
TITLE OF THE INVENTION IN-LINE DISTORTION CANCELLATION CIRCUITS FOR
LINEARIZATION OF  ELECTRONIC AND OPTICAL SIGNALS WITH PHASE AND FREQUENCY
ADJUSTMENT REFERENCE TO RELATED APPLICATIONS This application is related to
U.S. Patent Application Serial No. 11/262,077 filed  October 27, 2005 and
U.S. Application No. 11/148,022 filed June 9, 2005.  BACKGROUND OF THE
INVENTION 1. Field of the Invention The invention relates to optical
transmitters and receivers, and in particular to  electronic circuits that
generates a nonlinear signal with adjustable phase and frequency  dependence
that can be used to cancel the distortion of electronic or electro-optical
devices, such as semiconductor lasers or photodiodes, when connected either
at the input  or at the output of the device that needs to be linearized. 1
2. Description of the Related Art Analog electro-optical devices such as
lasers and photodiodes used in CATV and  FTTH systems require a high degree
of linearity. Pre-distortion and post-distortion  circuits are commonly
employed to correct the nonlinear behavior of opto-electronic and  electronic
devices by adding a nonlinear signal that cancels the undesired distortion
introduced by the non-linear laser or photodiode. In order to achieve good
cancellation,  the added distortion needs to match in phase, magnitude and
frequency content that is  



introduced by the nonlinear device. Among pre-distortion and post-distortion
techniques,  in-line circuits, such as those described in Pat. No. 5,798,854,
generally provide sufficient  degree of linearization at a low cost. However,
while pre- and post-distortion circuits  described in the prior art are able
to achieve sufficient degree of pre-distortion for some  applications, they
do not provide enough flexibility to create different frequency and  phase
characteristics. For example, RF amplifiers operated with low supply voltage
for  lower power dissipation require a large amount of distortion Some
distortion circuits disclosed in Pat. No. 5,798,854 can introduce high RF
loss in the transmission path and create undesired reflections when large
amounts of  distortion need to be generated. There are requirements that will
enable large distortion  with low loss and low reflection that are not
satisfied by the prior art design. Moreover,  some distortion circuits, such
as those disclosed in Pat. No. 5,798,854 that are designed to  correct second
order distortion also produce undesired third order distortion, and such
designs do not allow tuning of both second and third order distortion
simultaneously. 2 SUMMARY OF THE INVENTION  1. Objects of the Invention It is
an object of the present invention to provide a distortion cancellation
circuit  for use in non-linear opto-electronic device such as lasers and
photodiodes used in fiber  optical systems. It is an object of the present
invention to provide circuits that allow simultaneous  tuning of the phase
and frequency response of the second order distortion. 



It is also another aspect of the present invention to provide a circuit that
generates  high amounts of distortion with low insertion loss and good return
loss. It is also another aspect of the present invention to provide a circuit
that allows  tuning of both second and third order distortion simultaneously.
2. Features of the Invention Briefly, and in general terms, the present
invention provides an optical receiver  having a photodetector coupled to an
external optical fiber for receiving an optical  communications signal and
converting it into an electrical signal; an RF amplifier  coupled to the
electrical output of the photodetector and generating an output signal with
distortion; a post-distortion circuit connected to the output of the RF
amplifier for  canceling the distortion in the output signal produced by the
RF amplifier, propagation in  the optical fiber, the photodiode or the laser
transmitter, including a Schottky or varactor 3 diode with the bias of the
diode adjusted to control the magnitude, phase and frequency  content of the
distortion cancellation. In another aspect, the present invention provides an
optical transmitter for  transmitting an optical signal over a fiber optic
link to a remote receiver including a laser  coupled to an external optical
fiber for transmitting an optical communications signal; a  pre-distortion
circuit connected to the input of the laser for canceling the distortion in
the  optical signal at the remote receiver produced by the laser, including a
Schottky or  varactor diode with the bias of said diode of the magnitude,
phase and frequency content  of the distortion cancellation. 



In another aspect, the present invention provides an in-line pre-distortion
circuit  for generating frequency dependent pre-distortion having a sign
opposite to distortion  produced by a nonlinear device and having
substantially the same magnitude as the  distortion produced by the nonlinear
device including an input for receiving an RF signal  for the nonlinear
device; a nonlinear element in-line with the input for generating pre-
distortion; and a bias input to control the real and imaginary part of the
pre-distortion  produced by the nonlinear element. Additional objects,
advantages, and novel features of the present invention will  become apparent
to those skilled in the art from this disclosure, including the following
detailed description as well as by practice of the invention. While the
invention is  described below with reference to preferred embodiments, it
should be understood that  the invention is not limited thereto. Those of
ordinary skill in the art having access to the  teachings herein will
recognize additional applications, modifications and embodiments 4 in other
fields, which are within the scope of the invention as disclosed and claimed
herein with respect to which the invention could be of utility. BRIEF
DESCRIPTION OF THE DRAWINGS These and other features of the present invention
will be better understood and  more fully appreciated by reference to the
following detailed description when  considered in conjunction with the
accompanying drawings, wherein: FIGURE 1(a) is a pre-distortion circuit with
ideal Shottky diode according to the  prior art, and FIG. 1(b) is a graph of
the real and imaginary components of second order  



distortion (CSO) associated with such circuit; FIGURE 2(a) is a
pre-distortion circuit with ideal Shottky diode and reactive  elements
according to the prior art, and FIG. 2(b) is a graph of the real and
imaginary  components of second order distortion (CSO) associated with such
circuit; FIGURE 3(a) is a pre-distortion circuit with ideal Shottky diode and
reactive  elements according to the prior art, and FIG. 3(b) is a graph of
the real and imaginary  components of second order distortion (CSO)
associated with such circuit; FIGURE 4(a) is a pre-distortion circuit with
ideal varactor according to the prior  art and 4(b) is a graph of the real
and imaginary components of second order distortion  (CSO) associated with
such circuit; 5 FIGURE 5 is a distortion circuit in accordance with a first
embodiment of the  present invention; FIGURES 6a and 6b are typical real and
imaginary second order distortion (CSO)  respectively generated by the
circuit in Figure 5 as a function of frequency. FIGURE 7 is a schematic
diagram of a distortion circuit in accordance with a  second embodiment the
present invention with a reverse-biased Schottky diode.  FIGURE 8 is a graph
depicting the real and imaginary distortion generated by the  circuit in
Figure 7. FIGURE 9 is a distortion circuit according to the new art.
Inductors Ll and L2 are  used to tune the real part of the distortion. FIGURE
10 is typical real CSO & CTB generated by the circuit in Figure 3 as a  



function of some bias voltage. FIGURE 11 is typical imaginary CSO & CTB
generated by the circuit in Figure 4  as a function of some bias voltage.
FIGURE 12 is a distortion circuit according to the new art with a Schottky
diode  to produce mainly real distortion and a PIN diode to attenuate the
distortion. FIGURE 13 is a distortion circuit according to the new art with a
varactor diode  to produce mainly imaginary distortion and a quasi-linear
varactor diode to attenuate the  distortion. FIGURE 14 is a distortion
circuit according to the new art with a Schotty diode to  produce mainly real
distortion and a capacitor to affect the frequency dependence of the
distortion. 6 FIGURES 15(a) through (d) are typical application circuits
where the circuit  according to the present invention would be used. DETAILED
DESCRIPTION OF THE INVENTION The present invention is directed to a
distortion correction circuit that extends the  notion of distortion
correction as set forth in US Patent No. 5,798,854. The above noted  patent
discloses an in-line predistortion circuit for reducing distortion in the
transmission  of analog signals. The distortion so generated by such a
circuit, or predistortion, is fixed  for a given circuit to be substantially
equal in magnitude and opposite in sign to the  second or higher order
intermodulation product distortion inherent in a nonlinear  modulation device
such as a laser diode to which the signal is applied. The real  



component of the predistortion signal is produced by a first device such as
an amplifier,  and is selected in amplitude to match the amplitude of the
distortion by the nonlinear  device. The imaginary component of the
predistortion signal is selected through  introduction of a distortion signal
out phase with the real component of the predistortion  signal on the in-line
electrical path. The real and imaginary components are combined to  produce a
single modulation signal including inter-modulation product distortion for
application to the nonlinear device. The in-line predistortion circuit
linearizes the  transmission of modulating signals by cancelling distortion
inherent in nonlinear  transmitting devices. The distortion in the signal
generated by a nonlinear device can be represented as  a complex quantity
with amplitude and phase. Using conventional phasor notation, the 7
distortion at some frequency co can be expressed as Ae' ' , where A is the
amplitude  and CV is the phase of the signal. Equivalently, one can separate
the distortion into two  components, A cos((D), which is represented by the
real part, and A sin((D), which is  represented by the imaginary part.
Amplitude and phase can be uniquely derived from  real and imaginary part, so
both notations are equivalent. For the distortion circuits that  are going to
be described hereunder, it is more convenient to express distortion in terms
of real and imaginary part, since some of the circuits create mainly real
distortion, while  others create mainly imaginary distortion. In general, the
pre- or post-distortion circuits  must be able to generate both components,
that is both real and imaginary distortion, in  order to equalize the
nonlinearity of the device. To do so several distortion circuits might  



be needed and cascaded so as to produce different types of distortion. A
typical pre-distortion circuit according to previous art is displayed in Fig.
1,  where the nonlinearity is produced by an ideal forward-biased Schottky
diode illustrated  in Fig. 1(a). As shown in Fig. 1(b), the second order
distortion (CSO) of such a device is  plotted by an ideal diode is real and
independent of frequency. If one needs to produce imaginary distortion, one
can add some reactive elements  such as a capacitor as shown in Fig. 2 and 3.
The strength of the imaginary part depends  on the bias point and the value
of the capacitance, and can become comparable to the real  part at CATV
frequencies (<550 MHz). These reactive elements could also be parasitics
intrinsic to a non-ideal diode. Another way to produce imaginary distortion
according to  previous art is displayed in Fig. 4, where the nonlinear
element is a reverse-biased  varactor. Many other combinations using various
reactive components are also possible. 8 These circuits were disclosed as
pre-distortion circuits in the previous art, but can also be  used as
post-distortion circuits. The previous art represented by circuits shown in
Fig. I to 3 lacks flexibility. The  distortion phase as a function of
frequency depends on the value of the capacitors, which  according to the
prior art is fixed. The first aspect of the present invention consists of
using one or more varactors as  variable capacitors to adjust the phase and
frequency content of the distortion. Varactors  should be selected such that
their response is as linear as possible, as described below. FIG. 5, for
example, shows a distortion circuit for correcting the distortion from  



an external nonlinear circuit element. The distortion signal corrects the
distortion by  generating a frequency dependent signal having a sign opposite
to the distortion signal  produced by the nonlinear circuit and substantially
the same magnitude. FIG. 5 has an input signal IN. A first nonlinear device D
1 is coupled to the input  signal IN for generating a first signal at a
cathode of the nonlinear device Dl and has a  first bias level at the
cathode. A second nonlinear device D2 is different from the first nonlinear
device DI and  is coupled to the first nonlinear device D1 to modify the
first signal and produce an  output second signal OUTPUT. The second
nonlinear device D2 has a second bias level  at a cathode of the second
nonlinear device D2. A bias control means DIBIAS, D2BIAS  is provided for
adjusting said first and said second bias levels so that the magnitude,
phase and frequency of the output second signal can be adjusted. Within the
circuit of FIG. 5, Cl, C2 and C3 are DC blocking capacitors. R2, R3  and R4
are biasing resistors. 9 The amount of second order distortion generated by
the Schottky diode Dl is  controlled by a voltage DIBIAS. The phase and
frequency response is controlled by  D2BIAS, where D2 behaves as a variable
capacitor. Other possible embodiments would  include a varactor acting as a
variable capacitor in parallel with Rl, either in addition or  without D2,
and reversing diode DI to produce the opposite sign of distortion. Other
reactive or resistive components can be added to introduce phase and
frequency shifts.  The circuits are shown with the diodes in a shunt
configuration with the RF path.  



Alternatively, the diodes could we configured in series with the RF path. In
the circuit in Figure 5, either the input or output (IN or OUT, respectively)
are  connected to the device that needs to be linearize, depending on whether
the circuit is  used as a post-distortion or pre-distortion circuit. In an
exemplary application, the input  would be connected to an optical receiver
as a post-distortion circuit. In another  exemplary application, the output
would be connected to a semiconductor laser as a pre- distortion circuit.
Alternatively, this could be part of a cascade of several pre- or post-
distortion circuits, where either the input or the output is connected to the
next distortion  stage. In general, the distortion circuit of FIG. 5 may be
used for correcting the  distortion from a nonlinear circuit element by
generating a frequency dependent signal  having a sign opposite to the
distortion signal produced by the nonlinear circuit and  substantially the
same magnitude. An input (IN) is provided for receiving an RF signal  from
the non-linear circuit element. A Schottky diode D1 is provided with an anode
connected to ground and a cathode coupled between an input and an output of
the  distortion circuit of FIG. 5. A first bias control input (DBIAS IN)
connected to the 10 cathode of the Schottky diode Dl is provided that
controls a second order distortion of  the distortion circuit. A varactor D2
is provided with an anode connected to ground and a  blocking capacitor
connecting a cathode of the reverse biased varactor to the cathode of  the
Schottky diode D1. A second bias control input (D2BIAS IN) connected to a
cathode  of the varactor D2 is provided that controls a phase and frequency
response of the  



distortion circuit. The output may be connected to a signal processing device
for  transmitting the input RF signal plus the distortion generated by
distortion circuit to the  signal processing device. Depending on the degree
of linearization required by a particular application, and  on the degree of
repeatability of the nonlinear device, the distortion settings could be
fixed, tuned for each batch of parts, tuned at manufacturing for each
individual part, or  tuned in real time as a function of some measured
parameter in a feed-back loop. Figure 6 depicts the real (left plot) and
imaginary (right plot) parts of the second  order distortion generated by the
circuit in Figure 5 as a function of frequency. D1 BIAS  is fixed at a
voltage such that the distortion generated by D1 is largest. The various
curves correspond to different values of D2BIAS. The bold curves are for
highest voltage  at D2BIAS, such that the capacitance of D2 is very low, and
the distortion produced by  the circuit is mainly real. As one reduces the
voltage at D2BIAS, capacitance increases,  and the distortion at higher
frequencies becomes less real and more imaginary: By  controlling DI BIAS and
D2BIAS one can adjust both the real and imaginary distortion. Another way to
produce distortion that has strong frequency dependence is to use  a
reverse-biased Shottky diode, as depicted in Figure 7. The nonlinear
capacitance of the  diode produces distortion with the magnitude of the real
part increasing as the frequency  11 increases. Figure 8 shows the real and
imaginary part of the circuit in Figure 5 at a  reverse bias condition. The
circuit depicted in Fig. 4 is usually used when large amounts of imaginary  



distortion are needed. However, in order to create large distortion a large
capacitor in  series with the varactor is needed which results in poor return
loss and high insertion loss  at high frequencies. In addition, the real part
generated by this circuit might not be  desired. The second aspect of this
invention is aimed at providing design guidelines to  select the right
varactor so that large amounts of distortion are generated with low
insertion loss and good return loss. The nonlinear capacitance of a varactor
is usually modeled as M  C=CjQ I- V V. where V is the voltage applied across
the varactor. It can be shown that the amount of  distortion produced by the
varactor is inversely proportional to the ratio VIM. For the  application in
the previous section, one has to select a varactor with large V,/M ratio. For
the circuit in Figure 4 one has to select a part such as Skyworks SMV- 1247,
which has a  small Vj/M ratio. For some applications, like equalization of
distortion introduced by fiber  dispersion, a circuit producing mainly
imaginary distortion and linear with frequency is  needed. In that case, the
circuit in Figure 4 might not be optimum, since it introduces  some real
distortion and the amount of imaginary distortion saturates at high
frequencies.  In order to prevent this effect, one can add an inductor after
and/or before the pre- distortion circuit as shown in Figure 9. The value of
the inductors LI & L2 will need to 12 



be selected according to the series capacitor and the required frequency and
phase  response of the distortion. The final part of this invention deals
with the fact that circuits that generate  second order distortion also
generate third order distortion. As shown in Figure 10 and  11, the second
order and third order distortion generated by circuits in Figure 3 and 4
vary depending on the bias voltage. Around the bias voltage at which CSO is
the largest,  the residual CTB is the lowest. Often, the amount of CSO needs
to be tuned for each  particular circuit. If we tune it by varying the bias
voltage, undesired CTS could be  generated. One can adjust the amount of CSO
by changing the values of resistor and  capacitor in Figures 3 and 4,
respectively. This can be time consuming and not practical.  Another method
is to use a PIN diode or a quasi-linear varactor (see above for selecting a
quasi-linear varactor) as voltage controlled resistor and capacitor,
respectively. Since  depending on the bias voltage, the CTB generated by the
circuits in Figure 3 and 4 can be  either positive or negative, one could
simultaneously cancel CSO and CTB. Figure 12  and 13 contain exemplary
embodiments of the invention. Cl, C2 and C3 are DC blocking  capacitors and
R2, R3 and R4 are biasing resistors. Figure 12 is a circuit that produces
mainly real distortion. Dl is a Schottky diode that produces distortion as
depicted in  Figure 10 as voltage DIBIAS is varied, and D2 is a quasi-linear
PIN diode that acts as a  variable resistor to attenuate the amount of CSO
and CTB generated as D2BIAS is  varied. Figure 13 is a circuit that produces
mainly imaginary distortion. Dl is a varactor  diode that produces distortion
as depicted in Figure 11 as voltage DI BIAS is varied, and  D2 is a
quasi-linear varactor diode that acts as a variable capacitor to attenuate
the  



amount of CSO and CTB generated as D2BIAS is varied. Using both controls
DIBIAS 13 and D2BIAS, the amount of CSO and CTB can be independently
adjusted. Other reactive  and resistive components, as well as PIN diodes or
quasi-linear varactor diodes could be  added to these circuits, as previously
disclosed, to further adjust the phase and frequency  dependence of the
distortion. In addition, diodes could be used in series with the RF path
rather than in a shunt configuration. All circuits previously disclosed
produce second order distortion that is relatively  independent of the input
frequencies, and only dependent on the beat frequency. For  example,
distortion at 60 MHz generated by a pair of tones at 61.25 MHz and 121.25
MHz is the same as distortion generated at 60 MHz generated by a pair of
tones at 481.25  MHz and 541.25 MHz. However, some nonlinear devices produce
distortion that is  dependent on the input frequencies, and previously
disclosed distortion circuits might not  be able to compensate the composite
second order distortion. Fig. 14 discloses a new  circuit according to the
present invention that can produce distortion that is dependent on  the input
frequencies. By using a relatively large value of capacitor Cl, the circuit
can  generate distortion that is dependent on the input frequencies. Other
reactive components  could be added that would generate a similar effect.
Alternatively, active components  such as varactors acting as linear variable
capacitor could be used to enhance flexibility. Figure 15 are typical
application circuits where the distortion circuits disclosed in  this
invention could be used. Drawings (a) and (b) describe circuits for canceling
the  distortion of an RF amplifier, first as a pre-distortion circuit prior
to the amplifier, and  



second as a post-distortion circuit following the amplifier. Drawing (c)
shows a pre- distortion circuit used to linearize a laser, and drawing (d)
shows a post-distortion circuit  used to linearize an optical receiver. 14
WHAT IS CLAIMED IS 1. A distortion circuit for correcting the distortion from
a nonlinear circuit element  by generating a frequency dependent signal
having a sign opposite to the distortion signal  produced by the nonlinear
circuit and substantially the same magnitude comprising: an input signal; a
first nonlinear device coupled to said input signal for generating a first
signal  and having a first bias level; a second nonlinear device different
from same first nonlinear device and coupled  thereto for modifying said
first signal to produce an output second signal, said second  nonlinear
device having a second bias level; and bias control means for adjusting said
first and said second bias levels so that the  magnitude, phase and frequency
of the output second signal can be adjusted. 2. The circuit of claim I
wherein said first nonlinear element is a Schottky diode,  and said second
nonlinear element is a varactor diode. 3. The circuit of claim 1 wherein said
first and said second nonlinear element are  reversed-biased. 4. The circuit
of claim 1 wherein said first nonlinear element is forward-biased. 5. The
circuit of claim 1, wherein one of said nonlinear elements is forward biased



and the other nonlinear element is reversed biased. 15 6. The circuit of
claim 1, wherein said bias control means includes a reactive  component. 7.
The circuit of claim 1, wherein said bias control means includes a varactor
diode.  8. The circuit of claim 1, wherein said bias control means includes a
PIN diode  acting as a linear variable resistor. 9. The circuit of claim 1,
wherein said bias control means permits simultaneous  adjustment of second
and third order distortion. 10. A distortion circuit for correcting the
distortion from a nonlinear circuit element  by generating a frequency
dependent signal having a sign opposite to the distortion signal  produced by
the nonlinear circuit and substantially the same magnitude comprising: an
input for receiving an RF signal from the non-linear circuit element; a
Schottky diode with an anode connected to ground and a cathode coupled
between an input and an output of the distortion circuit; a first bias
control input connected to the cathode of the Schottky diode that  controls a
second order distortion of the distortion circuit; a varactor with an anode
connected to ground; a blocking capacitor connecting a cathode of the reverse
biased varactor to the  cathode of the Schottky diode; 16 a second bias
control input connected to a cathode of the varactor that controls a  



phase and frequency response of the distortion circuit; and the output
connected to a signal processing device for transmitting the input RF  signal
plus the distortion generated by the distortion circuit to the signal
processing  device. 11. An optical transmitter for transmitting an optical
signal over a fiber optic link to a  remote receiver comprising: including a
first nonlinear device coupled to an RF input for generating a first  signal
and having a first bias level; a second nonlinear device different from same
first nonlinear device and coupled  thereto for modifying said first signal
to produce an output second signal, said second  nonlinear device having a
second bias level; and bias control means for adjusting said first and said
second bias levels so that the  magnitude, phase and frequency of the input
signal to the laser can be adjusted. 12. The circuit of claim 11 wherein said
first nonlinear element is a Schottky diode,  and said second nonlinear
element is a varactor diode. 13. The circuit of claim 11 wherein said first
and said second nonlinear element are  reversed-biased. 14. The circuit of
claim 11 wherein said first nonlinear element is forward-biased.  17 15. The
circuit of claim 11, wherein one of said nonlinear elements is forward biased
and the other nonlinear element is reversed biased. 16. A transmitter as
defined in claim 12, wherein Schottky diode is forward biased  



and the varactor diode is reverse biased, and further comprising a capacitor
connected to  the cathodes of the Schottky diode and the varactor diode. 17.
An optical transmitter for transmitting an optical signal over a fiber optic
link to a  remote receiver comprising: a laser coupled to an external optical
fiber for transmitting an optical  communications signal; a pre-distortion
circuit connected to the input of the laser for canceling the  distortion in
the optical signal at the remote receiver produced by the laser, said circuit
including a reverse biased Schottky diode; and means for controlling the bias
of said diode of the pre-distortion circuit to adjust  the magnitude, phase
frequency content of the distortion cancellation. 18. The transmitter as
defined in claim 17, wherein said reversed bias on said diode is  selected so
as to produce distortion with the magnitude of the real part of such
distortion  increasing as the frequency increases. 19. An optical receiver
comprising: 18 a photodetector coupled to an external optical fiber for
receiving an optical  communications signal and converting it into an
electrical signal; an RF amplifier coupled to the electrical output of the
photodetector and  generating an output signal with distortion; a
post-distortion circuit connected to the output of the RF amplifier for
canceling  the distortion in the output signal produced by the RF amplifier,
said circuit including a  



Schottky and a varactor diode; and means for controlling the bias of said
diodes of the post-distortion circuit to adjust  the magnitude, phase and
frequency content of the distortion cancellation. 20. A distortion circuit
for correcting the distortion from a nonlinear circuit element  by generating
a frequency dependent signal having a sign opposite to the distortion signal
produced by the nonlinear circuit and substantially the same magnitude
comprising: an input signal; a nonlinear device coupled to said input signal
for generating a first signal having  a bias level; a reactive circuit
element coupled thereto for modifying said first signal to  produce an output
signal; and bias control means for adjusting said bias level to that the
magnitude, phase and  frequency of the output signal can be adjusted. 19 


