TI TLE OF THE I NVENTI ON | N- LI NE DI STORTI ON CANCELLATI ON Cl RCUI TS FOR

LI NEARI ZATI ON OF ELECTRONI C AND OPTI CAL SI GNALS W TH PHASE AND FREQUENCY
ADJUSTMENT REFERENCE TO RELATED APPLI CATI ONS This application is related to
U S. Patent Application Serial No. 11/262,077 filed GCctober 27, 2005 and
U S. Application No. 11/148,022 filed June 9, 2005. BACKGROUND OF THE

| NVENTION 1. Field of the | nvETLROF THE INWERITION rel ates 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

ot the | nph-LiBE TGN FANGREER TG0 AR SR L BRRZRHIORLF, T 1

2. Description of the Related Art Analo% el ectro-optical devices such as

| asers and pHAGHRGHES ANBORPHCAMTHGNY LSAYTTHH Sy dhd N REQUENGYgh degree
of linearity. Pre-distortion and post-distortion circuits are conmonly

enpl oyed to correct the nonlinear ATRJUBTMENIT opto-electronic and electronic
devi ces by adding a nonlinear signal that cancels the undesired distortion

i ntroduced by the non-linear |aser or photodiode. In order to achi eve good
cancel l ation, the added distortion needs to match in phase, nagnitude and
frequency content that is

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.



i ntroduced by the nonlinear device. Arong pre-distortion and post-distortion
techniques, 1in-line circuits, such as those described in Pat. No. 5,798, 854,
generally provide sufficient degree of linearization at a | ow cost. However,
whil e 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 exanple, RF anplifiers operated with | ow supply voltage

for 1owe [ 0] S8] } quire a |l arge anmount of distortion Sone
distortio%‘@?%%lP?gggygc‘%gé%gﬁn Pat. No. 5,798,854 can introduce high RF

|l oss in the transm ssi on pat nd create undesired ref]ections n |.arge
amounts of  di QUBIAE P TReCEl ey eog Sp a5 35S m@@t%@eﬁgmﬂm&%ﬁsﬂnéhat wi l |

enable large distortion wth lowloss and |ow reflection that are not
sat i sf i edFBYH $ysteprsiroquirera high degme ofbnessisr Pre-digiagiogi antd ost-distodioncui t s, such
as those disclosed in Pat. No. 5,798,854 that are designed to correct second

order di stieéditstie adbraMoplynpsleyddid esireetdhé horlthear stdavidt 6f eptdbietottroaizdnduch
designs do not allow tuning of both second and third order distortion

si mul tane%?i!r%ﬁﬁg %eﬁbﬂ;\é\ﬂé%\@dﬁf al bV ENI AP Mat LancBRItREhdeRired Hﬁ@to\étgl?ﬂle ntion It is

an object o present 1nvention to provide a distortion can ation
circuit for use. jin.non-linear opto;electronic.device such as | rs and
phot odi odllragugs by ihe mgpslinegtases by Phciodisde "I qrdpCioachisks gt noffboR: asent
invention to provide circuits that allow sinultanequs tuning of the phase
and fr equiiscadded distortien pgeds fumaieh an ghascg@agiuge gpd ifigguency 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.



It is also another aspect of the present invention to provide a circuit that
generates high anounts of distortion with [owinsertion |loss and good return
l oss. It is also another aspect of the present invention to provide a circuit
that allows tuning of both second and third order distortion sinultaneously.
2. Features of the Invention Briefly, and in general terns, the present

i nvention provides an optical receiver having a photodetector coupled to an
external optical fiber for receiving an optical comunications signal and
converting it into an el ect gIBAMARYOH THRNMNSENMRINTI er coupled to the

el ectrical output of the photodetector and generating an output signal with
distortion; a post-distortion circuit connected to the output of the RF
anplifier for canceling the distortion in the output signal produced by the
RF anplifier, ropaqﬁlion in, the optical fiber, the photodi ode or the |aser
transmittér, i&QQQﬁ ghenyepden ky or varactor 3 diode with the bias of the

di ode adjusted to control the magnitude, phase and frequency content of the
distortion cancellation. In another aspect, the present invention provides an
optical transmtter for transmtting an optical signal over a fiber optic
link to a renoitgs he6bjevest thé predelitigventibRseprovide unligtortion canceutiat sigduitopt i cal
fiber for transmtting an optical comrunications signal; a pre-distortion
circuit P?&Qﬁgﬁfﬁox{-ﬂnéa?%ﬁioﬂéie&r&ﬁc idi5cd SR s fa0% s%ﬁ&‘ﬁ@&tb&%dé{\fse&'h?ﬁ%“ on in
the optical signal at the renote receiver proJuced y the laser, including a
Schottky or,. varactor diode with the bias of said diode of the magnitude,
phase andoP?%%EE%@Vicontent of the distortion cancellation

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 retum 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



I n anot her 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 nmagnitude as the distortion produced by the nonlinear
device including an input for receiving an RF signal for the nonlinear

devi ce; adiode withehé bk efrthietdiode-ddjuzeedb tcbntrblethé maghitdde! plgee endfreqgnpy e-
distortion; and a bias input to control the real and imginary part of the

pre'diStQ&hﬁ&ﬁgfﬁkﬂﬂﬁ%ﬁﬁnQ¥n&ﬂﬁﬁ nl i near el ement. Additional objects,
an

advant ages, novel teatures of the present invention will beconme apparent
to those skilled in the a fromthis disclosure, including.the follow ng
detal led descr THEIcBr Apeah e BESY yBnfioy BovR: i abfial HRPIHE R e e
invention is described belowwith reference to preferred enbodi nents, it
shoul d betrapsaEtingsePptinasignghever afeher patic lisk too remote reseiveriaelading aflpssse of
ordinary skill in the art having access to the teachings herein wll

recogni z ecompttdt to anaix teag loptiedl fibasfor tadsrhitting aroopsicahcbmantutidations sgndl; an ot her
fields, which are within the scope of the invention as disclosed and cl ai ned

herei n Wi 48_dif5RRM cifcBit WhfclteS tHeMBPM dfARe 1S for Ec8lingthé HistortioBRl thE _
DESCRI PTI'ON OF THE DRAW NGS These and ot her features of the present invention

Wil be betder gl Staatoniideo IR Eduibh by ARALEST ARG SREREPHCE 1O Lhe

fol | ow ng-de d “description n cons _ in-confunctrom wth the
Geal " SnoERy oL e Hab s Ben b 1A thge opteatasade Fhisama TeabBY €niehhr aph of
the real and i magi nary conponents of second order
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 lirnited thereto. Those of ordinary skill in the art having access to the

teachings herein will recognize additional applications, modifications and embodiments



di stortion (CSO associated with such circuit; FIGURE 2(a) is a
pre-distortion circuit with ideal Shottky di ode and reactive el ement s
according to the prior art, and FIG 2(b) is a graph of the real and

i magi nary conponents of second order distortion (CSO associated with such
circuit; FIGURE 3(a) is a pre-distortion circuit with ideal Shottky diode and
reactive iredtReéridlds, adich dt pdthimthezeoper dfakie mventicanad ddclosed ahd clafinel gr aph of
the real and imagi nary conponents of second order distortion (CSO

associ at eﬂer\éfnt\blﬁ%ﬂe&'tcfﬁfﬂlchthﬂngeﬁﬁ)rﬂt(o%)dbesoﬁnﬂft% distortion circuit with
i deal varactor according to the prior art and 4(b) is a graph of the real

and i magi nary conponents of second order distortion (CSO associated with
such circuit; 5 FIGURE 5 is a distortion circuit in accordance with a first
enbodi nent of the present invention; FIGJRES 6a and 6b are typical real and
i mgi nary second order distortion (CSO respectively generated by the
circuit in Figure 5 as a function of frequency. FIGURE 7 is a schematic

di agram of a di storti on BRIEFUDESCRIFEAJON OHAGEE DRAWINGSecond enbodi nent t he
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.

pchters L gty 8L BB G apbaot b Lot phahy on. I A
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

(CSO0) associated with such circuit;



function of some bias voltage. FIGURE 11 is typical imaginary CSO & CTB
generated by the circuit in Figure 4 as a function of sonme 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
varact or di odeFIGUREriddckstomion IcirchirBgidtardanck with & tirqknibodirder vaithe- | | near
varactor diode to attenuate the distortion. FIGURE 14 is a distortion
circuit aﬁﬁ@é lif\Enti@n,t he new art with a Schotty diode to produce mainly real
distortio a capacitor to affect the frequency dependence of the

di stortion. 15 t hr ou ical ication c its
where the ci rc k&jﬁgg raé?rqa af%tfoG%l %PL?@?“%%%?&%%P%ST gr‘)’glcﬁlsg’ré%jDETAI LED
DESCRI PTI ON OF THE | NVENTI ON The present invention is directed to a

di st or t i oFFSBeAtivEltgeapratadhy the cirenit indligurs dsasarfunctiontaf sieqBencyli st or t i on
correction as set forth in US Patent No. 5,798,854. The above noted patent

di scl oses an i RIGURE 7is edickdmatic diagrainrafiai distbmionrcarduic imagcdidahar witlha i n t he
transm ssion of analog signals. The distortion so generated by such a

circuit, gcoRdembsdificht B8 présentlihvéffionwaith ArdtMebidsed Seditkl@ikR. subst antial |y
equal in magnitude and opposite in sign to the second or higher order

[t er modul at ! opGEREYCH s B0l Ale ADRGFRIq heRaRPRLORRR cenlalaghen devi ce

such as a laser dro S|gna I's'a

circuit in Figure 7.

FIGURE 9 is a distortion circuit according to the new art. Inductors L1 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.



conponent of the predistortion signal is produced by a first device such as
an anplifier, and is selected in anplitude to match the anplitude of the
distortion by the nonlinear device. The imagi nary conponent of the

predi stortion signal is selected through introduction of a distortion signal
out phase with the real conponent of the predistortion signal on the in-line
el ectrical pat RIGURESriga) throahgh f@d)gire sypycat appicatot drauite whendthaededip produce a
si ngl e nodul ati on signal including inter-nodul ation product distortion for

appl i cati gecokding REthEPRedeREiRverdRYIvidild B8 @sddn- | i ne predi stortion circuit
| i neari zes the "transm ssion of nodul ating signals by cancelling distortion

i nherent in nonlinear transmtting devices. The distortion in the signal
generated by a nonlinear device can be represented as a conplex quantity

wi th anplitude and phase. Using conventional phasor notation, the 7
distortion at sone frequency co can be expressed as Ae' ' , where Ais the
anplitude and CV is the phase of the signal. Equivalently, one can separate
the distortion into twDEIMbERIESCRIXTION OBHTHRANYENTEONepr esent ed by t he
real part, and A sin((D), which is represented by the imginary part.

Anpl i tude and phapeesemrinbéntioniisldRedtediRrd diewrtionotorrectan ciandt thavgitéimisthpart, so
both notations are equivalent. For the distortion circuits that are going to

be descri hech DNef SUBHAR cdrfectin A0S f&%@b%&nﬁ RoC3 08854 ITRE Abbietibéd t er ms

of real and I maginary part, since sone the circuits create mainly rea

di i il h minly . ' i ion. .| ] |, th
Ot or OBl e S R RS Bk PR SRs SRbR b B 2
that_ is both real. ar]d i magi nary distortion, i n order to equalize the
nonl i near Pf §nakeg sigmalsieThe distortion o gencsatodbwpud aemruit snpedistontion 1hfiyed

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



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

i ndependegisigtioh hEGMREYquehdy BREn BEBLReds0d BE QU | HRAL NGE YhelispiRh4d ON, one
can add sone reactive elenents such as a capacitor as shown in Fig. 2 and 3.
e

The strength of the inmaginary part. nds on the bias_ point and the val ue
of the ool i sbomhasnar i veel Sinvelshihoas o8 FirEite Sforigh 04w CaTy
frequencies (<550 MHz). These reactive elenents could also be parasitics

i ntrinsi ccompanents;-4 aetD) dviodeis répresdnéed hyathe real par.cinded siné®) ,nehigh éi st orti on
according to previous art is displayed in Fig. 4, where the nonlinear

el enent i I ']ﬁ%%ia of: I i inNg various
reactive ie rr%%ﬁ{eégtb?qg‘?ie 55y Egﬂé’m ?%mdwgﬁgghgﬁﬁgﬁﬁ?%ﬁ%gsed as
pre-distortion,circuits in th revious art, byt_c | so.be . use S

oot - d st B Al tspctey part somety g ord are i el RGP Asihich wetii Bl hown i
Fig. | to 3 lacks flexibility. The distortion phase as a function of

f r equency atfegsanglty kerdaserebeddierpander, ithemergrpnvenen to grpress digeriondn fgmso t he
prior art is fixed. The first aspect of the present invention consists of
usi ng oneobrealamdinvginacy pars, sacce svae b tlecicaipaaieito nminly reed dissdrtiohevlilease and
frequency content of the distortion. Varactors should be sel ected such that

their respaREcrbitc afhidly MBasindS RRASHLR! 18 geAsral @8tk PebREHRWItidH Sreufts fOr
exanpl e, shows a distortion circuit for correcting the distortion from

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.



an external nonlinear circuit elenment. 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 sane magnitude. FIG 5 has an input signal IN. A first nonlinear device D
1 is coupled to the input signal INfor generating a first signal at a

cat hode ofTHekecirmmith weendisdesedae pi-diatodtidiasircaits fri thstprdyias arie bel caataldotbe

cat hode. A second nonlinear device D2 is different fromthe first nonlinear
devi ce Dl @éflas post-gRisptiglcit@itthe first nonlinear device D1 to nodify the
first signal and produce an output second signal OUTPUT. The second

nonl i near devi L as: C he- nd
nonl i near devi glgleB%‘H%Ebﬁ?ta%s%gﬂﬁ?og?}aﬁégﬁé(Eif)?“é[?klsﬁngE{]%%%k?@e%pgl\ﬁ'?% for
adjusting said fiyst and. said cond bias levels so t t he pagni t ude,
phase and H¥YUHORREISCHF ATHRFUGRO) HFETUenCH AGPdy AR e ueogfatﬁafmap%r.%, R ¢ he
circuit of FIG 5, d, C2 and C3 are DC bl ocking capacitors. R2, R3 and R4
are bi asi ngeardmigde Brepriop athefizgdount of second order distortion generated by
the Schottky diode DI is controlled by a voltage D BIAS. The phase and

frequency respdamhedirstaspennof tielppgemtinydatich Abnsish of esit@oledranes vasactoryay | abl e
capacitor. Qther possible enbodi nents would include a varactor acting as a

vari abl e Qﬁﬂﬂﬁiﬁ%ﬁggit%ﬁsﬁ@ﬁéﬁhh%e PhdsB ﬁﬂgetg%e??fﬁoﬂt&t%(?‘é{etdigﬁnﬂfn. Wikdchput D2,

and reversing di t o ‘produce the op e sign of distortion. Oher
R S SRR e T
configuration V}\?jIE}hS,tfgS exFéfnp gts ows 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 D1 is coupled to the input
signal IN for generating a first signal at a cathode of the nonlinear device D1 and has a
first bias level at the cathode.

A second nonlinear device D2 is different from the first nonlinear device D1 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 D1BIAS, D2BIAS
1s 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, C1, C2 and C3 are DC blocking capacitors. R2, R3

and R4 are biasing resistors.



Al'ternatively, the diodes could we configured in series wwth the RF path. In
the circuit in Figure 5 either the input or output (IN or QUT, respectively)
are connected to the device that needs to be linearize, depending on whether
the circuit is wused as a post-distortion or pre-distortion circuit. In an
exenpl ary application, the input would be connected to an optical receiver
as a post - di st @heiaouai efcsecdnd drderadistottion geroretedbartiye Seipittkg aioderi)1 tshe out put
woul d be connected to a senmi conductor |laser as a pre- distortion circuit.

Al ter nat i vghtyollddys voiabé DIBIRS! Thedfhade SRPREARNE re8FNRE N cdu@ile@by POST -
distortion circuits, where either the input or the output is connected to the

next di St gyid;qQ wﬁér%?ﬁzebéfg.ygste%ﬁa{%ab#e:%gﬁ]ﬁgit%}.%f]ﬁa%%basgihfecéfﬁﬁod?xkg ik Goufy MRY De

used for correcting Ion a non clrcul enent by
generatin requency dependent signal. having a si opposite,.to the

O et ort1 ot o asEBh oy VRO ChRRFirah PerfeL b B TEE Lt e y ¢ he
same magnitude. An input (IN) is provided for receiving an RF signal from

t he non- | iwithent B2randirevessingdide DA tegimerduck hedippgeitasign of distovtiiae @thért h an anode

connected to ground and a cat hode coupl ed between an i nput and an out put of

the di st e¢dctio®ociesistive codfipdnefis cbn bdaddedsd iitodace piivse ahd froguincy BIBRAS | N)
connected to the 10 cathode of the Schottky diode DI is provided that

controls qg%\%ﬁ?ﬂ% £26 SRSwitlvith od &i@&hdv.% a shitf c%ﬁ%\%éﬁénp&itﬁ HhCRE gath'.“ varactor D2

is provide an anode connected to groun a blocking capacitor
Senot ¢ ky N BaERTS: feDodEouNE 2BREHER T rorBe FBhe R A Connected to a
Ca o O g KL Fiulss P S o SO 8l P S s ueney
response of théd gure 5, np put ( , Tesp y)

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 1s 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



distortion circuit. The output may be connected to a signal processing device
for transmtting 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, tucatofosf thasthditydiodefD pbarprevidédithetcamtrotseansetand ondendisfootioreal h

i ndi vidual part, or tuned in real time as a function of sonme neasured

par anet er thddiftoftRAiRHE K Al vaeRtorHDIRoAIPRItR b ahbR doBatctéd &f gromdind and
i magi nary (right plot) parts of the second order distortion generated by the

circuit in;FLgur . f i f . I a

vol tage s SKRsFriE ofholifld Otudte JRARERHSY pipli iR otnd LA 2
curves correspond to .different | ues of  D2BI The bold curves are, for

i Ghest vols Spakuoge Blad Srd Bah Eontrol 2B B et 6 S eihitm  and
the distortion produced by the circuit is mainly real. As one reduces the
vol t age apf theBrrstor E0a pravadesiehatrontrels ephaseaand frémpentysiespanisenf tee hi gher
frequenci es beconmes less real and nore imaginary: By controlling D BIAS and
D2BI AS ondiseatiomdirgistt Thetdutgud enalydz coansttddre @i sidiay picedsiigtdedite fénot her way to
produce distortion that has strong frequency dependence is to use

rever se- bh@ﬁﬁﬁ‘inﬁ%‘e}m E'?fmngQanaﬁlilggﬁﬁicﬁt&@io%l %eférﬂt'éfl By fistrfi6n BREU e

a
. ; e
capaci tance of ode pro s distortion wth the magnitude t he real

part incr easilprg aegiihggg\yi%eequency 11 increases. Figure 8 shows the real and
|

i magi naryslﬁg? Cuit in Figure 5 at a reverse bias condition. The
circuit depicted in Fig. 4 js usuyally used when | arge anpunts, of i maginar
P Depending gn the cfegree o?ﬁnea%‘izatslon required by a %articular application, ang y

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. DIBIAS
1s 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 D1BIAS 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
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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
| oss and high insertion |oss at high frequencies. In addition, the real part
generated by this circuit mght not be desired. The second aspect of this
invention is aimed at providing design guidelines to select the right

varactor $réd3dd. Fiah@8 sREWdihk Sedfandl i 4&9%_@&“%@@&@&% j@@gdﬂa 5t how
insertion |loss and good return | oss. e nonlinear capacitance of a varactor

i s usuall . . CgQIl- VV. where Vis the voltage applied across
t he varac %&Bgﬁ%ﬁggﬁat%%Shomn that the anobunt of distortion produced by the

varactor is inyersely proportignal.to the rati.o VIM For the. application in
the previous sedfichfut 8?9% ﬁ‘i’g‘ }?15' i uspg! Y&%?i%ﬁ?f&%ﬁﬂ?%ﬁﬂ&é‘ﬂ%@ﬁ% atio. For
the circuit in Figure 4 one has to select a part such as Skyworks SW- 1247,
whi ch has distortiampre ngeded. Hetveser, Foerdsidaerentplargeadibtortion 4 fakge capaalor #ut i on of
distortion introduced by fiber dispersion, a circuit producing mainly

i magi nary sekicstwitli thevamotbr lis meedéd which résubtgirepeot retirn lveeatethigh insetiivn losgsse, the
circuit in Figure 4 m ght not be optinmum since it introduces sone rea

di stor ti ony e fehfeRIRUR adaftidnBRIrBA Y Geférafel b9 A RlrthiRhSHot B 9h

frequencies. ~ Inorder to prevent this effect, O0ne can add an inductor after
and/ or befr.e .t re-.distortion circuit . QwWn. Ji igure.9.. The val ue of
the in ductdSSflrsedL %Lgciggnc\lM aspiect noefléfa@ tl%vej}égn Isaifdaa gthprowdm% Afes%% guu%hnept%

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

v -M
C= Cjo(l ——J
Z

where ¥ 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 ratic /M. For the
application in the previous section, one has to select a varactor with large ¥;/M ratio. For
the circuit in Figure 4 one has to select a part such as Skyworks SMV-1247, which has a
small ¥;/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 L1 & 1.2 will need to
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be sel ected 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 depepélidlat@ack Bt 8he/ Qirfed d8pacbOMiithé RRuitE@ Srey@dric@@Rd ghasehi ch CSO i s
the largest, the residual CIBis the |owest. Oten, the anount of CSO needs

to be tungg %Jn%meg)%@%&%%i cular circuit. If we tune it by varying the bias

vol t age, undesire coul d be generated. One can adjust the anpbunt of CSO
by changi ng the, val yes of, resistor an capacitor in Figuyres 3 and 4,
respectively. ?gnijé’ﬁ“t?é thi HQCEB%E?#%E@% tjﬂﬁttd:‘?}rcér@’t‘itgg‘la? BEDEFASE her net hod
is to use a PIN diode or a quasi-linear varactor (see above for selecting a
quasi - | i neegpnd,endgrdistortiemsalsmgangtpse thanetardér dagtortioni 48 slrovamm Bigpeecliotand,
respectively. Since depending on the bias voltage, the CIB generated by the

circuits inthé giaosd Srdangshddthirdnrdeg distortibe geqedsted by eirouitsriaFagiry 8,andde coul d
si mul t aneously cancel CSO and CTB. Figure 12 and 13 contain exenpl ary

enbodi ”E“Tva'}?_g{%pédaﬁlg dVRBbIAS %h%e. Arduri¥le bidis YoRaddat WHIGKESO is %ﬂﬁ‘%i?&tor s and

R2, R3 and R4 are asing resistors. Figure 12 I's a circuit that oduces

Y AT, SRS B P AR 0 2,

PIN di ode that acts_as a variable resistor to attenuyate the anmpunt of CSO
and CTB gRHEFUsdrcay. Iy tage jtdy wagyipg the biasypltae, yndesied GIB goyldpgat  produces
mai nly imaginary distortion. DI is a varactor diode that produces distortion
as depi ct geherated=iQpercan adjusishe einpunteof ISBbAShdngingthe saluesipiresibRr and a
qgquasi -linear varactor diode that acts as a variable capacitor to attenuate
t he 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. C1, 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. D1 is a Schottky diode that produces distortion as depicted in

Figure 10 as voltage D1BIAS 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. D1 is a varactor

diode that produces distortion as depicted in Figure 11 as voltage D1BIAS 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 D1BIAS
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amount of CSO and CTB generated as D2BIAS is varied. Using both controls

DI BI AS 13 and D2BI AS, the anobunt of CSO and CTB can be independently
adjusted. Qther reactive and resistive conmponents, as well as PIN di odes or
quasi - | i near varactor diodes could be added to these circuits, as previously
di scl osed, to further adjust the phase and frequency dependence of the

di st orti ofnd DOBRAIS the amoust FAESD eedICT BN beesd dpendedtlly @djusied hOtHee rddktipat h
rather than in a shunt configuration. Al circuits previously disclosed

produce S%ﬁ?ﬁglsg{:é’@cfn;ﬁﬂdﬁhﬂr éf WAL APIN 819 dELdAhuaYiSlinear {RIGBEAHGE co‘iﬁ{ld phe input

frequenci es ependent on the beat requency For exanple

di stortion,at, .6 enerated b f nes at nd 121.25
o s o neadi e et Erdre Paﬁwaa%%?ﬁﬁﬁaeda? st i B e Mo SRR of
tones at 481.25 M1z and 541.25 Miz. wever, sonme nonlinear devices produce
di st or t i oferendencesf theepataion: Ingadlditpa, ﬂw&e& cqulé he usrdi e seriesvty the RB pathy

di scl osed distortion circuits mght not be able to conpensate the conposite
second or cthierdhast inratshont cohfiguratidn.di scl oses a new circuit according to the
present invention that can produce distortion that is dependent on the input

frequenci es. Buiusicils preiRusllyidiRlosed prddficy 3cdfd efdef aRBHibPthalls refalifelgi r Cui t
can generate distortion that is dependent on the input frequenC| es. O her

reactive ﬁa‘&%&ﬁ%&{&th&%@bf’ﬂ?@nfﬂg?%& %ﬁfgx dé@ar fer glﬁ'g{eaéeﬁt ﬁeqﬁJeHl: el fect.

Al ternative Ive C t1ng as 1'inear variable

capaci tor could he used hance Xi bili r are pjcal
appl i cat | GHRRRIE ?P@%%@Nﬁﬂ%gﬂ}eﬁ Y BRAEP H‘{ﬂe at &ﬁﬁi’e dil% jt'(hl s
i nvention could be used. Draw ngs (a) and Iéb) descrl be circuits for canceling
the distdHz @rﬁhmmmwasdlstaﬁipmgen@ratedfait 68 MHz genopated by 8 pairof dmes avr 48425 pri or
to the anplifier, and

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 C1, 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.
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second as a post-distortion circuit following the anplifier. Drawing (c)
shows a pre- distortion circuit used to |inearize a |aser,. and draw ng (d)
shows a post-distortion circuit wused to linearize an optical receiver. 14
VWHAT IS CLAIMED IS 1. A distortion circuit for correcting the distortion from
a nonlinear circuit elenent by generating a frequency dependent signal

havi ng a sign opposite to the dpgiarts o SRS produced by the nonlinear
circuit and substantially the sane magnitude conprising: an input signal; a

first nonhi neas, deviins SRURIEJRARL el ARMLioAHINEh nhRinAPBELA LOgoA 1 5t

signal and having a bras a secon PPRear devi ce er ent
fromsane first nonljinear device and coupled .thereto for di fying said

1 rot o QREEERE TEB.ca GiReBae™ SECaL B SHighSET OB Sre 4o s o tom bR et

devi ce having a second bias |evel; and bias control neans for adjusting said
first andpemgugedsiscibaaonlizess Fiewt andswibstaatiallyithe sapagymiaguidale gompsisingnd fr equency
of the output second signal can be adjusted. 2. The circuit of claim]l
wher ei n sai d f hfi dipunsighdlpear el ement is a Schottky di ode, and said second
nonlinear elenent is a varactor diode. 3. The circuit of claim1l wherein said

first and sai da?ﬁﬁ%ﬂhﬁ&?Hbﬂ@@&o@lé’d‘%%ﬁld"ﬂlhﬁut sl@‘é?fcﬁ%%ﬁi%ﬁ?&'ﬁr&s §i§5!le circuit

of claim1 wherein saild first nonlinear elenen bi ase 5. The

circuit of ghg\l m 1ﬁ1‘SWB]ELS évrélone of said nonlinear elenents is forward bi ased

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 1 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.
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and the other nonlinear elenent is reversed biased. 15 6. The circuit of
claim 1, wherein said bias control means includes a reactive conponent. 7.
The circuit of claim 1, wherein said bias control neans includes a varactor
diode. 8. The circuit of claiml, wherein said bias control neans includes a
PIN diode acting as a linear variable resistor. 9. The circuit of claima1,
wherein said bias control neans permts sinultaneous adjustnent of second
and third order distortion. 10. A distortion circuit for correcting t he

di storti 08 fr Og:kgﬁlr&n Ofnczgi]én f'v&l?e'i!elh Sg]td% SnC(%IlH%y]all SI% 1n61§.1dg'sga ].%&Ctl quency

dependent “si gn I gn opposi I OR si gha produced by
the nonlinear circuit and substantlally t he sane nagnltude conprising: an

i nput for CBBNPEng an RF signal fromthe non-linear circuit elenent; a
Schottky diode with an anode connected to ground and a cat hode coupl ed

bet ween 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 orger diré efuioer ddind hevibrsih QaidiHAs donktrélinkansdnylad&cd edractbit diodé) anode
connected to ground; a bl ocking capacitor connecting a cathode of the reverse

bi ased varactor to the cathode of the Schottky di ode; 16 a second bias
control input connected to a cathode of the varactor that controls a

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;
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phase and frequency response of the distortion circuit; and the out put
connected to a signal processing device for transmtting the input RF signal
plus the distortion generated by the distortion circuit to the signal
processing device. 11. An optical transmitter for transmtting an opti cal
signal over a fiber optic link to a renote receiver conprising: including a

first nonlineaisedend Bias 66l Giput Goditct3l tb BRuthodObf 6 RafBior Bt Boktidlsh  Si gnal
and having a first bias level; a second nonlinear device different from sane

first nonjy,0ealy tgqu:ﬁleﬁgs-),e%gﬁodggk;p h‘athstBllﬁ%g%ﬁerft (r)]%ldrmdl fying said first signal

to produce an out signal, sald secd nonl i near device having a
second bias | d bi ont.rol, neans f ti n sal fir nd said
second bi as Igt\;%PgtpE CENEE e‘i.l ﬁ)ea SR Proqraang ﬁvdgeefoglﬁr %’?&Qt}ﬁe i nput
signal to the laser can be adjusted. 12. The circuit of cIa|n111 wherein said
first norfignabblus dediptpttiqnsgenerstaddin thy distastien cirgittodhe &igsad pEergsyivgl i near
elenent is a varactor diode. 13. The circuit of claim1ll wherein said first
and sai d deercend nonl i near el enent are reversed-biased. 14. The circuit of
claim 1l wherein said first nonlinear elenent is forward-biased. 17 15. The
circuit of claim1l, wherein one of said nonlinear elements is forward bi ased
and the other nonlinear elenent is reversed biased. 16. Atransmtter as

def i ned 'lri cl mlg‘l%(:al %ﬁej.fn‘flltt B £¢ '&%& 1¥t1rfE &dgpticgl Jlgﬁa\i\%('gr Pﬁ@&%ﬁtlc 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 dicde.

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.
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and the varactor diode is reverse biased, and further conprising a capacitor
connected to the cathodes of the Schottky di ode and the varactor diode. 17.
An optical transmitter for transmtting an optical signal over a fiber optic
link to a renote receiver conprising: a |laser coupled to an external optical
fiber for transmtting an optical comunications signal; a pre-distortion
circuit connected to the input of the |laser for canceling the distortion in
t he optical signal at the renote receiver produced by the laser, said circuit

e udi gt 1 opRl RIS gm%qh%&&yn&w&%mm HER ey &%Ha‘?h'blag&ithe bi as

of said d| ode e pre-distortion circuit to ust e magni tu phase

frequency %@Fte t _of 11 heei r.tion C@B ation. 18. The transmtter as
defined idPoPaPIFLOT R %Y é?E?VFIE’S B8 bi as on said diode is selected so

as to produce distortion with the nagnitude of the real part of such
distortion increasing as the frequency increases. 19. An optical receiver
conprising: 18 a photodetector coupled to an external optical fiber for
recei vi ngléan optiaasthittec agdafied & clains 12 whereinSuliottbydiedt isfprwhrdibidsed an

el ectrical signal; an RF anplifier coupled to the electrical output of the

phot odet egidQhe @é’tﬁctoﬂ@i@ﬁé Alre PG sEBia il R ﬁﬁhﬁﬂé’dmﬂ)ﬁsﬁﬁ% slesdaftbs wame@ed to
post-distortion circuit connected to the output of the RF anplifier for

cancel i nqhetcmmg%sz%%eég%&d&dfolag ag&lh%%mgdt&r}%deproduced by the RF anplifier,

said circurt 1nc

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:
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Schottky and a varactor diode; and neans for controlling the bias of said

di odes of the post-distortion circuit to adjust the nmagnitude, phase and
frequency content of the distortion cancellation. 20. A distortion circuit

for correcting the distortion froma nonlinear circuit element by generating
a frequency dependent signal having a sign opposite to the distortion signal
produced by th:ephimndlétét&a:rcambredub tn axdritati bpticad fibad foy rdcbvigpareoptirghi t ude
conprising: an input signal; a nonlinear device coupled to said input signal

for gener&fphREnitatidns $ignai Qﬂadonbé}’ﬁhgﬂmt% 4 @8ctlieM@lgnap reactive circuit
el enment coupl ed thereto for fyrng said first S|gnal to produce an output

i gnal s and bi gon Rk 05 Tesdtfofe? BELHE N AT BT de Bl P L, the

magni tude phase an ncy o e outp can justed. 19

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 varaétor 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.
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