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Abstract: This invention is relevant when working as part of optoelectronic systems, including
non-destructive quality control of forest seeds. The possibility of synthesis of the ultrafast optical
analog-to-digital converter (ADC) providing conversion of analog information to digital in the
sub-GHz range is considered. The functional scheme of the optical ADC, containing technologically
well-developed optical elements is given; the principle of operation is described in detail. The
possibility of increasing the speed of the ADC to make it potentially possible for optical data
processing schemes is shown.

Keywords: forest seed rapid analyzer; optical analog-to-digital converter; optical bistable elements;
optical waveguides; integrated optics

1. Introduction

In modern forest seed production, challenges for non-destructive seed quality control often
arise [1]. Features of collection and storage of forest seeds suggest the presence of mobile Express
analyzers [2]. They operate in different optical ranges, are designed on a modular basis and have the
ability not only to diagnose, but also to separate [3,4] seeds by spectrometric properties [5–7]. The
bases of these devices are optoelectronic systems [8] allowing, depending on the specific optical index
of the seed, to calculate its viability [9–15]. The speed of any information-computing system depends
to a significant extent on the speed of its interface, especially in a situation where it is used to control
physical and technical processes in real time [16].

In this case, of particular importance is the speed of buffer devices that convert analog information
into digital. For multi-bit converters (with the number of bits N > 10), the problem of speed information
processing in the sub-GHz (and larger) range has not yet been solved. The lack of a high-speed
interface negates all the advantages of any converter. To date, a very urgent task is the development of
an analog-to-digital converter (ADC) with a conversion rate commensurate with the potential possible
speeds of optical switching circuits.

Currently known ADCs:

• based on the use of electronic functional elements [17],
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• ADC-based waveguide modulators of the type Mach-Zehnder [18],
• ADC based on the use of optical bistable elements (OBEs) and distributed optical

waveguides [19], etc.

The obvious disadvantages of electronic ADCs are their low speeds, which decrease even more
with the growth of the ADC bit rate, and high complexity. In turn, the disadvantages of the ADC based
on waveguide Mach-Zehnder type modulators [18] are the ability to convert the input analog signal
only to gray code (and not the positional binary code) and the overall low performance of the ADC
due to the need to use a large number of electronic elements (photodetectors, amplifiers, comparator,
etc.) in the terminal cascade with a total response time ≥ 10−6 s. Such a short response time does not
allow to process information in the sub-GHz range.

Among the listed ADC, the fastest is the ADC based on waveguide optical elements [19], but in
this ADC the conversion time is directly proportional to its output code and the pulse repetition period.
Since this ADC operates in a cyclic mode (at the end of the conversion time interval, the counter is set
to the initial state and therefore the conversion always starts from zero), its disadvantage is that it does
not have a very high speed, which does not allow analog-to-digital conversion in the sub-GHz range.

Let us consider further the possibility of synthesis of optical ADC, which provides conversion into
positional binary code of electrical analog signals in control and communication systems, information
processing in which is carried out in sub-GHz and large ranges.

2. The Optical ADC Principle

The functional scheme of the considered optical ADC, focused on the possibility of integrated
optical performance [18,20], is shown in Figure 1.

N-bit optical ADC contains a coherent radiation source 1, K-output optical splitter 2 (K = M +

1, M = 2N
− 1, N—number of ADC discharges), M optical transparencies 3i (i = 1 . . . M), M optical

Y-unifiers 4i, two groups of M OBEs in each 5i and 5M+i, electro-optical amplitude modulator 6, optical
phase modulator 7, M-output optical splitter 8, M N-output optical splitters 9i, N M-input optical
unifiers 10j, and N photodetectors 11j (j = 1 . . . N).

It should be noted that a significant number of optical splitters that are part of this ADC lead to
strict requirements for their manufacturing, providing a maximum relative error of signal transmission,
which in assessing the accuracy of the ADC can be neglected, of no more than 0.001%. To date, a similar
level of technology for the production of optical splitters has been achieved by Michael S. Cohen
(Qikertown, PA, USA) and Nanonics Imaging Ltd. (Jerusalem, Israel); splitters that have insertion loss
less than 0.1 dB, flatness ratio offshoots 0.1 dB, back reflection less than −60 dB. When using optical
splitters with less qualitative characteristics, correction of signal distortions can be carried out, for
example, due to a corresponding change in the transmission coefficients of optical transparencies 3i
(see Figure 1).

OBEs 5i (i = 1 . . . 2M) are optical elements that transmit an optical signal from the input to the
first (direct) output, if the amplitude of the input optical signal is greater than or equal to the specified
threshold value. Otherwise, the optical signal is transmitted to the second (inverse) output. OBEs
may be made in the form of optical transistors [20], optically connected waveguides [18,20,21] and
others [22,23].

The OBE threshold of the first group 5i (i = 1 . . . M) is equal to N − 1/2M conventional units,
and the threshold of OBEs of the second group 5M+i is equal to N + 1/2M conventional units. The
light-absorbing outputs are the second (inverse) OBEs outputs of the first group, 5i, and the first
(direct) OBEs outputs of the second group, 5M+i. The input of the optical ADC U is the control input of
electro-optical amplitude modulator 6.

The scheme of connection of the functional elements of the optical ADC is shown in Figure 1; it
should be noted that the outputs from the first to the M-th K-output optical splitter 2 are connected to
the inputs of optical banners 31 . . . 3M, and (M + 1)-th. The output of optical splitter 2 is connected to
the information input of electro-optical amplitude modulator 6.
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Figure 1. Function diagram of the analog-to-digital converter. 

A feature of the optical scheme of this ADC is also that the outputs of N-output optical splitters 
9i are connected to the inputs of M-input optical unifiers 10j (j = 1...N) in such a way that in the 
presence of an optical signal at the input of i-th N-output optical splitter 9i, a positional binary code 
of the number “i” is formed at all N outputs of M-input optical splitters 10j. At the same time, some 
optical branching of N-output optical splitters 9i are light-absorbing or do not absorb light waves. 
This process is explained by the presence/absence of appropriate connections between the optical 
splits of N-output optical splitters 9i and the optical branches of M-input optical splitters 10j. The 
outputs of the M-input optical unifiers 10j are already optically connected to the inputs of the same-
name photodetectors 11j, the outputs of which “D1…DN” are the outputs of the ADC. 

Each optical splitter 9i has a number of outputs (branches) equal to the number of ones in a 
binary code at number “i”, and these outputs through the corresponding combiner 10j are connected 
to the inputs of sensors 11j, each of which corresponds to the same category of “Dj” of the output 
binary code. Thus, when an optical signal arrives at the input of splitter 9i at the ADC outputs, “1”s 
are formed at those positions of the binary code that correspond to the number “i” (“0”—at the rest). 

The optical signal with the amplitude M•K conventional units from the output of the coherent 
radiation source 1 enters the input of the K-output optical splitter 2. Due to the branching of the 
optical flow, K-output optical splitter 2 at each output generated optical signal with an amplitude of 

Figure 1. Function diagram of the analog-to-digital converter.

A feature of the optical scheme of this ADC is also that the outputs of N-output optical splitters
9i are connected to the inputs of M-input optical unifiers 10j (j = 1 . . . N) in such a way that in the
presence of an optical signal at the input of i-th N-output optical splitter 9i, a positional binary code
of the number “i” is formed at all N outputs of M-input optical splitters 10j. At the same time, some
optical branching of N-output optical splitters 9i are light-absorbing or do not absorb light waves. This
process is explained by the presence/absence of appropriate connections between the optical splits
of N-output optical splitters 9i and the optical branches of M-input optical splitters 10j. The outputs
of the M-input optical unifiers 10j are already optically connected to the inputs of the same-name
photodetectors 11j, the outputs of which “D1 . . . DN” are the outputs of the ADC.

Each optical splitter 9i has a number of outputs (branches) equal to the number of ones in a binary
code at number “i”, and these outputs through the corresponding combiner 10j are connected to the
inputs of sensors 11j, each of which corresponds to the same category of “Dj” of the output binary code.
Thus, when an optical signal arrives at the input of splitter 9i at the ADC outputs, “1”s are formed at
those positions of the binary code that correspond to the number “i” (“0”—at the rest).

The optical signal with the amplitude M•K conventional units from the output of the coherent
radiation source 1 enters the input of the K-output optical splitter 2. Due to the branching of the
optical flow, K-output optical splitter 2 at each output generated optical signal with an amplitude
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of M conventional units, providing the amplitude of the optical signal at the output of the optical
transparency 3i transfer ratio (N + i/M)/M is equal to N + i/M unit.

The optical signal from the K-th output of the K-output optical splitter 2 is fed to the information
input of the electro-optical amplitude modulator 6. If the input of the device and, consequently, at
the control input of the electro-optical amplitude modulator 6 is input signal UIN, the output of the
electro-optical amplitude modulator 6 is formed an optical signal with the amplitude U•M conventional
units, where U = UIN/Umax (U < 1), UIN is the current input voltage, UMAX is the maximum input
voltage (UMAX= M conventional unit).

From the output of the electro-optical amplitude modulator 6, the optical signal enters the input of
the optical phase modulator 7. After passing the optical phase modulator 7, the optical signal changes
the phase to π and enters the M-output optical splitter 8. After passing the M-output optical splitter 8,
the optical signal decreases in amplitude by a factor of M and enters the second inputs of M optical
Y-connectors 4i (i = 1 . . . M) with amplitude U conventional units.

Since the addition of two coherent antiphase optical signals subtracts their amplitudes, the output
of the first optical Y-unifier 41 signal amplitude will be: (N + 1/M) −U conventional units, at the output
of the second optical Y-unifier 42, respectively: (N + 2/M) − U conventional units. At the output of the
i-th optical Y-unifier 4i, the signal amplitude will be equal to (N + i/M) − U conventional units.

In order for the optical signal to pass from the output of the optical Y-unifier 4i through both OBEs:
5i and 5M+i, its amplitude must be greater than the threshold of operation of OBEs 5i and less than the
threshold of operation of OBEs 5M+i. At any U, this condition will be met only for one pair of OBEs 5i
and 5M+i and accordingly only one input of N-output optical splitter 9i will receive an optical signal.

Thus, at U = 1/M, the amplitude of the optical signal from the output of the first optical Y-unifier
41 is greater than the threshold of operation of OBEs 51: (N + 1/M) − U = N >N − 1/2M conventional
units, therefore, the optical signal with the amplitude of the N conventional units will be held at the
first output, and then fed to the input of OBEs 5M+1. Since the amplitude of the optical signal at the
input OBEs 5M+1 is less than the threshold of its operation N < N + 1/2M conventional units, the optical
signal will pass to its second output and then to the input of the N-output optical splitter 91.

The amplitude of the optical signal from the output of the second optical Y-unifier 42 is greater
than the threshold of operation of OBEs 52: (N + 2/M) −U = N + 1/M > N − 1/2M conventional units, so
the optical signal will pass to its first output and will go to the input of OBEs 5M+2. Since the amplitude
of the optical signal at the input OBEs 5M+2 is greater than the threshold of its operation N + 1 > N +

1/2M conventional units, the optical signal will pass to its first output, which is absorbing.
The amplitude of the optical signal from the output of the optical Y-unifier 4M is greater than the

threshold of operation of OBEs 5M: N + (M − 1)/M > N − 1/2M conventional units, so the optical signal
will pass to its first output and go to the input of OBEs 52M. Since the amplitude of the optical signal at
the input of the OBEs 52M is also greater than the threshold of its operation N + N – 1 > N + 1/2M
conventional units, the optical signal will pass to its first output, which is absorbing.

Thus, at U = 1/M at the input of the device, the optical signal will be only at the input of the
N-output optical splitter 91.

At U = i/M, the amplitude of the optical signal from the output of the i-th optical Y-unifier 4i is
greater than the threshold of operation of OBEs 5i: (N + i/M) − U = N > N − 1/2M conventional units,
therefore the optical signal with the amplitude of the N conventional units will be held at the first exit,
and then fed to the input of OBEs 5M+i. Since the amplitude of the optical signal at the input of OBEs
5M+i is less than the threshold of its operation N < N + 1/2M conventional units, the optical signal will
pass to its second output and then to the input of the N-output optical splitter 9i.

The amplitude of the optical signal from the output (i−1)-th of the optical Y-unifier 4i−1 is less
than the threshold of operation of OBEs 5i − 1: (N + (i − 1)/M) − U = N − 1/M < N − 1/2M conventional
unit. The optical signal will therefore pass to its second output, which is the absorbing.

The amplitude of the optical signal from the output (i + 1)-th of the optical Y-unifier 4i+1 is greater
than the threshold of operation of OBEs 5i + 1: (N + (i + 1)/M) − U = N + 1/M > N − 1/2M conventional
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unit, so the optical signal will pass to its first output and will go to the input of OBEs 5M + i + 1. Since
the amplitude of the optical signal at the input OBEs 5M + I + 1 is greater than its threshold N + 1/M >

N + 1/2M conventional unit, the optical signal will pass to its first output, which is absorbing.
Thus, at U = i/M at the input of the device, the optical signal will be only at the input of the

N-output optical splitter 9i.
Since only those outputs of N-output optical splitters 91 . . . 9M are connected to the inputs of

M-input optical unifiers 101 . . . 10N, which allow to form a binary code of the number “i”, as a result,
optical signals will appear only on the outputs of M-input optical unifiers 101 . . . 10N corresponding to
the position binary code of the number “i”. The optical signals from the outputs of the M-input optical
unifiers 101 . . . 10N are then fed to the inputs of the photodetectors 111 . . . 11N, forming a positional
binary code {D1 . . . DN} at the output of the ADC. This code is a binary analogue of the input signal U.

3. Conclusions

When analog voltage U is applied to the input of the device, a corresponding positional binary
code is formed at the output of the device. The speed of this ADC is determined mainly by the
response time of the electro-optical amplitude modulator (5–10 ns) and photo detectors (100 ps), which
allows the conversion of signals with frequency up to 2 × 108 Hz. This speed completely satisfies the
requirements for signal conversion in rapid seed analyzers, where the ADC is used as one of the main
functional blocks [2–4].

Moreover, if the output signals of this ADC are further used not in electronic, but in optical circuits
for computing and processing information [23–26], then the output photo detectors 111 . . . 11N can
be excluded from the conversion process, which will lead to an increase in the speed of the ADC to
potentially possible for optical information processing circuits.
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