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ABSTRACT

A wideband predistorter for an AM-VSB Lightwave CATYV 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 adaptively.
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1 INTRODUCTION

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 CATYV distribution system uses AM modulation to
transmit the CATV signals. Therefore, the laser must be highly linear so that
intermodulation distortion caused by non-linearities in the laser is kept to a minimum.

In CATYV 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 particuiar 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
1n visible distortion to the viewer.

The laser is the major limiting component in terms of the resuiting 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 feedforward [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 little 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 [6].

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 techniques 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 rriqdel 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.

Finaily, Section 7 presents the conclusions and recommendations for further work.
The results of this thesis indicate that wideband predistortion is possible. In a CATV
syst‘eym,rbotrh the second and third order distortion can be reduced, provided that the laser is
fop'erated’ ina region where clipping distortion does not dominate and the distortion signal



e

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 distortion
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.

2.1 CATYV Lightwave Systems

A CATYV 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.

Laser
PIN diode
CATVin /e X
Fibre ! CATV out
§ single mode '
{up fo 30 km) R Amp
L

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 CATYV 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 systemn,
is considerably better than that of the existing cable system [7].

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
information. The moduiation index, m, of the laser, refers to the amount of change
in the optical intensity about the average optical intensityf 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 arnount of intermodulation distortion. The CNR is
limited by the combined effect of the residual intensity noise (RIN) 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 [8].

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
fromAPD’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 A/W. 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 1 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/km 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 géncral, 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 coming 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 veryr expensive. This is
because two lasers, an optical splitter, and an optical combiner are required. Figure
2.2.1 shows a block diagfam of a feedforward linearizer for a laser diode.

II Laser }

O °3£:’ O ] Cutput
| I

Delay

Recsiver
Detector

=
s
O— ot
]
Fl

JI " 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
1s 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.
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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-lineér characteristics of the non-linear device. Thus, when the
predistorter’s output signal is passed through the non-linear device, the distortion
components cancel and the output remains linear. Figure 2.2.2 shows a block
diagram of a predistortion linearizer.

Input O OQutput
o——— PD Laser el

Receiver

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.

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.

Since the laser and other active components will drift over time, a more robust
predistorter is one that adapts the predistorter output to account for component
changes over time. One predistortion system in the literature was adaptive [6], 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.
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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.
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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 controlling 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 [3,, B, and P,. The non-linearities are assumed to be
memoryless with only AM/AM 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 weuld be
required to shift the phase appropriately for each frequency.

The predistorter is also approximated by a third order power series with real
coefficients o, o, and ;. 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.

Vo () Vo
oO—

PD Laser——o

Figure 3.1.1: Block Diagram of Predistorter
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Vd(t) = Vm(t) {al+a2' Vm(t)+a3' I Vm(t) IZ} (3'1'1)
Vi) = V,@)-{B,+B,- V(&) +B,- 1V, (1) Y. (3.1.2)
VD) = Va0 {G+ G Va5 IV, P (3.1.3)

The values of the {’s in (3.1.3) in terms of the o’s and P’s are

& = of, (3.1.4)
L = o +ap,
G = aiﬁs + 204058, + 0,

where only terms involving the first, second, and third order values have been kept.
The higher order terms resnlting from the cascade of the predistorter and the laser are
assumed to be much smaller than the first three terms.

From (3.1.4), the optimum predistorter coefficients that will result in the
elimination of the second and third order distortion are

. dp, (3.1.5)
I

. (03B; + 201,0,8,) (3.1.6)
BT B

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
diodés, 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 cr compensate for this effect.
3.1.1 Autocorrelation Function

Typically, CATV systems transmit between N = 40 to 80 channels. The input
CATYV signal can therefore be approximated as a Gaussian distribution of N
indcpendent 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
autocorrelation function of the composite output V,(t) is defined as



13

1 . 3.1.7
RO = 3 EV,0-Ve-0), D

where V. (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

Va(t) = Vm(t) - {Cl + CZ ’ Vm(t) + C3 ' I Vm(t) ll}s (3'] 8)

V.t-1) = V,t-0-{0+5 V,0-0+5 1V, -0} (3.1.9)

For convenience, denote V,(t) by V, and V,(t—T) by V,. Expanding the

argument of the expected value function in (3.1.7) in terms of V, and V, using
(3.1.8) and (3.1.9), the autocorrelation function becomes

R0 = LGE{VV +LGEIVV Y+ GELV VYV, G.L10)
+ GGE{VIV, 1+ GGELVIV, Y + GGEIVEV,V, )

+GGELVIVIV + LGEVIVIV,  + GLELVIV,V, V. Y,
where |V, @) F=V,V; and |V, (t = T) P =V, V,.

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

following formula for the mixed moments of L zero-mean jointly Gaussian random
variables x,, x,, ..., x; [13]

E{x;,x,,...5} = 0 if L is odd (3.1.11)

> AiApm.. Ay if Liseven

I all distinct pairs of subscripts

where Ay = E{xx; }.

For example, E{x,xx,} = Aphag + Ao, + i3



14

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.

From (3.1.10), the expected values with odd powers will be zero using
(3.1.11). To calculate the remaining five expected values, make the substitution
| Vi = x5+/y (3.1.12)
V, = x,—jy, (3.1.13)
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

R.(v)y = E{x(tx(t-71}, (3.1.14)

R(®W = E{fx(O)y(-v} (3.1.15)

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

E{xx} = E{xx} = E{ny} = E{y,y,} = R,(0), (3.1.16)

E{xl)’1} = E{yx} = E{uyn} = E{yx} = 0,

E{xl%} = E{xle} = E{ylyz} = E{yzyl} = R,u(T),

'E‘{xlyz} = E{yx} = R,(1,

E{x,y;} = E{yx,} = R,(¥).

It can also be shown that [14]

R,(0) = R (D-jR (V. (3.1.17)

For example, expanding the term E{V,V,V,?} results in

E{v\V,y;,"} = E{xx, +x22y1y2 +xlx2yzz+ Y.y (3.1.18)

+j[—x1)’23 +x7)’1)’22 —xlx§y2+x23yl]}"

Each expected value is then determined using (3.1.11). For example,
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E{xx} = E{xx} Efon}+E{xx} E{nx,) (3.1.19)
+E{xx,} - E{xx,}
= 3R,(0)R.(v).

When each of the terms in (3.1.18) is expanded and evaluated as in (3.1.19),
the sum is 8R,,(0)R,,(t). 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

R@ = [GIF+81LLIR,0)+1618 FRIUOIR, (D) (3.1.20)
+418, P R0 +81 5 R (0.
The power spectral density function S, (f) of the complex envelope V,(t) is
obtained by taking the Fourier transform of its autocorrelation function R, (t),

oo ' (3.1.21)
S.(H = f R _(DeYdx.

Using the convolution theorem, the power spectral density of the CATV
output is

S0 = 1P, +415ES,H®S,H (3.1.22)

+81L1P5,(H®S, (H®S, (N,

where ® denotes convolution. In (3.1.22), the | {,{; | and the | {, | terms have been

dropped from the R,(t) term since the | {, |* term will dominate provided that
Co« G, and ;< .

3.1.2 Power Spectrum

To obtain the power spectral density S,(f), the convolutions of the input S, (f)
must be performed. Let S, (f) be a constant N/2 over the bandwidth B, to B,, where
for a CATV system B, = 50 MHz and B, = 450 MHz (60 channels). The PSD is
also assumed to be two-sided and the broadcast FM band is ignored. The FM band
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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 S,,(f) and the convoluted spectra S,,(f) ® Sn(f) and S,(f) ® S_,(H)
® S, (f) where N, = 2.

450 MHz CATY Spectium with No FM Bend Composite Second Order 450 MHz with no FM Bend
N H T T T

T

200
H H : H H <00 : . H
H i : H H 700 } ¥ s s s .
: B H i i OO L e b .
i : ; i : 3 H \
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400
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Figure 3.1.2a: S,(f) Figure 3.1.2b: S,(H®S,(f)
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i i
-1500 -1000 -500 0 500 1000 1500
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Figure 3.1.2¢: S,(N®S,(H®S.()

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:
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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
-2B, to 0. They are

N? (3.1.23)
Sw) = 'Z"(W"'sz) —2B,<w <~(B,+B,)
N2
S,(w) = —4—-(—w—231) —~(B,+B,)<w<-B,+B,
2 2 |
S,w) = 70'(32—31+W)+To'("w—231) -B,+B,<w <-2B,
N,
Sw) = 5 B,~B+w) -2B, < w <0.

Similar expressions can be derived for the third order convolution. There are
8 separate terms from -3B, to O and the expressions are quite complex.. The
maximum value of the convolution occurs at -3B, and is

3 (3.1.24)

3N, ) 2
SsWpax = 8 (B, - 43132 +78By;).

The maximum contribution of the 2nd ordcr distortionrin 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 = -(B,+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

N2 (3.1.25)
P, = 4‘“;2' “Z"(Bz—Bl)-

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 '
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3 (3.1.26)

3N
P, = 810,17 (BI—4B,B,+TB)).

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

N, (3.1.27)
Poo= 16 Fo
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
Sworst be

Sporst = Py+P,+P, (3.1.28)
7 or

N, (3.1.29)
Sporst = 18 I27+IC2 P NXB,-B,)+|¢, " 3N)(BZ - 4B,B,+7TB}).

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

T T
p 2 (3.1.31)
CTB = = = 5.|C3lz-Nj-(B§—4Ble+7Bf).
- P 1G]

 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 include the laser and predistorter coefficients results
in ,
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np o o Ba-By- (Offﬁz +0,B,)° (3.1.33)
(o By
+ 6N02 - (322 - 43132 + 7312) . ((xi’ﬁ3 + 2(1](12[32 + U’BBl)z
(alBl)z ’
3.1.3 Laser Model

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

B;-4B.B,+7B} = (B,~-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.

QOver-approximation of Quadratic Term Over-approximation when FM Band Used
. Lower Bandwidth =50 MH2 19% Lowss Bandwidih = 50 MHz
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Figure 3.1.3.: Over-approximation Figure 3.1.4: Over-approximation

in Quadratic Term 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 approximation 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),

(B.-~B.). (o3 2 (3.1.35)
NLD 2N, (B,—-B)) ((121[32"'%[31)
(o, By)
L 6No- (B~ B\’ (0B, + 20,008, + By’
(a1B1)2 '

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

of a single carrier is

p _ mj’ (3.1.36)
2

carrier

where m is the modulation index per channel. If there are N channels, the total
signal power in the laser is

m?-N , | (3.1.37)

total = 2 ¢

P

The total input signal power using the white noise source of the band-limited
spectral density N/2 is
B, N , (3.1.38)
Pruw = 2[5 = N, BB



The powers in (3.1.37) and (3.1.38) represent the total input power to the
system. These powers must be 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

mN?

27N (02, + 0By + 67 (02, + 20404, + )
(alﬁl)z '

(3.1.39)
NLD =

Without a predistorter, (3.1.39) reduces to (assuming B, =1, &, = 1, and o, a4
=0)

' .1.40
NLD = mZN-([32)2+%m4N2-([53)2. (3-1.40)

From (3.1.40), the values of B, and B, 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
MHz) results in | B, |=0.00112 and |B;]=0.001828.

If the laser coefficients (’s) are both determined to be negative, then the
predistorter coefficients (o’s) will be positive. Figure 3.1.5 shows a contour plot of
the total non-linear distortion vs variations in o, and o, with the beta values
calculated above using equation (3.1.39).
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Figure 3.1.5: NLD vs Predistorter Coefficients

From Figurér 3.1.5 the quadratic dependence of o, and 0; 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 publishcd beat charts. Generally, CSO and CTB values are calculated
in the foIlowing way.- The second and third harmenic distortion from a single input
tone are mcasured, 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 [10] models a laser diode as a third order polynomial and
calculates the CSO and CTB using the expressions

CSO = 2HD +6+ 10log(NT2) dBc, (3.2.1)
CTB = 3HD +15.6+ 10log(NT3) dBc, (3.2.2)

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

# of Channels NT2 NT3
36 23 362 -
40 25 479
54 41 922
60 47 ‘ 1166
77 64 ~2000

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

Vo) = msin(w?). , (3.2.3)
If V;,(t) is applied as the input V (t) in (3.1.2), then the resulting output will be |
m m? (3.2.9)
Vi) = -l%-— + (ﬁlm +%B3m3) sin(wt) — B22 cos(2me)
3
m
_B 7 sinGon).

Since P; is much smaller than B,, the sin{(wr) term is essentially equal to

Pym sin(wt). The values of 2HD and 3HD in dBc are then
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( B2m? (3.2.5)
2HD = lOlogL 5 |dBc,

437

2t (3.2.6)
3HD = 10log > |dBc.

160

Note that both the CSO and CTB are functions of m”> and m* respectively, the
“same relationship as in (3.1.40).
t If it is assumed that a laser has coefficients 8, = 1, B, =~0.001, B, =—0.001, 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
ignOréd. ' '

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 v}ﬂues as in the calculations. 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 vaiues 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.
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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 [15-18]. 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, 40 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 CATY 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 “exact’ 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
33.1.

K - 1 +eﬂ(;) (3.3.1)
CSO = —2emv ——\mW)
8N 2 (332)
l . .
167N° 2

The values of K,, and K, are the NT2 and NT2 values from the beat chart for a
given number of channels, N. For 40 channels, K,, = 25 and K,, = 479.
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Clipping Limit for CSO, CTB, and NLD
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Figure 3.3.1: Clipping Limit for CSO, CTB, and NLD

Experiments have been performed to verify the resulis 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 apparent 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 [19].

" Chung and Jacobs measured the CSO and CTB down to m=0.042. At this point
CSO = -69 dBc and CTB = -73 dBc [19]. If these values are worked back to the
polynomial model of equation (3.1.40), then the resulting coefficients are B, =0.0013
' and [33=0.0034. Equation (3.1.40) is also plotted in Figure 3.3.2 using these beta
values.
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Figure 3.3.2: NLD vs Modulation Index

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 n™ 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
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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 B,, and B,
" 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.
,Tyhe 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
* CTB is possible at m=0.05.

CSO Predistortion
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Figure 3.4.1: CSO Predistortion
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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 (o, =0.0013, o;=0) compared to when only the CTB is cancelled
(0,=0, 0;=0.0024). As the coefficients are adjusted more closely to the optimum
(0,=0.001, 0;=0.001) and (o, =0.0012, o;=0.002), the NLD levels approach the
clipping limit. It is important to note, however, that the CSO and CTB may notachieve
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.
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NLD with Predistortion vs Mod Index
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Figilre 3.4.3: NLD vs Modulation Index for Various Predistorter Coefficients

These results mdlcate 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 predistortion is presented.
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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 arranging 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
v 4.1.1
I< = Is(e nVoy _ 1), ( )

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

Y | 4.1.2)

The term e can be expanded into a series as
= 14 +x2+x3+x4+x5+ (@13
A TR TR TR TR

Therefore, I can be expressed as

LV (v V¥ (v (4.1.4)
= | = |+ == | +... : ,
= Lvw o) il | :
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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.

v %
2 A
12 —_—
RV
DZ

Figure 4.1.1: Second Harmonic Generator

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

| v L(vyY L(vyY ) (4.1.5)
Vv = R i L 2 — o
_and the output from diode D, will be
; ' v IL(v ¢ (VY (4.1.6)
VDZ = R s__—+_ ~—~ - +...— .}
nVT 2! nVT 3! nVT
Thus, V, is equal to
V, = Vp+Vp,, (4.1.7)
L{v Y} (4.1.8)
V = 2R 2 — ,
a I+ >t v, + even powers

which is a function only of V* 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.
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For the third harmonic generator, two diodes are arranged in an anti-parallel
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

v~ gl v (v Y L(VY (4.1.9)
by = ‘+nVT+2! v +3! 7 +... ]

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

voltage V, the AC current level flowing through D, is equivalent to that caused by an
input voltage of -V. Thus, the current I, is equal to

v (v Y L(VY 4.1.10)
IDJ = Is—nVTﬁ'a—! nVT ——3—! nVT +...— ...

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

voltage across R will be

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

v - v L(v Y . ' (4.1.12)
- + — | — + A
Ve PRARETI P odd powers

- 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)
5o 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

L, = aV+bVi+cV’+ ... | (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, = aV-=bV*+cV’ = . +.. (4.1.14)

In CATV applications, the laser diode is biased as a "reverse diode" using the
above definition. Therefo:é, 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
I = aVv-bV:+cV |V (4.2.1)
where a, b, and c are real coefficients.

If the input voltage V is a real sinusoid, V = 4 sin(wt + 8), then the output, I, will
be

I = aAsin(ot+6) — b(A sin(ot +86))° (4.2.2)
+ c(A sin(wt +0) | A sin(wt +6) P),

I = aAsi t+9—2§jl— 20t + 26 :

= aA sin(. ) > (1 —cosCw ) 4.2.3)

+cA 3(%sin((ot +0) —%sin(3u)t + 36)).

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

harmonic.
2 (4.2.4)
DCterm = -b %— :
4.2.5
Fund = (aA +%CA 3) sin(wt + 6), ( )
y A? A?
2% = b—cosQut+20) = b—-sinQur+20+90°), (4.2.6)
A3 A3 (4.2.7)
3 = —¢ Tsin(3o)t +36) = ¢ T sin(3wt + 30+ 180°),

Equations (4.2.4) to (4.2.6) show that if the input signal has a phase shift 8 =0,

then the second harmonic will have a +90° phase shift and the third harmonic will have
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~~ 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
polynormal 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 magmtude of the non-linear device and the phase of the
predlstorter must be exactly 180" out of phase with the non-linear device. If there is

RPN ‘some magmtude and phase imbalance, then the amount of cancellauon will vary.

, As a srmple example, suppose that the predrstorter and the laser are both second
order polynormals with coefficients a, b, and X; ¥ respectively.

N = Ve Ve | | (4.2.8)
: ,7 Vfd.u;rr ; = Vpredm + Y V predist* | (4.29)

B Using the inpur signal V;, = A sin(wt + 0) results in the predistorter output being

SR D e a2 o @210)
Voeais = @A sin(wt +8)+b 7sin(20)t +26+90°), ,
excluding the DC term. The laser output is then equal to_
| T | | (4.2.11)
Viwer . = xaA sin(ot +0) +xb 5 sin(2wz +20 + 90°)
+ y(@®A¥sin*(wt + ) + ab A’ sin(t +8) sin(2et +26 + 90°)

2 ,
+ b"%— sin*(20¢ + 20 + 90°)).

' ‘Expanding (4.2.11), the result excluding DC terms is
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. A? (4.2.12)
Viser = XxaAsin(wt+0)+xb 5 sin(2o¢ + 26 + 90°)
AZ
2 . o
~ya'ts sin(2wt + 20 + 90°)
3

+yab %—(cos((ot +0 +90°) — cos(3mr + 30 + 90°))

4 -
+ ybz%-cos(4wt +40 +180°)).

Ifa=x=1,and Ibl =lyl, then the second order terms will cancel each other. Note
. that there are additional interfering terms resulting from the cascade of the predistorter

- and the laser. These terms occur at the fundamental frequency, the third hdrmomu, and .

' the fourth harmonic. However, these terms are all very much smdller than the
fundamental and second order terms and therefore can be 1gnored Thus, only the first
thIee 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 polynomlal coefficients have a
complex component:

‘To show the-effect of amphtude and phase imbalance, denote the two second
order terms of (4.2. 12) as 'V, and V,; )

V, = V,cos(n) (4.2.13)

i

v, V, cos{wt + (0 + 180°)), (4.2.14)
where V, and V are the amplitudes of the signals and 0 is the phase imbalance. In the"
predistortion operation, these two signals are added together. If the two signals V, and’

V, are treated as vectors during addition, their x and y components will be
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Vie = Vo, (4.2.15)
v, = 0,
V,, = =V,cos(8),
sz = —Vb Sin(e)-

The resultimt vector V; will have components
Vi, = V,-V,cos(8), | (4.2.16)
Vi, -V, sin(@),

~ and the ﬁiagnitude and phase will be

1V, = \/V ~2V,V, cos(8) + V2, (4.2.17)
Ve = arctan] 2= ~V, cos(0) (4.2.18)
T =V sin(0) '

7 Flgures 421 and 4.2.2 show plots of the output magmtude and phase when the
' mput signals have identical amplitudes and a glven phase 1mba1ance

Cancellatron Vs Phase Imbalance o Output Phase vs Phase Imbalance
{Exadt Ampltuda Maich) ~ . {Bxact Ampitude Maich)

Caricetiation (dB)

2 2
Qutput Phase (degrees)
)

60 22 i 3 1 ! ] 1
0 2 40 0 2 40 60

Phase Imbalancs (degrees) Phase imbalance (degrees)
- 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
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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
imbalances 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 ciréuitry.
However, provided the phase imbalance is no greater than 20 degrees, cancellation of
up to 10 dB can still be achieved provided the ampliturde‘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
prcdistorter, (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

51gnal and the techmque 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 genetator 1 output to suppress any harmonics coming 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 the 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 fundamcntal 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).

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 360° cycle in
a 180° segment of the fundamental signal. Therefore, since the second harmonic phase
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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 © 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)t0 (4.2.7), the sign of the coefficients is obvious.

" However, a Siniple way of determining 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 hegative. Note that twice this value will give a second harmonic phase of either +90°
or -90° in degrees relative to the second harmonic, whit:h 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

0°, then the third order coefficient is negative.

7 Sincé 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.
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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 + 6° if the cancellation was more than 20 dB. This
part of the measurement was quite accurate, but the phase reading obtained trom the
oscilloscope had significantly more error. Typically, the oscilloscope measurement had
a reading error of about £ 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.
Generator [ Filter ] | l ” Specirum
1 L 2 Laser Analyzer
Phase
Lock
Generator Phase Oscilo
2 Shifter AN ecliascope

Figure 5.1.2: Laser Input Phase Measurement Technique

The setup is almost identical to that in Figure 5.1.1, except that the generator 2
signal is applied to the input of the laser, rather than at the output. In this test, the
generator 2 signal is set to either the second or third harmonic frequency, and its power
and 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 nm DFB Laser diode with a
fibre pigtail. - The fibre was 10 km of Corning SMF-28 single mode fibre, and the
,op'tic'alr receiver was an Ortel 2610B photodiode module. Motorola CATV hybrid
amplifiers were used to amplify the input signals to the laser and the output signals
from the photodiode module.

Input ) | Outpul
0N
, l/ L s®]
Amplifisr //(' \\\\% Ampiifier Afterwator
MHWS1R2 Fobre MHWB182
SMF-28 {10 km)

Laser Dinds Photediods
FU455DF33 Orsl 26108

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
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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 did 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 link, 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

(5.2.1)

lserns = m,—1,)

where 1, 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

Powee = lnserrus(75)  Watts. (5.2.2)

1 in taser

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

P = 10log(P

in source in laser.

)-G,,,(dB)+30dB dBm. (5.2.3)
The corresponding RMS output current at the photodiode will be

(5.2.4)
s = mRP\/?E A,
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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

Pourus = 10108( 25 - 75)+6dB + G, (dB) (5.2.5)

amp

—Atten(dB)+30dB dBm,

- where the 6 dB term is from the current gain in the photddiode 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,
Iy 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 mA.
~ 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.

Measured vs Calculated Modulation Index Measured vs Calculated Modulation Index
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Measured vs Calculated Modulation Index
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Figure 5.2.4: Modulation Index
Measured Results vs Calculated Results
[,=46.7mA, P=5.0 dBm, P,4=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 measuringy 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 producéd
could be determined by adding 180° to the measured phase values.
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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
.dBm 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.

Laser Harmonic Power Relative Input Phase for Predistortion
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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 Figure 5.2.8: Measured Harmonic Phase
for Input of -25.5 dBm 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 harmonic 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 +45° 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
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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.
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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 constructed 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 real-coefficient polynomial
_predistorter could be altered to account for the characteristics of the laser so that the
laser could be predistorted was performed.
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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 1-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 error 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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‘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. '

Yus

?
AVAS

Figure 5.3.3: Diode Harmonic Schematic
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Figure 5.3.4: Simulated Output Power
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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 dépendent 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 = 90 uA, and Vs =
0.529V. The input power was -10 dBm and the measured results are shown in
Figures 5.3.6 and 5.3.7.
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- 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
rsignals.'

, | 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 technique and then translating the relative phases to the actual phases
shown in Figure 5.3.7. The results of the relative phase measurements are simpler
to intcrprét 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.
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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 polynomial 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 D1 or D2
* biased alone. Table 5.3.1 shows the results. The output power values were constant
- to within + 2 dB across the frequency band.

Table 5.3.1: Second Harmonic Generator Output Power

Harmonic - |Diode D1 (dBm) Diode D2 (dBm) Complete (dBm)
fundamental  |-33.1 335 -66.5

'second -41.1 -42.3 -38

third -52.8 -53.8 -67.5

fourth -67.5 -67.5 -61.5

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 D1 and D2 biased alone and the output phase of the complete
second harmonic circuit are shown. In the Figure, D1 Fundamental and D1 Second
represent the ontput fundamental and output second harmonic phases relative to the
input fundamental of diode D1 when diode D1 is biased alone. Similarly, D2
Fundamental and D2 second represent the output phases when diode D2 is biased



alone. Combined second refers to the 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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Figure 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
approximately 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
fundamental by 45°. This 45° phase shift is seen as the constant difference between
the fundamental and second harmonic curves in Figure 5.3.10. 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 imbalance between the two output ports of up to 5° and an amplitude
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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

Harmonic Diode D1 (dBm) Diode D2 (dBm) Complete (dBm)

fundamental -31.4 -31.4 -318.7

second -38.0 -38.0 -34.0

third -50.3 -50.3 -328.9
fourth -84.3 -84.3 -65

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
53.1%L
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Figure 5.3.11: Simulated Phase
of Second Harmonic Generator

In Figure 5.3.11 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 third 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.
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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 D1. The input power was set to -10
dBm, and the output power was measured with diodes D1 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

Harmonic

Ferward D2 (dBm) |Reverse D1 (dBm) |Complete (dBm)
fundamental 27.6 -28.0 -19.8
second -36.2 -36.2 -70
third -45.5 -45.3 -42.9
fourth -64.5 -64.0 <-80

The measured output phases relative to the input fundamental for the complete

third harmonic circuit are shown in Figure 5.3.13.
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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 D1 (dBm)

-26.97
-32.05
-41.94
-80.51
-58.48

Complete (dBm)

-17.10
<200
-38.25
< -200
-53.15
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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.
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Simutation Results

160
W M.
140
130
120
110
100

8¢
70

Phase (degrees)

£l
2
0r

H0F B & © &
I/ S I S N SO TR T TOE Y NS MY N N A S H

4 80 120 160 200 240 280 320 380

Fundamental Frequency (MHz)
o Fundamenid o Third Hammonkc

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
harmonic 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 10-15 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 shown 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 for fine tuning
the coefficients and would be used to control the coefficients in an adaptive loop.
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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 aV -bVi+ceVi- .. (54.1)

luser

Thus, the predistorter polynomial was expected to be

Ly = aV+bVi-cV’—_. - (5.4.2)
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 input/output relationship 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 +V 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 fundam'ental 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 combine
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
mismatches 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 also 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
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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.

C
180
B Second
Zo Harmonic
D
0 E 0
Input Qutput
2 > 0y P
A 0 0 J
G Third 1
F fo Harmonic
0 “‘H
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, I, 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
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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-directional. 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 isolators 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 | 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.
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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 + 5 °, and- at 500 MHz the phase
shift varied between +3° and -12°. 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 various control

voltages.
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Figure 5.4.3: Measured Attenuation vs Control Voltage
for AT-250 Attenuator

The attenuator had an attenuation range of approximately 15 dB. The
centre of the attenuation range occurred at a control voltage of approximately
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-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. The 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

Signal Power (dBm)|Relative Phase
Fundamental |-26.5 0°

Second -81t0 -66 -45°

Third 97 to -83 o

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.
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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 was -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. The input 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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Harmonic Power vs Bias Voltage
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Figure 5.5.1: Measured Harmonic Power vs Bias Voltage
for "reverse” biased MSS-40 Diode

Relative Phase vs Bias Voltage
Pin = -10.5 dBm, F1 = 70 MHz

70
e ——
60 —— .
% \\
40 {
o 30
8
3 20
@
2 10
g 0 '_\0\
e 10 \
>
g @ ~
2 = ~-
.40 p—
50 N
0 \.
70 i 1 1 1 -y A . 1 L i 1. . i J..
a 286 22 18 14 -1 06 02
Bias Voitage (V)

+ Speond Harmonic o  Third Harmonic

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
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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 0° 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 dB for fundamental signals between 60 MHz and 80 MHz.

Figure 5.5.3 shows the fundamental signal levels in the circuit for input
frequéncics between 60 MHz 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.

Fundamental Signals
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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.

Second Harmonic 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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Figure 5.5.5: Measured Third Harmonic Signals

Figure 5.5.5 shows that the cancellation of the third harmonic degraded as the
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
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
model, the actual polynomial 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.

V, = aV-bV*+cV|V], (5.5.1)

@
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If a sinusoidal voltage, V, is applied to the input, then the output fundamental
and harmonic voltages are

3 5.5.2
Viwa = (aV+ZcV3]sin(0)t+9), (5.3.2)
VZ
V = b—sin(2mt + o
second ) Sln( ot +20+90 )’ (55'3)
v (5.5.4)
Viia = ¢—psin(3ot+30+180°),

4

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 Vi, is the input voltage.

P, -30 (5.5.5)
Veys = '\/R-log"( T J,

(P,—30 ) (5.5.6)
b o= — —\/R-log“ |
RMS \ 10 J
7B 30 ) (5.5.7)
. - 4 ‘\/R-log‘l P, 30,
Vng \ 10 J/
1 [ P1=30Y) 3cViys (5.5.8)
a = R -log - ,
Vius . 10 ) 4

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 1s 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 significant effect so the third order term can generally be
ignored in (5.5.8).
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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 ¢, can then be substituted for
0L, O, O, By, By, Bs, or £y, o, G5 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
B1, B, and B, respectively, and the polynomial expression for (3.1.2) becomes

V, = 0.7064V,-0.7105V - 8.000V.. (5.5.9)

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
(3.1.1), 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
V. = 0.1581V, +0.0252V> + 0.0566V_. (5.5.10)

P
Using equation (3.1.4), the polynomials for the composite system (3.1.3) can

be calculated. The result is

V, = 0.11165V, +0.000057V> + 0.002838V>. (5.5.11)

These polynomials result in the output powers of -26 dBm, -118 dBm, and
-110.5 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 dBm produced output values of -26 dBm, -90 dBm, and -110 dBm for
the fundamental, second harmonic, and third harmoric respectively. These values
result in the polynomial equation

V, = 0.1122V, +0.0014V2 +0.0028V>. (5.5.12)

a
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This equation has similar first and third order coefficients compared to
(5.5.11), 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, = 0.15805V, +0.0272V2 +0.0573V. (5.5.13)

P m
which corresponds to output powers of -23 dBm for the fundamental, -64.4 dBm 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 measured 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 harmonic generator became too small to control accurately
using the given circuit architecture. The isolation and back reflection 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 generator
was investigated.
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The power levels required for second harmonic predistortion 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.
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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 input 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.
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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 frequency 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 Seéond), the second

- harmonic from the laser with predistortion (With Predistortion), and the level of the
- - predistorter second harmonic output (Predistorter Second).
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Figure 6.1.1: Measured Second Harmonic Predistortion
with adjustment at each frequency

The predistorter 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 harmonic 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 cause
cancellation and actually starts to increase the level of the distortion.
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Figure 6.1.3: Measured Second Harmonic Predistortion
with Attenuator Fixed. Input-15dBm.

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 CATYV 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 standard CATV frequencies as the input to 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 1Z dB was measured.
Figure 6.2.1 plots the measured CSO with and without predistortion versus the
modulation index. The CSO 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 measurements more difficult.

The CSO was also measured at three frequencies across the band. For a
modulation index of approximately 0.055, the C30 was measured at 55 MHz, 187
MHz, and 325 MHz with and without the predistorter. Table 6.2.1 summarizes the
results.
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Table 6.2.1: CSO Measurements

Freq CSO (dBc) |CSO with PD (dBc)

55MHz }-66.3 -71.3
187 MHz [-58.9 -68.9
325 MHz {-54.1 -65.1

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 around 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 dB 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 CSO. 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. N
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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 aftenuator control voltage.

Second Harmonic vs Control Voltage
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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
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power, then the voltage is adjusted in the opposite direction. This process will then
eventually seitle at the minimum point. Figure 6.3.2 shows an example setup that uses
the distortion measurements to adaptively contro! the predistorter.

input Adaptive
Predistorter]

Laser
Ciode

v

N

Fibre

PIN
Diode

Optical
Coupler
Fibra

Fibre

PiN
Diode

| > Qutput

Figure 6.3.2: Block Diagram of Adaptive Predistorter

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 predistorfion system.
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7 CONCLUSION

A third order polynomial model was used to describe a predistorter for an AM-VSB
lightwave CATYV 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, the analysis
showed that the perfoimance of current lasers can be improved using predistortion since
- the current distortion levels of lasers are still 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
"pol'ynomiialrmode! 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 tﬁe 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
"approp'riate signals in its current configuration. However, if the required third order
distoftio’n 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 would 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.



88

8 REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Fock, L.S. and Tucker R.S., "Reduction of Distortion in Analogue Modulated

Semiconductor Lasers by Feedforward Compensation,” Electron. Lett., vol. 27, no.
8, pp. 669-671, 1991

Franckart, J.P. et. al., "Analog Transmission of TV-Channels on Optical Fibers, with
Non-linearities Correction by Regulated Feedforward," Optical Communication:
Ninth European Conference on Optical Communication, pp. 347-350, 1983

Patterson, R.E., Straus, J., Blenman, G., Witkowitz, T., "Linearization of
Multichannel Analog Optical Transmitters by Quasi-Feedforward Compensation
Technique,” IEEE Trans. Comm., vol. 27, no. 3, pp. 582-588, 1979 -

Childs, R.B., and O’Byrne, V.A., "Predistortion linearization of directly modulated
DFB lasers and external modulators for AM video transmission,” Optical Fiber
Conference, pp. 79, 1990

Darcie, T.E. and Bodeep, G.E., "Lightwave Subcarrier CATV Transmission
Systems," IEEE MTT, vol. 38, no. 5, pp. 524-533, 1990

Bertelsmeier, M. and Zschunke, W., '"Linearization of Broadband Optical
Transmission Systems by Adaptive Predistortion," Frequenz, pp. 206-212, 1984

Darcie, T.E., Lipson, J.,, Roxlo, C.B., McGrath, C.J., "Fiber Optic Device
Technology for Broadband Analog Video Systems," IEEE LCS Magazine, pp.
46-52, 1990

Little, F., Pidgeon, R., and Thompson, L, "Performance of AM Multi-Channel Fiber
Optic Links," 1989 NCTA Technical Papers, pp. 1-11, 1989

Rand, H., and Weeks, W., "The AM Fiber Optic Trunk System and Its Key
Componen.»," 1989 NCTA Technical Papers, 1989

Daly, 1.C., "Fiber Optic Intermodulation Distortion," IEEE Trans. Comm., vol.30,
no. &, pp. 1954-1958, 1982

Arnold, B., "Third Order Intermodulation Products in a CATV System," [EEE
Trans. Cable Tele., vol. 2, no. 2, pp. 67-80, 1977



[12]

~[13]

[14]

[15]

[16]"
- lightwave transmission," Electron. Lett., vol. 27, no. 14, pp. 1260-1262, 1991

[17]

[18]

89

Shanmugan, K. and Breipohl, A.M., Random Signals: Detection, Estimation and
Data Analysis, John Wiley & Sons, Inc., pp. 91, 1988

Wozencraft and Jacobs, Principles of Communication Engineering, McGraw-Hill
Book Company, pp. 205-206, 1966 '

Kandola, G., Analysis and Simulation of an Adaptive Predistorter, M.A.Sc Thesis,
School of Engineering Science, SFU, 1991

Saleh, A.A.M.; "Fundamental limit on number of channels in SCM lightwave
CATYV system," Electron. Lett., vol. 25, no. 12, pp 776-777, 1989

Alameh, K. and Minasian, R.A., "Ultimate limits of ‘subcarrier multiplexed

Frigo, N.J. and Bodeep, G.E., "Clipping Distortion in AM-VSB CATV Subcarrier
Multiplexed Lightwave Systems," IEEE Photon. Technol. Lett., vol. 4, no. 7, pp.

| 781-784,1992

Shi, Q., Burroughs, R.S., and Lewis, D., "An Alternative Model for Laser
Clipping-Induced Nonlinear Distortion for Analog Lightwave CATV Systems,"

- IEEE Photon. Technol. Lett., vol. 4, no. 7, pp. 784-787, 1992

[19]

[20]
[21]
[22]

,Chung, C.J. and Jacobs, 1., "Practical TV Channel Capacity of Lightwave

Multichannel AM SCM Systems Limited by the Threshold Nonlinearity of Laser

7 Diodes," IEEE Photon. Technol. Lett., vol 4, no. 3, pp. 289-292, 1992

Photon Systems Corp., 7775 Lougheed Hwy, Burnaby, British Columbia, Canada
MicroSim Corporation, 20 Fairbanks, Irvine, California 92718, 1989
EEsof, Inc., 5795 Lindero Canyon Road, Westlake Village, California 91362, 1989



90

APPENDIX A - Schematic Diagram of Predistorter
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