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Broad-Band Linearization of a Mach—-Zehnder
Electrooptic Modulator

Edward |I. AckermanMember, |IEEE

Abstract—Analog optical-link dynamic range in excess of 75 limited to roughly 70 dB in 1 MHz across greater than an
dB in a 1-MHz band has been achieved using specially designedoctave of bandwidth.

electrooptic modulators that minimize one or more orders of Some applications, such as broad-band fiber-optic remoting

harmonic and intermodulation distortion. To date, however, such . . .
“linearized” modulators have only enabled improved link dy- of RF antennas, can require greater link dynamic ranges

namic ranges at frequencies below 1 GHz. Additionally, lineariza- than what these commercial links deliver. This need has
tion across more than an octave bandwidth has required precise driven analog fiber-optic link designers to pursue the devel-
balancing of the signal voltage levels on multiple electrodes in a ppment of modulators that are more linear than the standard

custom modulator, which represents a significant implementation \1.h_zehnder interferometric variety that is currently avail-
challenge. In this paper, a link linearization technique that able

uses a standard Mach—Zehnder lithium—niobate modulator with
only one RF and one dc-bias electrode to achieve broad-band

linearization is discussed, resulting in a dynamic range of 74 dB Il. BACKGROUND:. NONLINEARITY OF EXTERNAL

in 1 MHz across greater than an octave bandwidth (800-2500 INTENSITY MODULATION

MHz). Instead of balancing the voltages on two RF electrodes, the o ) ) )

modulator in this new link architecture simultaneously modulates In electrooptic intensity modulators, the input signal voltage

optical carriers at two wavelengths, and it is the ratio of these modulates an optical waveguide’s refractive index via the
optical carrier powers that is adjusted for optimum distortion  |inear electrooptic (Pockels) effect, and either a Mach—Zehnder
canceling. The paper concludes by describing a second analogou§erferometer or a directional coupler converts this optical
link architecture in which it is the ratio of optical power at L . . . .
two modulated polarizations that is adjusted in order to achieve phase modulatlon Into '”tens't)’ mOdl_Jlat'On' Unfprtunately, el-
broad-band linearization. ther of these optical phase-to-intensity modulation conversion
. o . . methods results in a nonlinear transfer function and, there-

Index Terms—Electrooptic modulation, intermodulation dis- . . . . .
tortion, modeling, optical-fiber communication, wavelength divi- 0re the input signal produces harmonic and intermodulation
sion multiplexing. distortion at the link output.

It is possible to operate either a Mach—Zehnder or a
directional-coupler type of electrooptic modulator around a
dc-bias voltage at which the second derivative of the transfer

NALOG fiber-optic links assembled entirely from com-{function is zero; doing so eliminates distortion at the second

mercially available components can exhibit dynamiharmonic and second-order intermodulation frequencies,
ranges that are adequate for many applications. For instareaysing third-order distortion products to dominate and, thus,
one commercially available linkjn which the optical trans- limit the dynamic range to roughly 70 dB in a 1-MHz
mitter unit contains a directly modulated distributed-feedbadkstantaneous bandwidth [1], [2]. To improve upon this,
(DFB) laser, has a very impressive third-order distortiomecent efforts have focused on the development of broad-
limited dynamic range of approximately 80 dB in 1 MHzband “linearized” modulators, in which third-order distortion
if operated over any suboctave band between 10 MHz aisdminimized at the same dc-bias voltage where no even-order
3 GHz (if operated over a frequency range in excess of odestortion occurs. Fig. 1 shows three previously proposed
octave, second-order distortion limits this link’s dynamic randgeroad-band linearized modulators (after [3]—[5]).
to approximately 70 dB in 1 MHz). Also, using a commercially Two of the broad-band linearized modulators shown in
available Mach-Zehnder external modulator operated at E&. 1 require that the RF signal be split and applied in
guadrature bias voltage (where no even-order distortion pgecise proportion to two different RF electrodes. For efficient
produced) in conjunction with a high-power laser and photodmodulation at frequencies above 2 GHz or so, the modulator
tector can yield dynamic range that is third-order distortioglectrodes must be configured as transmission lines whose

effective refractive index at RF frequencies closely matches

Manuscript received March 26, 1999; revised July 12, 1999. This WoFlbe.OpFlcal refractlve |nde>_< [6]. To achieve broad-band .Im._
was supported by the Defense Advanced Research Projects Agency undel€@fization at high frequencies, therefore, the RF characteristics
Force Contract F19628-95-C-0002. _ of the modulator’'s two traveling-wave electrodes (including
i ot Sy e oA et G R attenuation per unitlength, characterstic impedance, and

Publisher Item Identifier S 0018-9480(99)08419-7. guided-wave velocity as determined by the effective RF re-

1RF Fiber-Optic 1310-nm Small Integrated Transmitter Unit (SITU 1116f)raCtive index) must match each another over the entire band
data sheet, Uniphase Telecommunications Products, Chalfont, PA, 1998. of interest. This RF signal balancing gets progressively more
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Fig. 1. Broad-band linearized electrooptic modulator configurations. (a) Se- V.
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ries Mach—Zehnders [3]. (b) Parallel Mach—Zehnders [4]. (c) Modified direc-
tional coupler [5].
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difficult to accomplish with increasing signal frequency and/or
percentage bandwidth.

To my knowledge, the only broad-band (greater than an(b)
octave bandwidth) linearized electrooptic modulators proposed
thus far that do not require application of the RF signal to more
than one electrode are the modified directional coupler design
shown in Fig. 1(c) and a similar Y-fed directional coupler
design proposed more recently [7]. These devices are the same
as a straightforward directional coupler modulator [2], except
for the incorporation of two additional dc-biased electrodes
that impose controlled mismatches in the propagation con-
stants between the optical waveguides in the coupling region
[5]. An analytical model [8] has shown that this modulator
could achieve a dynamic range of 81 dB in 1 MHz across
a broad band and at high frequencies, but only if the RF
and optical refractive indexes were perfectly matched at all
frequencies in the band. Any mismatch must be counteracted Voins
by “re-phasing,” which is splitting of the RF among multiple

shorter electrode segments—leading back to the electrcﬁfﬂa 3. (a) Photocurrent at the two individual detectors and the current at
L. . . the A output of the RF hybrid coupler as a function of the modulator bias.
characteristic-matching issue. (b) Second derivative of the photocurrent at the individual detectors and at
the A output of the RF hybrid coupler as a function of the modulator bias.
(c) Third derivative of the photocurrent at the individual detectors and at the
A output of the RF hybrid coupler as a function of the modulator bias.
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Ill. TECHNICAL APPROACH

Fig. 2 shows the new broad-band linearization approach thafThe curves in Fig. 3(a) show how the photocurrents at the
uses a straightforward commercially available Mach—-Zehndedividual detectors vary with modulator bias voltage and how
modulator with a single traveling-wave RF electrode andthe current at theA output of the RF hybrid coupler varies
single dc-bias electrode. The Mach—Zehnder modulates twith modulator bias. Fig. 3(b) and (c) shows second and third
wavelengths of light simultaneously and, at the other end of tderivatives of these curves, respectively. These plots reflect
link, a wavelength-division multiplexer (WDM) routes the twahe case where the ratio of photocurrents is maintained such
modulated wavelengths to separate detectors whose outputdlaag at the modulator bias where both detector outputs have
combined in an RF hybrid coupler. zero even-order distortion, the detectors deliver equal levels of
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Fig. 4. Equivalent-circuit model of link employing the two-wavelength linearization architecture.

third-order distortion to the hybrid coupler. At this modulatoelectrode that is terminated in its characteristic impeddige
bias and photocurrent ratio, the strongest distortion produeisd reactively impedance matched to the source resistance
present at the hybrid couplerA port are fifth order. R;,. The two detectors are assumed to have photocurrents

This new linearization architecture is analogous to theith RF components; andips proportional to the depth
dual-parallel Mach—Zehnder modulator configuration showsf modulation of the optical carriers at wavelengtks and
in Fig. 1(b), in which the RF signal is split in a specifichs, respectively, and to have been resistively matched to the
proportion between two Mach—Zehnders that are fed a singgut ports of the hybrid coupler. Defininfg and I, as the
optical carrier that has also been split in a specific proportiolwo average photocurrents that occur when the modulator is
In the new configuration, only one Mach—Zehnder modulatbiased for full transmission at both wavelengths (i.e., equal
is required because it has a different halfwave voltdge) path length in the two arms of the Mach—Zehnder) it is possible
at the two wavelengths; thus, an RF signal of magnitude derive the RF small-signal gain, noise figure (NF), and
vy applied to the single electrode results in a differertistortion performance of the linkl; and I depend on the
modulation depthu,,/V;: at the two wavelengths. This dual-two laser output powers and on the optical losses and detector
wavelength approach also resembles one described by Johnmesponsivities at wavelengthls and A,, respectively.
and Roussell, who canceled third-order (but not second-order)
distortion by balancing two differenpolarizationsof light A small-Signal Gain
that have different halfwave voltages in a lithium—niobate
Mach—Zehnder modulator [9].

An important advantage imparted by this new multipl
wavelengthlinearization approach is that inexpensive com- P27 v I Vv 2
mercially available fiber WDM's can be used to route the,,; w(w) = — {—1 sin< DC) + —2sin<7r DC)}
two modulated wavelengths of light to separate photodetectors 32 [ Vi Vet Ve Va2
whose outputs are combined electrically (as in Fig. 2). Wave- X By BowPin - (1)
length multiplexing to separate detectors enables the use of
electronic circuitry to precisely maintain the ratio of RF signa?”d

currents at the hybrid coupler inputs that results in distortion 277 Vv I Vv 2
cancellation. The balancing circuit can be designed to adjufy a(w) = — {V—l Sin< VDC> - V—2 Sin< VDCH
w1l w1l w2 w2

32
X RI\/IR()ut -Pin (2)

For small input RF signal powe?,,,, the RF signal powers
e@t theX and A output ports of the hybrid coupler are

continually and automatically for unpredictable environmental
factors such as stresses on the fiber that might induce vari-

ability in the relative losses at the two wavelengths [10]. The . .
network containing the two detectors, balancing circuit, atthere V=1 andVx, are the voltages required to impose 180

hybrid coupler that combines the balanced signals is wHRtical phase changes at the two wavelengths,/and is the
would most likely set the upper limit to the bandwidth ofmPedance of the link output ports. Defining two ratibandr

a link of this type.

I
A= — 3
L 3)

IV. THEORY
) o _ o ~and
An equivalent-circuit model of a fiber-optic link employing

the two-wavelength linearization approach is shown in Fig. 4. = Va1 (4)

The modulator is assumed to have a single traveling-wave Vo
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the small-signal gain measured from the and A ports, Therefore,

respectively, are as follows: y

I3
Nouw,s = kTBGE + kEI'B + —=

272 Vi A Vv 2 16
Gy = - Jsin( =29 4 Zin( P9 ) | Ry Row 2 )
32Vﬂ_1 Vi T Vo RIN: |1 7wVbe
(5) ' e\ v
and \% 2
+ A2 RINz[l + cos<7r,VDC )} )BRout
Ga = L7 [ (Toe) _A g (Vo \ [ g o
A= 32V731 . Va1 T . Vi1 M Hout: + q_Il 1 4+ cos Vb
(6) 4 Vit

+ A[l + Cos<7;“//DlC>DBRout- (12)

The link’s input thermal noise modulates the optical carriers
the same way as the input signal does. Therefore, like thé\F is defined as the signal-to-noise-ratio degradation
input signal, the input thermal noise is correlated at the outgfifough the link when the input noise is equali6B, i.e.,
of the two photodetectors, and at theor A output of the
hybrid coupler this noise af = 290 K has a power equal to Noe
kT BGys o A, Wherek is Boltzmann’s constant an® is the NF = TTBG
receiver’s instantaneous bandwidth. The modulator electrode’s
termination resistor generates thermal noise, but this does not
efficiently modulate the light because it and the light aréherefore, the two-wavelength link has the following NF:
counter-propagating through the device. From either output
port, the 180 hybrid coupler looks like a resistanég,,; and,

(13)

therefore, sends thermal noise power equakiaB out of NFyg =14 — 1 + &
that port. All other noise powers detected by or generated in X GA 16kTGE
the two photodetectors are uncorrelated with respect to one V. 2
another and, therefore, the total output noise palNgp from . <RIN1{1 + cos<7r DC)}
either output port is Vet
2

Nowi = KTBG + kTB + Nowe rint 4 Nouws RIN2 + A? RINQ[l + cos< 7VDC )} )

+Nout shot1 + Nout shotz  (7) !

n ql1 Bout <1 +cos<7r DC)

whereNqy rint andNoys shot1 are the photodetected RIN and 4kTG 5 Vil
shot noise powers contributed by the photodiode that detects A
wavelength)\;, and likewise fori,. From each detector, half + A{l _|_COS< VDC)})_ (14)
of the RIN and shot noise is channeled to theoutput port, Va1

and the other half to thé port, so that out of either port

N 1 (3¢ RIN; BRow, C. Distortion
out,RINL — &, 2 The output powers at the second harmonic and third-order-
intermodulation distortion frequencies can be similarly derived

I? Voe \1? . o> .
=L {1 + cos<7rVDC )} RIN; BR ot (8) from the Mach-Zehnder’'s simple sinusoidal transfer function

16 7l
272 % 2
B i DC
Nout,RINQ - 16 |:1 + COS< 7’Vﬂ_1 >:| R.INQBRout P (2w) _ i ﬂ 7I'VDC :l: é COS WVDC
9 WM T 16l4 Va1 r? Va1
1/ 2qipc 2
out shotl — 2 < )BROUt X <l> R]\l -Pin
Vi -
_ [1 te < DC)} BRow (10) I Vno A TVne
e Vo — —|cos + — cos
2 Vﬂ—l rd TVTfl
and ¢ :
X <l> (R]wp )2+ R t
Al % N N
Nout,shot2 = 4 L |:1 =+ cos <7r bC >:| BRout- (11) Vﬂ—l
4 TVrl (15)
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and Either way, these are the resulting expressions for gain, output
noise, NF, and output power at the second harmonic and third-
order intermodulation frequencies at the port where third-order
Pout,s (2wz —w1) linearization is achieved as shown in (19)—(22), at the bottom
a of this page, and

e GV L) B

T 16

20]2 10 1 2 .92 7r‘/DC 2 P
X (2Rag Po) &/ — 384[ < ) = W(l_ 7—2> sin < T )RoutR P
1 ? T ™
sz -
5 Defining the input third-order interced®3;, as the input
7 \? power P, for which
¥ (— ) (2RyPu)®? +--+| Row. (16
<V7rl> ( M ) ¢ ( ) -PmG = Pout(2w2 - wl) (24)
it is clear that
D. Solution to Third-Order Linearization 3 V2
Third-order distortion is minimized at th& port if the IP3in = 4\/77r2RM " (25)
modulator bias voltagé¢ and the ratioA are chosen such . . . .
that The input third-order intercept is used in the calculation of
spurious-free dynamic range (SFDR) as follows:
. (7Vbe A . (7Vpe
sin + — sin =0 ann IP3: ((p—1)/p)
Ver J0r% Ve SFDR = ( — o (26)
kTBNF

and is instead minimized at th& port if

wherep is the dominant order of distortion (for instange= 3
Sin<7rVDC> _A Sin<7rVDC> —0. (18) if all even-order distortion is canceled apd- 5 if third-order
7 V1 distortion is also canceled).

7l

In? 22 . 2f ™VDC
G= 32V731 (1 -r ) SIIL V7T1 RJ\lRout (19)
2 sin’ WVDC) 2
12 Vi Vi
Now = KTBG + KTB + "L | RINy|1 4 cos[ W2} | 4 #8 RINy— V7L /4 4 o TYDE BRoy
16 Ve .2 <7rVDC> 7Vr1
S
(s Vﬂ—l
. {™Vpo
I 7TVDC st V 1 7TVDC
qiy 3 T
=—11 g 1 BR_., 20
+ +COS< v ) +7 <7rVDc> [ +COS<7’V771 )} ¢ (20)
sin
7‘Vﬂ—1
2 SlIl2 WVDC 2
1 2 Vpe Va1 e
NF=1+— RIN,|1 SRIN ul 1 Roy
+G+16/€TG+ 1[ +COS< 771 )} + 7 QSin2 Ve [ + <7’V,T1 )} t
7’Vﬂ—1
. (7Vpo
qli 2 %e Y, 1 2 %e
1 Bl 7T 7 1 Rou 21
+4kTG +Cos< V. >+7 ) <7TVDC> [ —i—cos(TVﬂL )} t (21)
SN
7‘Vﬂ—1
‘o WVDC in WVDC
P (2 ) 1127T4 1 COS 7TVDC S Vﬂ-l COS 7TVDC 7TVDC 1 s Vﬂ-l COS 7TVDC
ou W) o - - -
‘ 64V |2 Va1 Va1 Vi . V1

7 sin Ve
7‘Vﬂ-1

2 2
w

X <V_> (Rl\l-Pin) -Rout-R]w-P2
wl
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Fig. 5. (@) Link output noise (dashed line) and RF power measured at the fundamental (squares), second-order intermodulation (circles)rderd third-o
intermodulation (triangles) frequencies as the RF input power at the fundamental frequencies (799 and 801 MHz) is varied. Hollow symbols represent
the situation where only one of the wavelengths (1550 nm) is present, solid symbols represent two-wavelength operation at the proper ratio of detecto
photocurrents. (b) Same as (a), but with fundamental frequencies of 2499 and 2501 MHz. Modulator bias and photocurrent ratio settings are unchanged
from the 799 and 801 MHz measurement.

E. Solution to Third- and Second-Order (Broad-Band) inflection point at a voltagexactly equal td/»¢. It is possible,
Linearization but not likely, that a reasonable bias voltagBn| < 20 V)
where this occurs can be found. However, it is quite likely
that a reasonable bias voltage can be found that is meesly
close toinflection points on both transfer-function curves, such
that at this bias voltage even-order distortion is small enough

The modulator bias voltagerc can be chosen to minimize
even-order distortion at both wavelengths. Eeroeven-order
distortion, Vpc must satisfy the following equations:

Vb - MW (27) that it does not impose a limit to the link’s dynamic range.
Va1 2 This issue is revisited in Section V. For now, it is assumed
and that there is a value dipc for which (27) and (28) are nearly
Ve _ 2n+ 17r7 wherem, n are both integers satisfied, at which even-order distortion terms are sufficie_ntly
Vel 2 nulled so that (17) and (18) both approximate the following
(28) equation:
In practice, this means that the transfer functions for the A

outputs at the two optical wavelengths must both have an 1= P 0- (29)
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Recall thatd was defined as the ratio of detector photocurrents Predicted SFDR
in response to the two wavelengths of light. This ratio can be ¢, | 80
continuously varied and set to any value between zero and o
infinity. Third-order distortion is minimized at one of the two g
output ports if 7 l Mer
[+ D 1 £
A=r3 B0) T EW
. . . . e . . @ 60 M 60 o
Third-order distortion is minimized at the port if m is odd 5 3.2V (at 1550 nm) £=
and n is even, or ifm is even andn is odd. Third-order -ug_’ % .
distortion is minimized at the\ port if m, n are both odd @ sof so&’ m
or both even. Either way, the resulting link performance is a% Meased NE_ 6 =
follows: = \ — 800 MHz 2
1272 s0f Lo g
G=251-r2RyRou 31 2
32V731 ( ) M ¢ ( ) | _ _ _ _ _ _ _____ NFforsingle-wavelength link | »n
I2 30 H 1 1 i 1 1 1 1 1 20
Now = kTBG+ KTB + —l(RINl +7,6 RINQ)BROUt 0 01 02 03 04 05 06 07 08 09 1
; 16 Ratio of Modulator V,_ at the Two Wavelengths
+ %(1 + 7’3)BRout (32) (Vz, 1320 nm/ V1550 nm )
1 12 Fig. 6. Predicted SFDR in 1-MHz instantaneous bandwidth and NF for
NF=1+—-+ L (RINy + 7S RIN2)Rout link employing two-wavelength linearization architecture (solid lines), as a
G 16kTG function of the ratior of the modulator'sV; at the two wavelengths. The
qiy 3 33 SFDR and NF measured at 800 MHz and 2.5 GHz are also shown (triangles).
+ 4kTG(1 +7 )Rout (33) Dashed lines show the SFDR and NF for an external modulation link with
p (2w) -0 (34) only a single modulated optical carrier (at 1550 nm).
out —
Pout (20—)2 - wl) . .
952710 132 Before attaching a broad-band hybrid coupler, the detector
~ 141()(1 — _2> Rout R?w Pfﬁ (35) outputs were connected to separate RF spectrum analyzers,
73,728V ! and the modulator input to an RF signal generator was set to
P3. — 4 3 V2 ) (36) 1 GHz. The modulator’s dc-bias voltage was varied and min-
n 5 7V2RJ\47 ima at the second-harmonic frequency (2 GHz) were observed
and about every 2.4 V for the 1320 nm detector, and about every
) 3.2 V for the 1550 nm detector. Thus, for this modulator,
P3;, \ 4 r was approximately 0.75. At an experimentally determined
SFDR = L TBNF (37)  modulator bias voltage of aboutl8 V, it happened that the

2-GHz output from either detector was very near one of its
minima.

With the modulator bias fixed at this second-order mini-

Using only components of types that can be obtainedum, the next step was to set the ratio of RF currents at the
commercially, a link in a configuration similar to the onéiybrid coupler input ports. Fig. 2 suggests one method involv-
shown in Fig. 2 was assembled. For the optical sources, iag amplifiers [10] for maintaining the two RF inputs to the
Nd:YAG laser with 200 mW output power at 1320 nm and ahybrid coupler at the proper ratio for distortion cancellation.
InGaAsP DFB laser with 30 mW output power at 1550 nm wak achieve the proper ratio in the experiment reported here,
used. Both lasers had polarization-maintaining fiber pigtaila. precision variable optical attenuator between the Nd:YAG
An erbium-doped fiber amplifier followed by an attenuator anldser and the 1320 nm input of the WDM was used. Feeding
filter (not shown in Fig. 2) was used to increase the availabdetwo-tone RF input to the modulator, the 1320 nm carrier
1550-nm optical power. A WDM coupled the inputs at the twattenuation was varied until a minimum in the measured output
different wavelengths into one polarization-maintaining fibgrower from theA port of the hybrid coupler at the third-order
so that both optical carriers could be fed into the modulatdntermodulation frequency was observed.
The modulator used was a lithium—niobate Mach-ZehnderVarying the link input power at the two RF tonég;, f-),
device with one traveling-wave RF electrode and one dc-bide link output power was measured at these tones, at one
electrode, and with very low,—about 2.4 V at 1320 nm. of the second-order intermodulation frequencies (the sum
A second WDM demultiplexed the modulated optical carrierfrequency f1 + f2), and at the third-order intermodulation
each of which was routed to a separate InGaAs photodioflequencieg2f; — f2,2f> — f1). Fig. 5(a) shows the measured
detector. The lengths of the fiber paths from the WDM to theesults for 799 and 801 MHz input tones, along with the
two detectors were as carefully matched as closely as possibnheasured noise output in a 1-MHz instantaneous bandwidth.
Both detectors were followed with RF line stretchers and weFgg. 5(b) shows results of the same measurement for input
then adjusted to equalize the group delay measured (usintpaes at 2499 and 2501 MHz (in which case, all second-order
network analyzer) from the modulator input to either input ddistortion falls out of band). In these plots, hollow squares
the RF hybrid coupler. and triangles represent measured data at the fundamental and

V. DEMONSTRATION OF BROAD-BAND LINEARIZATION



2278 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 12, DECEMBER 1999

i
det Ratio {Control)

A port
Polarization- Vys (Control)
offset launch i ati an
Var Polarization RF
beamsplitter Hybrid
Coupler
Traveling-Wave > port
MZ Modulator

Fig. 7. Two-polarization broad-band linearization approach.

third-order intermodulation frequencies for the link with onl\NF penalty and an SFDR increase of only about 7 dB in a
the 1550-nm laser on (this yields better performance thaAMHz instantaneous bandwidth. The curves show, however,
the link with only the 1320-nm laser). When power at théhat a modulator with &7; ratio of 0.4 at the two wavelengths
second wavelength is present in proper proportidn= r3) would result in an SFDR increase of about 12 dB with an
to the first wavelength, the output signal is reduced somewlaisociated NF penalty of only 5 dB or so.
and third-order distortion is strongly suppressed, as shown byHow to achieve the optimunV, ratio? Fig. 7 shows a
the solid squares and triangles, respectively. The measuggdilar, but somewhat improved link linearization approach
second-order intermodulation distortion products are showniiiwhich the modulator is fed two orthogonal polarizations of
Fig. 5(a) as solid circles. Note that the presence of any secofght. Since the strength of the electrooptic effect in lithium
order distortion means that the bias voltage wasexatctlyat niobate is different for the two orthogonal polarizations, the
the inflection pOintS of the modulator transfer-function curvey output of the hybnd Coup|er can have zero second- and
for both optical wavelengths; however, the bias voltage W@sird-order distortion at one dc-bias voltage given a specific
sufficiently close to inflection points on both transfer-functiogjstribution of optical powers in these two polarizations. All
curves so that second-order distortion was not the order Q{uations given in Section IV hold in this case, B and
distortion that limited the spur-free dynamic range of the link; , now correspond to the modulator's halfwave voltages at
the two polarizations of light at a single wavelength. In lithium
VI. DISCUSSION niobate the ratio- of V;’s at the two polarizations is likely
Fig. 5 has several features worth discussing. Firstly, arﬁ%l pe (_:Ioser to _the op_t|mum value of .0'4’ shown in Fig. 6,
dicating that this configuration could give better performance

most significantly, the SFDR in a 1-MHz instantaneous bang-

width is 8-9 dB greater for the two-wavelength link, irthan the two-wavelength approach. Additionally, an obvious

accordance with its design. Secondly, the Mo-wavelen?}ﬁ'f; very attractive feature of the two-polarization approach is

link suppresses second-order distortion incompletely, but t L it requires only one laser. - o
degree sufficient to ensure that the dynamic range is third_.]ohnson and Roussell [9] pursued a similar two-polarization

order distortion limited. Thirdly, the same control settingin®arization approach, but did not use a polarization beam-
(modulator bias and photocurrent ratio) yield linearizatiopP!it€r to route the two modulated polarizations to two sepa-
across more than an octave of bandwidth—i.e., from 800 MHg€ photodetectors. Encountering trouble achieving the correct
to 2.5 GHz. Fourthly, there is some noise-figure penalffflio of optical powers at the two polarizations, they had
associated with the linearization, which has been true 6§ compensate by adjusting the modulator bias. Thus, they
every broad-band linearized link that uses Mach—-Zehnddgre able to cancel only third-order distortion (which is not
modulators [11]. sufficient for enhancing the SFDR of a link that must operate
The increase in NF associated with this type of linearizatig¥#0oss a bandwidth exceeding one octave).
is unfortunate, of course, but there is a way that it might be Except for the polarization beamsplitter and custom
alleviated somewhat. Notice from (31) and (33) that each tefp@larization-maintaining fiber splice at approximately®45
in the expression for NF depends in a different way upon Off-axis, assembly of the link in Fig. 7 required only a subset
(defined in (4) as the ratio of the modulatoVs at \; toitsV,,  Of the components used in the two-wavelength linearization
at \,). This implies that there might be an optimum value-of experiment. Initial measurements of the two-polarization link’s
at which the NF penalty is minimum. In Fig. 6, (31)—(37) haveerformance have yielded results close to what Fig. 6 predicts
been used to plot the SFDR in a 1-MHz bandwidth along wifler the modulator's measured value of 0.33 for the two
the NF for the broad-band linearized link as a function-of polarizations.NF = 38 + 1.5 dB andSFDR = 74 + 1 dB
For the device parameters, the values measured for the deviag®ss the 800-2500-MHz band were measured.
in the experimental link were used, whose measured NF andOne final feature worth pointing out is as follows. If
SFDR are also shown in Fig. 6. Note thatrat= 0.75 (the either the two-wavelength or two-polarization link is used
experimental link'sr value), there is a substantiab{0 dB) in a system operating over less than an octave bandwidth,
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then linearization involves minimizing only the third-order [3] H. Skeie and R. Johnson, “Linearization of electro-optic modulators by

distortion. Therefore, instead of having to satisfy (27)_(29) to @ cascade coupling of phase modulating electrodesyt. SPIE-Int.
hi l L hich | | . Soc. Opt. Eng.vol. 1583, pp. 153-164, Mar. 1991.
achieve broad-band linearization—which completely specifys) s korotky and R. DeRidder, “Dual parallel modulation schemes for

both the ratioA and the modulator biadpc—it is only low-distortion analog optical transmissiodEEE J. Select. Areas Com-
; ; i ; mun, vol. 8, pp. 1377-1381, Sept. 1990.

necessary t(_) SatISfy elther (17) or (18) !n which for any[S] M. Farwell, Z. Lin, E. Wooten, and W. Chang, “An electrooptic intensity

modulator biasVpc, there is a corresponding value of the ~ modulator with improved linearity,IEEE Photon. Technol. Leftvol.

ratio A that results in suboctave-bandwidth (i.e., third order) | g, Pp. 792—795V,V5ept- ,5991|- ¢ modulatorsEEE T Vi

; ot : . Alferness, “Waveguide electrooptic modulator rans. Mi-

Imeanz_agop. The quulat“or cou_ld _thu“s be operated at a bi 8 crowave Theory Techvol. MTT-30, pp. 1121-1137, Aug. 1982.

that minimizes NF (i.e., “low biasing” [12], [13]) and the [7] R. Tavlykaev and R. Ramaswamy, “Highly linear Y-fed directional

0ptica| power at the two Wave'engths or po'arizations could coupler modulator with low intermodulation distortion]. Lightwave

iill b intained at tiol that Is the third-ord Technol, vol. 17, pp. 282-290, Feb. 1999.

stll bé maintainéd at a rafl al cancels the third-order g1 y. cummings and W. Bridges, “Bandwidth of linearized electrooptic

distortion. Since the modulator has a single traveling-wave modulators,. Lightwave Technalvol. 16, pp. 1482-1490, Aug. 1998.

electrode, a suboctave link of this type would still have thd®l L. _.Johnson anq H. Roussell, Reduction of intermodulation distortion
. .. . . in interferometric optical modulatorsOpt. Lett, vol. 13, p. 928, Oct.

advantage of linearizing at higher frequencies than what has 1ggg

been previously demonstrated. [10] C.Coxand A. Yee, “RF gain stabilization of a directly modulated optical
link using detector current normalization,” IEEE Microwave Theory
Tech. Symp. Dig.May 1994, pp. 1117-1120.
VIl. SUMMARY [11] W. Bridges and J. Schaffner, “Distortion in linearized electrooptic
. L. . L modulators,”J. Lightwave Technaglvol. 43, pp. 2184-2197, Sept. 1995.
Proposals for linearization of a fiber-optic link across morg2] M. Farwell, W. Chang, and D. Huber, “Increased linear dynamic range

than an octave bandwidth have required precise balancing of by low biasing the Mach-Zehnder modulatofZEE Photon. Technol.
the signal voltage levels on multiple electrodes in a custofy E?tkcxgl'm%n?%.@gaagi JDgli’(als:ri'set’ A. Daryoush, and N. Samant,
modulator, which represents a significant implementation chal-  “Maximum dynamic range operation of a microwave external modula-
lenge. A new link linearization method that uses a standard tligg;ibf?f’bospti; "nkig;l;E Trans. Microwave Theory Teghvol. 41, pp.
Mach—-Zehnder lithium—niobate modulator with only one RF —oh AU '

and one dc-bias electrode to linearize across greater than an

octave bandwidth has been described. Instead of balancing

the voltages on two RF electrodes, this new technique uses

the standard traveling-wave electrode to modulate two optical

carriers, and it is the ratio of these optical carrier powers that

is adjusted for distortion canceling.
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