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ABSTRACT 

A wideband predistorter for an AM-VSB Lightwave CATV system was analyzed and 

implemented. The laser and predistorter were modeled as third order polynomials with 

real coefficients which produce only AM/AM distortion. Based on this model, analytical 

expressions showing the improvement in the composite second order and composite triple 

beat using predistortion were derived. Also, a measurement technique for obtaining the 

coefficients of the laser and the predistorter is described. A predistorter was then designed 

and constructed using discrete schottky diodes. The predistorter was able to reduce the 

second order non-linearity of a direct feedback (DFB) laser by up to 12 dB in a 40 channel 

system, and the results also show how the predistorter could be controlled adaprively. 
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In recent years, the cable television industry has undergone major changes. With the 

advent of suitable lasers and fibre optic equipment, many existing coaxial cable 

distribution networks are being replaced with fibre optic networks. These new optical 
distribution systems result in considerably better television pictures transmitted to the 

customer and also provide the capability to bring many other services to the customer that 

were not possible using cable. 

The most common type of optical CATV distribution system uses AM modulation to 

transmit the CATV signals. Therefore, the laser must be highly lineslr so that 

intermodulation distortion caused by non-linearities in the laser is kept to a minimum. 

In CATV systems, intermodulation distortion is measured in terms of the composite 

second order (CSO) and composite triple beat (CTB). The CSO and CTB are the result of 

the power addition of all the second and third order beats at the particular frequency of 

interest. In terms of the actual CATV signal, the CSO interferes with the luminance 

information and the CTB interferes with the carrier. High levels of CSO and/or CTB result 

in visible distortion to the viewer. 

The laser is the major limiting component in terms of the resulting CSO and CTB 

levels. In order to improve the CSO and CTB levels, the laser must be linearized, A 
number of linearization techniques have been investigated for use with optical systems. 

These methods include feedfornard [1,2], quasi-feedforward [3] ,  and predistortion [4,5,6]. 

Of these linearization techniques, predistortion appears to be the most cost effective 

technique. This is because feedforward techniques require two lasers, whereas 

predistortion only requires one. With predistortion, the input signal is passed through a 

predistorter that has the inverse non-linear characteristics of the laser diode. Therefore, 

when the predistorted signal is passed into the laser, the non-linearities will cancel each 

other and the resultant non-linear distortion (CSO and CTB) will be reduced. 

Although literature on predistortion is already available, this work was carried out 

since there was very Iittle information on how to build and test a wideband predistorter, 

and on the related theory. Also, little analysis had been completed which showed 

analytically the improvements one should obtain if predistortion is used in a CATV 

application, Furthermore, the analysis presented here analytically shows how predistortion 



could be controlled adaptively using simple measurements of the distortion power. 

Previous adaptive predistorters required the use of additional test frequencies to adaptively 

control the linearization 161. 

To this end, this thesis has been broken up into six sections. In Section 2, 
background information on optical CATV systems, how they work, and the major 

components are described. Also, linearization techriques for wideband systems are 

discussed. 

Section 3 presents the analysis of the predistorter and laser system. The laser and 

predistorter characteristics are modeled as third order polynomials with real coefficients. 

From this model, expressions relating to the CSO and CTB are derived, as is an expression 

showing the improvement from predistortion. These expressions are then compared to the 

clipping distortion model to determine the practical limits of the predistorter. 

The next section, Section 4, provides a mathematical description of how the 

predistorter was constructed using discrete schottky diodes. Also, expressions showing the 

amount of cancellation the predistorter can achieve when amplitude and phase imbalances 

are present are shown. 

Section 5 discusses how the predistorter was constructed and explains a test 

procedure used to determine the phase of the signals. The phase measurements were 

important because they were used to determine the sign of the polynomial coefficients. 

Preliminary tests were then performed on the predistorter using a schottky diode to model 

the laser. These tests verified that the predistorter was operating according to theory. 

Then, the predistorter was modified so that it could predistort a direct feedback (DFB) 

laser. 

Section 6 presents the results of the predistorted laser. The predistorter was able to 

reduce the second harmonic of the laser between 90 -250 MHz by 3 to 20 dB. This 

resulted in a reduction in the CSO of up to 12 dB in a 40 channel system. Also, the 

modifications necessary to make the predistorter operate adaptively are shown. 

Finlly, Section 7 presents the conclusions and recommendations for further work. 

The results of this thesis indicate that wideband predistortion is possible. In a CATV 

system, both the second and third order distortion can be reduced, provided that the laser is 

operated in a region where clipping distortion does not dominate and the distortion signal 



levels are large enough to make predistortion practical. Also, the predistortion technique 
used lends itself well to adaptive control based on power measurements of the distartion 
produced. Finally, this work will be very useful for any designer investigating the 
possibility of using predistortion for any wideband application. 



2 BACKGROUND 

This section contains a brief review of the important parts of a CATV lightwave 

system and the associated terminology. Also, aspects of linearization schemes will be 

discussed. 

2.11 CATV Lightwave Systems 

A CATV lightwave system consists of a laser diode, which transmits the CATV 
signals, optical fibre, which provides the signal channel, and a PIN photodiode, which 

converts the optical signals back into electrical signals. Figure 2.1.1 shows a block 

diagram of the complete system. 

A 

PIN diode 

Fibre CATV out 

(up to 30 kin) 

.- 
V out 

Transmitter Receiver 

Figure 2.1.1 : Block Diagram of CATV Lightwave System 

There are two methods of transmitting the CATV signals over optical fibre: 

digital transmission, and analog transmission. Digital transmission currently uses TDM 

(time division multiplexing) techniques which result in excellent performance. 

However, digital transmission has the drawbacks of being complex and expensive, and 

since the consumer's TV requires an AM-VSB analog input, A/D and D/A conversion 

is required at the input and output of the system [7]. 

Analog transmission of CATV signals over optical fibre has been achieved using 

both AM and FM formats. FM transmission provides good performance, but like the 

digital system, the FM system requires a converter to produce the AM-VSB signal after 

the optical receiver [7]. AM transmission uses the same AM-VSB format currently 

employed in existing cable systems. Thus, the signals coming into or out of an AM 
fibre system can feed directly into a coaxial system. This is a tremendous benefit, as it 



means that AM fibre systems can be introduced slowly, without having to replace the 

entire system all at once. Also, the analog fibre system is very simple'which makes it 

inexpensive to produce, and the performance, although not as good as a digital system, 

is considerably better than that of the existing cable system 171. 

The two most important components of the optical system are the laser diode and 

the photodiode. A brief description of each device is provided and then a summary of 

the optical link design trade-offs is given. 

2.1.1 Laser Diodes 

Laser diodes provide an optical output power that is proportional to the input 

bias current. Over a small range of bias currents, the optical output power vs input 

current is almost linear. Thus, if the bias current is modulated around this linear 

bias point, then the modulation in the optical output power can be used to transmit 
nn infurmation. I ne moduiation index, m, of the laser, refers to the amount of cnange 

in the optical intensity about the average optical intensity at the bias point. In 

optical CATV systems, the modulation index per channel is usually provided in the 

system specifications rather than the total amount of modulation in the laser for the 

composite channels. 

The bias point must be chosen such that it provides the best possible carrier to 

noise ratio (CNR) and the lowest amount of intermodulation distortion, The CNR is 

limited by the combined effect of the residual intensity noise (RJN) of the laser and 

the intermodulation distortion. The RIN is a result of fluctuations in the output 

optical intensity of the laser and is specific to any given laser [8]. The CNR for a 

given optical length and input power is also a function of the RIN and the 

intermodulation noise. 

The intermodulation distortion is caused by slight non-linearities in the laser 

light-current curve at the bias point, and in a multi-channel system, results in the 

formation of CSO and CTB. By linearizing the laser, this distortion can be reduced, 

The most common type of laser used in CATV applications is the distributed 

feedback (DFB) laser. These lasers oscillate at a single wavelength, typically 1300 



nm for CATV applications. The DFB laser is quite temperature sensitive; for a 

fixed bias current, the optical power will increase with a decrease in temperature 

[9]. Therefore, the laser must be kept at a fixed temperature. 

Other lasers, such as Fabry-Perot, and V-Groove lasers have also been used in 

CATV systems [1,6]. These lasers are less common, but share the same 

characteristics as DFB lasers in that they have a given RIN value and a slightly 

non-linear light-current curve that results in intermodulation distortion 181. 

Therefore, any of the lasers used in CATV systems can be linearized using 

some linearization technique. Predistortion will apply to all types of lasers. 

2.1.2 Photodiodes 

Photodiodes convert an optical input signal into an electrical current. The 

electrical current is directly proportional to the optical input power. Most CATV 

applications use PIN diodes which have no internal gain as opposed to APD 

(avalanche) photodiodes which have an internal gain. This is because the extra gain 

from APD's is not needed and it increases the system noise [9]. Also, APD's 

produce higher intermodulation distortion than PIN diodes. 

PIN diodes are made of InGaAs (indium-gallium-arsenide) for 1300 nm 

systems [9]. The important specifications of PIN diodes are the responsivity, the 

dark current, and the internal capacitance. The responsivity is a measure of the 

conversion from optical input power to output current in AJW. For CATV 

applications, a responsivity of at least 0.82 A/W is required. 

The dark current is the reverse current that flows in the photodiode when no 

input is present. This current must be small to allow for the detection of small input 

signals. The dark current increases with temperature which means that the 

sensitivity of the photodiode decreases with temperature. 

Finally, the internal capacitance of the photodiode limits the bandwidth of the 

system. The internal capacitance is typically I pF or smaller, which means that the 

normalized 3 dB bandwidth is 3 GHz with a 50 ohm load. 



PIN photodiodes for CATV applications, like the laser diodes, must have a 
linear light-current characteristic or they will cause intermodulation distortion. The 

distortion caused by a PIN diode is considerably smaller than the distortion caused 

by a laser and is generally not a limiting factor. 

2.1.3 Link Design Trade-offs 

In the complete optical link, different parts of the system limit the overall 

performance depending on the length of the fibre or corresponding amount of 

optical loss. Single mode optical fibre typically has a loss of approximately 0.4 

dB/lun at a wavelength of 1300 nm. 

For small amounts of optical loss, the CNR may be limited by either the 

receiver (PIN diode) or the laser. In the laser, the upper CNR limit is fixed by the 

RIN, and then additional noise is created at the receiver from thermal noise, PIN 

diode shot noise, and the receiver amplifier internal noise which sets the system 

noise floor [7,8]. In general, if the signal levels incident to the photodiode are large, 

then the CNR will be high. Unfortunately, the large signal levels incident on the 

receiver may cause the receiver to produce intermodulation distortion in excess of 

the lasers intermodulation distortion. This excess distortion is caused by 

non-linearities in the receiver amplifiers which becomes noticeable only at large 

input powers. If the input power is attenuated at the receiver before the amplifiers, 

the distortion will be reduced but the CNR will degrade. 

The amount of intermodulation distortion coming from the laser depends on 

the input power to the laser, which is directly related to the modulation index at the 

input. For large modulation indices, the distortion will be large. Thus, if the optical 

loss is high, then the input power incident at the receiver will be low enough that the 

receiver amplifiers do not increase the distortion already com:ng from the laser. 

This means that the distortion measured at the receiver will be from the laser only, 

However, the CNR will be lower since the receivers noise floor is fixed and the 

input power is smaller. Therefore, when specifying an optical AM-VSB CATV 

system, the CNR vs intermodulation distortion trade-off must be carefully 

examined. 



2.2 Linearization Techniques 

There are a variety of linearization techniques that can be used to linearize a given 

non-linear device. For wideband systems, two methods are frequently used; 

feedforward linearization and predistortion linearization. 

2.2.1 Feedforward Linearization 

Feedforward linearization involves taking a delayed version of the input signal 

and comparing it to the corresponding non-linear device output signal to generate an 

error signal. The error signal is then amplified and subtracted from the non-linear 

device output to eliminate the non-linearities. 

For CATV systems, feedforward linearization has been investigated [1,2,3]. 
Although the feedforward technique works well, it is very expensive. This is 

because two lasers, an optical splitter, and an optical combiner are required. T'g -'I ure 

2.2.1 shows a block diagram of a feedfoiward linearizer for a laser diode. 

DTT Laser Delay 

R e c e ~ v e r  
Detector 

* + Laser 

Delay Amp 

Figure 2.2.1: Feedforward Linearization 

The optical laser output contains non-linearities, so a portion of the optical 

signal is redirected from the main path into an optical detector. The detector 

converts the optical output into an electrical signal which is compared to the 

corresponding input signal to create the error signal. The delay in the electrical path 

is adjusted to account for the signal delay through the laser, fibre, and detector. The 

error signal is then amplified, transmitted by the second laser, and combined 

optically with an optical combiner to cancel the non-linearities from the first laser. 

An additional optical delay is required on the original laser's optical path so that the 

error signal adds with the correct phase relationship. 



This linearization method is sensitive to the delay devices since cancellation 

will not occur if the error signal does not have the correct phase relationship with 

the original signal. 

2.2.2 Predistortion Linearization 

Predistortion linearization involves constructing a predistorter which has the 

inverse non-linear characteristics of the non-linear device. Thus, when the 

predistorter's output signal is passed though the non-linear device, the distortian 

components cancel and the output remains linear. Figure 2.2.2 shows a block 

diagram of a predistortion linearizer. 

Figure 2.2.2: Predistortion Linearization 

Unlike feedforward, only the laser producing the non-linear distortion is 

required in a predistortion system; the error signal is an electrical signal applied to 

the input of the laser. Thus, predistortion is a more cost effective technique. 

Output 
Cl 

Input 
O 

Predistortion has been applied successfully to a number of Lightwave CATV 
systems [4,5,6]. In most cases, either the second order distortion of a DFB laser or 

the third order distortion caused by an external modulator was reduced. Most of the 

predistorters were static predistorters and therefore did not adapt to changes in the 

performance of the system. 

Receiver 

Since the laser and other active components will drift over time, a more robust 

PD 

predistorter is one that adapts the predistorter output to account for component 

Laser 

changes over time. One predistortion system in the literature was adaptive [6J, and 

it used additional test tones to produce an error signal to control the adaptive loop. 

However, this method was rather complex and suffered from potential instability 

problems due to the use of analog integrators. 



This work describes a simple method for building a predistorter and a simple 

method to control the predistorter adaptively using measurements of the distortion 

power. No additional test signals are required, and the control loop, although 

possessing a slow convergence time, will be adequate for long-term stability. 



3 ANALYSIS 

This section provides an analysis of the expected laser behaviour using a third order 

polynomial model. A third order model was used because it reduces the complexity of the 

analytical expressions and because it has been found to describe laser non-linearities with 

good results [10,11]. Previous papers have either explicitly or implicitly used this model 

for building a predistorter, but little analysis has been given. 

The analysis provides a complete description of the polynomial model and it results 

in an expression that specifies the level of the CSO and CTB caused by the laser 

non-linearities in a multi-channel system. The amount of improvement attainable using 

predistortion and a simple method for contxolling the predistorter adaptively are shown. 

Furthermore, the limits of the polynomial model in terms of the potential improvement by 

a predistorter are shown by taking signal clipping into account. 

3.1 Polynomial Model 

The laser light-current curve (L-I curve) is approximated by a third order power 

series with real coefficients p,, P, and p,. The non-linearities are assumed to be 

memoryless with only AMfAM distortion. Therefore, no frequency dependent 

distortion will take place. This assumption is based on the input frequencies being low 

compared to the lasing frequency of the laser. If frequency dependent distortion occurs, 

predistortion becomes considerably more difficult since specific components would be 

required to shift the phase appropriately for each frequency. 

The predistorter is also approximated by a third order power series with real 
coefficients a,, q, and q. The composite system is a cascade of the predistorter and 

the laser as shown in Figure 3.1.1. Equations (3.1.1) - (3.1.3) show the signal 

dependencies given that V,(t) is the input signal, V,(t) is the predistorter output, and 

V,(t) is the laser output. V,(t) is the composite output. 

qpD1 NO) 1 Laser 1 w O  

Figure 3.1.1 : Block Diagram of Redistorter 



VLt> = VdW - ( P I  + P 2  - Vd(t) + p3 - 1 V d W  121. 

v&) = v,@> - {C + i2 . Vm@) + C3 - I Vm(t) )21- 

The values of the 6's in (3.1.3) in terms of the a's and p's are 

61 = % P I P  

52 = a 3 2 +  %PI, 

C3 = 4 3 3  + %%P2 + % P I 7  

where only terms involving the first, second, and third order values have been kept. 

The higher order terms resulting from the cascade of the predistorter and the laser are 

assumed to be much smaller than the first three terms. 

From (3.1.41, the optimum predistorter coefficients that will result in the 

elimination of the second and third order distortion are 

The optimum predistorter requires independent generation of both the second and 

third order coefficients. This relates directly to a device that produces independent 

second and third order distortion. Since the predistorter is to be realized using discrete 

diodes, the second order distortion generator will also produce some third order 

distortion and vice versa due to the non-ideal characteristics of the diodes. Care must 

be taken to avoid or compensate for this effect. 

3-1.1 Autocorrelation Function 

Typically, CATV systems transmit between N = 40 to 80 channels. The input 

CATV signai can therefore be approximated as a Gaussian distribution of N 

independent random variables when N > 10 by the central limit theorem [12]. If the 

CATV signal is also assumed to be a zero-mean wide sense stationary process, the 

autoconelation function of the composite output V,(t) is defined as 



where ~ i ( t )  represents the complex conjugate of V,(t). Although the input signal 

appears on top of a DC bias in the laser, the input signal and the final output signal 

have no DC offsets involved, hence the signals are zero mean. 

The output complex envelope from (3.1.3) is then 

For convenience, denote VJt) by V, and V,,(t -z) by Vz. Expanding the 

argument of the expected value function in (3.1.7) in terms of V, and V2 using 

(3.1-8) and (3.1.9), the autoconelation function becomes 

The expected values appearing in (3.1.10) can be determined using the 

following formula for the mixed moments of L zero-mean jointiy Gaussian random 

variables x,, x,, , . . , x, [ 131 

where 1, = E {xpk). 



If some of the variables appear in the moment expression with a power of 2 or 

higher, each repeated subscript is treated as if it were distinct when applying the 

formula. 

Frcim (3.1.10), the expected values with odd powers will be zero using 

(3.1.1 1). To calculate the remaining five expected values, make the substitution 

V ,  = ~ c , + j y , ,  (3.1.12) 

Since V,(t) is zero mean, both x(t) and y(t) are zero mean as well. The 

autocorrelation and cross-correlation functions of the processes are given by 

Using the properties of autocorrelation and cross-correlation [14], it can be 

It can also be shown that [I41 

R,(-Q = R&) - jR,(z). 

For example, expanding the term E {v, v,v,'~) results in 

Each expected value is then determined using (3.1.1 1)- For example, 



E {x& = E {x,x2} + E {xs2} + E {x,x2} - E {x2x2} 

+ ECXI~~} . ECx921 

= 3R, (0) R, (T). 

When each of the terms in (3.1.18) is expanded and evaluated as in (3.1.19), 

the sum is 8R,(0)Rm(@. The same substitutions and expansions are carried out for 

the remaining terms in (3.1.10). Using (3.1.17) to convert from R, and R,, to R,,, 
results in 

The power spectral density function S,(Q of the complex envelope V,,,(t) is 
obtained by taking the Fourier transform of its autocorrelation function R,,,(z), 

Using the 

output is 

convolution theorem, the power spectral density of the CATV 

where 6 denotes convolution. In (3.1.22), the I (,5, I and the 1 4, l2 terms have been 

dropped from the Rm(2) term since the I c,12 term will dominate provided that 

52  << 5 1 7  and 5 3  << 61- 
3.1.2 Power Spectrum 

To obtain the power spectral density S,(f), the convolutions of the input S&) 
must be performed. Let S,(f) be a constant NJ2 over the bandwidth B , to El2, where 

for a CATV system B, = 50 MHz and B2 = 450 MHz (60 channels). The PSD is 
also assumed to be two-sided and the broadcast FM band is ignored. The FM band 



encompasses the frequencies between 88 MHz and 108 MHz, but the closest CATV 

signal carriers occur at 83.25 MHz and 121.25 MHz. Figures 3.1.2a to 3 . 1 . 2 ~  show 

the input spectrum Sm(f) and the convoluted spectra Sm(f) €3 S,(f) and Sm(f) (23 Sm(f) 

63 S,(f) where No = 2. 

Prrqurneym 

Figure 3.1.2a: S,(f) Figure 3.1.2b: Sm(f)€3Sm(f) 
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Figure 3.1.2~: Sm(f)@Sm(f)@Sm(f) 

From Figure 3.1.2, the 2nd order distortion is highest at the lower end of the 

band and has a peak at the upper end of the band. The 3rd order distortion is highest 

near the centre of the band. This is in agreement with the standard CATV 

measurements using beat counts. 



Analytical expressions can be obtained for the convolution spectra shown in 

Figure 3.1.2. The second order convolution is broken down into four sections from 

-2B2 to 0. They are 

(3.1.23) 
-2B, I w < -(B, + B,) 

Similar expressions can be derived for the third order convolution. There are 

8 separate terms from -3B2 to 0 and the expressions are quite complex. The 

maximum value of the convolution occurs at -3B, and is 

The maximum contribution of the 2nd order distortion in the CATV band 

occurs on channel 4 at the low end of the band. The 2nd order distortion is also 

large at the upper end of the band. A good approximation between the distortion at 
the lower and upper ends of the band uses the second order convolution value just 

above the high end of the band (w = -(B2+B,)). Using the analytical value for the 

convolution at this point from (3.1.23) results in the second term of (3.1.22) 

becoming 

The maximum contribution of the 3rd order distortion occurs in the centre of 

the band and using the analytical value for the convolution results in the third term 

of (3.1.22) becoming 



The power of the input spectrum or the first term of (3.1.22) becomes 

L 

If the worst distortion in each of the terms P,, P,, and P, is added together, the 

result is a slightly overestimated worst case approximation of equation (3.1.22). Let 

s w m t  be 

N (3.1.29) 
Sworn = 1 5 ,  l 2  -f + 1 c2 l2 NN,Z(B2 - B,) + I [,,I' ~N:(B: - 48,B2 + 78:). 

Thus, the worst case expressions for the CSO and CTB can be obtained; 

p2 I c 2  l 2  - 2--- cso = - - 
PI I e l  l 2  N o  . (B2 - Bl), 

p3 I c 3  r - 6--. CTB = - - N: - (B: - 4B1B2 + 7 ~ ; ) .  
PI I e l  l 2  

The system non-linear distortion power (NLD) is obtained by combining the 

2nd and 3rd order distortion powers, 

NLD = CSO + CTB. (3.1.32) 

An adaptive predistorter relies on the distortion power being a well behaved 

monotonically decreasing function with respect to the predistorter's coefficients. 

Expanding equation (3.1.32) to indude the laser and predistorter coefficients results 



3.1.3 Laser Model 

If the quadratic term involving B, and B, in (3.1.24) is approximated by 

B~~ - 4B,B2 + 7 ~ :  .= (8, - B,)', (3.1.34) 

then the resulting convolution value for the CTB will be slightly over-estimated 

compared to the actual value. Figure 3.1.3 shows the over-approximation ratio vs 

the upper bandwidth, with the lower bandwidth set at 50 MHz. The approximation 

ratio is the ratio of the approximation value to the actual value shown in (3.1.34) 

and it gets smaller as the bandwidth is increased. 

Over-approximation of Quadratic Term 

Figure 3.1 .3.:'0ver-approximation 
in Quadratic Term 

Figure 3.1.4: Over-approximation 
when FM Band is included 
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If the convolutions are performed with the frequencies in the FM band from 

88 MHz to 120 MHz removed, the third order convolution values are smaller as 

there is less power. These convolution values were obtained numerically, and the 

difference between these numbers and the approximstion in (3.1.34) are shown in 

Figure 3.1.4. Again, the difference is shown as the ratio between (3.1.34) and the 

simulation value. The over-approximation ranges from between 1.5 and 2 for upper 

bandwidths from 330 MHz to 550 MHz, which means that the CTB using the 

approximation will be 2 to 3 dB larger than the expected actual values. 

However, the substitution results in a simplified form of (3.1.33), 

If an actual CATV signal is applied at the input, the mean square signal power 

of a single carrier is 

m2 - - 
'carrier - 2 '  

where m is the modulation il~dex per channel. If there are N channels, the total 

signal power in the laser is 

The total input signal 

spectral density NJ2 is 

power using the white noise source of the band-limited 



The powers in (3.1.37) and (3.1.38) represent the total input power to the 

system. These powers must Se the same, so (3.1.37) can be substituted for (3.1.38) 

to obtain (3.1.35) in terms of the modulation index and the number of channels, 

hence 

Without a predistorter, (3.1.39) reduces to (assuming P, = 1 ,  a, = I ,  and %, a3 

= 0) 

From (3.1.40), the values of P2 and P, can be calculated from the distortion 

measured with a typical CATV laser. For example, a laser with a specified CSO = 

-69 dBc and CTB = -73 dBc at a modulation index of .05 with 40 channels (330 

h4Hz) results in 1 p, 1 = 0.001 12 and I P, / = 0.001828. 

If the laser coefficients (P's) are both determined to be negative, then the 

predistorter coefficients (a's) will be positive. Figure 3.1.5 shows a contour plot of 

the total nora-linear distortion vs variations in a, and a, with the beta values 

calculated above using equation (3.1.39). 



Figure 3.1.5: NLD vs Predistorter Coefficients 

From Figure 3.1.5 the quadratic dependence of a, and a, on the composite 

distortion power can easily be seen. Thus, the predistorter coefficients can converge 

to the optimum values by simply measuring the NLD at the output of the laser. 

3.2 Comparison with Beat Count Method 

Equation (3.1.40) differs from the standard method of obtaining polynomial 

coefficients from published beat charts. Generally, CSO and CTB values are calculated 

in the following way. The second and third harmonic distortion from a single input 

tone are measured, and then correction factors are added. The correction factors or beat 

counts are based on the actual allocation of the CATV channels in the band. 



For example, Daly [lo] models a laser diode as a third order polynomial and 

calculates the CSO and CTB using the expressions 

CSO = 2HD +6+10log(NT2)dBc, 

CTB = 3HD +15.6+lOlog(NT3)dBc, 

where 2HD is the measured second harmonic distortion in dBc and 3HD is the 

measured third harmonic distortion in dBc for a single input tone. The values of NT2 

and NT3 are based on the number of channels and the channel allocation. Table 3.2.1 
shows the values of NT2 and NT3 for the channel with the worst CSO and CTB 

respectively. 

Table 3.2.1: Beat Count Chart 

The values of the coefficients for the third order polynomial model can be easily 

obtained from the 2HD and 3HD measurements. The input to the laser, V,(t), is a tone 

# of Channels 

36 
40 
54 
60 
77 

with amplitude m equal to the modulation index of the laser, 

Vh(t) = m sin(ot). (3.2.3) 

If V,(t) is applied as the input Y,(t) in (3.1.2), then the resulting output will be 

NT2 

23 
25 
41 
47 
64 

I33772 -- 
4 

sin (3 cot). 

NT3 

362 
479 
922 
1166 

-2000 

Since p3 is much smaller than PI, the sin(ot) term is essentially equal to 

&rn sin(wt). The values of 2HD and 3HD Li dBc are then 



Note that both the CSO and CTB are functions of m2 and m4 respectively, the 

same relationship as in (3.1.40). 

If it is assumed that a laser has coefficients p, = 1, p, = -0.001, p, = 4.001,  then 

the worst case CSO and CTB can be calculated using (3.2.1) and (3.2.2). If the 

modulation index is m = 0.05 and there are 40 channels, the beat chart method results in 

CSO = -72.06 dBc and CTB = -81.67 dBc. Using the gaussian approximation, (3.1.40), 

CSO = -70 dBc and CTB = -78.24 dBc. 

The results based on the gaussian approximation are within 2 dB for the CSO and 

3.4 dB for the CTB compared to the beat chart method. The over-estimation of 3 dB in 

the CTB was expected due the approximation resulting from the FM band being 

ignored. 

A simulation was performed with 40 randomly phased carriers to verify the two 

theoretical calculations. The simulation computed the CSO and CTB levels using the 

same beta values as in the calcu~ations. The simulation was run 20 times and the 

results were averaged. The worst case CSO was -74 dBc and the worst case CTB was 

-82.6 dBc. The simulation values closely match the theoretical results. 

If the number of channels is  increased to 60 with the same beta values and 

modulation index, then the beat count method gives CSO = -69.32 dBc and CTB = - 

77.74 dBc. The gaussian approximation method gives CSO = -68.24 dBc and CTB = 

-74.72 dBc. The difference between the two methods becomes smaller as the number 

of channels is increased as expected from the results of Figures 3.1.3 and 3.1.4. 

Therefore, the gaussian approximation method provides a good analytical model for the 

worst case CSO and CTB, particularly for large numbers of channels. The theoretical 

CTB value will be slightly over-estimated, but the correct CTB level can be obtained 

by subtracting the over-approximation factor shown in Figure 3.1.4. 



3.3 Nonlinearities and Clipping 

Considerable attention has been spent by researchers to determine the 

fundamental limit of the distortion in a CATV Lightwave system [15-181. This work is 

based on all of the distortion being produced due to signal clipping and a perfectly 

linear laser L-I curve. The clipping distortion is caused from the input signal level 

exceeding the laser's input current range. For example, 48 channels modulated at 5% 

per channel are capable of adding in phase to produce a total signal of modulation 2. 

Obviously, the input is twice as large as the laser can handle. However, when the input 

signals are randomly phased as CATV signals are, the average total modulation index is 

less than 1 and only occasionally will the phases add such that there is clipping by the 

laser. 

An 'exact7 equation for calculating the minimum distortion levels due to clipping 

has been proposed by Qun Shi et. al. [18]. Their equations for the CSO and CTB are 
shown below and are plotted for a 40 channel system along with the total non-linear 

distortion (NLD) (the sum of the CSO and CTB) versus the modulation index in Figure 

3.3.1. 

K2, f nz N l+e(&) CSO = - 
8 1 d ~  2 

The values of K2" and K,, are the NT2 md NT3 values from the beat chart for a 

eiven number of channels. N. For 40 channels. K,.. = 25 and K,., = 479. 



Clipping Limit for CSO, CTB, and NLD 

Modulation Index 
0 CSO + CTB 0 NLD 

Figure 3.3.1: Clipping Limit for CSO, CTB, and NLD 

Experiments have been performed to verify the results of the clipping model. 

[16,19]. Chung and Jacobs [19] measured the NLD vs the modulation index for a 42 

channel CATV system. Their results are plotted vs the clipping model in Figure 3.3.2. 

From Figure 3.3.2, it is apparen: that Chung and Jacobs' experimental results 

closely match the clipping limit for modulation indices above about 0.06 per channel. 

Below 0.06, the NLD drops slowly as the modulation index is reduced. This variance 

from the clipping model was attributed by Chung and Jacobs to the intrinsic 

non-linearities of the laser 1191. 

Chung and Jacobs measured the CSO and CTB down to m4.042. At this point 

CSO .= -69 dBc and CTB - -73 dBc 1191. If these values a-e worked back to the 

polynomial model of equation (3.1 AO), then the resulting coefficients are P, = 0.00 13 

and p, =0.0034. Equation (3.1.40) is also plotted in Figure 3.3.2 using these beta 

values. 



NLD vs Modulation lndex 

Modulation lndex 
e Clippinq NLD A Chung & Jacobs Exp x Polynomial NLD v Clippinq + Poly 

Figure 3.3.2: NLD vs Modulation lndex 

It is apparent that the polynomial model closely matches the experimental results 

of Chung and Jacobs for low modulation indices. Since most commercial CATV 

systems operate at modulation indices around 0.04 to 0.05 per channel, the NLD or 

CSO and CTB of the laser diode could be reduced using a third order predistorter to the 

point where the fourth and higher order non-linearities dominate. A perfect predistorter 

of nm order could technically achieve the fundamental clipping limit. 

From Figure 3.3.2, the polynomial model is valid only for modulation indices 

where the NLD from the laser non-linearities is higher than the NLD caused by 

clipping. To provide a more accurate model of the laser, the polynomial model and the 

clipping model were combined and this curve is also shown in Figure 3.3.2. 

3.4 Predistortion 

By adding a predistorter to linearize the laser, the NLD of the laser can be 

reduced. If the predistorter is to be constructed from discrete diodes, then the second 



and third order coefficients will have some dependence on one another, However, it is 

possible to design the coefficient circuitry so that the coefficient dependence is 

negligible and the second and third order coefficients can be varied independently. 

Figures 3.4.1 and 3.4.2 show the variation of the CSO and CTB levels vs the 

predistorter coefficient using the laser beta values of -0.0013 and -0.0024 for P,, and P3 
respectively. In each figure, the results are shown for modulation indices of .05 and 

.055. The fundamental clipping limits for these modulation indices are also shown. 

The figures show that the CSO and CTB levels vary quadratically with the predistorter 

coefficients. Also, the figures show that for m=0.055, predistortion can only achieve 

the clipping distortion level. However, reduction of over 20 dB for both the CSO and 

CTJ3 is possible at m4.05.  

CSO Predistortion 

W n d  Order Coefficient 
n GSO 1k0.05 o CSO Clip rn=005 a CSO rn=0.055 x CSO Clip m=O.O55 

Figure 3.4.1 : CSO Predistortion 



CTB Predistortion 
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Third Order Coefficient 
o CTB rn=0.05 + CTB Clip rn=O.O5 o CTB m=0.055 A GTB Clip rn=0.055 

Figure 3.4.2: CTB Predistortion 

Figure 3.4.3 shows the total NLD with and without the predistorter for a variety 

of predistorter coefficients using the laser beta values above. It is clear that for this 

laser, the CSO dominates over the CTB since the NLD is lower when only the CSO is 

cancelled (a,=0.0013, a,=O) compared to when only the CTB is cancelled 

(q = 0, a, = 0.0024). As the coefficients are adjusted more closely to the optimum 

(cr, = 0.001, g = 0.001) and (a, = 0.0012, a, = 0.002), the NLD levels approach the 

clipping limit It is important to note, however, that the CSO and CTB may not achieve 

the clipping limit, even with the correct predistorter coefficients due to higher order 

non-linearities that are not being cancelled by the third order predistorter. 



NLD with Faredistortion vs Mod Index 

U No Pred~stort~on + A2=0.0013, A3=@ 0 A2=O, A3=0.0024 A A2=0.001. A S 0  001 

X A2=0.0012, A34.002 V Clippmg Limit 

Figure 3.4.3: NLD vs Modulation Index for Various Predistorter Coefficients 

These results indicate that predistortion is capable of reducing the CSO and CTB 

produced by the laser at modulation indices used by the CATV industry. Also, the 

third order polynomial model appears to correlate well with already published data. In 

the next section some theory about preciistortion is presented. 



4 PREDISTORTER THEORY 

The analysis of Section 3 is based on the assumption that a laser diode can be 

modelled as a third order polynomial. The predistorter is also modelled as a third order 

polynomial but with opposite coefficients. The predistorter is required to generate second 

and third order distortion independently so that the levels of the distortion (coefficients) 

can be varied. This section explains how the predistorter generates the second and third 

order distortion, and how much reduction one can expect from imbalances between the 

predistorter and the laser. 

4.1 Harmonic Generation using Discrete Diodes 

The harmonic generators (second and third order distortion generators) were 

constructed using discrete Schottky diodes. By manging the diodes in certain 

configurations, it was possible to generate the second or third harmonic independently. 

A mathematical derivation of the harmonic generator operation will now be shown. 

The equation for a diode is 

where V is the voltage across the diode measured from the anode to the cathode, V ,  = 

25 mV, and n is a constant which is device dependent. 

The diode equation for V >> nV, can be approximated to 

The term ex can be expanded into a series as 

Therefore, I can be expressed as 



For the second harmonic generator, two diodes can be arranged so that the even 

terms of the series expansion add together and the odd terms cancel. Figure 4.1.1 

shows a diagram of the second harmonic generator. 

Figure 4.1.1 : Second Harmonic Generator 

Two forward biased diodes are used, each with identical bias currents I, and I,. A 

small AC signal V is applied on top of the bias current to diode D, and the signal -V is 

applied on top of the bias current to diode D,. The output AC voltage across the 

resistor R can be determined using superposition. The output from diode D, will be 

and the output from diode D, will be 

Thus, V, is equal to 

which is a function only of v2 and the higher order even terms. If it is assumed that the 

fourth and higher order terms are negligible compared to the second order term (V is 

small) then the output signal will consist almost entirely of the second harmonic. The 

DC portion of the output can be eliminated using coupling capacitors. 



For the third harmonic generator, two diodes are arranged in an anti-patallel 

configuration as shown in Figure 4.1.2. 

Figure 4.1.2: Third Harmonic Generator 

Each diode is forward biased with equal bias currents flowing from the anode to 

the cathode. An input AC voltage V is applied on top of the bias currents and the AC 

output voltage can be determined from the current flowing through the resistor R using 

superposition. 

The output voltage from diode D, is 

Since the bias current flowing through D, is in the opposite direction to the input 

voltage V, the AC current level flowing through Dl is equivalent to that caused by an 

input voltage of -V. Thus, the current I, is equal to 

(4.1 .lO) 
+... - ... 

where the current I, is  flowing in the opposite direction to the current I,. The output 

voltage across R will be 



The signs of the terms for I, in (4.1.10) will fiip, and the output voltage will be 

The third harmonic generator actually generates the fundamental, third, fifth, and 

higher odd order terms. The fundamental term that is generated by this circuit is not 

wanted, but provided that its power level is well below the input fundamental power 

required for the non-linear device, it won't have much effect. The fifth and higher 

order terms are assumed to be negligible compared to the third order term (V is small) 

so the output will consist only of the fundamental and third harmonic. 

From this derivation, it is easy to see that for a single forward biased diode with 

the input signal applied to the anode, the current as a function of the input voltage is 

I,, = a v  + b v 2 +  cv3+ ... (4.1.13) 

For a forward biased diode with the input applied to the cathode, which we will call a 

"reverse diode", the current as a function of the input voltage is 

I,e, = a~ - b v 2 + c v 3  - ... + ... (4.1.14) 

In CATV applications, the laser diode is biased as a "reverse diode" using the 

above definition. Therefore, its expected characteristic will be the same as equation 

(4.1.14) above. 

The form of the polynomial equations in (4.1.13) and (4.1.14) do not contain the 

absolute value signs around the third order term as in (3.1-1). Provided that the input 

signals are real, both equations will produce identical results and are therefore 

equivalent. 

4.2 Coefficient Amplitude and Phase Considerations 

The power of the second and third order distortion depends only on the magnitude 

of the second and third order polynomial coefficients; the sign of the coefficients are 

irrelevant. However, the sign of the polynomial coefficients need to be known so that 



the predistorter can be built with coefficients of the opposite sign. The magnitude and 

sign of the coefficients can be determined from the amplitude and phase of the second 

and third order harmonics. 

For example, assume a laser diode has the I-V (L-I) relationship 

where a, b, and c are real coefficients. 

If the input voltage V is a real sinusoid, V = A  sin(rut + 8), then the output, I, will 

Equation (4.2.3) can be expanded to find the phase and amplitude of each 
harmonic. 

Equations (4.2.4) to (4.2.6) show that if the input signal has a phase shift 0 =0, 

then the second harmonic will have a +9O0 phase shift and the third harmonic will have 



a 180" phase shift. This means that the predistorter must produce a second harmonic 

with a -90" phase shift and a third harmonic. vith a 0" phase shift. This will occur if the 

polynomial signs are reversed for the second and third coefficients. 

To obtain perfect cancellation, the magnitude of the predistorter harmonics must 

be exactly the same as the magnitude of the non-linear device and the phase of the 

predistorter must be exactly 180" out of phase with the non-linear device. If there is 

some magnitude and phase imbalance, then the amount of cancellation will vary. 

As a simple example, suppose that the predistorter and the laser are both second 

order polynomials with coefficients a, b, and x, y respectively. 

Using the input signal V, =A sin(ot + 0) results in the predistorter output being 

A= (4.2.10) 
Vpre,, = aA sin(ot + 0) + b - sin(2ot + 28 + 90•‹), 

2 

excluding the DC term. The laser output is then equal to 

A~ (4.2.1 I) 
V,mer = xaA sin(ot + 0) + x b - sin(2ot + 28 + 90') 

2 

+ ( L J ~ A ~  sin2(0t + 0) + a b~ sin(wt + 0) sin(2ot + 20 + 90') 

2A4 + b - sin2(2mt + 28 + 90')). 
4 

Expanding (4.2.1 I), the result excluding DC terms is 



+ yab 

If a = x = 1, and Ibl = lyl, then the second order terms will cancel each other. Note 

that there are additional interfering terns resulting from the cascade of the predistorter 

and the laser. These terms occur at the fundamental frequency, the third harmonic, and 
the fourth harmonic. However, these terms are all very much smaller than the 

fundamental and second order terms and therefore can be ignored. Thus, only the first 

threc terms of (4.2.12) remain. 

The two second order terms of (4.2.12) will cancel each other completely if they 

are exactly equal in amplitude and opposite in phase. Any amplitude or phase 
imbalance will result in incomplete cancellation. If incomplete cancellation occurs due 

to a phase imbalance, then it means that the composite polynomial coefficients have a 

complex component. 

To show the effect of amplitude and phase imbalance, denote the two second 

order terms of (4.2.12) as V, and V,; 

V, = V, cos(wt + (8 + 1 SO0)),  (4.2.14) 

where V, and V, are the amplitudes of the signals and 8 is the phase imbalance. In the 

predistortinn operation, these two signals are added together. If the two signals V, and 

V, are treated as vectors during addition, their x ar?d y components will be 



The resultant vector V, will have components 

and the magnitude and phase will be 

Figures 4.2.1 and 4.2.2 show plots of the output magnitude and phase when the 
input signals have identical amplitudes and a given phase imbalance. 

Cancellation vs Phase Imbalance 

Phase htralm(degses) 

Output Phase vs Phase Imbalance 

Figure 4.2.1 : Cancellation vs Phase Figure 4.2.2: Output Phase vs Phase 
Imbalance Imbalance 

Figures 4.2.3 and 4.2.4 show plots of the output magnitude and phase when the 

input signals have a constant phase error of 3" and the voltage V, is fixed while V, is 
varied. 
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Figure 4.2.3: Cancellation vs Amplitude 
Imbalance 

Output Phase vs Amplitude Imbalance 

Figure 4.2.4: Output Phase vs Amplitude 
Imbalance 

Figures 4.2.1 to 4.2.4 show that both the amount of cancellation and the output 

phase after cancellation are highly sensitive to amplitude and phase imbalances. Phase 

irnbalmces of more than 10" considerably reduce the amount of cancellation possible. 

Since the predistorter is  to be constructed from discrete diodes, there will likely be 
some phase imbalance between the fundamental signal and the harmonics due to 

parasitic capacitance and inductance involved with the diode and surrounding circuitry. 

However, provided the phase imbalance is no greater than 20 degrees, cancellation of 

up to 10 dB can still be achieved provided the amplitude is balanced. 

The predistorter amplitude dependence also shows that cancellation is more 

sensitive to output powers from the predistorter that are too large as opposed to output 

powers that are too small. However, the maximum cancellation point is well defined 
and can easily be found adaptively. 



5 SYSTEM DESIGN 

The design procedure for the predistorter incorporated five basic steps. They were: 

(1) characterize the laser, (2) determine the optimum predistorter, (3) construct the 

predistorter, (4) test the predistorter, and (5) predistort the laser. These steps are outlined 

in more detail in the sections to follow. 

In order to characterize the laser and the predistorter polynomial coefficients, the 

phase of the harmonic signals of both the laser and the predistorter must be measured. The 

phase information is required because it determines the sign of the coefficients. The 

measurement technique used to measure the phase of the harmonic signals is described 

below. 

5.1 Relative Phase Measurement 

From Section 4.2, the sign of the polynomial coefficients determines the phase of 

the harmonic signals, and the magnitude of the polynomial coefficients determines the 

amplitude of the harmonic signals. Since the sign of the coefficients is often not known 

in advance, the amplitude and phase of the harmonic signals must be measured to 

determine the corresponding coefficient magnitude and sign. 

The magnitude of the coefficients can be easily determined by measuring the 

power of the harmonics. However, the sign must be determined from phase 

measurements. The phase measurements were made relative to the input fundamental 

signal and the technique is as follows. 

To measure the phases of the output fundamental and harmonics relative to the 

input fundamental signal, the test setup in Figure 5.1.1 was used. Two signal 

generators were phase-locked to each other, with one of the signal generators, generator 

1, providing the fundamental input signal for the diode and the other signal generator, 

generator 2, set to the frequency of the output signal to be measured. A filter was 

added to the generator 1 output to suppress any harmonics corning from the source. A 
variable phase shifter was connected to generator 2, and the generator 2 signal was 

added to the output of the diode using a passive power summer. 
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Figure 5.1.1: Phase Measurement Setup 

The amplitude of the generator 2 frequency was set to the same level as the 

amplitude of the diode output frequency being measured using the power control knob 

on generator 2. The power summer output was connected to a spectrum analyzer so 

that the power of the harmonic to be measured could be seen. The phase of the 

generator 2 signal was then varied using the variable phase shifter so that the generator 

2 signal cancelled the output signal from t!~e diode. The cancellation was easily seen 

on the spectrum analyzer as a reduction in power. When full cancellation had been 

achieved, it meant that the phase of the generator 2 output was exactly 180" out of 

phase with the phase of the diode output. 

Then, the generator 2 output and the generator 1 input were connected to a high 

frequency oscilloscope and the phase difference between the generator 1 signal (input 

fundamental sine wave) and the generator 2 signal (output fundamental or harmonic 

sine wave) was measured using the fundamental sine wave axis as a reference. The 

generator 2 signal was inverted 180" using the invert switch on the oscilloscope to 

compensate for the 180" phase shift used to obtain the cancellation. (Cancellation of 

the signal provides a much more accurate phase measurement than power addition 

since the cancellation is very sensitive to the phase as shown in Figure 4.2.1 j. 

The above phase measurements are all in degrees relative to the input 

fundamental signal, using the input fundamental signal axis as a reference. The input 

fundamental signal goes through one complete cycle in 360". The second harmonic 

signal goes through two complete cycles or 720" when the fundamental signal goes 

through one. This means that the second harmonic signal goes through a 3W cycle in 

a 180" segment of the fundamental signal. Therefore, since the second harmonic phase 



shift is measured in degrees relative to the fundamental axis, the second harmonic 

phase shift in degrees relative to a second harmonic signal is twice the measured result. 

Similarly, the third harmonic phase shift relative to a third harmonic signal in degrees is 

three times the measured result. The input fundamental and the second and third 

harmonic reference signals have phase shifts of 0". 

The measured harmonic phases that have been multiplied by the appropriate 

factors to obtain their 'actual' values should correspond with the phases of equations 

(4.2.5)' (4.2.6)' and (4.2.7), where the value of 0 is the measured phase difference 

between the input fundamental and the output fundamental. In equation (4.2.5), the 

input and output fundamental phase shifts are identical because there is no phase delay 

through the diode. To match the equations, the phase delay through the diode or 

non-linear device is being converted to a corresponding phase shift incident on the 

diode. However, it is clear that if the measured output phases correspond to equations 

(4.2.5) to (4.2.7), the sign of the coefficients is obvious. 

However, a simple way of deterrnining the sign of the coefficients from the initial 

measurements relative to the input fundamental exists. If the difference between the 

measured second harmonic phase relative to the input fundamental and the measured 

output fundamental phase relative to the input fundamental is -45", then the second 

order coefficient is positive. If the difference is +45", then the second order coefficient 

is negative. Note that twice this value will give a second harmonic phase of either +90•‹ 
or -90" in degrees relative to the second hannonic, which matches the constant phase 

shift value in (4.2.6), depending on the sign of the second order coefficient. Similarly, 

if the difference between the measured third harmonic phase relative to the input 

fundamental and the measured output fundamental phase relative to the input 

fundamental is -60", then the third order coefficient is positive, and if the difference is 

O", then the third order coefficient is negative. 

Since the difference in the phase values relative to the input fundamental as 

explained above are easy to obtain and interpret, they are used throughout the 

remainder of this document. 



It is important to note that this phase measurement technique had a significant 

amount of error involved in it. The cancellation procedure using the spectrum analyzer 

provided a phase accuracy of within f. 6" if the cancellation was more than 20 dB. This 

part of the measurement was quite accurate, but the phase reading obtained from the 

oscilloscope had significantly more error. Typically, the oscilloscope measurement had 

a reading error of about 2 6". This error value was not bad for the output fundamental 

measurement, but for the second harmonic the actual phase (not the relative phase) was 

twice the error value and for the third harmonic the actual phase was three times the 

error value. However, the relative values, even with the errors, gave a good indication 

of the phase characteristics. 

This method was used to measure the phase shifts of both the laser and the 

predistorter output signals. Since the predistorter harmonics must be 180" out of phase 

with the laser harmonics, the laser phase results must be flipped 180" to obtain the 

necessary predistorter phases. To avoid these calculations, the input signal levels and 

phases needed to predistort the laser can be measured directly using the setup shown in 
Figure 5.1.2. 

~ o c k  I K 

Specdrum 
Laser Analyzer 

Generator 
1 

Figure 5.1.2: Laser Input Phase Measurement Technique 
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The setup is almost identical to that in Figure 5.1.1, except that the generator 2 

Phase 
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Orallorwpe 

signal is applied to the input of the laser, rather than at the output. In this test, the 

2 

generator 2 signal is set to either the second or third harmonic frequency, and its power 

md phase levels are adjusted to cancel the second or third harmonic seen at the output 

of the laser. Then, the relative phase between the input fundamental and the input 

second or third harmonic is measured on the oscilloscope in degrees relative to the 



input fundamental. The phase shift of the fundamental signal in this configuration will 

always be 0", so with this information and the measurement, all the necessary phase 

calculations explained previously are still valid. 

If the laser has a negative second order polynomial coefficient, then the input 

phase measurement would result in a relative second harmonic phase of -45" using the 

setup of Figure 5.1.2. If the test setup shown in Figure 5.1.1 was used, the measured 

phase would be +45" relative to the fundamental. Both of these phase measurement 

techniques were used throughout the duration of the project. 

5.2 Laser Characterization 

Before attempting to predistort the laser, the laser was characterized to determine 

its non-linear characteristics. The laser was part of an optical link that was donated by 

Photon Systems Corp. [20]. A block diagram of the optical link is shown in Figure 

5.2.1. The laser was a Mitsubishi FU-45SDH-33 1310 nrn DFB Laser diode with a 

fibre pigtail. The fibre was 10 krn of Corning SMF-28 single mode fibre, and the 

optical receiver was an Ortel 2610B photodiode module. Motorola CATV hybrid 

amplifiers were used to amphfy the input signals to the laser and the output signals 

from the photodiode module. 

Transmitter Receiver 

Figure 5.2.1 : Optical Link 

The output of the laser diode is an optical signal, hence, special optical test 

equipment is required in order to measure the laser's characteristics directly. Optical 



test equipment was not available for this project, so the laser diode was tested by 

measuring the electrical signals at the output of the complete optical link. Therefore, 
all laser measurements were a function of the complete optical link. To ensure that the 

laser was the limiting factor when making the measurements, the input signals were 

kept small enough so that the PIN diode and associated amplifiers bid not increase the 

distortion levels. This could be verified by measuring the distortion at different optical 

losses. 

Two measurements were performed to characterize the laser, one to determine the 

modulation index, and the other to determine the laser's non-linear characteristics 

(polynomial coefficients). 

5.2.1 Modulation Index 

The modulation index at which the laser is operating needs to be known so 

that the laser will not be operating in the clipping region when multiple channels are 

provided at the input. A given operating modulation index, m, for the laser relates 

to a certain input power level for each input signal. For the given optical Ijnk, the 

required input power to achieve a certain modulation index is shown below. 

The input RMS RF current to the laser for a given modulation index m is 

where I, is the laser DC bias point current and I, is the laser threshold current. The 

input power into the laser for the 75 ohm system is then 

D - 
m fasex - iLermS (75) Watts. (5.2.2) 

The input power to the system before the input amplifier is therefore 

p m  = 10 log(P, ,,,) - Gmp(dB) + 30rlB a m .  (52.3) 

The corresponding RMS output current at the photodiode will be 



where R is the photodiode responsivity and P is the incident average optical power 

from the laser. Thus, the output power from the receiver is 

P,,,, = 10 log(i;,, - 75) + 6dB + Gamp(dS) 

- Atten (dB ) + 30dB dBm , 

where the 6 dB term is from the current gain in the photodiode module. 

Figures 5.2.2 to 5.2.4 show the measured and calculated input and output 

powers for a single tone connected to the laser for three different laser bias currents, 

I,. For the theoretical values, the input and output amplifiers both had a gain of 18 

dB, and the output attenuator was 3 dB. The laser threshold current was 19.2 rnA. 

The laser output optical power, P,, and the receiver input optical power, P,,, are 

shown and were also used in the calculation. The optical power was measured 

using a Tektronix TFC 200 optical power meter. 
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Figure 5.2.2: Modulation Index 
Measured Results vs Calculated Results 
Ib=62.7mA, P ~ 7 . 1 7  dBm, P,,=2.97 dBm 

Measured vs Calculaled Modulation lndex 

Figure 5.2.3: Modulation Index 
Measured Results vs Calculated Results 
Ib=53.2rnA, P,=6.0 dBm, Ppd=l -96 dBm 
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Figure 5.2.4: Modulation lndex 
Measured Results vs Calculated Results 
Ib=46.7mA, P,=5.0 dBm, P,,=0.97 dBm 

The measured and calculated input and output powers for various modulation 

indices and bias currents are very close. There is a systematic error of about 1 dB 

between the measured and calculated results, which may be due to the amplifiers 

providing slightly less gain than specified. However, the results show the 

appropriate input signal required for a given modulation index. 

5.2.2 Coefficient Determination 

The laser's non-linear characteristics (polynomial coefficients) were 

determined by measuring the amplitude and phase of the second and third 

harmonics for a single input tone. The phase of the harmonics was measured using 

the technique that results in the input phase required to predistort the laser as 

described in Section 5.1. The actual phase of the harmonics that the laser produced 

could be determined by adding 180" to the measured phase values. 



The harmonics were measured with two different input powers at various 

frequencies. The input powers were -20 dBm and -25 dBm, which corresponded to 

modulation indices of about .12 and -07, respectively. These higher modulation 

indices were used because the harmonics were easier to measure. At low 

modulation indices, the harmonics were too small to make phase measurements 

with accuracy. However, once the phase had been determined at a higher 

modulation index, the phase changed little when the modulation index was lowered. 

Figures 5.2.5 to 5.2.8 show the measured results of the output harmonic power 

levels and the input phase required to predistort the laser for input powers of -20 
dBrn and -25 dBm respectively. The input phase shown is the relative phase 

between the input second or third harmonic and the input fundamental in degrees 

relative to the fundamental. 
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Figure 5.2.5: Measured Harmonic Power Figure 5.2.6: Measured Harmonic Phase 
for Input of -20.2 dBm for Input Power of -20.2 dBm 
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Figure 5.2.7: Measured Harmonic Power 
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Figure 5.2.8: Measured Harmonic Phase 
for Input Power of -25.5 dBm 

The results show that the second and third order laser polynomial coefficients 

are frequency dependent. As the input frequency is increased, the harinonic levels 

increase. Also, the phase of the input harmonics required to cancel the laser's 

output harmonics do not agree with the real coefficient polynomial model. If the 

polynomial coefficients for the second and third order coefficients were real, then 

the phase of the second and third harmonics should have been either +4S0 or -45' 

relative to the fundamental for the second harmonic and 0" or -60" relative to the 

fundamental for the third harmonic. Since neither of these phase values were 

measured, the polynomial coefficients are complex as well as frequency dependent. 

Also, the third harmonic phase and amplitude were difficult to measure due to 

the very low signal level of the third harmonic. Therefore, the third harmonic phase 

could only be measured at a high modulation index as shown in the measurement 

results above. 

Some other experiments were performed to determine whether the measured 

results were caused by the laser. These experiments produced the same values 



shown in Figures 5.2.5 to 5.2.8. Therefore, it was determined that the unexpected 

amplitude and phase characteristics must be due to an unknown internal 

characteristic of the laser. 

However, regardless of the internal characteristics of the laser, the results 

show what characteristics the optimum predistorter must have in order to predistort 

the laser. Figure 5.2.9 shows the average measured second and third harmonic 

phases relative to the fundamental required for the optimum predistorter, and Figure 

5.2.10 shows the measured harmonic output power required for the optimum 

predistorter. The output power required for predistorter was based on the 

predistorter providing a fundamental input power of -20 dBm into the laser. 

Optimum Input Phase for Predistortion Optimum Input Power for Predistodion 

Figure 5.2.9: Measured Optimum Figure 5.2.10: Measured Optimum 
Predistorter Phase Characteristic Predisbrter Amplitude Characteristic 

The magnitude and phase of the signals required to predistort the laser do not 

match the real-coefficient polynomial model. Nonetheless, a predistorter based on 

the real-coefficient polynomial model was analyzed and constwted in an attempt to 

verify that a predistorter based on this model could be built and to test its operation. 

Then, an investigation to determine whether the red-coefficient polynomial 

predistorter could be altered to account for the characteristics of the lase; so that the 

laser could be predistorted was performed. 



5.3 Harmonic Generator Simulation and Fabrication 

As mentioned in Section 3, the predistorter must be able to generate second and 

third order distortion independently. The analysis in Section 4 indicated that 

independent second and third order distortion could be generated using discrete 

Schottky diodes. In this section, the second and third order distortion circuits were 

constructed and tested. 

The diodes used to create the harmonic generators to produce the second and third 

order distortion were Metellics MSS-40 GaAs Schottky diodes. These diodes were 

selected because they had a very high cutoff frequency (250 GHz) which indicated that 

the internal parasitic capacitances were very small. Therefore, frequency dependent 

phase shifts in the 50 - 500 MHz band should have been minimal. 

In order to verify that the constructed harmonic generators were operating 

correctly, a model for the MSS-40 diode that could be used in a simulator was derived. 

5.3.1 Diode Model 

In order to perform simulations of the harmonic generator circuits, a model for 

the MSS-40 was required. The I-V characteristic of a sample diode was measured 

using the HP 7415 Semiconductor Parameter Analyzer, and then an exponential fit 

to the measured curve was performed using the diode model in PSPICE [21]. The 

resulting model had the parameters I, = 1.0 nA, N = 1.214, RS=6, CJO = 0.06 pF, 

VJ = 0.5 and BV = 3V. 

Figure 5.3.1 shows the measured I-V curve vs the modelled I-V curve. The fit 

to the measured curve is very good. Figure 5.3.2 shows the percent error between 

the two curves. The enor is large for very low voltages because the currents are 
extremely small. In the typical operating range which will be above 0.3V, the 

model approximation is acceptable. The error is less than 30% for input voltages 

above 0.35 V. Thus, the error from using the model should be small. 
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Figure 5.3-1 : Measured and Modelled 
I-V Curves for Metellics MSS-40 

Schottky Diode 

Figure 5.3.2: Percent Error between 
Measured and Modelled I-V Curves 

To determine the levels of the harmonics generated by the diode, a simulation 

was run using Libra [22]. A schematic diagram of the circuit used in the simulation 

is shown in Figure 5.3.3. The bias voltage was set to 0.55 V and the input RF 
power was -10 dBm. Figures 5.3.4 and 5.3.5 show the simulated output power and 

phase for a number of input frequencies. 

Figure 5.3.3: Diode Harmonic Schenutic 
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Figure 5.3.4: Simulated Output Power 
of MSS-40 Diode 
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Figure 5.3.5: Simulated Output Phase 
of MSS-40 Diode 

The simulation results indicate that the fourth harmonic is 25.68 dB lower than 

the second harmonic and the fifth harmonic is 19.16 dB lower than the third 

harmonic. It is apparent that the first, second, and third harmonics dominate in the 

system which means that the assumption of a third order model characterizing the 

diode is reasonably accurate. 

The phases of the harmonics agree with the theory presented in Section 4.2, 

and the results indicate that the diode has positive real coefficients, The simulation 

also shows that there is a small frequency dependent phase shift. However, the 

phase changes are all less than 5" which means that cancellation of over 20 dB is 

still possible across the entire frequency band. 

The harmonic levels and their corresponding phases were then measured using 

an actual MSS-40 diode. The measurement was made with I,, = 99 uA, and V,,, = 

0.529V. The input power was -10 dBm and the measured results are shown in  

Figures 5.3.6 and 5.3.7. 



MSS-40 Diode Measured Output Power MSS-40 Diode Measured Harmonic Phase 

Figure 5.3.6: Measured Output Power Figure 5.3.7: Measured Output Phase 
of MSS-40 Diode of MSS-40 Diode 

The measured amplitudes of the harmonics were within 2 dB of the simulation 

results which indicated that the diode was performing as expected. However, the 

phase measurements show that there are frequency dependent phase shifts in all the 

signals. 

Closer examination of the phase measurements indicates that both the second 

and third harmonic phases are tracking the fundamental phase in accordance with 

theory. The second harmonic phase is changing at approximately twice the rate of 

the fundamental phase, and the third harmonic phase is changing at approximately 

three times the rate of the fundamental phase. Since the second and third harmonic 

signals have the correct phase with respect to the fundamental signal, the diode can 

still be used for predistortion. 

The phase data in Figure 5.3.7 was obtained using the relative phase 

measurement tecksique and then translating the relative jhases to the actuzl phases 

shown in Figure 5.3.7. The results of the relative phase measurements are simpler 

to interpret than the actual phase characteristics shown in Figure 5.3.7. Figure 5.3.8 

shows the relative phase measurements for the MSS-40 diode. 



MSS-40 Diode Relative Harmonic Phase 

Figure 5.3.8: Measured Relative Phase 
of MSS-40 Diode 

The difference between the measured phase shift of the fundamental and the 

measured phase shift of the second harmonic was close to -45". In the same 

manner, the relative phase shift of the third harmonic was close to -60". These 

phase shifts match the phase shifts expected from the theoretical calculations when 

the polynornid coefficients are positive. 

5.3-2 Second Harmonic Generator 

The second harmonic generator was constructed using two Schottky diodes in 

the configuration as shown in Figure 4.1.1. The actual second harmonic schematic 

diagram is shown in Figure 5.3.9. 
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Figure 5.3.9: Second Harmonic Generator Schematic 

The bias voltages were set to 0.55V and then adjusted slightly to more 

effectively cancel the odd order harmonics. With the input power set to -10 dBm 

and the bias voltage set to 0.559V, the power of the output harmonics were 

measured for the complete circuit and for the circuit with either diode D l  or D2 

biased alone. Table 5.3.1 shows the results. The output power values were constant 

+ to within -f 2 dB across the frequency band. 

Table 5.3.1: Second Harmonic Generator Output Power 

Harmonic 

fundamental 
second 
third 
fourth 

Diode Dl (dBrn) Diode D2 (dBrn) Complete (dBm) I 

The measured output phases of the second harmonic generator relative to the 

input fundamental at various frequencies are shown in Figure 5.3.10. The output 

phase for diodes Dl and D2 biased alone and the output phase of the complete 

second harmonic circuit are shown. In the Figure, Dl Fundamental and Dl Second 

represent the oupttlt fundamental and output second harmonic phases relative to the 

input fundmental of diode Dl when diode Dl is biased alone. Similarly, D2 

FundamentaI and D2 second represent the output phases when diode D2 is biased 



alone. Combined second refers to <he output second harmonic relative to the input 

fundamental when both of the diodes are biased together to form the second 

harmonic generator. 
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F~gure 5.3.10: Measured Relative Phase 
of Second Harmonic Generator 

From Figure 5.3.10 it is clear that the phases of the fundamentals from each of 

the diodes are 180" out of phase with each other and their powers cancel. The 

phases of the second harmonic from each diode are almost the same and are 

approximateIy equal to the output phase of the second harmonic from the complete 

circuit. This result is expected since the second harmonics should add in phase. 

The output phase of the fundamental from the complete circuit is not meaningful 

since its value depends heavily on the amount of cancellation and the amplitude and 

phase imbalance. The output second harmonic has the correct phase relationship 

with the uncanceled output fundamental in that the second harmonic lags the 

fundamend by 45'- This 45" phase shift is seen as the constant difference between 

the fundamental and second harmonic curves in Figure 53-10. Thus, the second 

harmonic generator circuit produces a frequency independent second harmonic. 

The small variations from the theoretical values in the measured phases are 

likely due to any one or more of the following problems. The 180" phase splitter 

has a phase imbafance between the two output ports of up to 5" and an amplitude 



imbalance of up to 0.3 dB. Therefore the two arms of the circuit may have slightly 

different output powers and phases. Also, the phase measuring procedure outlined 

in Section 5.1 has uncertainty associated with it as already described. 

5.3.2.1 Simulation Results 

The second harmonic generator was also simulated using Libra. Table 

5.3.2 shows the output power from the simulation with one diode biased and 

with both diodes biased. The bias voltage was set to 0.55V and the input power 

was set to - 14 dBm to account for the loss of the power splitter in the physical 

circuit. The simulator used ideal power splitters with no loss. 

Table 5.3.2: Simulated Second Harmonic Generator Power 

The simulated power levels for the complete second harmonic generator 

were close but slightly larger than the measured results. However, the simulated 

results were within 2 dB of the measured values when only one diode was 

biased. The difference in the complete circuit simulation was likely due to the 

ideal cancellation situation occurring in the simulation. The odd order powers in 

the simulation cancel almost perfectly, whereas in reality, perfect cancellation is 

difficult to achieve. The power that was measured in the odd order harmonics in 

the measured circuit will be directed into the even order harmonics in the 

simulation and will make the simulation numbers larger. 

The phase of the second harmonic generator simulation is shown in Figure 

5.3.11. 
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-34.0 
-328.9 
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second 
third 

fourth 
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Diode D l  (dBm) 

-31.4 
-3 8 .0 
-50.3 
-84.3 

Diode D2 (dBm) 

-3 1.4 
-38.0 
-50.3 
-84.3 
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Figure 5.3.1 1 : Simulated Phase 
of Second Harmonic Generator 

In Figure 5.3.1 1 it is clear that the phase of the second harmonic is constant 

but the phase of the fundamental is highly variable. This result was expected 

from Section 4.2, and shows why the output fundamental from the second 

harmonic generator can not be used as a reference for measuring the output 

phase of the second harmonic generator. 

5.3.3 Third Harmonic Generator 

The thud harmonic generator was constructed using two anti-parallel diodes 

as shown in Figure 4.1.2. The complete schematic diagram of the third harmonic 

generator is shown in Figure 5.3.12. 



Figure 5-3-12: Third Harmonic Generator Schematic 

The third harmonic generator was tested with the bias voltages optimized to 

+0.683V for diode D2 and -0.672V for diode Dl. The input power was set to -10 

dBm, and the output power was measured with diodes D l  and D2 biased alone and 

with them both biased together. The results for frequencies between 50 MHz and 

300 MHz are shown in Table 5.3.3. The values were within + 2 dB across the 

frequency band. 

Table 5.3-3: Third Harmonic Generator Output Power 

fundamental 
second 
third 
fourth 

Harmonic 

The measured output phases relative to the input fundamental for the complete 

third harmonic circuit are shown in Figure 5.3.13. 

Frrward D2 (dBrn) Reverse Dl  (dBm) Complete (dBm) 



Phase relative to Input Fundamental 

Figure 5.3.13: Measured Relative Phase 
of Third Harmonic Generator 

The measured output phase of the third harmonic generator is very close to 

-60" as seen in Figure 5.3.13. This indicates that the third harmonic is in phase with 

the fundamental as expected. Thus the circuit produces a frequency independent 

fundamental and third harmonic from 50 MHz to 300 MHz. 

5-3.3.1 Simulation Results 

The third harmonic generator was also simulated using Libra. The bias 

voltages were set to + 0.65 V and the input power was - 10 dBm. Table 5.3.4 

shows the output power from the circuit when only one of the diodes was biased 

and when both of the diodes were biased. 

Table 5.3.4: Simulated Third Harmonic Generator Power 

Harmonic 

fundamental 
second 
third 

fourth 
fifth 

Forward D2 (dBm) 

-26.97 
-32.05 
-41.94 
-80.51 
-58 -48 

Reverse Dl (dBm) 

-26.97 
-32.05 
-4 1.94 
-80.5 1 

I -58.48 

Complete (dBm) 

-17.10 
< -200 
-38.25 
< -200 
-53.1 5 



The simulated output powers are close to the measured values. Like the 

second harmonic generator simulations, the results for the single diode biased 

alone are closer to the measured values than the results with both diodes biased. 

The simulation output powers for the complete third harmonic generator are 2 

and 4 dB higher than the measured results, but the even order harmonics in the 

simulation are negligible whereas in the real circuit there is still measurable 

power in these harmonics which will reduce the power available to the odd order 

harmonics. 

Figure 5.3.14 shows the output phases of the fundamental and third 

harmonics from the simulation. The simulation incorporated a -10" phase shift 

in the input fundamental signal. 

Third Harmonic Generator Phase 

Figure 5.3.14: Simulated Phase of 
Third Harmonic Generator 

The fundamental and third harmonic phases agree with the values 

predicted in Section 4.2. The second harmonic phase was variable and depended 

on the amount of cancellation as indicated in equations (4.2.17) and (4.2.18). 

The simulations and experimental results indicate that both the second and 

the third harmonic generators are operating as expected. Also, the measured 

results indicate that the unwanted third harmonic produced by the second 

hannonic generator was 30 dB down, as was the unwanted second harmonic 



produced by the third harmonic generator. Therefore, as long as the second and 

third harmonics required by the predistorter are within about 10-1 5 dB of 

one-another, then the unwanted harmonics will contribute a negligible effect. 

5.4 Predistorter Construction 

The predistorter was constructed using the second and third harmonic generators 

described in the previous section. A block diagram of the predistorter is show11 in 

Figure 5.4.1. 
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Figure 5.4.1 : Block Diagram of Predistorter 

The input signal was split three ways to provide the required input signals for the 

fundamental path, the second harmonic generator, and the third harmonic generator. A 

delay line was incorporated into the fundamental path to account for the signal delays 

that occurred through the harmonic generators and attenuators so that the output 

fundamental and harmonic signals had the correct phase relationship when they were 

summed to form the output signal. 

The coefficients of the second and third harmonics were adjusted using the 

variable attenuators. The control signals to the variable attenuators were far fine tuning 
the coefficients and would be used to control the coefficients in an adaptive loop. 



Based on the laser model and the way that the laser was biased, the laser diode 

was a "reverse" biased diode as described in Section 4.2. Therefore, the laser 

input/output function was expected to be 

I,,, = ~ V - ~ V ~ + C V ~ - . . .  

Thus, the predistorter polynomial was expected to be 

To ensure that the predistorter's second order coefficient was positive and its third 

order coefficient was negative, the phase of the second harmonic was required to be 

-45" relative to the fundamental, and the phase of the third harmonic was required to be 

0" relative to the fundamental. 

5.4.1 Building the Predistorter 

The predistorter was constructed to provide the inputJoutput rekitionship of 

(5.4.2). Thus, the second harmonic required a -45" phase shift relative to the 

fundamental and the third harmonic required a 0" phase shift relative to the 

fundamental. These signal dependencies were accomplished by using 0" and 180" 

power splitters. The input signal was passed into a 0" power splitter and the two 

outputs were then passed into 180" power splitters. One of the 180" power splitters 

provided the kV signals for the second harmonic generator, and the other 180" 

power splitter provided the input for the third harmonic generator and the input for 

the fundamental delay path. The 180" output was connected to the third harmonic 

generator input so that the third harmonic output would have a 0" phase shift 

relative to the fundamental. Figure 5.4.2 in the next section shows the arrangement 

of these splitters. The splitter configuration ensured that the signal delays through 

each path were approximately the same since all the paths were routed through 

similar elements. A detailed schematic diagram of the predistorter is contained in 

Appendix A. 

The Metellics MSS-40 diodes were used for the harmonic generators and the 

harmonic generator circuits described in Section 5 were used without modification. 

The variable attenuators were realized using MA/COM Model AT-250 voltage 



variable absorptive attenuators that had a frequency range from DC. - 2 GHz and a 
13 dB variable attenuation range. A 3-way 0" power summer was used to co~nbine 

the fundamental, second, and third harmonics at the output of the predistorter. 

Individual power supplies for the bias lines were also incorporated into the 

design so that the bias current of the diodes could be tuned to obtain the largest 

amount of cancellation in the harmonic generators. This was to account for 

rnismatchss between the individual diodes, 

5.4.1.1 Design Issues During Construction 

During fabrication and testing of the predistorter, a number of difficulties 

were encountered. 

The first difficulty was caused by amplitude and phase imbalance between 

the ports of the power splitters and power summers. The output ports of a power. 

splitter had a potential amplitude imbalance of up to .5 dB and a phase 

imbalance of up to 6". Thus, the amplitude and phase of the input signals to the 

harmonic generators from each splitter port were not identical, and caused 

mismatches in the harmonic generator output amplitude and phase. 

The second harmonic generator required the signals from both sides of the 

splitter. The amplitude and phase imbalance between the two ports resulted in 

less cancellation of the odd order harmonics since the harmonic phase and power 

levels were slightly mismatched. However, the actual second harmonic signal 
was not affected as much since the signals were adding in phase. With the 

imbalances, the odd order harmonics were still more than 30 dB below the 

second harmonic. 

The third harmonic generator was affected by phase imbalance. Any phase 

imbalance in the output of the splitter to the third harmonic generator resulted in 

the third harmonic shifting by three times this value. This effect aiso occurred in 

the second harmonic path, the phase shifts being two times the error. These 

extra phase shifts meant that the output signals of each harmonic path could be 



up to 6" out of phase with each other, thus reducing the amount of cancellation 

possible. To correct for these errors, appropriate lengths of transmission line had 

to be added to each path to re-align the phases. 

Another difficulty was due to back reflection and isolation effects from the 

harmonic generators and the power splitters. Figure 5.4.2 shows a block 

diagram of the predistorter with labels at various points. Signals will be 

described as passing from one point to another. 

Second 
Harmonic 

Third 
Harmonic 

u 
Fundamental 

Figure 5.4.2: Back Reflection and Isolation Diagram 

During testing, it was found that some of the third harmonic power from 

the third harmonic generator at point I was appearing on the fundamental output 

line of the predistorter at point H when the outputs of the fundamental, H, 

second, E, and third, 1, harmonic generators were not connected to the output 

power summer. This third harmonic was caused by some of the third harmonic 

power reflecting off the third harmonic generator due to the mismatch between 

the diodes and the power splitters. The reflected third harmonic at G then passed 

through the 2-way power splitter and appeared on H. The isolation between 

points G and H was approximately 20 dB, so the reflected signal at G was 20 dB 

higher than the signal at H. 

There was also another complication caused by the poor isolation of the 

power splitters. When all the paths of the predistorter were connected, the 

fundamental power level at H was considerably higher than the harmonic power 



levels at E and I. However, a portion of the signal power at H appeared at 1 and 

E due to poor isolation, and passed backwards through the harmonic generators. 

These backward signals were especially damaging to the third harmonic path 

when the output third harmonic level was very low. The backward signals 

through the third harmonic generator generated additional third harmonic signals 

since the third harmonic generator is bi-di7;ectiond. This caused the third 

harmonic at the output J to attain power levels that could not be controlled 

properly with the third harmonic attenuator because the unwanted signals had 

the opposite phase to the wanted signals and they combined in a destructive 

manner. This only occurred when the third harmonic output power was very 

low. At high output powers, the reflection and isolation problems were 

insignificant. 

The reflections could have been eliminated using appropriate matching 

techniques to match the diode input to the power splitter output. Unfortunately, 

wideband matching is very difficult and was not an option. The reflections and 

isolation complications could have been eliminated by placing isohtors at points 

B, C, D, E, F, G, and H. However, isolators were not available and would have 

been too expensive. Therefore, the isolation was increased by simply adding 

fixed attenuators to the power splitter outputs at points B and G. The attenuators 

helped reduce the back reflections, but they also reduced the output power of the 

harmonic levels. Attenuators were also added at points E and I to reduce the 

harmonic levels to the appropriate level for predistortion. 

A 3 dB attenuator was placed before the third harmonic generator and a 5 

dB attenuator was placed before the second harmonic generator. Also, a 50 ohm 

resistor was placed in shunt across the input power splitter which helped 

attenuate the reflected signals. 

When the final output levels were attained, the second and third harmonic 

signals had the correct amplitude and phase response and were minimally 

effected by the reflection and isolation concerns. 



Aligning the output phases of the fundamental, second, and third 

harmonics was also difficult. The fundamental signal required a phase shift to 

account for the delay through the diodes in the harmonic generators. This phase 

shift was realized using a length of transmission line. Unfortunately, the phase 

measurements required to calculate the length of the transmission line were not 

very accurate, so it was optimized using trial and error, 

The variable attenuators used to adjust the coefficients had a small 

frequency dependent phase shift. The amount of the phase shift was dependent 

on the control voltage (attenuation level) and the frequency. For frequencies 

below 200 MHz, the phase shift was within f 5 ", and at 500 MHz the phase 

shift varied between +3" and -1 2". Therefore, the third harmonic output phase 

for higher input frequencies may be shifted by up to 12". This corresponds to 

cancellation of approximately 13 dB if the amplitude is correct. Figure 5.4.3 
shows the measured amplitude response of the attenuator for 

voltages. 
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Figure 5.4.3: Measured Attenuation vs Control Voltage 
for AT-250 Attenuator 

The attenuator had an attenaation range of approximately 15 dB. The 

centre of the attenuation range occurred at a control voltage of approximately 



-1.8V. The predistorter output power level was set so that the expected 

distortion level occurred at -1.8V. Hence, up to + 7 dB of fine tuning was 

available to attain full cancellation when predistorting a non-linear device. 

There was no way of easily accounting for the phase response of the 

attenuator. The predistorter output phases were aligned with the control voltage 

set at -1.8 V. The phase changes that occurred when the attenuation was varied 

resulted in phase imbalances at the output. However, since these phase changes 

were relatively small as mentioned, the predistorter should still be able to 

operate across the frequency band with good results. 

5.4.1.2 Measured Predistorter Outputs 

The predistorter output characteristics are summarized in Table 5.4.1 for an 

input power of -10.0 dBm. In the second harmonic path, there was a fixed 5 dB 
attenuator before the input to the second harmonic generator and a fixed 10 dB 

attenuator at the output of the second harmonic generator before the variable 

attenuator. TLe third harmonic path had a fixed 3 dB attenuator before the third 

harmonic generator and a fixed 3 dB attenuator at the output before the variable 

attenuator. These attenuators were used to reduce the second and third harmonic 

signals to the desired power level and to minimize the back reflection effects. 

Table 5.4.1 : Measured Predistorter Output 

1 signal [power (dBrn) Relative Phase I 

The second and third harmonic power level ranges can be changed by 

varying the values of the fixed attenuators to achieve the range required to 

predistort a given non-linear device. 

Fundamental 
Second 
Third 

-26.5 
-81 to -66 
-97 to -83 

0" 
-45" 
0" 



5.5 Predistortion of a Schottky Diode 

A preliminary test to determine whether the predistorter worked was performed 

by using the predistorter to linearize an MSS-40 Schottky diode. The schottky diode 

was "reverse" biased, and the bias level was chosen so that the diode's output 

harmonics were in the range of the predistorter harmonics. 

The fundamental output power from the predistorter was -26.5 dBm when the 

input power was -10 dBm. If -26.5 dBm was supplied to the MSS-40 diode, the output 

fundamental was -29.5 dBm, the output second harmonic was -71.7 dBm, and the 

output third harmonic wa5 -99 dBm when the bias voltage for the diode was -3.6V. 

The predistorter was then inserted before the MSS-40 diode and the variable 

attenuators were varied to obtain the largest amount of cancellation of the harmonics. 

The predistorter was able to reduce the level of the second harmonic by 15 dB to 3 dB 

across the 50 MHz to 330 MHz band. However, the third harmonic did not predistort at 

all. It appeared that the third harmonic distortion of the predistorter was adding in 

phase with the third harmonic distortion of the diode instead of cancelling it. Therefore 

the MSS-40 diode was tested to determine the effect of the phase of the harmonics 

when the bias current was varied. 

Figure 5.5.1 shows the output power of each of the harmonics for a "reverse" 

biased MSS-40 diode at various bias voltages and Figure 5.5.2 shows the phase of the 

harmonics at the same bias voltages. inpu~ power to the diode was -10.5 dBm at a 

frequency of 70 MHz. The phase plot shows the phase of the second and third 

harmonics with respect to the fundamental in degrees relative to the fundamental. 
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Figure 5.5.1: Measured Harmonic Power vs Bias Voltaae - 
for "reverse" biased MSS-30 Diode 
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Figure 5.5.2: Measured Harmonic Phase vs Bias Voltage 
for "reverse" biased MSS-40 Diode 

From Figure 5.5.2, the phase of the third harmonic changed from -60" to 0" as the 

bias voltage was decreased from -0.3V to -3.6V. The 60" change in the relative third 

harmonic phase corresponded to an actual change in phase of 180" in the third 

harmonic. The second harmonic stayed relatively constant at -45" with respect to the 



fundamental which explained why it could be predistorted. Since the bias voltage used 

for the diode was -3.6V, the predistorter's third harmonic was in phase with the diode 

third harmonic so predistortion of the third harmonic did not occur. 

A Libra simulation was performed to determine whether the bias dependent phase 

shift of the third harmonic was expected. The simulation showed that the 180" phase 

change in the third harmonic did occur which verified the measured results. 

The 180" phase splitter on the predistorter used for the third harmonic generator 

was replaced with a O" phase splitter to get the third harmonic in the correct phase with 

the fundamental, When this change was implemented, the third harmonic could be 

reduced by 10 dl3 for fundamental signals between 60 MHz and 80 MHz. 

Figure 5.5.3 shows the fundamental signal levels in the circuit for input 
. frequencies between 60 MJ3z and 80 MHz. The input power level was -7 dBm, the 

predistorter output level was -23 dBm, and the system output level was -26 dBm. The 

test frequencies of 60 -80 MHz were used since a bandpass filter in this frequency band 

was available. The input signal generator harmonics were larger than the harmonics 

generated by the predistorter and the diode so the signal generators harmonics had to be 

reduced through filtering. 

Ftmdamental Signals 
0 

Figure 5.5.3: Measured Fundamental Signals 



Figure 5.5.4 shows the second harmonic output for the input signal in Figure 

5.5.3. The predistorter output second harmonic was -65 dBm and the second harmonic 

from the diode with the predistorter turned off was -68 dBm. With the predistorter 

turned on, the second harmonic varied from -90 dBm to -78 dBm which was an 

improvement of 22 dB to 10 dB. 

Seamd I larmonic Output 
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Figure 5.5.4: Measured Second Harmonic Signals 

Figure 5.5.5 shows the third harmonic output signals for the input signal in Figure 

5.5.3. The predistorted output shows an improvement of 19 dB to 8 dB. 
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Figwe 5.5.5: Measured Third Harmonic Signals 
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frequency was increased. This was due to the amplitude imbalance of the predistorter 

and diode signals. The predistorter third harmonic amplitude was getting smaller as the 
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frequency was increased whereas the third harmonic from the diode was getting larger 

as the frequency was increased, If the predistorter attenuator was adjusted at the higher 

frequencies, then the high frequencies showed large cancellation and the low 

frequencies showed less cancellation. This indicated that the phase of the predistorter 

signal was correct at all frequencies and the amplitude changes were affecting the 

amount of third harmonic cancellation. 

5.5.1 Verification of Polynomial Equation for Predistortion 

To test whether the predistorter was operating according to the polynomial 

rncde!, the actual pdpomial coefficients were derived for the diode, the 

predistorter, and the composite system for the schottky diode test and compared 

with the results of equations (3.1.1) to (3.1.4). 

Equation (5.5.1) summarizes the polynomial input/output equation. 



If a sinusoidal voltage, V, is applied to the input, then the output fundamental 

and harmonic voltages are 

The power in these voltages is equal to the voltage squared divided by the 

resistance the power is measured through. Thus, equations (5.5.2) to (5.5.4) can be 

re-arranged to find the magnitude of the coefficients of (5.5.1) from the power 

measurements, The equations for calculating the magnitude of the coefficients are 

shown below. The signal V,,, is the input voltage. 

where P,, P,, P,, and P, are the average powers of the input, output fundamental, 

output second harmonic, and output third harmonic respectively, measured in dBm, 

and R is the load resistance the power is measured across (50 ohms). 

The sign of the coefficients is determined from the measured phase. Also, the 

fundamental coefficient cannot be determined correctly until the sign of the third 

order coefficient is determined. However, the third order coefficient is generally 

too small to make any signrficant effect so the third order term can generally be 

ignored in (5.5.8). 



Using the equations given in (5.5.5) to (5.5.8), the coefficients for equation 

(5.5.1) can be derived. The coefficients, a, b, and c, can then be substituted for 

a,, %, %, PI, P2, P3, or c2, c3 to obtain equations (3.1.1) to (3.1.3) depending on 

which signals are being measured. For example, when the MSS-40 schottky diode 

was used as the non-linear device, an input power of -23 dBm to the MSS-40 diode 

produced a fundamental output at -26 dBm, a second harmonic at -68 dBm, and a 

third harmonic at -89 dBm. This results in a, b, and c, corresponding to 

PI, Pz, and p, respectively, and the polynomial expression for (3.1.2) becomes 

The coefficients for the second and third harmonics are negative since the 

phase of the harmonics were +45" and 0" with respect to the fundamental. 

In the same manner, the polynomial expression for the predistorter, equation 

(3.1. I), can be obtained. The input to the predistorter was -7 dBm, and the output 

fundamental, second harmonic, and third harmonic were -23 dBm, -65 dBm, and 

-84 dBm respectively. These values result in the polynomial expression for (3.1.1) 
being 

Using equation (3.1.4), the polynomials for the composite system (3.1.3) can 

be calculated. The result is 

V, = 0.1 1 165Vm + 0 . 0 0 0 0 5 7 ~ ~  + 0 .002838~~ .  (5.5.11) 

These polynomials result in the output powers of -26 dBm, - 1 1  8 dBm, and 

-1 10.5 dBm for the fundamental, second, and third harmonics respectively for an 

input power of -7 dBm. The composite polynomial equation can also be found from 

the measured results. From the measured results for the composite system, an input 

power of -7 dBrn produced output values of -26 dBm, -90 dBm, and - 110 dBm for 

the fundamental, second harmonic, and third harmonic respectively. These values 

result in the polynomial equation 



This equation has similar first and third order coefficients compared to 

(5.5.1 I), but the second order coefficient is larger. If the predistorter polynomial 

coefficients are derived from (5.5.12) and (5.5.9) using (3.1.4), the result is 

V, = 0.15S05Vm + 0.0272~: + 0.0573~:, (5.5.13) 

which corresponds to output powers of -23 dBm for the fundamental, -64.4 dB~n for 

the second harmonic, and -83.9 dBm for the third harmonic when the input power is 

-7 dBm. These derived values are within 1 dB of the measured signals used to form 

equation (5.5.10). Thus, the power levels have a large effect on the derivation of the 

composite polynomial equation. However, the results also show that the equations 

match the measu~ed results indicating that the circuit is performing in accordance 

with the third order polynomial model. 

5.6 Predistorter Modification for Operation with Laser 

The basic predistorter operation using the third order model was verified using a 

schottky diode as the non-linear device. From Section 5.2, the laser did not behave in 

the same manner as the schottky diode. In this section, modifications made to the 

predistorter to achieve the necessary signal characteristics to predistort the laser are 

described. 

The first modification required for the predistorter was to have it produce second 

and third order distortion at the appropriate power level needed for the laser. Since the 

predistortion levels required by the laser were lower than those required by the schottky 

diode, fixed attenuators were added to the outputs of the second and third harmonic 

generators. 

A 20 dB attenuator was added to the second harmonic generator and a 30 dB 

attenuator was added to the third harmonic generator. Unforiunately, the corresponding 

output level of the third hamonic generator became too small to control accurately 

using the given dci i i t  achitecire. The isokition and back rzflectirm effects discussed 

in Section 5.4.1.1 were significant, and an independently controllable third harmonic 

with the correct phase response could not be generated. Therefore, the third harmonic 

generator was disconnected and predistortion with only the second harmonic gmerator 

was investigated. 



The power levels required for second harmonic preaistortion were achievable 

using the current circuit configuration and the attenuator. However, the phase of the 

predistorter second harmonic was still -45" with respect to the fundamental. For the 

laser, the phase of the second harmonic varied from -17" to 0" between 60 and 200 

MHz as was shown in Figure 5.2.9. Between 100 and 200 MHz, the phase of the 

required second harmonic had an approximately linear slope. 

The predistorter required an element to delay the fundamental signal so that the 

relative phase difference between the fundamental and the second harmonic was 

reduced. The fundamental signal needed to be delayed by approximately 22" at 100 

MHz and 45" at 200 MHz. This was accomplished by adding an appropriate length of 

transmission line to the fundamental path. Transmission line has a linear phase 

response, so the predistorter also had a linearly changing relative phase response 

between the fundamental and the second harmonic. Figure 5.6.1 shows the measured 

phase of the predistorter second harmonic and the optimum phase required by the laser 

for predistortion after the delay line had been added. 

Modified Predistorter Phase 
of Second Harmonic 

Figure 5.6.1 : Measured Predistorter Phase vs Optimum Predistorter Phase 
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Figure 5.6.1 shows that the phase of the predistorter closely matches the phase 

required by the laser between 100 MHz and 200 MHz. Below 100 MHz, the phase of 

the predistorter diverges, and is 10" in error at 64 MHz. This translates to a 20" error 

for the actual second harmonic signal. Therefore, the maximum attenuation expected at 

64 MHz would be 9 dB if the amplitude was correct. 

The amplitude of the second harmonic generated by the predistorter must also 

have the same amplitude response with frequency as shown in Figure 5.2.10 to provide 

complete cancellation. The predistorter thus needs to produce a frequency dependent 

output power level which increases with frequency. This could be achieved by building 

an equalizer on the predistorter. Ideally, the equalizer would have the combined phase 

and amplitude response necessary to modify the original predistorter to predistort the 

laser. Thus, a simple equalization block could be added to the second harmonic path in 

the predistorter which would keep the predistorter architecture general. 

The ideal equalizer would be constructed from filter sections which produce the 

required amplitude and phase response. However, the design of an equalizer is not 

trivial, so the amplitude response of the predistorter was left unchanged. Therefore, the 

predistorter should be able to cancel the second harmonic of the laser at individual 

frequencies across the band by adjusting the variable attenuator at each frequency. If a 

plot of the attenuator level vs frequency is made, then the attenuator level should track 

the required iilput power level needed for the laser. If the attenuator is fixed, a smaller 

wideband cancellation, likely between about 100 MHz and 200 MHz should be seen, 



6 PREDISTORTED LASER 

This section contains the measured results of the cascade of the modified predistorter 

and the laser for both single and multiple input signals. 

6.1 Single Tone Predistortion of Second Harmonic 

The first test performed with the predistorter was to measure the amount of 

cancellation obtainable at each frequenzy with the predistorter attenuator adjusted for 

optimal cancellation. Figure 6.1.1 shows the fundamental input signal from the 

predistorter (Input Fund), the fundamental output signal from the laser (Laser Fund), 

the second harmonic from the laser without predistortion (Laser Second), the second 

harmonic from the laser with predisiortion (With Predistortion), and the level of the 

predistorter second harmonic output (Predistorter Second). 

Second Harmonic PredistoFtion 
Each frequency ideally adjusted 
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Figure 6.1.1 : Measured Second Harmonic Predistortion 
with adjustment at each frequency 

The predistotter could reduce the second harmonic of the laser from 0 dB to 23 

dB over a bandwidth from 70 MHz to 250 MHz. The amplitude of the predistorter 

second harmorkc followed the shape of the amplitude of the second harmonic from the 

laser across the frequency band as expected. Also, maximum cancellation occurred at 



around 150 MHz, and decreased on both sides of 150 MHz. This result matches the 
predistorter phase vs laser phase plot in Figure 5.6.1, which showed that the predistorter 

phase was correct at around 150 MHz, and then slowly diverged, with the worst 

diversion occurring at the low frequencies. More cancellation at the low frequencies 

could have been achieved if the power level of the predistorter second harmonic could 

have been reduced. At these frequencies, the attenuator was at its maximum 

attenuation value. 

Figures 6.1.2 and 6.1.3 show the reduction in the second harmonic when the 

predistorter attenuator was fixed at the optimal point for input power levels of - 10 dBm 

and -15 dBm, respectively. Note that the bandwidth over which cancellation occurs has 

been reduced since the amplitude imbalance at the low frequencies is too large to muse 

cancellation and actually starts to increase the level of the distortion. 
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Figure 6.1.2: Measured Second Harmonic Predistortion 
with Amnuator Fixed. Input - 1 0 dBm. 
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Figure 6.1.3: Measured Second Harmonic Predistortion 
with Attenuator Fixed. Input - 15 dBm. 

The amount of cancellation remained approximately the same when the power 

was reduced. This shows that the laser and predistorter non-linearities are amplitude 

dependent. Also, it means that the predistorter can predistort the laser at both low and 

high modulation indices provided that the distortion is not clipping induced. 

The results also correspond well to the difference between the optimum 

predistorter and the actual predistorter as to the range of predistortion and the amount 

of cancellation. In the next section, a multi-channel test was performed. 

6.2 Complete CATV Predistortion of Composite Second Order 

The predistorter and laser were then tested using a standard 40 channel CATV 

test setup which consisted of a matrix generator producing randomly phased tones (CW 

carriers) at the standmi CATV frequencies as the input tn the system. The CSO was 

measured on channel 40 at a variety of modulation indices. At the lower modulation 

indices, where predistortion was possible, improvement of up to 12 dB was measured. 

Figure 6.2.1 plots the measured CSO with and without predistortion versus the 

modulation index. The ;CIS0 limit due to clipping is also shown. 
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Figure 6.2.1 : Measured CSO for 40 Channel Test 

The measured CSO with and without predistortion showed the trends expected 

from the plots in Section 3.4. The predistorter was unable to reduce the CSO at high 

modulation indices where clipping distortion dominated. Only at modulation indices 

below 0.07 did the predistorter improve the CSO level. 

The measured CSO at high modulation indices was higher than the clipping limit 

and was attributed to measurement error and the actual operation of the laser diode. 

The particular laser diode used for testing created considerable noise at higher 

modulation indices and made the measuremmts more difficult. 

The CSO was also measured at three frequencies across the band, For a 

modulation index of approximately 0.055, the CSO was measured at 55 MHz, 187 

MHz, and 325 MHz with and without the predistorter. Table 6.2.1 summarizes the 

results. 



Table 5.2.1 : CSO Measurements 

CSO (dBc) CSO with PD (dBc) 

The CSO was reduced by 5 dB at 55 MHz to 11 dB at 325 MHz. Thus, even 

though the predistorter worked well only for input frequencies between (rround 100 

MHz to 250 MHz, the number of distortion beats had been reduced across the band and 

improved the CSO at frequencies where the direct cancellation of the harmonics was 

not possible, 

A final test was performed to determine whether the predistorter affected the CTB 
of the laser. The CTB was measured at channel 40 at a modulation index of about ,045. 

The CSO without the predistorter was -56 dBc and the CTB was -63.1 dBc. With the 

predistorter turned on, the CSO dropped to -70 dBc but the CTB increased by 3 dl3 to 

-60.1 dBc. 

The output of the predistorter was then checked to see if the third order distortion 

was being caused by the second harmonic generator. When the second harmonic 

generator variable attenuator was varied, the CSO level could be changed by 13 dB as 

expected. However, the CTB level stayed constant as the attenuator was varied, which 

indicated that it was not being generated by the output of the second harmonic 

generator since the CTB level would have changed by the same ratio as the S O .  The 

CTB level from the predistorter may have been caused by a reflected third harmonic 

coming back from the second harmonic generator and passing through the input power 

splitter and out onto the fundamental path line. Again, isolation between the splitter 

ports should help to eliminate these effects. 

6.3 Adaptive Control of the Predistorter 

Over time, the characteristics of the laser and the predistorter will undergo small 

changes due to temperature drift, aging, and power supply or bias current variations. 

These variations will affect the overall performance of the system. To account for these 

variations, the predistorter can be controlled adaptively. 



A number of possibilities for adaptive control exist. One method is to 

characterize the system at different temperatures, and use a temperature sensor to 

control the attenuator voltage as the temperature varies. Since laser diodes are quite 

temperature sensitive, this would potentially be quite a good method. 

Another method would be to measure the power supply voltage or bias currents to 

control the predistorter. As with the temperature sensor, the system would have to be 

characterized at different bias currents to obtain an algorithm to control the attenuator. 

A third method is to measure the distortion power at the output of the laser and 

use it to adaptively control the predistorter attenuator. Since the cancellation has a 

convergent shape as shown in Figure 6.3.1, the minimum can easily be found. Figure 

6.3.1 shows the cancellation of the second harmonic signal for a single tone at 150 

MHz vs the attenuator control voltage. 

Second Harmonic vs Control Voltage 

Control Voltage (V) 

Figure 6.3.1: Second Harmonic Cancellation vs Control Voltage 

This curve closely matches the cancellation vs amplitude imbalance graph shown 

in Figure 4.2.3. An adaptive system would measure the output harmonic power and 

then adjust the attenuator voltage, If the new voltage results in increased harmonic 



power, then the voltage is adjusted in the opposite direction. This process will then 

eventually settle at the minimum point. Figure 6.3.2 shows an example setup that uses 

the distortion measurements to adaptively contro! the predistorter. 
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Figure 6.3.2: Block Diagram of Adaptive kedistorter 

An optical splitter would be placed after the laser which passed a small 

percentage of the optical power into a PIN diode. The distortion of the laser seen at the 

output of the PIN diode would be filtered and amplified to obtain a measure of the NLD 

in a particular channel. An unused channel would be appropriate for this measurement. 

Then, the measured distortion power would be used to adapt the predistorter 

coefficients. This adaptive loop is relatively simple, should be inexpensive to produce, 

and should provide long-term stability to the predistortion system. 



7 CONCLUSION 

A third order polynomial model was used to describe a predistorter for an AM-VSB 

lightwave CATV system. Analytical expressions were derived indicating how much the 

predistorter would improve the CSO and CTB, and how the predistorter coefficients could 

be controlled adaptively by making measurements of the total NLD. Also, tne analysis 

showed that the performance of current lasers can be improved using predistortion since 

the current distortion levels of lasers are stifl above the signal clipping limit at modulation 

indices used by the CATV industry. 

Then, a predistorter based on the polynomial model was constructed and tested. 

Preliminary tests performed with a schottky diode as a model for the laser verified the 

polynomial mode! results. However, when the laser was characterized, it did not fully 

obey the analytical model. The distortion amplitude and phase response was frequency 

dependent and required the predistorter to undergo some modifications in order to 

predistort the laser. 

After the modifications, the predistorter was able to reduce the second order 

distortion by 3 dB to 20 dB between 50 MHz and 250 MHz, and resulted in the reduction 

of the CSO in a 40 channel system of up to 12 dB. The third order distortion was not 

reduced by the predistorter because the predistorter was not able to generate the 

appropriate signals in its current configuration. However, if the required third order 

distortion could have been generated, the third order distortion of the laser could also have 

been reduced. 

In terms of further work, new architectures could be investigated for the predistorter 

so that isolation and back reflection effects do not hinder the operation of the predistorter. 

This wouId allow the generation of the small signal levels required for lasers that produce 

low levels of distortion. Also, construction of the adaptive loop to verify the analytical and 

measured results should be completed. 

Finally, the results of this thesis should be applicable to any type of wideband 

linearization where the distortion is frequency independent. 
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APPENDIX A - Schematic Diagram of Predistorter 


