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A PHOTONIC ANALOG-TO-DIGITAL CONVERTER UTILIZING 
WAVELENGTH DIVISION MULTIPLEXING AND DISTRIBUTED OPTICAL 

PHASE MODULATION 
5 

[001] DISTRIBUTION STATEMENT A 
BACKGROUND OF THE INVENTION Approved for Public Release 

Distribution Unlimited 

Technical Field of the Invention 

10 The present invention generally relates to analog to digital converters (ADC). 

More particularly, it relates to photonic analog-to-digital converters using a new 

pipeline scheme utilizing wavelength division multiplexing and distributed phase 

modulation. The present invention performs analog-to-digital conversion within the 

optical system, and thus produces a binary optical output in the form of a digital bit 

15     pattern. 

Description of related art 

It is often desirable to convert an analog amplitude varying signal to a digital set 

of values which correspond to various voltages in the analog waveform to generate a 

20 corresponding digital signal. Conventional approaches rely.on iterative or comparative 

techniques for determining a digital signal based on an analog waveform voltage. 

Further, transformation of wideband data signals from the analog-to-digital domain may 

require sample rates that are generally not available in pure electronic analog-to-digital 

converters. Using currently available technology, electronic ADCs are limited to about 

DTic QUALITY O&BSKSBD 4 
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2 gigasamples/second. Ideally, the sample rate of a suitable ADC should be from 2.5 to 

4 times the maximum bandwidth of the analog signal digitized. 

Presently, the fastest commercially available ADCs are flash converters, which 

5 comprise of a sample and hold circuit and a digitizer circuit. By using multiplexing or 

interlveaving techniques, the sample rate of such electronic Analog-to-Digital (A-D) 

systems maybe extended to about two gigasamples/second at about 6-bits of resolution. 

Some ADCs architectures involved interleaving parallel channels of sampling and 

comparing circuits, thereby increasing their effective speed by the number of parallel 

10     channels. 

Recognizing the limitations on bandwidth, sampling rate, and resolution of 

electronic ADCs, focus of the prior art shifted to optical devices to substantially 

improve upon these parameters resulting in electronic ADCs evolving in several 

15 different architectures. Photonic systems, with their large bandwidths and low-noise 

operation, may be directly substituted for their electronic counterparts, thus improving 

the integrated system and thereby extending the overall performance. 

Although the concept of photonic ADC is relatively old, most of the current 

20     photonic ADCs involve techniques that use mode-locked lasers.to provide picosecond 

and sub-picosecond sampling of the electronic waveform in an electro-optic device, 

such as an electro-optic modulator (EOM). These systems operate by using photonic 

sampling as a high-speed, photonic sample-and-hold circuit, or as a pre-sampler for an 
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electronic sample-and-hold circuit, thus enhancing the performance of the final-stage 

electronic ADC which performs the digitization of the signal. 

To further enhance the speed of the entire electronic and photonic system, the 

5 photonic system samples the waveform at a much higher speed, and then divides or 

demultiplexes the output onto several channels that operate at the speed of the 

electronic ADCs. The electronic output data is then interleaved to provide an effective 

sampling rate that is higher than the rate that could be achieved with a single electronic 

ADC. The capability of the photonic system to operate at very high sampling rates 

10 arises from the mode-locked laser sources that have extremely precise timing capable of 

serving as an optical clock. While the prior art teaches improving the speed of the 

ADCs, it fails to teach or suggest a pipeline or a series scheme for photonic ADCs 

utilizing wavelength division multiplexing (WDM) and distributed phase modulation. 

15 In U.S. Patent No. 5,010,346 to Hamilton et al., an electro-optical A-D converter 

is disclosed which uses a series of separate lasers having different wavelengths as an 

optical carrier. It will be appreciated that it would be difficult to synchronize the timing 

and amplitude of these laser beams, and that the resulting jitter between the channels 

limits the sampling rate and amplitude resolution.   Moreover, the number of channels 

20     such an electro-optical A-D converter can use appears to be limited to about ten. 

In U.S. Patent No. 4,502,037 to Le Parquier et al. discloses an A-D converter 

that includes an optical modulator which includes one interferometer channel for each 
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bit of a digital output word is disclosed. The output word corresponds to the magnitude 

of an analog input signal.  The modulator applies a phase shift to each channel used to 

modulate light from a laser source, and the modulated light is demodulated by an array 

of photodetectors and comparators to produce a corresponding digital signal. 

5 

In U.S. Statutory Invention Registration H353 an optical converter with 

expanded dynamic range is disclosed. The expanded dynamic range is achieved by 

dividing the input signal into an optically modulated light pulse signal comprising least 

significant bits (LSB) and most significant bits (MSB) representations. The LSB and 

10 MSB representations are then interleaved to form a final binary representation of the 

input analog signal. In this system, each of the parallel optical channels are created with 

electro-optic modulators, and these modulators are driven in parallel by an input analog 

signal. 

15 Based on the foregoing, it should be appreciated that there has arisen a need for 

an apparatus and method for converting an analog signal into a digital signal by using a 

new pipeline scheme'utilizing wavelength division multiplexing and distributed phase 

modulation, and thus removing the complexity of channel timing and synchronization 

of the time-interleaved photonic ADCs. Furthermore, the digital output of the analog-to- 

20 digital converter system may be beneficial since it allows direct optical data transfer 

through transmission media in.telecommunication systems. 
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[002] 

SUMMARY OF THE INVENTION 

Accordingly, the present invention is directed to an innovative solution which 

provides for the conversion of analog signals to digital signals using a series of electro- 

5 optic modulators (EOMs). The present invention adopts wavelength division 

multiplexing and distributed phase modulation techniques to perform analog-to-digital 

conversion of an input signal, wherein analog-to-digital conversion is performed within 

the optical system of the analog-to-digital converter. In the preferred embodiment of 

the present invention, the EOMs are essentially electro-optic phase modulators 

10     (EOPMs) used to change/modify the phase/polarization of an optical signal. 

In one aspect, the present invention is directed to a photonic analog-to-digital 

converter (ADC) system which includes a multiwavelength optical source capable of 

producing signals of different wavelengths, and at least one polarizer in order to set a 

15 polarization state within the photonic analog-to-digital converter system. A plurality of 

electro-optic modulators are arranged in series wherein each of the electro-optic 

modulators (EOMs) perform signal processing to produce an optical output having a 

modified polarization state. A plurality of wavelength filters are arranged in series to 

probe an optical phase change, wherein each of the wavelength filters extracts an optical 

20 signal of a specified wavelength. A plurality of polarization controllers set an optical 

bias within the ADC system. The ADC system further includes a plurality of analyzers 

for analyzing polarization states to create an optical transfer function, wherein each 

analyzer analyzes the polarization state of a respective EOM. 
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In one exemplary embodiment of the present invention, the wavelength filter is 

comprised of a wavelength division multiplexer (WDM). In another exemplary 

embodiment, each analyzer is comprised of a polarization maintaining optical isolator. 

5 In yet another exemplary embodiment, each of the wavelength filters is comprised of a 

beamsplitter to filter optical signals of a specified wavelength. It is to be noted that a 

single wavelength source, instead of a multiwavelength source, may be used in the 

embodiment where a beamsplitter is employed to filter optical signals. 

10 In another aspect, the present is directed to a method of converting analog 

signals to digital signals in a photonic analog-to-digital converter system comprising at 

least one polarizer, a plurality of electro-optic modulators arranged in series, and a 

plurality of wavelength filters to probe an optical phase change. First, a plurality optical 

signals of differing wavelengths are produced using a multiwavelength optical source. 

15 These multiwavelength signals are passed through a polarizer in order to set an initial 

polarization state in the ADC system. The polarized optical signals are passed through 

an electro-optic modulator which modifies the polarization states of the optical signals, 

thus resulting in an optical signal with modified polarization states. The modified 

optical signal is then passed through a wavelength filter, disposed in between a plurality 

20 of electro-optic modulators, in order to extract an optical signal of a specified 

wavelength. 
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The extracted optical signal is subsequently processed whereby a change in 

polarization is converted to a change in optical intensity to produce an individual binary 

optical output representing a most significant bit in the digitized representation of the 

analog signal. The unextracted optical signals are passed through a second electrooptic 

5 modulator to produce a modified optical signal, and the modified optical signal is 

passed through a second wavelength filter to extract an optical signal of another 

specified wavelength. The extracted signal is likewise processed to produce an 

individual binary optical output. The above method continues until signals of all the 

wavelengths are extracted and processed resulting in binary optical outputs. The 

10 combination of all the binary optical outputs produces a digital equivalent value of the 

analog signal. 

In yet another aspect of the invention, the present invention is directed to a 

photonic analog-to-digital converter (ADC) integrated into a single electro-optic crystal. 

15 The photonic ADC system integrated into a single electro-optic crystal includes a at 

least one polarizer for setting the polarization state within the photonic ADC system, at 

least one analyzer to perform signal processing to produce a polarization signal having a 

modified polarization state. Optical signal processing components, such as wavelength 

filters, etc., are also disposed at regular intervals in the single crystal in order to filter 

20     optical signals of specified wavelengths. 

The wavelength filters may be used to probe an optical phase change with each 

of the wavelength filter extracting an optical signal of a specified wavelength. A 
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plurality of polarization controllers are also provided in the single electro-optic crystal 

to set an optical bias within the ADC system. The photonic ADC system further 

includes at least one analyzer for analyzing polarization states to create an optical 

transfer function by analyzing the polarization state of a respective electro-optic 

5      modulator. 

[003] 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present invention may be had by 

10     reference to the following Detailed Description when taken in conjunction with the 

accompanying drawings wherein: 

FIG. 1 illustrates a conceptual diagram of an analog-to-digital converter (ADC) 

using wavelength division multiplexer  (WDM)  and employing distributed phase 

modulation; 

15 FIG. 2 illustrates the implementation of a 3-bit photonic ADC employing 

distributed phase modulation using discrete fiber optic devices; 

FIG. 3 illustrates a transfer function mapping the input signal voltage to digital 

optical output for a 3-bit photonic ADC system; 

FIG. 4 illustrates the integration of a distributed phase modulated, photonic 

20     ADC onto a single piece of electro-optic material, providing a monolithic photonic 

ADC with inputs for the analog electrical input signal, laser input, and digital optical 

outputs. 
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[004] 

DETAILED DESCRIPTION OF THE DRAWINGS 

In the drawings, like or similar elements are designated with identical reference 

numerals through the drawings, and the various elements depicted are not necessarily 

5      drawn to scale. Referring now to FIG. 1, there is shown a general conceptual diagram of 

a   photonic   analog-to-digital   converter   (ADC)   employing   wavelength   division 

multiplexing and distributed phase modulation. 

As illustrated in a presently preferred exemplary embodiment of the photonic 

10     ADC system 100 as in FIG. 1, the photonic ADC system includes a multiwavelength 

source 110 for generating an optical signal of multiple wavelengths. At least one 

polarizer 120a is provided in order to set the polarization within the photonic ADC 

system. A plurality of electro-optic modulators 130a-130d are provided in order to 

modify the polarization state by modulating the phase of the optical signal by means of 

15      analog input voltage (+V) applied to each of the electro-optic modulators. A wavelength 

filter 140a is preferably disposed in between electro-optic modulators 130a and 130b, 

while a second wavelength filter 140b is disposed in between electro-optic modulators 

130b and 130c.   Each of the wavelength filters 140a and 140b may be implemented 

using a wavelength division multiplexer which separates the modulated optical signal 

20     into a series of channels based on wavelength bands. 

Further, a plurality of analyzers 120b, 120c, and 120d are provided to analyze 

the polarization state of an optical signal and also to convert the optical change in 
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polarization to a change in optical intensity. A plurality of polarization controllers 150a- 

150c to set the optical bias within the photonic ADC system 100. It is to be understood 

that FIG. 1 is merely an illustrative example to explain the operation of the photonic 

ADC of the present invention. It should, however, not be construed as a limiting 

5 example of the present invention. Therefore, depending on the number of wavelengths 

comprised in an optical signal, the components used in the photonic ADC to process the 

optical signal may be vary. In fact, the components involved in processing the analog 

electrical signal may also vary depending upon the intended resolution of the photonic 

ADC. Thus, the number of polarizers, analyzers, EOMs, wavelength filters, etc. may all 

10 be varied depending on the number of wavelengths involved and the resolution that is 

intended to achieve of the ADC. 

Against the above description of FIG. 1, the operation of the photonic ADC 

system may be better understood. Continuing to refer to FIG. 1, a rnultiwavelength 

15 source 110 produces an optical signal of multiple wavelengths, for example (A,i_3). The 

generated signals are passed through a polarizer 120a in order to set the initial 

polarization in the photonic ADC system 100. The optical signal is then passed through 

a first electro-optic modulator (EOM) 130a, whereby the polarization state of the optical 

signal is modified by an analog electrical signal (+V) applied to the EOM 120a. The 

20 modified optical signal is then made to pass through a wavelength division multiplexer 

140a which separates wavelengths by filtering light of a specified wavelength (k{) from 

the multiple wavelength optical signal. 
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In order to set an optical bias, the filtered light having wavelength X\ is now 

passed through a polarization controller or waveplate 150a and subsequently passed 

through an analyzer 120b to analyze the respective polarization state. Analyzer 120b is 

used to convert the change in polarization to a change in optical intensity. The optical 

5 output X\' outputted after passing through analyzer 120b is now a digital representation 

of the most significant bit (MSB) of the applied analog electric signal (+V). In one 

exemplary embodiment, Analyzer 120b may be a polarization maintaining optical 

isolator. 

10 Continuing to refer to FIG. 1, further to filtering X\ using WDM 140a, the 

unfiltered light having wavelengths (X2-3) is now made to pass through a second EOM 

130b and subsequent EOMs 130c and 130d whereby the unfiltered light (X2-3) is 

interrogated in a fashion similar to filtering X\ to produce individual binary optical 

outputs X2' and X3' as illustrated in Figure 1. The combination of Xx', X2\ and A,3' 

15 represents the digital equivalent value of the applied analog electrical signal (+V) to 

each of the EOMs of the photonic ADC system. 

Unlike prior art photonic ADC systems that use parallel channels to process the 

data, the photonic ADC system of the present invention accumulates more phase 

20 retardation as it travels along a single path. As illustrated in FIG. 1, X2 and X3 travel 

through more electro-optic modulators when compared to X\, thereby receiving more 

phase change than XI which is shown to travel through only one electro-optic 

modulator  130a. Thus, by exploiting the non-linear function of an electro-optic 
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modulator, the photonic ADC system of the present invention provides the analog 

signal processing necessary to produce a digital waveform as an optical output. 

In one embodiment, the final stage of the photonic ADC system 100 thresholds 

5 the data at its mid-scale amplitude, either by optical bistable devices, or by means of 

electronic comparators, in order to produce high contrast (on/off or one/zero) output. 

Once the data is transferred into electronic domain, clocking is performed by electronic 

readout systems (not shown here), thereby relieving any clock or synchronization 

difficulties between electrical and optical systems. One skilled in the art would 

10 appreciate that the presence or absence of this final stage has no effect on the basic 

functioning of the photonic ADC of the present invention. 

Those skilled in the art should appreciate that the depiction of the photonic ADC 

system 100 is a somewhat simplified view of a photonic ADC system that may be 

15 provided in actual practice of the present invention. Numerous additional components 

may be contained within the photonic ADC system, with various arrangements of 

filtering and processing optical signals. Moreover, the organization of the photonic 

ADC system may differ from that depicted in FIG. 1, which is, accordingly, intended to 

be merely illustrative and not limiting of the present invention. FIG. 2 illustrates a 3-bit 

20     photonic ADC system of FIG. 1 implemented using fiber optic devices. 

Referring now to FIG. 3, there is shown a transfer function mapping the analog 

input signal voltage to digital optical output for a 3-bit photonic ADC system of FIG. 2. 
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The intensity of three optical outputs (X\, Xj, and X{), as illustrated in FIG. 1, are plotted 

with respect to the analog input signal voltage. The nonlinear optical output intensity, 

obtained by the electro-optic modulation of the optical phase between polarizers 120a, 

120b, 120c, and 120d provides the transfer function to convert from analog electrical 

5 input signal to individual binary outputs. The polarization controllers or waveplates 

150a, 150b, and 150c, as shown in FIG. 1, allow for optically biasing the photonic ADC 

system 100 to align the zeroes of individual curves in the transfer function as illustrated 

in FIG. 3. Assuming that a bit value of "0" is assigned to values below mid-scale and 

"1" to values above mid-scale on the y-axis, FIG. 3 illustrates an increasing binary 

10 output with increasing analog input signal voltage. Thus, the photonic ADC system 

creates a transfer function that produces the binary optical output as illustrated in 

FIG. 3. 

The resolution of the photonic ADC system 100 may be increased by increasing 

15 the number of output bits. Thus, each new least-significant-bit (LSB) is provided with 

an additional optical phase change which may be equal to the total phase change of a 

former LSB. For N bits, a total of 2 ^'l) electro-optic modulators with an equal analog 

input voltage applied to all the modulators may be used. The resolution may also be 

expressed as a product of the analog electrical input voltage times the interaction length 

20 of each of the EOMs. Adding an additional bit of resolution may be achieved by 

applying an equal voltage to an equal number of EOMs. Increased resolution may also 

be achieved by decreasing the number of additional EOMs while amplifying the analog 

electrical input voltage applied to each EOM. 
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FIG. 4 illustrates an alternate embodiment of the present invention. The 

photonic ADC system of FIG. 1 may be integrated into a single electro-optic crystal as 

illustrated in FIG. 4. Referring now to FIG. 4, numeral 400 depicts an integrated 

5 photonic ADC system with distributed phase modulation. An entire photonic ADC 

system may be integrated into a single electro-optic crystal 410. Each of the 

components for processing signals in the photonic ADC system 400 are made in the 

electro-optic crystal 410. Various techniques such as etching or deposition or other 

alternate methods may be used to make the several components in the electro-optic 

10 crystal 410. The functioning of the photonic ADC 400 and each of the components 

within the photonic ADC system may be similar to the functioning of the photonic ADC 

system and its components as discussed with respect to FIG. 1. FIG .4 illustrates the 

operation of a 2-bit photonic ADC system. It is to be understood that this illustration is 

shown as a non-limiting example of the present invention in order to more clearly 

15      explain the present invention. 

The pipeline 'or series nature of the photonic ADC system of the present 

• invention relieves the present system of internal clocking and synchronization 

difficulties faced by the prior art. Thus, continuous-wave lasers may be used to drive 

20 the photonic ADC system, thereby reducing the size and cost of the final system. 

Alternately, a mode-locked laser may also be used to enhance the photonic ADC system 

of the present invention by providing a stable, low-noise clock for the internal 

components of the photonic ADC system 400. The precise timing of a mode-locked 
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laser may also be used for timing control of the components of the photonic ADC 

system 400 in order to achieve further higher speeds. 

[005] 

5 It is believed that the operation and construction of the present invention will be 

apparent from the foregoing Detailed Description. While the apparatus and method 

shown and described have been characterized as being preferred, it should be readily 

understood that various changes, modifications and enhancements could be made 

therein without departing from the scope of the present invention as set forth in the 

10 following claims. For example, it is possible to use a variable number of EOMs 

depending upon the number of wavelengths involved and the resolution that is intended 

to be achieved. It is further possible to use a single electro-optic crystal instead of using 

a plurality of electro-optic crystals. Accordingly, those skilled in the art should 

appreciate that these and other variations, additions, modifications, enhancements, et 

15 cetera, are deemed to be within the ambit of the present invention whose scope is 

determined solely by the following claims. 
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ABSTRACT OF THE DISCLOSURE 

A new pipeline method and apparatus for photonic analog-to-digital converters 

5 (ADCs) utilizing wavelength division multiplexing (WDM) and distributed phase 

modulation is disclosed. The analog-to-digital conversion is performed within the 

optical system of the ADC, and thus the optical output is a digital bit pattern. The 

optical output of this system thus facilitates ADC conversion at much higher speeds 

than available with conventional electronic ADCs. Phase modulators and polarization- 

10     based optics are used to map an input analog waveform into a binary output. 
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