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ABSTRACT 

NOVEL WAY OF SUB-CARRIER COHERENT 
DETECTION AND CLOCK RECOVERY IN 

FIBER-OPTIC COMMUNICATIONS 
January 1991 

Narayan Gehlot 

B.E.(Hons) EEE & M.Sc.(Hons) Physics, Birla Institute of Technology & Science, Pilani, India. 

M.S.(Electrical Engineering), New Jersey Institute of Technology, Newark, NJ, USA. 

We experimentally demonstrate a novel concept for recovery of a Sub-Carrier 

and Timing Clock in fiber-optic communication systems using a Wavelength 

Division Multiplexing technique. The idea is to send a low radio frequency (RF) 

as a reference pilot from the transmitter to the receiver on a separate laser using 

the principle of Wavelength Division Multiplexing (WDM). This low frequency 

signal is taken to be a subharmonic of the subcarrier used to carry information 

and intensity modulate another laser. Such approach will be expected to generate 

at the receiver a local oscillator in high coherence with the subcarrier. 

We show that transmission of Coherent microwave signal on two different 

wavelengths will remain sufficiently coherent up to 100 Km or more, and 

experimentally demonstrate this fact for 36 Km fiber. 

We believe that this concept could be very useful for subcarrier systems operating 

beyond 1 GHz and upto 20 GHz, where in other approaches subcarrier and timing 

clock recovery will be limited due to laser chirp and residual fiber dispersion. 

The WDM proposed approach can provide a subcarrier for coherent detection and 

timing clock at the receiver up to 100 Km with minimum optical power penalty. 

With subcarrier frequency of 20 GHz, and repeater span of 100 Km, extraction of 

subcarrier and timing clock by other methods will be too expensive, complicated 

or will require very high optical power penalty. Thus the concept proposed here 

will make sub-carrier based systems more attractive for transmission of analog 

and digital information, simple and cost-effective as compared to other very high 

speed time division multiplexed systems. 
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Introduction  

Fiber-optics as a telecommunication media with almost unlimited bandwidth [ several GHz x Km ], 

immunity to electromagnetic interferences, low attenuation and hence higher repeater spacing and with 

many other desirable qualities is by now well known [ 1, 2, 3 ]. With the advent of fiber to the home 

and fiber to the curb network topologies a common person will enjoy fiber-optics based services very 

soon [ 4, 5 ]. With more and more demand for different services on fiber based systems in densely 

populated areas there is an ever increasing demand for high bandwidth systems. There have been a 

few laboratory results with systems operating about 4 to 20 GHz rate [ 6, 7 ] and some have reportedly 

been field tested at a 2.5 GHz rate. Most of these systems are digital systems, where a laser is turned 

ON for transmitting a 1 and turned OFF for transmitting a 0. Beyond 2.5 GHz rates there is a 

limitation due to available electronics and therefore digital schemes are less popular. 

Homodyne or Coherent Detection 

It is necessary to shift the frequency of a baseband signal in many cases for various reasons. The 

baseband signal modulates a high frequency carrier at the transmitter. The modulated carrier is sent 

over a communication channel to the receiver. 

At the receiver a local oscillator provides a carrier for information recovery from the incoming 

modulated signal. If the frequency of the local oscillator is synchronized to that of the incoming 

carrier, they are said be coherent with each other. The extraction of information by mixing of local and 

incoming coherent carriers is called Homodyne detection. Any loss of synchronization between 

incoming and local carrier will result in loss of information. On occasions information could be lost 

completely. The advantages of homodyne technique are 

1. Improved signal to noise to ratio (SNR), 



2. Selection of one particular channel out of many, and more details can be found in communication 

literature. 

In Optical Homodyne detection the information is regularly transmitted either on the frequency or 

phase of an optical lightwave. At the receiver a lightwave of identical optical frequency ( wavelength) is 

mixed with the incoming light and an optical homodyne detection recovers information. In optical 

frequency shift keying (FSK) the optical frequency (wavelength) of a laser is changed by applying 

different current proportional to information. In optical phase shift keying, the phase of a lightwave is 

changed according to the information to be transmitted. For optical homodyne detection at the 

receiver it is crucial that the phase of incoming light be synchronized all the time to the phase of local 

laser light, or else information will be lost. This is very difficult because lasers have inherent phase 

noise, which is a random process and is difficult to track. Optical phase lock loops are being studied 

for this purpose. Optical Homodyne detection is being persued in different laboratories [8, 9, 10]. 

Apart from direct digital transmission of data on a laser and Optical Homodyne detection schemes 

there is yet another way of using fiber-optics channel in todays opto-electronic technology. It is known 

as Sub-Carrier fiber-optics communication system. 

In a Sub-Carrier fiber-optics system, a high frequency RF wave is first modulated with the digital or 

analog signal. This modulated RF Sub-Carrier in turn modulates a laser by varying the power of the 

light accordingly and thus converting the electrical signal to optical so that can be transmitted through 

fiber-optics media [ 11, 12, 13, 14 ]. 

Sub-carrier fiber-optic systems have a very high potential for using high bandwidth offered by fiber-

optic media. Sub-Carrier systems have an advantage over time division multiplexed (TDM) system 

using fiber-optic technology in that services carried by different Sub-Carriers are independent of each 

other. Hence, it is possible to send analog video on one RF Sub-Carrier while transmitting another 

digital signal on other Sub-Carrier on same laser. 



In order to perform coherent detection of Sub-carrier at the receiver, there is a need for a local 

reference Carrier synchronized with the incoming Sub-Carrier both in phase and frequency. There are 

various schemes which can be used to generate a synchronized carrier at the receiver [15], such as 

a. Self-synchronization, where the timing or Sub-Carrier is extracted from the incoming signal. 

b. Transmitting a separate synchronizing signal ( pilot carrier ) 

Each approach has it's own merits and limitations. Scheme (a) could require sophisticated and 

expensive technology at the receiver and (b) would require compensation for system degradations. 

The RF Sub-Carrier can be recovered in two ways for scheme (a) as shown in figure I.1. The first 

scheme is called Squaring Loop Carrier Recovery and second is called Costas Loop Carrier Recovery. 

The non-linearity of the squaring device will degrade signal to ratio for the first method. 

Recovery of Subcarrier depend on the modulation technique and type of modulating signal. 

Modulating signal can be digital or analog. If it is analog it, may be sent on a carrier by single sideband 

(SSB) modulation or double sideband-suppressed carrier (DSB-SC) modulation or other analog 

modulation technique. If signal is digital then it is customary in lightwave to use binary phase shift 

keying (BPSK) or higher M-ary PSK. Other digital modulating techniques may also be used. 

As stated previously satisfactory synchronization between the local and the subcarrier is crucial. To see 

this, let the subcarrier be cos coot, with angular frequency we  and phase 0, which is amplitude 

modulated by an analog information m(t), using DSB-SC technique. An ideal local oscillator at the 

receiver should be cos wet. In fact multiplying the incoming modulated subcarrier m(t)cos wet by the 

local oscillator output, we get; 

m(t) cos wet x cos wet = m(t)/2 + cos 2 coe  t (I.1) 



and after the low pass filter (LPF) we get back the information m(t)/2. If the local subcarrier 

oscillator has an error of Aco in frequency and 6 in it's phase, the output of the coherent detection is 

then given by 

m(t) cos cost x cos[( w + Aco)t + 6 I= [m(t)/2] {cos[(Aco)t + 6 ] + cos[(2 coc+ Aco)t + 6 ]} (I.2) 

Figure I.1 Squaring loop-carrier recovery and Costas phase lock loop circuit for coherent demodulation 

The second term will be filtered by the LPF as it has twice the subcarrier frequency. The remaining 

term passed by the filter contains the message; 

ed(t) = [m(t)/2] cos[(Aco)t + 6 ] (I.3) 

If Aw = 6 =0, we have again exact replica of the signal m(t). If Aco = 0 but 6 # 0 then equation (1.3) 

is reduced to 



eo(t) = [m(t)/2] cos 6 (I.4) 

In the above equation if 6 is constant, the output is maximum when 6 = 0 and minimum when 

6 = ± gr/2. Thus the phase error in the local subcarrier causes the attenuation of the output signal 

(reduction in SNR) without distortion. Unfortunately, the phase error 6 is not constant, may vary 

randomly with time. This may occur, for example, because of variation in the propagation path. This 

causes the gain factor cos 6 to vary causing information distortion unless it is very small to be neglected 

or it is tracked by similar change of the local oscillator phase. Such tracking can be obtained by phase 

lock loop. 

If Act) # 0, and 6 = 0, then equation (I.3) becomes 

eo(t) = [m(t)/2] cos( dco )t (I.5) 

In this case the output is not merely an attenuated replica of the signal m(t) but is rather distorted. 

Since Act) is small, the shifted spectrum of signal pass through the filter. Such a "beating" effect is 

rather serious type of distortion. 

Usually quartz crystal are used for stable oscillator source, which can be cut for very close frequency at 

the transmitter and receiver but never with Act) = 0 for a very long time of operation. Particularly for 

very high carrier frequency, where output frequencies are harmonic of a quartz crystal frequency 

performance is inadequate. Therefore it is impossible to perform coherent detection with an adequate 

synchronization of the local oscillator. Otherwise a pilot should be transmitted from transmitter to the 

receiver. Notice that, if SSB is used to transmit signal to conserve bandwidth squaring techniques and 

costas loop cannot be used [15]. 

Similarly, for digital signal modulation on subcarrier, amplitude variations due phase error of local 

subcarrier may result in higher bit error rate (BER). If digital information transmitted via amplitude 

shift keying (ASK) on a subcarrier then it may be demodulated coherently or non-coherently ( envelop 

detection) at the receiver. The non-coherent detection of ASK is close to the performance of the 
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coherent detection when the noise is small. The difference in coherent and non-coherent detection is 

pronounced when noise is large. 

Digital data, modulating the phase of the subcarrier to generate PSK at the transmitter, and it's 

coherent detection at receiver is shown in figure 1.2. PSK sent on a subcarrier cannot be demodulated 

by envelop detection. Squarer or Costas loop shown in figure I.1, will give subcarrier with a sign 

ambiguity when used to generate a carrier from PSK. Hence, carrier extracted from PSK by these two 

methods cannot be used for coherent demodulation. Non-availability of a suitable local subcarrier at 

the receiver in PSK is overcome by encoding the data by differential code before modulation as shown 

in figure 1.3, and is called DPSK. 

If cos wet is the subcarrier, and p'(t) the baseband pulse, then the subcarrier pulse can be represented 

by; 

p(t) = [ V2 ] p'(t) x cos coet (I.6) 

If Ep  is the energy in the received pulse and N/2 is the baseband noise power spectral density, the 

energy SNR, designated by, p is [16] 

p2  = 2Ep  / N, (I.7) 

then the probability of error, Pe, is found to be given by 

Pe = Q(p) (1.8) 

where Q is the error function [15]. Probability of error will increase as the SNR decreases or as the 

phase and frequency of local oscillator goes out of synchronization. 

There is always a need to conserve bandwidth and develop systems with high bandwidth efficiency. 

Table I.1, lists the bandwidth efficiency for different modulation techniques. 
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There is always a need to conserve bandwidth and develop systems with high bandwidth efficiency. 

Table I.1, lists the bandwidth efficiency for different modulation techniques. 

Figure 1.2 BPSK transmitter and receiver 

If instead of BPSK we use QPSK, or any higher order M-ary PSK the differential phase approach 

becomes complicated [17] and there is a tighter limit on the stability of local subcarrier. Table 1.2, 

shows how the carrier to noise or energy to noise per bit ratio changes when instead of BPSK, we use 

QPSK, 8PSK or 16PSK for a BER of 10-9. Inadequate coherency of the local oscillator will make the 

situation even worst. Transmitting a pilot can guarantee the availability of local subcarrier for coherent 

detection, nevertheless there are some questions to be addressed in this case. 
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Table I.1  

Modulation Encoding Bandwidth Baud Bandwidth 

Efficiency 

FSK single bit .?..- Fb=Bit Rate/2 Fb 1 

BPSK single bit Fb Fb 1 

QPSK Dibit Fb /2 Fb /2 2 

8PSK Tribit Fb /3 Fb /3 3 

16QPSK Quadbit Fb /4 Fb /4 4 

256QPSK Octabit Fb /8 Fb /8 8 
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Other issue for consideration when digital communication is persued is that of timing clock recovery. 

Example of such timing clock recovery schematic for BPSK is shown in Figure I.3c. The disadvantage 

of clock recovery by this scheme is that digital data should contain a substantial number of transitions 

(1/0 sequence) for the recovered clock to be maintained. Manchester coding is often used to 

overcome this problem. But Manchester coding doubles the bandwidth of data. Another scheme 

known as data scrambling at the transmitting end and descrambling at the receiver is widely used to 

reduce clock recovery jitter [16,17]. We would need clock and fast digital chips as information rate 

goes up for scrambling. As the rate of data is pushed up the digital technology does not exist or even if 

it exist it is too expensive ! 

Table I.2  

Modulation Technique Carrier to Noise ratio C/N(dB) Eb /N0 ratio (dB) 

BPSK 13.6 10.6 

QPSK 13.6 10.6 

8PSK 18.8 14 

16PSK 243 18.3 

PROPOSED CONCEPT: 

The idea of this Thesis is to transport a low frequency RF as a reference pilot from the transmitter 

to the receiver on a separate laser using the principle of Wavelength Division Multiplexing. This 

pilot is taken to be the subcarrier frequency divided by an integer (N). 
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At the receiver end, the pilot is extracted from one of the two wavelengths, then frequency 

multiplied by an integer (N) to obtain a local oscillator which is coherent to the subcarrier 

modulating the other wavelength and which carries the information. 

Wavelength Division Multiplexing of the pilot and the information carrying subcarrier has its 

advantages. Nevertheless the question remain is whether such an arrangement will cause, due to a 

different dispersion of the two wavelengths, degradation in coherency that will effect performance and 

increase the probability of error. 

Figure 1.4 shows block diagram of this concept. 

Figure 1.4 Transmitter and receiver as per our concept 

At the transmitter end a stable crystal oscillator of 51.840 MHz frequency serves as a pilot to modulate 

a laser at 1533 nm laser. With this judicious choice of 51.840 MHz frequency we can generate the 

subcarrier frequency of 4976.64 MHz (= 96 x 51.840) as well as other harmonics of 51.840 MHz which 
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might be used as data clock (example 155.520 MHz, 522.080 MHz). A step recovery diode can be used 

to generate these and other frequencies. 

The availability of 51.840 MHz pilot at the receiver after propagation through fiber on a different laser 

light and it's coherency with subcarrier frequencies (send on different laser lights) at the receiver is the 

subject of investigation in this thesis. 

Apparently an approach similar to our concept was reported in [18] , it differs from our concept in two 

aspects; it uses one wavelength for direct modulation of the laser with digital data and transmit a digital 

clock (clock frequency data rate) on a second wavelength. 

Transmitting a high frequency digital clock on the second wavelength rather than sinusoidal pilot result 

in the following limiting factors: 

1. Availability and cost of electronics at frequencies higher than 2.5 GHz. 

2. Dispersion of non-sinusoidal clock in fiber due to it's electrical harmonic contents as compared to 

51.87 MHz single tone, 

3. Bandwidth of such clock will restrict it's application in a dense WDM, specially at higher rates of a 5 

GHz or more, 

4. Very high laser chirp frequency for non-sinusoidal clock with residual dispersion of fiber will limit 

the transmission distance. 

These and other questions related to the coherency of subcarrier and its effect on data transmission 

using the concept proposed here are to be discussed in the next chapters. 
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Albert Einstein: 

The formulation of a problem is often more essential than it's 
solutions, which may be merely a matter of mathematical expressions or 
experimental verifications 



Chapter 1 

Wave Propagation in Fiber-optic Communication System 

For transmitting signals on a fiber it is essential to convert them to optical frequencies using laser 

sources. Normally laser diodes can be directly driven by the electrical signals. In Subcarrier fiberoptic 

system information, analog or digital, modulates a RF microwave frequency ( say 4976 640 MHz ) 

called subcarrier. The electrical current generated by modulating subcarrier with information drives 

the laser diode. Thus it is a two stage modulation before information is coupled to a fiberoptic media 

for transmission. Driving laser diode with signal current is called intensity modulation At the 

transmitter a laser diode converts electrical subcarrier and information to optical form and a reverse 

process is carried out in a photodetector at the receiver. Due to electrical to optical (E/0) conversion 

at transmitter, propagation of lightwave in fiberoptic media and optical to electrical (0/E) conversion 

at the receiver, subcarrier and information will interact with different noise processes. In this chapter 

we will formulate the problem to be investigated with the aid of different noise processes in a 

subcarrier fiberoptic system. 

1.1 Intensity Modulation of Laser 

Intensity Modulation ( IM ) is similar to Amplitude Modulation ( AM ) in principle but differs from it 

in one important aspect. The average power of the transmitted wave , rather than it's amplitude, varies 

in proportion to the modulating signal [ 3 ]. 

If we designate our RF carrier bearing the information as 

A cos( wilt + 8(t)) ( 1.1 ) 

where 0(t) = 0 or Yr ; will be Binary Phase Shift Keying ( BPSK) modulation, then the intensity of the 

lightwave will be given by 



Po(t) = 1+ mA cos( coat + 0(t) ) watts ( 1.2 ) 

where Pc  is average laser optical power. 

The spectrum of an intensity-modulated wave can be found by taking the Fourier Transform (FT) of 

the electric field ( Ec ) phasor. The optical power Pc  is proportional to the square of the amplitude of 

E(t) = Ec  ✓ [ 1+inA cos( cod + 0(t) ) 1, ( 1.3 ) 

where E(t) is the signal that modulates the lightwave carrier amplitude so that intensity will vary in 

proportion to the signal. It is obvious from above equations that E(t) is not sinusoidal. Nevertheless it 

is periodic, and can be expanded in an infinite power series. Then the Fourier transform of E(t) can be 

obtained from this series; 

V [ 1+mA cos( coat + ) = 

1 + [mA cos( corft + 0(t) )1/2 - [mA cos( cod + 0(t) )12  /2x4 + 3x [mA cos( cod + 0(t) )]3 / 2x4x6 

+other terms ( 1.4 ) 

The above equation suggests that IM spectrum has infinite bandwidth. If the depth of modulation (m) 

is small then only a few terms are to be considered and bandwidth approaches that of an AM 

modulation. The following example demonstrate this fact. 

Let A = 1, modulation index be m = 0.8 ( 80% ) and if we are using a light source with optical 

frequency 5-21  then the equation for the modulated wave, in it's simplest form, 

et(t) = {V [ 1 + 0.8 cos( cod + 0(t) )11 cos( s-2, t ), 

= Ec  E a, cos( s-2, t -±n cod + n 0(t) ) ( 1.5 ) 



where we assumed that the laser is pure sinusoidal with no phase noise. Simple trignometric 

expansions would give the following equation 

et(t) = E, [0.96+0.432 cos( colt + 0(t))-0.04 cos2( corft + 0(0)+0.008 cos3( coat + 0(t)) ] x cos(Qi  t) 

= 0.96 E, cos( 521  t) + 0.216 Ec  [ cos( S21  t— corf  t— 0(t)) + cos( Qi  t+ coif  t + 0(t)) ] 

— 0.02 Ec  [ cos( Qi  t— 2corf  t-20(t)) + cos( C-21  t+ 2corf  t + 20(0) ] +  ( 1.6 ) 

The remaining terms are small and hence can be neglected. However, if we omit the higher order 

terms, say by band limiting, for example, it will represent distortion in RF wave [ 2, 3 ]. Obviously a 

square wave has many more frequency terms than a single tone sine wave. Therefore, for the same 

bandwidth a square wave would suffer more distortion than a single tone sinewave. 

Intensity Noise 

Intensity modulation of laser produces intensity noise. Detail discussion on this topic is beyond the 

scope of this work. Interested authors are refereed to [ 1, 3, 18, 19, 20 ]. Laser Intensity fluctuations 

are an inherent device characteristics, given the quantum nature of the transitions. These fluctuations 

give rise to Intensity Noise. Intensity noise (IN) peaks at threshold and decreases as the injection 

current level increases. The excess noise attributed primarily to spontaneous emission depends on 

laser structural parameters. Relation between the intensity modulation of the output light wave and 

the modulation frequency (f) of the driving current is as follows 

M(f) = [ 1 — (f / fo)2  + j (2 a ) f / f02]-1 ( 1.7 ) 

where, fo  is due to resonance between electron and hole populations, a is the damping constant ( a is 

related to, fd, the damping frequency), 

Using equation (1.7) we obtain the spectrum of the laser intensity noise 



IN(f) = [Via] x [1+b2f2] 4- 1  [f02—t2  + 1 f fd 112 = [f02/a] x [1+b2f2] ÷iifo2-42 12+V fd J21(1-8 ) 

where a and b depend on Langevin noise source [18,21] 

Equation (1.8) suggest that modulating a laser with high frequency will increase intensity noise and 

hence our concept has an advantage in that transmitting a pilot of 51.840 MHz will have less intensity 

noise resulting in more repeater distance as compared to transmitting a digital clock of same frequency 

in a WDM scheme. 

Effect of reflections on Intensity Noise 

It is important to note that in any practical system there will be optical fiber discontinuities and there 

will always be reflected light. Reflection power could vary from -25 dB to -65 dB. The factors 

governing these variations are the type of connection used - fusion splice, mechanical splice or 

connectors and environment temperatures. In air gap connectors there is a discontinuity in refractive 

index of fiber which will vary with temperature and in length for individual connection. This forms like 

an air cavity and light gets reflected and oscillate in the air gap. In mechanical splices there is an index 

matching gel which varies it's refractive index with temperature and therefore the amount of reflected 

light energy. It is worst under temperature extremes and is a serious concern in analog transmission 

systems. Reflections will aggravate IN(f) noise by several dB and could lead to system failures if not 

properly accounted for or minimized. There will be two types of reflections - far end and near end. 

They will become critical in full duplex systems. Details can be found in [ 19 ]. 

Laser Chirp Noise 

Chirp imposes ultimate channel density limitations in a WDM and subcarrier frequency division 

multiplexed systems. The chirp broadens the power spectrum of a modulated single - longitudinal 

mode laser introduces limitations in the bit-rate distance product, due to residual dispersion in optical 

fibers. The important determining characteristics is the modulated power spectrum of laser. A spread 



in this spectrum due to chirp translates to a spread in the transit time through the fiber, resulting in 

distortion of the optical pulse. This pulse broadening results in inter-symbol interference in long-haul 

high speed optical communication link. The peak chirp increases linearly with the Intensity Modulation 

index. For a laser operating at 1300 nm, biased at 1.8Ith  (It, is laser threshold current) and being 

modulated by electrical frequency of 700 MHz, figure 1.1 illustrate the chirp frequency for sinusoid, 

square and pseudo random binary sequence. 

Figure 1.1 Chirp frequency for sinusoid, square and pseudo random binary sequence 

This clearly indicates that a modulation of a laser with a sinewave with 0.8 modulation depth has far 

less chirp frequency as compared to a digital square wave clock. As the frequency of data and 

subcarrier modulation is increased chirp frequency will be in the bandwidth of the signal and will be a 

serious problem as pointed out in introduction due to "beating" effect. Recovery of carrier from signal 

will be limited and chirp combined with dispersion will limit the transmission distance. Hence 

transmission of a low frequency pilot as per our concept will provide a desirable carrier at the receiver 

and could result in longer repeater span for subcarrier systems. 



Laser Phase Noise 

Neglecting optical intensity fluctuations, the electric field of the laser can be described by a wave with 

constant envelope: 

E(t) = E0  exp [ —j( C21.3  t 4-  (131.3(1)) I ( 1.9 ) 

where E0  is the amplitude, Skis the central optical angular frequency of laser, and ON is the laser 

phase noise. We can treat 1)1(t) as a Gaussian random process [24]. 

If we are to transmit the coherent pilot on a different wavelength, say 1533 nanometer (nm) we will 

have a similar expression 

E(t) = E0  exp [ —j( 013  t + 1013(0) j ( 1.10 ) 

From equation (1.8) and (1.9), it is clear that two lasers will have independent random phase noise. 

Hence, they will contribute different noise to the sucarrier and pilot due to their linewidth and fiber 

dispersion. 

In optical Homodyne detection laser phase noise is a problem and lots of work is being done in its 

investigation. Laser phase noise is the limiting factor for Optical PSK coherent detection and because 

of it's random characteristics can damage information totally. 

How can this affect the performance of a subcarrier intensity modulation system ? As the frequency of 

signal or subcarrier is increased to several GHz, the laser phase noise bandwidth will be close to signal 

bandwidth and hence it will interact with the subcarrier and impose optical power penalty or reduce 

repeater span [ 24, 25 ], see also equation 1.4, of the introduction. 



1.2 Wave Propagation in fiber using Intensity Modulation 

Subcarrier modulated with signal on one laser and pilot on another laser are to be sent on fiber using 

optical Wavelength Division Multiplexing (WDM) device. To examine the effect of fiber on such 

combined lightwave signal we review some characteristics of fiber: 

Let Q be angular frequency of optical wave, 3 it's wave propagation constant; Vi, phase velocity 

VP  = Q/13 (1.11) 

and group velocity 

Vg  = dO/dP ( 1.12 ) 

Any signal or disturbance superimposed onto a wave propagates not at the phase velocity Vp  , but at 

the group velocity Vg, justification for this assertion can be found in most texts on wave propagation. 

In non-dispersive medium the phase velocity is independent of the wave frequency, and the group 

velocity and phase velocity are same i e. Vp  = V°. But in dispersive media such as fiber, where by 

definition the phase velocity is a function of frequency, and V0  # Vo  We can write by using (1.11) 

dV / dQ = [ /3 — Q di3/dQ ] / /32  P 

= [ 1- VP  di3/dQ] / P 

where we used VP  = Q //3. But again /6 = Q / VP  and d/3/(1Q = 1 / Vg., we get 

dVp  / clQ = [ 1- Vp  / Vg  ] / ( Q / Vp  ) 

Rearranging the above equation we finally obtain the relation 

V,r, o  = V0  /[ 1- ( Q / VP ) ( dVP / dQ)] ( 1.13 ) 



This is very important because signal in lightwave communication is carried by group velocity of light. 

Because of frequency dependency of phase velocity the signal is attenuated and distorted to a certain 

extent during it's travel in fiber-optic media. 

Define the group index N the relation 

Vg  = c / N ( 1.14 ) 

Clearly by the definition of the index of refraction n; 

Vp=c/n ( 1.15 ) 

Where c is speed of light in vacuum. Relating to the wave propagation constant /, we get (1.12) 

together with (1.11) and (1.15) 

1 / Vg  = d/3/d52 = d[S2n/c]/d52 = [n + Q dn/dC2] / c ( 1.16 ) 

and comparing with (1.14) we conclude that 

N = n + Q dn/(15-2 ( 1.17 ) 

Also clear that the information - bearing spectrum of a wave travels 1 meter in a time v, 

T = 1/ Vg = dt3/dS2 

Obviously r might be a function of O. Hence different part of the spectrum will be travelling 1 meter 

in different time. This causes dispersion, 

dr/d52 = d[ 1/Vg  ] /c1S2 = d2P/dS22 (1.1S ) 

Sometimes instead of the frequency 0, one uses expressions in terms of the wavelength 2; 1 = 2.7rc / 0 

By definition do /dC2 = [dn/d/1] [dl/d52], and noticing that 



(152 / dA = - 2nc/A2 ( 1.19 ) 

we get the following by substituting (1.19) in (1.17) 

N = n + [ 2.3rc121 x [—A2/27(c] dn/dA = n-Adn/dA ( 1.20 ) 

Thus, the group velocity is related to refractive index and laser wavelength as given below 

Vg  = c/N = c [ n-A dn/dA ]-1. ( 1.21) 

Again for 1 meter distance the time T, for information bearing wave to travel is 

= 1/Vg  = [1/c] [ n-A dn/dA (1.22 ) 

and the dispersion D(A) is given by 

D(A) = dr/dA = [1/c][dn/dA — 2dn2/a2  — dn/dA] = — [Alc][dn2/dA2] ( 1.23 ) 

From (1.23) if fiber is of length z and if the spectral width is AA ( where AA is defined as the range of 

wavelengths over which the spectral power exceeds 50% of the peak spectral power ), then the total 

dispersion 

At = -[z/c][ AA ] [A, d2n/dA2] ( 1.24 ) 

or 

At = -[z/c] [y] P1.2 d2n/dA2] ( 1.25 ) 

where y is the relative spectral width 

Y = &VA = 6,0/0 ( 1.26 ) 

This dispersion is referred to as material dispersion in single mode fiber and is due to finite laser 

source linewidth. Every fiber has an operating wavelength where material dispersion is nearly equal to 



zero, and this wavelength is called zero dispersion wavelength, 20. Laser sources operating at 

wavelengths other than .10  would suffer more dispersion as they travel through fiberoptic media. 

Since we will be using wave propagation constant, j9, in our analysis, we go back to expressing absolute 

transit time, pulse spread and dispersion in terms of 0. 

If r is propagation time delay of a wave propagating in one meter of a dispersive medium, then from 

equation (1.18) 

dr/dg = d2P/d522 ( 1.27 ) 

If the signal has a spectrum extending from ( 00  —0S2) to ( go  +AS2 ), where go  is the central 

frequency of optical source and AQ is source frequency spectrum extension, then the difference in 

propagation time of parts of this signal at the opposite extremes of the spectrum will be, 

AT = 20S2 dr/dC2 = 2AQ x d2/3/622 ( 1.28 ) 

The dispersion in the time of arrival of the signal is a form of distortion. It limits the rate at which data 

can be transmitted through the medium. From equation (1.11) and (1.15) the wave propagation 

constant, is given by 

/3 = C2n/c ( 1.29 ) 

Also from equation (1.22) 

d//dg = [n -.1.dn/d2J/c = r ( 1.30 ) 

where T is the delay per 1 meter at the particular wavelength. Obviously 1/Vg  = (113/c152 has 

dimensions of delay. 

Also from.(1.23), we have 



D(A) A dr/dA=- [Alc][dn2/4:1A2] ( 131) 

The dimensions of D(A) are ps/nm-km ; and is a measurable parameter. D(A) is called the first order 

dispersion. We can relate first order dispersion, D(A) to second derivative of propagation constant, 

d2/3/dQ2  , as shown below: 

dr/dA =[dr/dQj[dQ/dA] , [ _2,rciA2]d2p/dc22 ( 132 ) 

where we used the fact S2 = 27rc/A, so that dQ/dA = -23rc/A2  and dr/dQ = d2/3/dQ2. But dr/dQ = 

D(A) implies. 

d2/3/d02 = _D(2) 22/27tc ( 1.33 ) 

Furthermore to find &P/a-23  we write, 

d3P/dQ3  = d/d0 { d2j3/dQ2  } = d/dQ { -D(A) 22/2.7rc } 

= d/dA { -D(A) A2/27rc } dAldQ = [-1/23rc] R2 d D(A)/d) + 22 D(A)] [ -A2/27rc] 

,. R2/(27r09[22 d D(A)/dA + 2A D(A)] = [l4/(27E02][d D(A)/dA, + 2 DONA] ( 134 ) 

Receiver 

The wave equation at receiver, after signal on laser light has travelled a distance of z Km in fiber is 

E(z,t) = Ec  {✓ [ 1+ mA cos( writ + 0(t) ) 11 exp(-az/2) cos( S21t -/3z ) 

= Ec  exp(-az/2) E an  cos( Q„ t —/3( On)z ) ( 1.35 ) 

where an  and On  are the different spectral line parameters as part of them are specified in (1.6) for m = 

0.8, a is a fiber-optic media attenuation in dB/Km. 

Qn  = Qi  ± n (cod  + 0(t)) 



and 01  equals either Q13  or Q15  with its spread according to its linewidth. Hence (1.35) can be 

written as 

et(t) = 0.96 E. cos( S21  t —j9z) + 0.216 E. [ cos( Qi  t—/3z+ coif  t+0(0) + cos( S21  t—fiz— wil t — 0(t)) I 

— 0.02 E. [ cos( Q, t —fiz+ 2coif  t+20(t)) + cos( S21  t—fiz— 2wif  t — 20(t)) [ +  

/3 as a function of Q can be expanded using Taylor series around 520, the central frequency of the 

optical source, as shown below [ 3, 26 ,27 ]: 

/3 ( 0 ) = fio + {duo  idQ}[Q-520] + {d2/90 
 /di-22} [0 _ 00]2 i2 

/ + {d3fl oidt23}[52-520]316 + Higher 

terms ( 1.36 ) 

where &p is the wave propagation constant at 520. Related to the derivatives of wave propagation 

constant /3 at S20  will have the following effects: 

Constant Delay due to {d;30  /do}[0-00] ( 1.37 ) 

First order dispersion due to {d2/3 0/dS22}[Q-52012  /2 ( 1.38 ) 

Second order dispersion due to {d3fio  /dQ3}[Q-52013/6 ( 1.39 ) 

All these terms as a function of the dispersion D(R) and), are given in (1.30), (1.33) and (1.34). The 

last two terms cause dispersion. Substituting Eq(1.36) with S2 taken as Q. into Eq.(1.35) for each laser 

the lightwave at receiver will be given by the following equation: 

E(z,t) =E. exp(-az/2) I a. cos( S2,, t —[ /3o + {430 /d2}[C2n-520]  + {d2fic, /dS22}[Qn—c20]2/2 + 

{d3/30 id523}Pn—Q013/6  + 1Z + 43n11/ ( 1.40 ) 

where 00  are to be taken as the center frequency of the laser Q13  or Q1.5.. 



Subcarrier with data will be transmitted on a laser with minimum dispersion wavelength. We could 

transmit a pilot on a laser close to zero dispersion wavelength, but this will require more expensive 

optical WDM components. 

In order to use relatively small length of fiber we propose to use laser operating close to zero 

dispersion wavelength for transmitting data on subcarrier and laser in dispersive optical window for 

transmitting pilot. This will cause high dispersion on our pilot. 

1.3 Problem Formulation 

To summarize some of previous discussions: 

There are various sources of noise that one has to consider in a wavelength division multiplexed system 

(WDM) such as ours [ 21 ]. Each laser will have intensity noise, chirp, phase noise, attenuation, 

different sensitivity to reflected optical power, laser linewidth and hence different dispersion in 

fiberoptic media. Because of different optical frequency each laser will generate it's own laser phase 

noise to intensity noise [24]. If optical power is very high there may be signal degradation due to 

stimulated Raman scattering in WDM approach [19,28,29] ! 

We expect that the different lasers carrying pilot and subcarrier with information may or may not be 

synchronous at the receiver because of different noise phenomenons presented above To quantify the 

availability of a synchronous pilot for coherent detection of subcarrier and recovery of synchronous 

timing clock at the receiver is the subject of investigation of this Thesis using our concept presented in 

introduction and shown in figure 1.4. 

We ask the following questions and answer them at the end of Thesis: 

Q1. If we transmit synchronous microwave subcarrier corn.3  = corms  of identical frequency and 

phase, i.e. the same RF signal on two different lasers, will the two RF detected subcarrier; the pilot and 

the subcarrier carrying information be sufficiently Coherent. ? If no, then our concept does not work. 



Because any extra incoherency on 51.840 MHz which may occur, due to frequency multiplication of the 

51.840 MHz pilot will cause further degradation. 

If yes, then 

Q2. We will like to examine, where possible, the effect of all different noise phenomenons caused 

by the fiber optic media. 

03. Furthermore using low frequency pilot ( 51.84 MHz) will the extra jitter due to multiplication 

be large enough to cause reduction in performance and how much if possible to quantify these effects. 

Customary step recovery diode, similar to that used at the transmitter, will be used in the receiver for 

multiplying the pilot frequency. If there is a problem in performance degradation then Phase Lock 

Loop may be used in pilot frequency multiplication process. If no, then we demonstrate our concept 

in total. 



Chapter 2 

System Components Characteristics 

For our experimental analysis we propose to use the schematic shown in figure 1.4, given in 

introduction. In order to theoretically predict experimental outcome it necessary to know individual 

component characteristics. At the transmitter we have laser for E/O conversion of subcarrier and 

pilot, then signal propagates through fiberoptic media with discontinuities due to connections and 

finally the photo detectors convert incoming optical signal to electrical. Since we are interested in 

fmding the phase and frequency error between pilot and subcarrier we will need a phase detector, and 

hence it's characteristics are to be measured. We will try to measure the characteristics of the most of 

the components of the system in this chapter and use them in next chapter. 

2.1 Laser Characteristics 

Two distributed feedback lasers ( DFB ) lasers made by Fujitsu were available. DFB lasers are very 

sensitive to reflections and care should be taken in operating them, because their facets can get 

damaged and wavelength could drift due to near end reflections. Usually an optical isolator is used 

between the laser output and fiber pigtail. More details on near end and far end reflections can be 

found in [19]. 

The current versus optical output power was measured using an HP 8152 optical power meter. 

Experiment set up is shown in figure 2.1. Current was increased in a step of 1 milliampere ( inA ). 

The measured current versus optical power characteristics are shown in graphs 2.1. To find intensity 

fluctuations we need the derivative of current VS light output. This is depicted in graph 2.1. 



Figure 2.1 Experimental setup to measure laser optical output power and its fluctuations 

Laser operating conditions 

Laser A = 1306 nm Laser A = 1533 nm 

Temp ( °R ) 16.2 - 5.37 

Threshold Current ( mA ) 14 14 

Bias Current ( mA ) ['bias = 1.85 I til l= 26 [ 'bias = 1.85 I th ] = 26 

Optical Power at Bias current 0.881 mW 0.259 mW 

From the graph shown below, we note that at the bias current optical output of 1.3 micron laser is -0.55 

dBm ( 0.881 mW) and the optical output of 1.5 micron laser is -5.875 dBm ( 0.259 mW ). The laser 

optical power fluctuations in the absence of any external modulation causes Intensity noise. As 

discussed in chapter 1, this is an inherent to any laser and minimum fluctuations is clearly preferred. It 

is also important to note from graph 2.1, note that 1533 mn laser that we are using has more intensity 

noise than that of 1306 nm laser. The fact that the 1533 nm laser has high intensity noise is not a 

problem in our concept, since only a single frequency and not a modulated subcarrier is conveyed with 

this laser. We may look at this fact as an advantage of our concept as we can use less expensive laser 

for transmitting the pilot. 



Graph 2.1 Laser optical output power and its fluctuations 

Laser Modulation Bandwidth and Intensity Noise 

The shape and amplitude of a laser's intensity-noise spectrum provides very useful information about 

the laser. Spurious, random emissions cause intensity fluctuations in the laser's light output. These 

fluctuations form the noise floor which varies with frequency, peaking at the relaxation resonance of 

the laser. The location of the relaxation resonance, or intensity noise peak, is related to the maximum 

modulation rate of a given laser. This resonance appears as a peaking in the frequency response, or as 

a rise in the noise floor of the unmodulated laser. The interaction between the optical field in the laser 



and the injected-electron density due to the bias current causes the peaking in both responses. 

Oscillations of both the output light and the electron density result. The position of the relaxation 

oscillation is most readily affected by the bias current level. Thus, monitoring the noise peak and 

adjusting the bias can give valuable information regarding the operation and frequency response of 

lasers. We have the optimum operating conditions for both lasers and are given above. 

As per the above argument we determine the maximum modulation bandwidth of lasers that we have, 

with an HP Lightwave Signal Analyzer ( LSA ), 7140. Plot 1 shows the location of intensity peak of 

1306 nm laser at 5 GHz. We conclude from plot 1 that these lasers might be modulated up to 5 GHz. 

Nevertheless some experiments we performed show that extreme degradation of performance occur 

when modulating the laser at or above 2 GHz. Thus we choose 1 GHz for our subcarrier and pilot. 

Plot 1 Resonance appears as a rise in the noise floor of the unmodulated 1306 nm laser 



Optical Spectrum of Lasers 

We have used an Anritsu Optical Spectrum Analyzer, model number MS9001B1, to measure laser 

linewidth and it's variation for different DC current. We also measure the laser output spectrum when 

it is modulated with a carrier frequency of 1 GHz and power level of 0 dBm and +5 dBm. The RF 

modulated experiment is shown in figure 2.2, where the RF source is obtained from HP 8753 Network 

Analyzer. 

Figure 2.2 Experimental setup to measure RF modulated spectrum of a laser 

The RF modulated spectrum is also observed for two different drive conditions of RF power levels, 0 

dBm and +5 dBm. 

From this we found that the nominal linewidth ( IV ) of both lasers at bias current of 26 mA is 0.12 nm 

for each laser. The linewidth variations when changing the Dc current as well as RF modulating power 

were only of the order of 0.04 nm. 



2.2 Fiber Characteristics 

Because of their importance in sensitivity analysis of fiberoptic system the following three parameters 

will be measured: 

1. Fiber Loss 

2. Fiber Reflections 

3. Chromatic Dispersion 

1. Fiber Loss 

With the aid of Anritsu optical time domain reflectometer (OTDR), model number MW910C, we have 

measured the length of fiber and reflection at each discontinuity. Experiment set up used is shown in 

figure 2.3. 

Figure 2.3 Experimental setup to measure fiberoptic attenuation and reflected optical power 

Total attenuation of fiber with 6 biconic connectors, 2 fusion splice and 2 WDM device is measured 

Using manufacturer's data sheet we calculate total loss of our link at 1306 nm and 1533 nm wavelength 

At 1306 nm  



( nominal fiber loss is 0.45 dB / km, assume a loss of 1 dB for each biconic connector and neglect loss 

due to fusion splice ( 0.2 dB/ splice ). 

Total loss = 35.6 Km x 0.45 dB / Km + 6 x 1 dB = 22.02 dB ( 2.1 ) 

Similarly, the total loss at 1533 nm wavelength is, ( fiber loss = 0.20 dB / Km ) 

Total loss = 35.6 Km x 0.2 dB / Km + 6 x 1 dB = 13.12 dB ( 2.2) 

The link loss measured by the OTDR and optical spectrum analyzer is more than the calculated loss by 

less than 3 dB at both wavelengths, which due to different calibrations and insertion loss of two WDM. 

It is important to notice that optical power output from 1533 nm laser is less by 5.3 dB as compared to 

optical power output from 1306 nm laser. Nevertheless after 35.6 Km the low attenuation on the 1533 

nm laser will compensate this fact. For further distance the condition will be in favour of 1533 nm 

lightwave carrying the pilot. Therefore even for larger haul sufficient power of pilot will be available 

even though the initial power at this wavelength is limited. Clearly because of higher attenuation at 

1300 nm will be quite difficult to obtain the required subcarrier for coherent detection and/or timing 

clock from the modulated signal directly. Since a clean local oscillator for coherent detection and/or 

satisfactory timing clock is crucial, the approach of this concept seems advantageous particularly for 

long haul. In short haul systems there will be no problem on pilot carrier power and it's attenuation. 

This advantage is at the cost of high dispersion at 1500 nm window, but for our purpose it will not be 

the limiting factor. 

With many digital information transmission techniques [30] in order to guarantee a digital clock 

recovery, particularly for low BER, optical power loss will have to be low to assure certain jitter 

tolerance for certain BER. With our concept we expect more system margin for same BER and jitter 

as a single tone sinewave of low frequency will provide better synchronized subcarrier for coherent 

detection along with a timing clock. 



2. Fiber Reflections 

Reflections from connectors of each laser pigtail to the WDM are high and hence unmeasurable due to 

limitation of OTDR resolution. Nevertheless, reflection about -30 dB was measured because of two 

biconic connectors and a WDM, all within a distance of 2 meters from the laser. 

We did not take any special care to minimize refection by introducing index matching gel into 

connectors. This is to emulate practical field system and may be looked upon as worst case situation. 

Calculation of return loss due to reflection 

From the measured values of the reflected pulse height the optical return loss can be calculated using 

the following formula 

R ( return loss dB) = B + 10 log10  [ 10 (12x11  - 1 I xD ( 2.3 ) 

for all H, where H is the height of reflected pulse from OTDR in dB, above the backscatter level, D is 

the duration of optical pulse in nanoseconds, B equals -80 dB for 13 window and - 82 dB for 1.5 

window. 

Reflections due to 6 biconic connectors between the pieces of fiber were also measured. All measured 

losses and reflections are summarized in the table given below. 

For A = 1306 mu  

Connector or fusion splice at Distance 

(Km) from laser 

Total Loss ( dB) due to fiber 

attenuation 

R( return loss) dB 

.0001 Connector -30 dB 

.0002 Connector - 30 dB 



5.12 Connector 1.61 -37 dB 

10.48 Connector 4.34 -35 dB 

16.885 Fusion -65 dB 

23.04 Connector 10.38 -35 dB 

35.76 Fusion 15.38 -65 dB 

Reflections in our system are quite similar to those faced with any standard fiberoptic system. In some 

systems special care is used to maintain reflectance of -40 dB or better. Such a measure for minimizing 

the reflection was not persued in order to simulate normal circumstances and examine its effect. To 

emphasis, it is a well known fact that reflections limit transmission of analog video particularly for 

longer distances [12, 33] and when subcarrier scheme is implemented. Therefore it is important to not 

to correct for reflection but rather to include its effect when examining the performance of our 

concept. 

Chromatic Dispersion Measurement 

Fibers from different manufactures have been connected together for the experiment, we do not know 

the mean dispersion and other important characteristics and the values are not guaranteed. Hence for 

most accurate information we measure dispersion. The instrument used to measure dispersion is made 

by EG&G, model number CD-3, single mode fiber Chromatic Dispersion Measurement System. This 

instrument complies with the Electronic Industries Association Standard, FOTP-169, which sets the 

guidelines for chromatic dispersion measurement of optical fibers by the Phase-Shift Method. The 

particular issue number is EIA-455-169, August, 1988 [34]. 

A brief introduction to the dispersion parameters will make the results clear and emphasize 

importance. 



The Sellmeier dispersion equation is very well known to all fiberoptic engineers. This has been the 

backbone for understanding fiber dispersion and almost all books have discussion of this. Sellmeier 

equation of 5th order is known but for fiberoptic it's 3rd order is sufficient. It shows the dependence of 

the index of refraction n on wavelength; 

n2-1 = {[0.6961663 22  ] / [ 22 -(0.0684043)2  ] } + {[0..4079426 22 ] / [ 22  -(0..1162414)2  ] } + 

{ [0..897479422 ] / [22  -(9.896161)2  ] } ( 2.4 ) 

In chapterl, we have derive the dependence of the delay r ( delay per 1 meter propagation in fiber) on 

the wavelength A, on the index refraction n and its derivative. Eliminating the dependence oft on n in 

(1.22) by using equation (2.4) we can approximate t(2) by, 

t(2) = A + B 22  + C2 2 ( 2.5 ) 

where A, B, C are called fit parameters. Using equation (2.5) one can fmd the dispersion D(.1) 

D(2) = dr/d2 = 2[112 — C1-3] ( 2.6 ) 

Equating (2.6) to zero we fmd the wavelength.. of minimum dispersion 

20  = [C/B]1/4 ( 2.7 ) 

Substituting this value in eqn. (2.5) we fmd 

t(20) = A + B 202  + C A.-2  = A + 2 [BC] 1/2  = To ( 2.8 ) 

That is -to  is the delay per 1 meter at the minimum dispersion wavelength Ao. Now we define the 

dispersion slope 

S(.1) = dD(2)/d2 = 2B + 6 C A4 ( 2.9 ) 

The slope at Ao  is given by 



S(.10) = So= 2B + 6 C[C/B]-1  

= 8B. ( 2.10 ) 

Using eqn. (2.6) and (2.9) in eqn. (1.34) we get 

&P/a-23  = [ A2/(23tc)21 [A2(2B +6CA-4) + 41.(BA-CA-3)] 

= [22/(27r02] [A26B+2G1-2] 

= [ 1/2(arc)2] [A43B+C] ( 2.11) 

Using eqn. (2.8) and (2.9) we may write (2.5) and (2.6) in terms of To and So  

T(A) = To [ So/8 [A-2021,1]2 (2.12) 

D(A) = [ So,1/4  ] [ 1-A0  4/A4] ( 2.13 ) 

These equations can be checked to be correct by simple substitution of the values of To  , So  and .lo. The 

important of these representation lays in the fact that these parameters, rather than the fit parameters 

A, B and C are directly measurable. 

The following table summarize important and necessary data about fiber obtained by chromatic 

dispersion measurement. Chromatic dispersion measurement were repeated for three times. 

Dispersion, delay, zero dispersion wavelength of fiber (A0), B, C and slope So  are all measured and 

displayed. We have taken mean of three measurements and tabulated the results for 1305 nm and 1550 

nm wavelengths. 



Fiber Table 

Mean Zero Dispersion wave length A = 1309.804 

A = 1.305 nm A = 1550 nm 

Mean Dispersion ps/nm-Km - 0.695 14.677 

Mean, Delay ps/Km -65.191 1860.378 

Mean B ps/nm2-Km 1.27E -02 

Mean C ps-nm2/Km 3.7397733E +10 

Mean Slope( So) ps/nm2-Km 0.10166 

In eqn.(2.8) only unknown is A, which can be calculated as shown below: 

for 1305 nm 

-65.191 (ps/Km) = A+ 1.27E-2 (1305)2{nm2  ps/nm2  Km} +3.74E+10/(1305 )2 { ps nm2/nm2 Km) 

A 1305  = 43,654.52 ps/Km and similarly 

A 1550  = 44,218.48 ps/Km. 

The above values can be varified by calculating them from eqn. (2.6) for dispersion, (2.10) for So  and 

(2.7) for Ao  For example 

So  = 8B = 8 x 1.27E-02 = 0.1016 and 

AO = [C/B]lm  = [ 3.7397733 E+ 10/1.27 E-02 ]1/4  = 1309.9869 nm 

These are in good agreement with the measured mean value of So  and .lo. 



By now, we have measured all values of data for most of system components. It gives us a better 

understanding of our system. 

The coefficients of /3 are necessary and important for theoretical prediction from equation (1.40). All 

coefficients will be calculated in next chapter. 

2.3 Photodetectors 

The photodetectors and their parameters are detailed below: 

Photodetector Number -> QDEUHS-035-001, 8018238 QDEUHS, 7048335 

Responsivity ( A/ W) 0.79 0.75 

Electrical Bandwidth ( GHz ) 14 12 

Spectral Sensitivity 1000 to 1650 nm 1000 to 1650 nm 

Capacitance pF at -25 Volts < 0.3 <.35 

Detector Leakage Current 6.0 nA at -20 V bias 

The two photo detectors are made by Lasertron. Their specifications are more than adequate for our 

purpose. 

2.4 Broadband Double-Balanced Mixer 

Instead of a special phase detector, we used mixer as a phase detector. Our calibrations support that 

this mixer is no different than a phase detector. It's 1 dB compression point is very close to local 

oscillator drive level. It's Intermediate frequency ( IF ) response is from DC to 1500 MHz. Our results 

confirm that it met published specifications. It is made by Anzac, model number is MD-MDC-149. 



Chapter 3 

Experimental Analysis and Results 

In Chapter 1, we formulated the problem of our investigation. A through investigation which would 

have answered all questions from the point view of readers and the author were developed. The 

expected experiment schematic was given in figure 1.4. In Chapter 2, we collected the available 

components and measured characteristics of each one of the them in order to predict the experimental 

outcome. 

Equation (1.5) and (1.40) separately for the different source are given below: 

et(t) = Ec  E a. cos( Ol t ±n  corft + n ) ( 3.1 ) 

Ei.3(z,t) =Ec  exp(-ct13z/2) E a. cos( Q1.3 t±ncornt±  n 0(t)—[/ 01.3  + {d/301.3/d5-2}[ 0C21.3  +n corfi t 

+ n B(t) ] + {d21301.3/(1522}[AQ13  +n codit + n 0(t) ]2/2  + {d3/3013  AlS-23}[AS213  +n coffit+ n 

]3/6 + }z + 4131.3 ( 3.2 ) 

E1.5(z,t) =Ec  exp(-a1.5z/2) E an  cos( S21.5  t -1-.n corf2t —[P01.5 { dficii.5/d°}E ,6,521.5  +n corf2t I + 

{d2/301.5/dC22}[AS21.5  +n corat ]2/2  + {d3Po1.5  id523} [AC21.5  +n corf203/6  + iz 01.51} (3.3  ) 

where E is over n E [0, 00 ) and we also used 

S2n —S20 =S21 ±ncorf —C20  

= S20  ± AQ:_tn coif  — 5-20  

A52:1:n cod 



05-2 = AO 13  or 0521.5  is the spectral spreading of the two lasers respectively. 13013  , /3013  and their 

derivatives are taken at the center frequencies of the corresponding lasers 013  and 521.5. We also took 

8(t) = 0 as the modulation of the subcarrier cow  used with the 1.5 micron laser for pilot transmission. 

Laser modulation depth 

A Laser diode generates an optical average power proportional to its average bias current above the 

lasing threshold. In chapter 2, measured threshold current for both lasers is 14 mA. Optimum 

operating bias current is 26 mA. Hence we can at the most have an modulating current of 12 mA peak 

before the signal is clipped at the laser threshold. For higher modulating current laser non-linearity 

will increase as shown in graph 2.1, displaying derivative of laser optical power VS DC current. 

A current of 12 mA in to a 50 ohm front end of laser correspond to 8.57332 dBm ( 7.2 mW ). For most 

of our experiment RF modulation power was about 7.5 dBm ( 5.6223 mW ), which corresponds to a 

modulation index, m, 

m = 5.6223 mW ÷ 7.2 mW = 0.780875 

For the case when m=0.8 equation (3.1) becomes; (see also (1.6)) 

et(t) = 0.96 Ec  cos( Q t) + 0.216 Ec  [ cos( Oi  t— cod  t— 8(t)) + cos( O, t+ co, t + 8(t)) 1 

— 0.02 Ec  [ cos( OI  t— 2corf  t-28(t)) + cos( Oi  t+ 2corf  t + 20(t)) 1 +  

Second RF harmonic has 20 dB less optical power as compared to fundamental. It was measured to be 

18 dB instead of 20 dB due to contributions from higher terms. If we have a square wave instead of 

sinusoid, harmonics upto sixth order will have sufficient power to propagate along with the 

fundamental frequency. By sufficient power we mean that if fundamental is not above the other 

harmonics at least by 12 dB then inter-product noise dominates and degrades the system sensitivity. 

When detected at receiver they will have different arrival time and hence will generate very high 



amount of dispersion because of electrical harmonics. Any filtering of these harmonic will generate 

distortion of data at the receiver. Hence, a sinusoid pilot will have more power in fundamental, will not 

suffer electrical dispersion as there are no harmonics and will require very small bandwidth at the 

receiver. Due to small bandwidth requirement for sinusoid SNR will improve and give us more 

dynamic range. This comparison is between transmitting a square wave and a sinusoid of equal 

frequency. As the speed of information is increased our concept will have all these advantages further 

increased. 

We can neglect second harmonic terms from equation (3.2) for pilot on 1533 nm laser. For the other 

laser at 1306 am we have to keep electrical harmonics from transmitter to receiver. 

Optical output of 1533 nm laser is less by 5.3 dB as compared to optical output of 1306 laser. 

Attenuation for both lasers is measured as a function of fiber length and proved in Chapter 2, that low 

power from 1533 nm laser will not be a limiting factor of our concept since 1533 nm wavelength will 

suffer less attenuation. 

Therefore, we can drop exp( -az/2 ) term from the received signal equation (3.2) and (3.3). The 

received subcarrier and pilot are then given by 

E13(z,t) =E, { 0.96 cos( 013  t —[N01.3 + 1001.3/dCM AC21.3 J + {d2/301.3/dQ2}[M21.3 ]2/2  + 

{d301.3 /d°3}EAC21.3 13/6  4- }Z + cIDI.311 + Ec  { 0.216 cos( 5213t +(Vint 0(t) 

— P01.3 + fd/601.3/dQll A°1.3 +wrf1] + {d2P01.3/d°2}[AC21.3 +wrf112/2  + {d3/301.3 

/dC23}[AS21.3  +w1]3/6  + }z + 01311 + E, { 0.216 cos( C213 t —00 1t —0(t)—[ 

P01.3 + {dP01.3/dQ}[ AQ1.3 +wrf11 + {d2P01.3/dQ2}[AC21.3 +COrn]2/2  + 1d3fi01.3 

/$352311M21.3 +Wrf1l3/6  + }Z + (131.3}} + Ec  { 0.002 cos( 5213t +2.(ortit 

+20(t)—[P01.3 + {001.3/d°}E A521.3 +2wrf1+26(01 + f dVoi.3/6-221 [M21.3 

+2COrn+219(t)]2/2  + 10:1301.3  /dC231[6S21.3 +2cod1  +20(013/6  + }z + 431.311 + 

Ec  { 0.002 cos( 52/.3  t —2Wrflt —20(0—M1.3 + { dP01.3/d°}[ M.21.3 +2wrf1 +29(t) + 



{cFP01.3/d02}[Ac21.3 +2w f1+20(1)]2/2  + {d3/301.3  /d523}[AS21.3  +auto  +20(t)]3/6  + 

}z + (131.3]} ( 3.4 ) 

E1.5(z,t) =E, { 0.96 cos( 521.5  t -[ /301.5  + {4301.5/62}[ AS21.5  ] + {d2)3015/dt-22}[Ac2
1.5

]2/2 + 

Id3Po1.5 idQ31[AQ1.5]3/6  + }z + 4:01.511 + Ec  { 0.216 cos( Qis  t +corat -[/301.5  + 

,f2  idPoi.5/dC21[ AC215 +win] + id2Po1.s/dQ2NAQI.5 +co ]2/2  + {d3P01.5  

/(1523}[A521.5  +corf2]3/6  + lz + (1)1.51} + E, { 0.216 cos( 01.5  t -corat -P01.5  

+ {4301.5/dS2}[ A521.5  +corf2] + {d2/301.5/dS22}[AS2 /.5  +corf2]2/2  + {d3/301.5 

/d523}[A521.5  +w 13/6  + lz + 01.511 ( 3.5 ) 

In equation (3.4 and (3.5) there is fiber related noise due to dispersion. In previous chapter we have 

measured the linewidth of both lasers, dispersion and fiber length. Therefore in order to facilitate 

approximation, we calculate /3 and its derivatives. Even though our lasers wavelengths are 1306 nm and 

1533 nm we can use measured values of 1305 and 1550 nm wavelengths for our calculations. 

(3 Table 

expression A, = 1305 nm A = 1550 nm 

/3 = 27(n I A 1/Km 7.077611E+9 5.958891E+9 

CONSTANT DELAY MEASURED 

dfi / cIC2 = v (2) = A + B 22  + CA-2 s/Km (2.5) 

-61.97E-12 1860 E-12 

d2fi / d522 = D(2)22 /27(c (1.33) 

= 2[B23- C2-1]+27(c s2/Km (2.6) 

-6.292E-25 +2.4577E-23 



d3/3/dS23  = [1.4/(27rc)2][d DO W& + 2 D(A)pi (1.34) 

= + 1 [ 3l11.4  + C ] / 27r2c2 s3/Km (2.11) 

+8.325E-38 + 1.2378E-37 

S2 1.4433E+15 1.229 E+15 

0S2 = C2 - S20  = AA x 2zc÷,1.2  (Both laser have AA = 0.14 mu) 1.54718 E+11 1.1229 E + 11 

d22/cm 2 (0 - Q0 )2 /2 Km-1  -7.53E-03 0.154946 

d3P/dS23  (S2 - Q0 )3 /6 Km-1  5.13872E-05 2.9093E-05 

In equation (3.4) we can neglect corn  and its harmonics in dispersion calculations if AQ13 / corn  > > 1. 

For the given lasers this is true and hence we neglect corn  and its harmonics in dispersion calculations. 

E1.3(z,t) = Ec  { 0.96 cos( S21.3  t -[ {d21801.3/dS22}[AS21.3 ]2/2  = -5.82882E-03} + {{d3fl01.3  

AlS23}[A5213  l3/6  = 5.13872E-05}+ }z+ cro1311 + { 0.216 cos( S213  t +(prat -1-0(0- 

Rd2N01.3/d2211 m21.312/2  = -5.82882E-03} + {{d3P01.3 /d03}[AQI.3]3/6  = 

5.13872E-05}} + }z + cI31.311 + Ec  { 0.216 cos( (21.3 t -welt -0(t) - 

Rd21301.3/dS22}[AC21.3  ]2/2  = -5.82882E-03} + {{d3/301.3  AlQ3}[A521.3 ]3/6  = 5.13872E-05} + 

 + 0131} { 0.002 cos( 01.3  t +2cornt +20(0 -Rd2Poi.3/dQ21[AC21.3 ]2/2  

-5.82882E-03} + {{d3fl01.3  /dC23}{AQI3 ]3/6  = 5.13872E-05} +  + I13]} + { 0.002 

cos( 013 t -2°1/fit -29(t)-[ {d2/801.3/dQ2}[A-1.3]2/2 = -5.82882E-03} + { { d3/o 1.3 

/1103}[AQI.3 ]3/6  = 5.13872E-051+ }z + 431.311 ( 3.6 ) 

After neglecting first two terms of constant delay and z = 100 Km fiber, we conclude that total 

dispersion effect is negligible at 13 wavelengths as compared to RF subcarrier( 1 GHz ) and 0(t) signal 

( signal period < subcarrier period ). All dispersion effect at 1.3 micron wavelength is negligible, this is 

also true since it is very close to zero dispersion wavelength. Therefore in Eqn. (3.6) we can drop all 



dispersion related terms for 100 Km or less fiber length and the given laser linewidth and RF 

frequency. Hence (3.6) is reduced to 

E13(z,t) = Et  { 0.96 cos( C21.3 t + 0131 + Ec  { 0.216 cos( 5213 t -1-COr it 1-0(0)+ 43./ .31 + Ec  { 0.216 

cos( Q1.3  t -welt -0(0)+ 01311 + E, { 0.002 cos( 013 t +2COrnt +20(t) + cD1.311 + Ec  { 

0.002 cos( 013 t -2cornt -20(t) + (101.311 

= Ec  { 0.96 cos( Q1.3  t + (11.3 )+ 0.432 cos( C213 t + CD13) cos( COrat +0(t)) 

+.0.004 cos( 5213t + 4)13) cos( 2corilt +20(0 +) } ( 3.7 ) 

For the 1550 nm laser, we neglect the constant delay terms in equation (3.5) and use the values of /3 and 

its derivatives from the fi Table: 

E1.5(z,t) =Et  { 0.96 cos( Q1.5  t -[ {d2Pot.5/(102}[A015]2/2  = 0.1545} + {d3/301.5  /dQ3}[6.Q1.5 ]3/6  = 

2.909E-05} + }z + (1)151} + Et  { 0.216 cos( Q1.5  t +(prat -[ {(12/301.5/dc.22}[Ag-21.5 ]2/2 

= 0.1545} + {d3A31.5  /dQ3}[AQI.513/6  = 2.909E-05} + }z + 4:11.511+ Et  { 0.216 cos( 

Q1.5  t -cornt -[ {d2/301.5/dC22}[0521.5]2/2  = 0.1545} + {d3/3o15 /a23116,01.5 ]3/6  = 2.909E- 

05} + lz + (DIA} ( 3.8 ) 

In the above equation we notice that after 100 Km fiber the second order dispersion is of the order of 

E-03 and is negligible. Therefore (3.8) is reduced to 

E1.5(z,t) = Et  { 0.96 cos( Q1.5  t -[ {d2/301.5/dQ2}[AQI.5 ]2/2  = 0.1545/Km}100 Km+ (131.511 + E, { 

0.216 cos( 521.5  t +corf2t -[ {d2/301.5/dC22}[AC21.5 ]2/2  = 0.1545 /Km}100 Km+ 015]}+ Et  { 0.216 

cos( C21.5  t -co,f2t --1 {d2/301.5/dQ2}[AQI.5]2/2  = 0.1545/Km}100 Km + 411.51} (3.9) 

From equation (3.6) we conclude that as the RF frequency is increased for a given laser linewidth the 

amount of dispersion in comparison to the RF period increased making coherency with the subcarrier 



poorer. Similarly if the linewidth increases then for the same RF coherency with the subcarrier 

deteriorates. Nevertheless the fact that there is no higher harmonic content at the pilot, extracted at 

the receiver, help obtain easier coherency. Notice that even with no dispersion phase noise may have 

some effect on performance. This noise might be further reduced if the laser linewidth is decreased. 

Further examination of (3.6) and (3.9) shows that due to dispersion there will be a certain penalty due 

to amplitude reduction after 0/E conversion as shown below: 

113(0 = Al  x E13(z,t) x E*13(z,t) ( 3.10 ) 

1e1.3(t)1 2  = Eancosad2/30/3/dS22}[AQ/3]2/21cos(n o.),ft+n 0(t)) 

el 3(t) I 2  = Ean  [Disp Loss 1.3 nm]cos(n corft+n 0(t)) (3.11) 

The [Disp Loss 1.3 nm] is a function of length of fiber and is negligible for 50 Km fiber. No phase 

noise due to dispersion. Similarly 

4.5(0 = A2 x E13(Z,t) x E*15(z,t) ( 3.12 ) 

ei.5(t) I 2 = E a. cos[41 B 2,  01.5/d02/1.61-21.5 12/2  )cos( CO,f1 ) 

e1.5(t)1 2 = E an  [Disp Loss 1.5 mu] cos( coift ) (3.13) 

From (3.11) and (3.13) we conclude that the phase noise will be negligible. The amplitude of the 

recovered signal will be reduced more due to dispersion at 1550 nm wavelength. However, this penalty 

will depend on the fiberoptic cable length. In above equations we have neglected laser phase noise, 

laser phase noise to intensity noise conversion in fiber, noise due to reflections, receiver shot noise and 

amplifier noise and obtained sufficiently synchronized pilot and subcarrier with a fixed amount of 

delay. 



In order to demonstrate our principle and investigate subcarrier synchronization with pilot in the 

presence of above mentioned noise processes, we rely on experiment. 

3.1 Phase and Frequency Distortion Using Phase Detector 

A phase detector can be used to quantify the level of coherency between the pilot and the information 

subcarrier, wavelength domain multiplexed and communicated through a fiber. In our measurements 

to follow the pilot was taken to be equal to the subcarrier frequency at 1 GHz rather than at sub-

harmonic of the subcarrier frequency at 51.84 MHz. This was done for the sake of simplicity, since 

otherwise a chain of multipliers and dividers would be needed. Normally for a mixer to work as a 

phase detector its 1 dB compression point has to be close to the local oscillator (LO) power level. 1 dB 

compression point is defmed as the RF input power that causes one dB increase above mixer's small 

signal (-15 dBm ) conversion loss. 

Three different experiments were conducted. In the first (fig. 3.1a) no light sources were used and 

obviously no fiber was needed as communication channel. An RF signal at frequency of 1 GHz from 

HP 8753 was split by a 3 dB power splitter into two paths, feeding the RF through a variable phase 

shifter and local oscillator (LO) ports of the mixer respectively. The signal level to LO port was set to 

about +7.5 dB and RF port was set to about -14.5 dB. The input level to RF port is below the 1 dB 

compression point of the mixer as required. The phase signal into the RF port was varied from 0 to 

520 degrees maximum in steps of 20 degrees or varied from 0 to 180 degrees in steps of 4 degrees for 

measurement accuracy. The output of the phase detector as measured at the IF port is monitored. 

In second experiment (fig. 3.1b) we add electrical to optical conversion (E/O) by modulating two 

separate lasers at 1306 nm and 1533 nm wavelengths. These two wavelengths are then wavelength 

division multiplexed (WDM), and attenuated to an adequate level by optical attenuators (OA). The 

optical signal is then de-multiplexed and using PIN diode at each path, the intensity modulations of 

these signal are detected. Finally after some bandlimiting through a BPF filter, the two electrical 



signals are fed to the RF and LO port of the mixer. The output of the mixer at the IF port is 

monitored as before. 

In the third experiment (fig. 3.1c), further we introduce fiberoptic cable of 36 Km instead of optical 

attenuators. From the results of the first two experiments we might deduce about the effect of 

electrical to optical conversion at the laser and back to electrical conversion at the PIN diode detector. 

Clearly imbedded in this will be the contribution to noise due to different electrical amplifiers added. 

The effect of the fiber on phase noise or distortion will be obtained by comparing the results of the last 

two experiments. 

In order to do measurements in a controlled manner we monitored the signal levels to the mixer at 

each experiment and set it according to specifications. Then we used spectrum analyzer (HP 8566B) to 

plot signal spectra at different points. The spectral bandwidths used were DC to few KHz. The output 

of the phase detector was monitored using FLUKE 8840A multimeter. DC and AC measurements of 

the phase detectors were performed. To monitor noise difference between the two phase detectors 

inputs and which is not within the bandwidths of the FLUKE, we use spectrum analyzer as well. 

To prevent overloading the Fluke multimeter a 10 MHz LPF was added in front of its input. The Fluke 

8840A itself acts as a LPF with it's true Root Mean Square ( RMS ) measurement in 100 KHz 

bandwidth. FLUKE'S 3 dB roll off is at 300 KHz and when, terminated into 50 ohms it has as an AC 

noise floor of 0.139 mV and DC offset of 0.000 V DC. 

Using spectrum analyzer spectrum plots were are taken at the following point of the experiment setup:- 



Figure 3.1a Block diagram for direct electrical signal phase noise measurement 

input to laser, electrical signals used to modulate the subcarrier or as a pilot, to monitor inputs to the 

mixer, to monitor detected signals after 0/E conversion. The spectral spans of these measurements 

were set to 100 Hz centered at 1 GHz. Finally spectrum plots were taken at the output of mixer at 

baseband frequency of 100 Hz, 500 KHz and 10 MHz. Due to the fact that in the first experiment there 

was no E/O conversion and vice-versa and therefore some of the measurements were omitted as they 

were redundant. Similarly plots of laser input are not repeated for the second and third experiment. 



Figure 3.1b Block diagram for phase noise measurement with E/O and 0/E conversion included 

List of the spectrum plots as mentioned above are listed in the table below where L is for LO port of 

mixer, R is for RF port of mixer and I is for IF output port of mixer. Different parts of the table 

depicts the plots for the different experiments. The plots are numbered sequentially. The 

corresponding wavelengths are also marked where necessary, 1306 nm for subcarrier and 1533 nm for 

pilot. Spectrum spans are also emphasized in this table. 



Figure 3.1c Block diagram for phase noise measurement with 36 Km fiber added 

Plot Point A nm 

Fig 3.1a Direct Electrical Signal Measurements 

3.1 L LO + 7.4 dBm, 100 Hz span 

3.2 R RF -14.8 dBm, 100 Hz span 

Fig 3.1b Measurements with E/O and 0/E conversion included 

3.3 L 1533 LO + 5.2 dBm, 100 Hz span 

3.4 R 1306 RF -14.4 dBm, 100 Hz span 



3.5 I IF noise, 100 Hz 

3.6 I IF noise, 500 KHz 

3.7 I IF noise, 10 MHz 

Fig 3.1c Measurements with 36 Km fiber added 

3.8 L 1533 LO + 7.4 dBm, 100 Hz span 

3.9 R 1306 RF -17.0 dBm, 100 Hz span 

3.10 I IF noise, 100 Hz 

3.11 I IF noise, 500 KHz 

3.12 I IF noise, 10 MHz 

Results 

Signals Spectra 

We compare spectrum plots of recovered pilot from 1533 nm laser (plot 33 and 3.8) with and without 

fiber in the system, respectively and with the original signal, (plot 3.1) used to modulate the light. We 

notice no noticeable broadening in spectrum due to E/O and 0/E conversion or due to propagation 

through 36 Km fiber. Similar remarks are in effect for the signals recovered from 1306 nm laser ( plot 

3.4 and 3.9) 

Comparison of IF output plots for noise without fiber (plot 3.5, 3.6 and 3.7) and those with 36 Km fiber 

added (plot 3.10, 3.11 and 3.12) respectively do not show any noticeable increase in noise floor. 



Phase Noise 

Phase variations of thel GHz subcarrier used to modulate 1306 nm laser was recovered with coherent 

detection at receiver with and without 36 Km fiber. Graph 3.1 shows phase variations at the output of 

the phase detector in a step of 20 degrees. 

Graph 3.1 Phase variations (AC and DC) at the output of the phase detector in a step of 20 degrees 

Graph 3.2a and 3.2b depicts phase output in a step of 4 degrees. The AC phase at phase detector 

output represent the residual noise. From graph 3.2a and 3.2b, we may calculate phase degradation 

with and without 36 Km fiber. 



Graph 3.2a Phase variations ( DC ) at the output of the phase detector in a step of 4 degrees and 

Graph 3.2b Phase variations ( AC ) at the output of the phase detector in a step of 4 degrees 

Let the phase noise be defined as the ratio of peak DC output / peak AC output ( signal/noise ratio ), 

then for the case without electrical to optical (E/0) conversion and vice-versa; 

20 Logio  [ peak DC output of / peak AC output ] = 20 Logic, [ 50.0 / 0.135 ] = 51.37 dB. 



With E/O conversion and without fiber 

20 Logic,  [ peak DC output of / peak AC output I = 20 Logic,  [ 53.95 / 0.895 1 = 35.60 dB 

With the addition of 36 Km Fiber 

20 Logic,  [ peak DC output of / peak AC output ] = 20 Logic, [ 45.2 / 0.935 1 = 33.68 dB 

The above results indicate that the phase sensitivity with 36 Km fiber is decreased by a 1.91 dB as 

compared to without fiber. 

Phase and Frequency Distortion Measurement Using HP Network Analyzer 

In the next set of experiments we use HP Network Analyzer (NA), model HP 8753 instead of the mixer 

as a phase detector, and repeat the previous three set of measurements. The microwave signal is taken 

as before from the NA. The IF bandwidth is taken to be 3000 Hz. Therefore the block diagram of 

these experiments set up are shown in figure 3.2a for direct electrical signal, 3.2b with E/O and 0/E 

conversion and 3.2c 36 Km fiber added. Notice that except for using the NA as a measurement tool 

these are the same as in figure 3.1a, 3.1b and 3.1c respectively. 

Figure 3.2a Block diagram for relative phase stability of source with its internal reference 



Figure 3.2b Block diagram for relative phase stability measurement without fiber 

Channel A of NA is connected to recovered RF from 1306 nm laser and channel B is connected to 

recovered pilot from 1533 nm laser. The ratio of phase stability of A with respect to the phase stability 

B is monitored over a long time on a continuous basis. 

These measurements were monitored for 5 hours and the long term stability of phase noise is 

measured. Continuous and long-term monitoring of phase noise was not possible in the experiment 

with phase detector. Since NA has built in statistic (mean and standard deviation) display, which is 

advantageous because any random noise will be picked by the NA and the peak to peak deviation 

would indicate it. 



Figure 3.2c Block diagram for relative phase stability measurement with 36 Km fiber 

Plot 3.13 shows the magnitude and the phase variations in time of the microwave source- HP 8753 

(after a 3 dB power splitter) with respect to its internal reference (R). Plot 3.14 depicts the phase 

variations without fiber and plot 3.15 depicts phase variations with 36 Km fiber added. A comparison 

of standard deviation (SD) and peak to peak variation of phase measurement are tabulated below: 

Phase Parameter Direct Electrical 

Signal Plot 3.13 

No Fiber 

Plot 3.14 

36 Km Fiber 

Plot 3.15 

Standard Deviation (SD) m° 109.04 119.92 114.66 

Peak to Peak variation m° 593.26 675.66 679.78 



Results 

Comparison of phase statistics from above indicate that insertion of 36 Km of fiber in the system do 

not result in noticeable change in SD and Peak to Peak variations. 

3.2 Transmission of Low Frequency Tone 

The subcarrier of 1 GHz that direct modulate 1306 nm laser is now phase modulated by a low 

frequency tone. The pilot at frequency of 1 GHz (obtained from the same source as the subcarrier) 

direct modulate the 1533 nm laser as before. Block diagram of this experiment is depicted in 

figure 3.3. 

Fluke 6062A serves as generator for the subcarrier, whose frequency is synthesized from 10 MHz signal 

originating at HP 8860C. The later instrument serves as a source for the 1 GHz pilot. Therefore the 

two signals, the subcarrier and the pilot are coherent as they are both synthesized by the same 10 MHz 

source. The subcarrier generated by the FLUKE is angle modulated to a depth of 1 radian, by low 

frequency tone (50 Hz to 100 KHz) from HP 3311A signal generator. Spectral plots at various points 

in the experiment setup of figure 3.3 are tabulated below. The low frequency tone used for modulation 

was 10 KHz. Nevertheless, with others low frequency tones from 50 Hz to 100 KHz, depicts similar 

behavior. 

Plot # point A nm Figure 3.4 

3.16 1 GHz subcarrier phase modulated with 10 KHz, used for 

intensity modulation of 1306 nm laser, spectral span 25 KHz 

3.17 R 1306 Recovered 1 GHz subcarrier phase modulated with 10 KHz tone 

after 36 Km fiber, 25 KHz span 



3.18 L 1533 Recovered pilot to be used as LO for coherent detection, note the 

presence of 10 KHz tone due to optical cross-talk. 

3.19 I 10 KHz tone recovered with coherent detection 

3.20 I Recovered 10 KHz tone, superimposed onto the original 10 KHz 

signal from source-HP 3311A. 

Figure 3.3 Block diagram for low frequency tone transmission over 36 Km fiber 



Results 

In plot 3.17 we notice the two sidebands 12 dB below the carrier. In plot 3.18, the pilot at 1 GHz is 

shown 35 dB above sidebands which are believed to result from optical cross-talk. 

Plot 3.20, depicting the recovered 10 KHz superimposed onto the original 10 KHz does not show 

noticeable noise due to 36 Km fiber. Similar results were obtained for different low frequency tone in 

the range of 50 Hz to 100 KHz. This supports our earlier observations that subcarrier and pilot will 

maintain synchronization (phase and frequency) even if transmitted on two different wavelength. 

3.3 Data Transmission and Recovery 

In next experiment we examine transmission of digital data on one laser and reference carrier on the 

other. Then analyze the recovered data and it's eye diagram. 

If the data rate is Fb ( non return to zero, NRZ ), then for BPSK the baud rate equals bits rate. The 

maximum bandwidth occurs when the input binary sequence of data is a continuous bit stream of 

alternating ones and zeroes. That is if we were to transmit a clock of the digital data we would have 

maximum bandwidth of BPSK. The experimental setup is shown in figure 3.4. 

The digital data is provided by ANRITSU BER measurement transmitter, model ME 522A. The 

subcarrier of 1 GHz is provide by FLUKE 6062A, Synthesized Signal Generator. It's output is + 13.5 

dBm. The 3 dB power splitter made by KDI, model PSK-210 ( BW is from 0.2 to 1500 MHz) is used to 

obtain pilot of 1 GHz from subcarrier. One output of 3 dB power splitter is used as pilot to direct 

modulate 1533 nm laser. A 1 dB attenuation pad is inserted between the laser input and power splitter 

to minimize reflections at the input to the 1533 nm laser. The other output of the power splitter which 

is to be used as a subcarrier and is connected to the LO port of a mixer, model CLK-7135. The power 

level of the subcarrier is +8 dBm. The digital data from ANRITSU BER transmitter ME 522A is 



connected to the IF port of the mixer. BPSK modulated subcarrier then obtained at the RF port of 

mixer. This BPSK signal is passed through a BPF filter, 

Figure 3.4 Block diagram for BER and eye-pattern generation with 25.6 Km fiber 

whose center frequency is 1 GHz and bandwidth less than data rate. The filtered BPSK signal is then 

amplified to an appropriate level before it is used to intensity modulate the 1306 nm laser. The laser 

lights carrying the BPSK signal on one hand and pilot on the other are combined with an optical WDM 

device. We then transmit the two light signals over 25.6 Km of fiber. 

At the receiver the two wavelengths are first demultiplexed. The 1533 nm laser signal is intensity 

demodulated with a PIN diode detector, amplified to the required level and passed through a BPF 

filter, centered at 1 GHz and with a passband bandwidth of 20 MHz. The BPSK modulated signal is 



extracted from 1306 nm laser by again using a PIN diode detector. It is expected that the two laser 

light will have a fixed amount of delay at the receiver due to dispersion. A coaxial phase shifter, model 

number 3752, made by NARDA (phase in degrees for 1 GHz) is used for fixed delay compensation. 

The two extracted signal; the BPSK modulated subcarrier from 1306 nm laser and pilot from 1533 nm 

laser are then applied to a mixer for coherent detection of data. The output of the mixer is amplified 

and low pass filtered with bandwidth of 400 MHz, before it is connected to a 50 ohms impedance, high 

speed Tektronics oscilloscope. 

During this experiment digital data rate was varied from 10 MHz to 600 MHz. The data bit stream 

used was non-return to zero (NRZ). Bit pattern was fixed as 00101101. 

A few spectral plots are tabulated below. They are taken at different points in the setup as they are 

marked. The data rate used in this particular case was250 MHz, although other data rate were also 

used. 

plot # point A nm Figure 3.4 

3.21 2 1 GHz pilot used to direct modulate 1533 nm laser 

3.22 3b Digital data from BER transmitter, Data rate is 250 MHz. 

3.23 6 BPSK amplified to direct modulate 1306 nm laser 

3.24 9 1533 Pilot recovered from 1533 nm laser to be used as LO 

3.25 10 1306 BPSK as recovered from 1306 nm laser 

3.26 12 Data recovered with coherent detection at IF output of mixer 



Also examined are the eye diagrams at the transmitter output, and after sub-carrier coherent detection. 

Photographs of these eye diagrams were also taken. In all photographs, top half depicts the data or eye 

diagram at the transmitter and lower half of photograph shows the data or eye diagram at the receiver. 

The photographs of data - transmitted, received and the corresponding eye diagrams are marked and 

are self explanatory. 

Results. 

A great deal of system performance information can be deduced from the eye-pattern display. To 

interpret the eye pattern, consider the simplified drawing shown in figure 3.5. The following 

information regarding the signal amplitude distortion, timing jitter, and system rise time can be 

derived: 

Figure 3.5 Simplified eye-pattern diagram 



1. The width of the eye opening defines the time interval over which the received signal can be sampled 

without error from intersymbol interference. The best time to sample the received waveform is when 

the height of the eye opening is largest. 

2. The height of the eye opening is reduced as a result of amplitude distortion in data signal. The 

amount of distortion is related to the vertical distance between the top of the eye opening and the 

maximum signal level. The greater the eye closure becomes the more difficult it is to detect the signal. 

3. The height of the eye opening at a specified sampling time shows the noise margin or immunity to 

noise. Noise margin is defined as the percentage ratio of the peak signal voltage V1  for an alternating 

bit sequence (defmed by the height of the eye opening) to the maximum signal voltage V2 as measured 

from the threshold level, as shown in figure 3.5. that is, 

Noise Margin (%) = Vii  x 100 / V2 (3.14) 

4. The rate at which the eye closes as the sampling time is varied (that is , the slope of the eye pattern 

sides) determines the sensitivity of the system to timing errors. The possibility of timing errors 

increases as the slope is closer to horizontal. 

5. Timing jitter (also referred to as edge jitter or phase distortion) in an optical fiber system arises from 

noise in the receiver and pulse distortion in the optical fiber. If the signal is sampled in the middle of 

the time interval ( that is, midway between the times when the signal crosses the threshold level), then 

the amount of distortion AT at the threshold level indicates the amount of jitter. Timing jitter is thus 

given by 

Jitter Margin (%) = AT x 100/ Tb (3.15) 

where Tb is one bit interval. 



6. Any non linearities of the channel transfer characteristics will create an asymmetry in the eye 

pattern. If purely random data stream is passed through a truly linear system, all the eye openings will 

be identical. 

From these eye diagram photographs we calculate noise margin and timing jitter for 631 MHz data 

rate. 

Noise Margin (%) = Vi  x 100 / V2 = 85x 100 / 125 = 68% and 

Jitter Margin (%) = AT x 100/ Tb = 0.35 ns x 100/ 1.584 ns = 22.09% 

Above calculations and the eye diagrams shown below indicates that our concept can be used to 

transmit and recover data with coherent detection. 

Data Rate is 155.52 MHz, vertical scale is 100 mV/div and horizontal scale is 2 ns/div for received 

signal. 



Data Rate is 250 MHz, vertical scale is 50 mV/div and horizontal scale is 1 ns/div for received signal 

eye diagram alone 

Data Rate is 400 MHz, vertical scale is 50 mV/div and horizontal scale is 1 ns/div for received signal 

Data Rate is 631 MHz, vertical scale is 50 mV/div and horizontal scale is 1 ns/div for received signal 



3.4 Bit Error Rate Measurements 

Any digital systems is incomplete without a bit error rate ( BER ) test. BER test is demonstrated in 

the next experiment. System set up is same as in figure 3.4, except that now recovered data is fed to the 

BER receiver. Due to lack of time for design we did not build, as might expect, electronics to generate 

digital clock from the pilot transmitted on 1533 nm laser and therefore we instead use the clock from 

the BER transmitter. 

The data rate used was 622.08 MHz. PBRS ( pseudo random data bit sequence) was 215-1 and 223-1. 

NRZ bit pattern was used. We didn't use appropriate filters ( A BPF or LPF ) anywhere in data link. 

Our aim was to see the system stability and BER over a long time. The BER was maintained at 10-9  

for seven days. 

BER Rate and Jitter on Pilot 

References [ 35, 36, 37 give a good insight into the jitter tolerance in fiber-optic systems. In our 

measurement we introduced a delay in the pilot RF arm different from nominal delay. The optimum 

delay was found to be 40 degrees for a stable BER of x 10-113. 

A delay of 5 degrees from its nominal value of 40 degrees cause BER to degraded from 10-113  to x 10-9. 

An additional delay of 10 degree from the nominal delay of 40 degrees cause BER to become 10-8  

CONCLUSION 

The aim of the experiment were to examine the validity of theoretical analysis and to prove or 

contradict our assessment regarding the performance of our system. Despite the fact that we did not 

take in our theoretical analysis the consideration the effect of laser chirp, laser phase noise, reflection 

and their combined effect, the experiment almost always agreed with the theoretical conclusion. That 

is there is no much performance reduction in coherency and the pilot extracted from a different light 



wavelength can be satisfactorily used to coherently demodulate the subcarrier carried by the other 

wavelength. Such good agreement between experimental and theoretical results may be attributed to 

narrow laser linewidth (0.14 nm), relatively short length of fiber(36 Km) and low RF frequency of 1 

GHz (relative to laser linewidth). Therefore both theoretical calculations and experiment results we 

conclude that fiber dispersion will not be the cause of pilot and subcarrier not remaining coherent . 

Fiber attenuation will be a limiting factor for longer distance. 

At frequencies higher than 5 GHz and 90% modulation depth, laser chirp noise will be present in the 

bandwidth of the subcarrier and pilot of identical frequencies. Chirp combined with residual dispersion 

of fiber will generate enough phase noise with 50 to 100 Km of fiber which could be another problem 

for future investigation. 

From the point view of dispersion transmission of a pilot of low frequency will be beneficial. Pilot of 

51.840 MHz will not be affected due to laser chirp as chirp frequency will be outside the pilot 

bandwidth. Low frequency pilot transmission can be used to generate many subcarriers and timing 

clock. For practical distances of a few 100 Km where fiber attenuation is not the limiting factor in 

repeater span, pilot will remain coherent with the subcarrier. For relatively short distances laser 

linewidth can be increased to reduce the system cost as lasers with broad linewidth are cheaper. 

We have demonstrated our concept by a complete system demonstration where we recover digital data 

by coherent detection. The eye diagrams and BER test supports our concept and theoretical 

calculations. We have also demonstrated long term stability of this concept for over seven days by 

monitoring BER to be constant. 

Our concept could be very useful for a number of applications which one can think of - Full duplex 

systems, High speed M-ary BPSK or FSK subcarrier coherent detection and clock recovery. 



At this point we would like to conclude and answer the three questions that were part of the problem 

formulation in chapter 1. 

01. If we transmit synchronous microwave subcarrier COrn3 = w,. of identical frequency and 

phase, i.e. a coherent RF signal on two different lasers, will the detected signal be Coherent. ? If no, 

than our concept does not work. 

Answer to this is YES from our theoretical and experimental results. Use of different light sources did 

not generate noticeable noise on pilot. 

If yes, than 

Q2. What is the penalty that we will have to pay for all different noise phenomenons that we 

presented above due to fiber alone? 

In the experiment with discrete phase variations (fig. 3.1a, 3.1b and 3.1c) the measured penalty due to 

fiber and other noise phenomenons was 1.91 dB. 

Q3. If corn3  = E 192 ] corns  than will the jitter present on multiplication be large enough to cause 

loss of phase coherency ? If yes than we might look into Phase Lock Loop type solution. Because any 

noise present on 51.840 MHz pilot will be multiplied. If no, than we demonstrate our concept in total. 

We did not do this experiment. However, since the recovered pilot do not show noticeable noise due 

to fiber, any noise on multiplication of low frequency to higher frequency will be due to the electrical 

components which is well understood and can be compensated easily. 

We conclude that in order to use Terahertz bandwidth offered by fiber-optic technology we need not 

wait for development of new digital techniques and their reduced cost, or more expensive optical 

coherent detection from laboratory optical work benches, but instead one may use our NOVEL 

CONCEPT. 
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