has a repetition rate T = 1/f 

where f = 1 GHz.  These clock pulses are sent via delay lines to the sampling circuits. 
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The delay lines are tailored so that each sampling circuit samples a different phase of the 

RF demultiplexing circuit. 

 

 

 

Figure 8. Sampling Circuit followed by a two demultiplexing stages. The demultiplexing 

stages slow the sampled RF data rate to a point where each sample signal can be directly 

quantized by electronic circuitry.  

 

 

 

 

 

Figure 8 also shows a sampling circuit block followed by two demultiplexing blocks 

between successive stages.  The demultiplexer circuit is similar to the sampling circuit.  It 

is comprised of two back-to-back photodiodes, acting as fast optoelectronic switches that 

can be actuated by laser pulses.  The first demultiplex circuit is actuated by 250 MHz 

clock pulses and the second by 25MHz clock pulses.  As a result, the original 1GHz 

sampled RF pulses are demultiplexed into an aggregate of forty (40) 25-MHz sampled 

channels which can directly be quantized by electronic quantization circuitry.  Once the 

data rate has been reduced considerably, electronic quantizers are then employed at the 

final stage of the optical ADC converter.  A PSPICE model was designed and simulated 

for one of the forty channels.  The SPICE  model is shown in figure 9. 

Fig. 8 PSPICE model for sampling block followed by demultiplexer blocks. 
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Figure 9. PSPICE model for the sampling/demultiplexer subsystem 

 

Figure 10 is a simulation result for the sampling/demultiplexer subsystem.  The top figure 

represents a 10 GHz pulse.  The lower circuit represents the output of the sampling 

circuit.  Notice that the sampling rate is 10GSPS.  The middle figure represents one of the 

demultiplexed signals at a data rate of 1GSPS. 



 

 

 

10

 

 

 

 

 

 

 

 

 

 

  

Figure 10. Simulation result for the circuit of figure 9.  Top represents a 10 GHz pulse; 
middle represents one of the demultiplexed signals at data rate of 1GSPS; lower 
represents output of the sampling circuit at 10GSPS.  
 
 
 
4. Quantization of sampled RF 

For the quantization system a National Instrument LABVIEW hardware computer 

interface board was used.  The output of the demux to the LABVIEW was connected to 

the scope input and appropriate Labview code was written to quantize the sampled 

signals.  Figure 11 illustrates the front panel display of the LABVIEW-based quantizer.  

It represents the incoming sampled signals, and Figure 12 depicts the quantization levels 

of five of the sampled outputs.  Both the analog amplitude and the corresponding gray 

code are displayed.   
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5. Discussion 

Towards the end of the project it was demonstrated that a single photodiode can 

be T-biased to perform the same switching function similar to the back-to-back 

photodiode arrangement for RF sampling and demultiplexing.  Figure 13a and Figure 13b 

show the original circuit and redesigned circuit respectively.  The original design utilizes 

a back-to-back photodiode arrangement in the sampling circuit.  The new design utilizes 
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only a single diode.  However, to ensure that both positive and negative half-cycles of the 

input RF are sampled, a biased-T network is included.  

 

 

   

 

 

 

 

 

 

 

 

 

Figure 12. LABVIEW front panel display of the quantizer. The top panel shows 
incoming sampled data from the optical ADC into the Labview data board.  The middle 
panel shows five of these sample data selected by Labview to quantize. The bottom panel 
shows the eight bit digital code for the quantized data.  
 

The DC voltage is arranged to reverse bias the photodiode and its value is also chosen so 

that regardless of the RF amplitude the diode is always reverse biased.  Under these 

conditions one the optical sampling pulses are applied.  The sampled output rides over 

the DC voltage as reference.  

The new design has many advantages.  First, it utilizes only a single diode and 

requires 50% less optical power compared with the original circuit.  Secondly, the 
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sensitivity of the diode is greatly enhanced when it is used in its reverse-biased 

configuration.  Thirdly, it reduces the overall device count, and therefore lowers the cost 

and size of the complete optical ADC system. 

             

    

            (a)      (b) 

Figure 13. Original  (a) and new-improved (b) optoelectronic sampling and 
demultiplexing circuit. The new design consumes 50% less optical power than the 
original design. 
 


