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Abstract
This report outlines the use of multiplexing and demultiplexing in optical signals. Optical (de)multiplexing is widely used in fiber optic cables as well as other applications such as fiber optic sensors. Multiplexing of optical signals allows for the use of solitary fiber optic channels for multiple signals. Optical multiplexing can be achieved in different ways. This report will explore Optical Time-Division Multiplexing and Wavelength-Division Multiplexing and how these are related to the multiplexing of electrical signals and radio waves.
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1. History and Development
Multiplexing, in telecommunications and computer networks, refers to the process of combining data into one signal over a shared medium. Originally, multiplexers were implemented to use the available spare capacity in circuits to transmit data. At the beginning, multiplexers were employed in telegraphy equipments. By 1872, duplex operations were quite common on Western Union lines. However, only one message at a time could have been sent. Thomas Edison introduced a method to send two different messages simultaneously in 1874. He successfully doubled the capacity of the line by varying the strength of the signal of one message, and by changing the polarity of the other one. In 1913 Western Union developed an electrical-mechanical multiplexing device, which allowed the transmission of eight messages simultaneously over a single line. In 1936, these eight became 72 messages. 

Data transmission speeds were expressed in Characters per Minute (CPM) in the beginning. Then, Words Per Minute (WPM) was used to indicate data transmissions speeds, where five characters plus a space represented one word. After that, bits per second (bps) was used to indicate data transmission speeds. Data rate speeds of 1200, 2400, 4800 and 9600 bits per second were considered high speed operation in the mid 1950s, 1960s and 1970s.

Not only multiplexing processes have been developed, but also have been the devices. All signaling over the telegraph lines utilized Direct Current (DC). See Fig. 1.

Then, vacuum tubes were the next major step in improving data transmission speeds and regeneration of signals in the 1930s. Alternating Current (AC) could be used for transmission of data signals, then. See Fig. 1.  

After that, transistors were used to replace vacuum tubes in most communication equipment starting in the 1960s. They were smaller and produced less heat, and also were more reliable. In addition, transistors could be grouped and electrically connected to form a chip. Then transistors, chips and other electronic units can be placed on an integrated circuit board. See Fig. 1 [1]
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2. Overview of Applications
Optical Multiplexing has opened the doors to many applications. It is primarily used for sending multiple signals simultaneously through a fiber optic cable. This is important especially in the field of communication. In communications the use of fiber optic cables allows for long distance communication at high bandwidths. It also allows operators to expand their capacity as well as set aside backup bandwidth at the same time. And all this can be accomplished with having to install another fiber. In addition companies can now sell capacity instead of leasing out whole fibers, permitting companies that normally wouldn’t be able to afford the use of fiber optics, to now take advantage. 


Optical Multiplexing has also benefitted sensors and their functionality. Thanks to optical multiplexing, many sensors can be multiplexed into a single fiber. 

3. Description of Device Operation
3.1 Time-Division Multiplexing
Time-Division Multiplex (TDM) is a technique of transmitting multiple digitized data simultaneously over one communication medium, such as wires, by interleaving pulses representing bits from different time slots. Thus, combining a set of low-bit-rate streams, each with a fixed and pre-defined bit rate, into a single high-speed bit stream that can be transmitted over a single channel and then separating them through demultiplexers, summarizes the process of TDM. TDM comes in two basic forms. The first form is synchronous time division multiplexing, and the second form is asynchronous time division multiplexing.

The multiplexer in the Synchronous TDM accepts input from attached devices in a round-robin fashion and transmit the data in a never ending pattern. T-1 and ISDN telephone lines as well as SONET (Synchronous Optical NETwork) are common examples of synchronous TDM. On the other hand, an asynchronous multiplexer accepts the incoming data streams and creates a frame containing only the data to be transmitted. Also, an asynchronous multiplexer transmits only the data from active workstations. Thus, if a workstation is not active, no space is wasted on the multiplexed stream. Being good for low bandwidth lines, asynchronous multiplexers are used for LANs applications.

Time-Division Multiplexing is considered to be flexible compared to other multiplexing methods as well as they support relatively large number of users. However, they require careful engineering and implementation.

3.2 Frequency-Division Multiplexing

Frequency-Division Multiplexing (FDM) is very different from TDM in that signals are no longer delayed in relation to each other, but instead all sent simultaneously. This is made possible through the use of modulation. Each signal is assigned its own carrier frequency sometimes referred to as a “channel”. That is each signal is centered on a given frequency so to not interfere with the other signals. This is widely used in communication systems because it has high spectral efficiency i.e. the bandwidth is better utilized because the signals are each assigned their own “channel” or frequency.
3.3 Wavelength-Division Multiplexing

Wavelength-Division Multiplexing (WDM) is very similar to that of FDM because they are inversely proportional. Frequency-Division Multiplexing is generally used to refer to radio waves, where WDM is used to refer to optical signals. WDM is the act of combining light by using different wavelengths. Like FDM signals are assigned a given frequency, WDM signals are assigned a wavelength. That way the signals can be retrieved upon reception.


One way to accomplish WDM is through the use of a grating multiplexer. A lens is used to focus all the lights from a fiber array onto a grating. Because gratings are defined by the equation d(sinθi + sinθo) = mλ, the reflection off the grating is dependent on the incident angle, the order, and the wavelength. 
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The multiplexer uses the properties of the grating to combine all the light signals into one signal. The relationship between each signals assigned carrier wavelength and the incident angle at which it is hitting the grating is designed in such a way that all the signals are reflected into one signal. 
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Another method used for Wavelength-Division Multiplexing is through the use of a Fabry-Perot Multiplexer. This multiplexer uses a Fabry-Perot filter array to separate and combine lights of differing wavelengths. A Fabry-Perot filter array allows only certain wavelengths to pass through each filter. This separates each wavelength out from the original signal resulting in a demultiplexer. The method can be reversed for a multiplexer. Each signal can be passed through its respective filter and the reflections will eventually produce on signal.
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Regardless of the WDM method of multiplexing it is much preferred over TDM for many high bandwidth applications. This is due to its efficient use of bandwidth. Instead of time delaying signals, to be transmitted at any bandwidth, WDM structures itself to take full advantage of its allotted spectrum bandwidth. Another reason is because TDM can only handle so many signals before each signal becomes choppy or delayed. WDM allows for smooth uninterrupted communication for all signals simultaneously.
4. Relevance to ECE 476
As learned in ECE 476, a grating works much like a multiple aperture. Interference of multiple airy disks (apertures) is constructive and occurs at various angles. These angles create bright spots and are found at d(sinθ) = mλ (m being an integer e.g. ±1, ±2). This row of apertures is known as Bragg diffraction. 
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Like these apertures, gratings show Bragg diffraction. The light is diffracted off of the ridges of the grating, and are represented by d(sinθi + sinθo) = mλ. 

The Fabry-Perot is also a topic covered in ECE 476. A Fabry-Perot Optical Cavity (also called F-P Interferometer or F-P Etalon) consists of parallel mirrors through which a wave is passed. This standing wave is reflected back and forth between these mirrors creating multiple transmissions as well as multiple reflections. Figure 6 shows the relationship between the wavelengths of these transmissions. This relationship can be represented by λm = 2L/m and Δλm = L, where λm is the wavelength, L is the distance between mirrors, m is the mode number, and Δλm is the separation of the modes. It is this concept which is used by the Fabry-Perot Multiplexer to split the signal into transmissions of differing wavelengths.
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5. Conclusion

It is because of multiplexing that we are able to make use of optical fibers for communication and signaling purposes. Optical fibers have their numerous benefits and are employed in a wide range of telecommunication systems, including WANs as well as LANs. Through the use of time delays, grating multiplexers, Fabry-perot multiplexers, as well as other optical multiplexing methods, the use of electro-optics has revolutionized long distance communication. Optical multiplexing has also allowed for advanced uses of optical sensors, as well as many other applications. 
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Figure 3: WDM Using Diffraction Grating [3] 





Figure 2: Diffraction Grating [4]





Figure 1 : TDM Multiplexer for Telegraph Lines (Top)�Vacuum  Tube (Bottom Left)�Integrated Circuit Board (Bottom Right) [1]











Figure 6: Fabry-Perot Optical Cavity [4] 





Figure 5: Multiple Aperature [4]





Figure 4: WDM Using Fabry-Perot Filter [8]
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