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Fig. 4. Two detector outputs, with lower trace showing superimposed phase
shifted and unshifted signals through superlattice semiconductor waveguide,
20 ns/div.

shown in Fig. 4. The two traces in the lower channel show both
the phase-shifted and unshifted signals incident on the second
detector relative to the unshifted signal incident on the first
detector. For these data, the phase shift was induced optically by
incident argon laser light. A detailéd discussion of these superlat-
tice results is provided elsewhere [5].

The optoelectronic approach demonstrated in our work can
provide microwave frequency, phase, and amplitude control for
many parallel channels in an integrated optical format almost
independent of the microwave frequency of interest. This hetero-
dyne approach should also eventually provide microwave fre-
quency and phase hopping on a nanosecond time scale, and has
tremendous frequency diversity, as illustrated in Fig. 2.
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Distortion Characteristics of Optical Directional
Coupler Modulators

T. R. HALEMANE, MEMBER, IEEE, AND
S. K. KOROTKY, SENIOR MEMBER, IEEE

Abstract —Waveguide electro-optic modulators are of much interest for
analog optical transmission. Here, a theoretical analysis of the nonlineari-
ties of the intensity modulation response of the optical directional coupler
as a function of bias point for the case of phase-mismatch modulation is
made and the results are compared with those of interferometric modula-
tors. The interferometric, standard 2X 2 directional coupler and the 1X2
y-fed directional coupler modulators are shown to exhibit very similar
intermodulation distortion effects. At 4% optical modulation depth, the
third-order intermodulation products are —74 dB, —72 dB, and —73.6 dB,
respectively, below the carrier level.

I. INTRODUCTION

Electro-optic modulators are intrinsically capable of very high
modulation speed and low switching voltage. The optical modu-
lation characteristics of these modulators, i.e., optical intensity
output versus applied voltage, are both analog and nonlinear.
When used as modulators and switches for digital fiber-optic
transmission systems, the nature of the nonlinearity can be used
to advantage [1], [2]. However, there is increasing interest in
linear analog systems applications. On-ground- transmission of
satellite communication and radar signals [3]-[5], subcarrier mul-
tiplexing techniques [6], laboratory and test instrumentation [7],
and sensors are examples where analog modulation with multi-
gigahertz bandwidths would be required. Waveguide electro-optic
modulators are also of much interest for muitichannel CATV
applications because of their potential advantages. These include
nearly frequency-independent distortion characteristics, negligi-
ble second harmonic distortion if suitably biased, and the ability
to increase the output optical power level independent of the
modulation depth. The last of these provides the possibility of a
larger signal-to-noise ratio and makes it possible to broadcast to
several receivers. Additionally, these modulators can exhibit a
virtually chirp-free optical spectrum [8] and thereby avoid distor-
tions that might otherwise arise from Fabry—Perot effects created
by weak optical reflections within the system.

Manuscript received July 20, 1989; revised November 10, 1989.

The authors are with AT&T Bell Laboratories, Crawfords Corner Road,
Holmdel, NJ 07733.

IEEE Log Number 9034523.

0018-9480,/90 /0500-0669$01.00 ©1990 IEEE



670

Several groups have studied the distortion characteristics of
interferometric waveguide modulators [9]-[11]. Measurements of
both the second- and third-order nonlinearities are described well
by the ideal cos® transfer function. These experiments confirm
the ability to achieve neglgible second harmonic content by
adjustment of the dc bias voltage. Recently, similar results have
been reported for structures based on the directional coupler [12],
[13]. In this paper we examine the theoretical modulation charac-
teristics of the phase-mismatch (AB) 2x2 and the y-fed 1x2
directional coupler switches with emphasis on the third-order
intermodulation distortion.

II. THEORY

We consider here an analog optical link based on external
modulation of the laser. The electrical signal to be transmitted.
denoted V,,, which is implicitly a function of time, drives an
electro-optic modulator to produce optical intensity modulation.
A square-law detector receives the optical signal and converts it
back to an electrical signal. Among the characteristics contribut-
ing to the performance of the system are the overall link electrical
bandwidth, the peak transfer efficiency of electrical RF power
from the transmitter to the output of the receiver, and the
spurious-free dynamic range. Affecting the dynamic range is the
linearity of the modulator. In general, we can express the optical
intensity output of the modulator, I, as a function of the applied
voltage, V, and input optical intensity, I,: I=f(V)I,. The
photocurrent generated in the detector is proportional to I; thus,
if f is linear in V, the output current (voltage) is a replica of the
transmitter drive signal.

The waveguide electro-optic modulators achieve amplitude
modulation based on modulation of the index of refraction of the
waveguide(s) via the electro-optic effect [14]. Potential sources of
nonlinear response arise from 1) the electro-optic effect 1tself:
2) modification of the waveguide characteristics, e.g. propagation
loss, because of the index change; and 3) the mechanism used to
convert phase modulation to amplitude modulation [19] com-
bined with square-law detection. We believe for Ti:LiNbO, wave-
guide electro-optic modulators that the last of the above items is
the dominant nonlinear contribution. For example, the ratio of
second harmonic power to carrier power attributable to the
quadratic electro-optic effect, or Kerr effect, is estimated to be ~
—120 dBc for a modulation depth of 10%. A similar value is
estimated for the amount of quadratic modulation arising from a
change in propagation loss for well-confining waveguides because
of the modification of the real index of the wavegnide by the
electro-optic effect. We note that in comparison to the index
change used to produce Ti:LiNbO, waveguides for 1.3 pm with
low propagation and bending loss ( ~1072) and the effective
index of the corresponding guided mode ( ~1073), the index
change produced by the linear electro-optic effect, or Pockels
effect, is less than 107°. (For waveguides that are weakly confin-
ing or have significant loading loss ( ~1 dB/cm) as a result of
insufficient buffer layer thickness, the quadratic modulation may
not be negligible, however.) Well-confining waveguides will have
third-order distortion levels below these second-order values.
Consequently, the mechanisms of the third category listed above
dominate the third-order intermodulation products, as experi-
ments indicate, and we analyze them here.

The functional form of f depends on the type of waveguide
modulator, as discussed below. Both the directional coupler and
interferometric modulators are characterized by the minimum
voltage swing, V|, they require to produce 100% modulation
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depth of the optical intensity. Thus, we anticipate that the

modulation characteristic can be expressed in a normalized form:

I V 1

il (1)

Now, let us assume the modulator is biased at a voltage ¥, and

also driven by the modulating voltage V,, for a total applied

voltage of V=1V, +V, . Anticipating that V, <V, for linear

operation, we consider (1) as a function of I and expand it in a
Taylor series about V. Then,

I df 1 d*f
To(v) =)+ — oo e Ubl’m
=¢o U, + czv,zn + c'3u,3n R (2)
where
14 - Ve
R (3)

To evaluate the intermodulation distortion, we consider driving
the modulator with two tones under relatively small signal condi-
tions. We take as the modulating voltage

Vs
V, =V (sinw t +sinw,r) = m,?(sinwlt +sinw,r)  (4)

where we assume the angular frequencies w; and w, satisfy
A = w, — w; > 0 without loss of generality. Here m,, 0 < m, <1, is
an input phase modulation index. The second-order term in (2)
generates terms at frequencies A, 2w, 2w; + A, and 2w,. The
third-order term contributes to power at several frequencies,
including w, — A, w;, w,, and w, + A, that are in the region of
the carrier frequencies and are potential sources of interference.
The optical modulation depth m, is defined by

ab,
Vs

m,

X (5)

"= Lax — Tom
=T — =
[ma.x + Imln

a

1 CO
This relation between the modulation index of the input electrical
signal and the modulation depth of the optical signal output from
the modulator depends on the linear coefficient ¢; and the
intensity (normalized) ¢, at the bias point and is valid in the
small-signal approximation,

When the light falls on a photodetector, the current produced
is proportional to the light intensity. Hence, the electrical powers
produced by the receiver at the carrier frequency (P.) and at the
second- and third-order intermodulation frequencies ( Py, and
Py ) are related by

2.4
Piv _ 9 e

16 S

2,2

Poim g 2
=—rm; and
P I P

< 13

mg. (6)

We note that if the drive power (P,) is normalized to that
required for complete switching ( P,), we obtain

P Ve

=7 =m,2.
P (/2

The third-order intercept (TOI) is defined as the operating point
where Py, equals P, when extrapolated from the small-signal
regime. From (6), the optical modulation depth at the TOI is
given by
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The TOI may be expressed in terms of absolute drive voltage (V;)
or power required (P,) for complete modulation as

16 16

P a
TOI — 3 3

—|P and Vi =
]

¢y

(3

Vs
5

To calculate the dynamic range, we assume that the minimum
detectable signal is limited by the shot noise. Using the average
dc power Py, which is due to the dc term in (2), the minimum
detectable voltage V. is given by

( P c)mm P no1s¢

P de P, de
ie.,
V2. 2¢B
2(’3 Vsz Iavg
or
12
agB FVE\"”
me = 2
lavg a
where i,,, is the average photocurrent, g is the electron charge,

and B is the receiver bandwidth. The upper limit defining a
spurious-free dynamic range is set by the driving voltage which
produces an intermodulation distortion term just at the shot
noise level. So V., the maximum spurious-free input voltage, is

max?®
given by
( P3IM)max — Pnoxse
Pdc Pdc
ie.,
9 2¥8. 24B
32 C(z) VS‘G ian
or

max
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Then, the spurious-free dynamic range (SFDR) is

Voo (2. \V &\
SFDR =2 = | =22 - :
Vo qB 6cies

min

A. Interferometric Modulator

The y-branch interferometric modulator consists of waveguides
forming two Y junctions in an electro-optic material with copla-
nar electrodes over the waveguides. The voltage response of the
interferometric modulator is described by
I ABL 1 Vv

[

— =cos? —— =—|[1+cosm—
I 2 2 .

(4

Here ABL = #V/V, corresponds to the electro-optically induced
relative phase difference between the two beams. V, is the mini-
mum voltage required to extinguish the optical output (ie.,
I'=0). Thus, f(v)=(1/2[l+coswv]. The derivatives of this
function are easily computed. The normalized values of the
coefficients ¢, ¢,, and ¢; are plotted in Fig. 1 as a function of
bias voltage. We observe that the quadratic coefficient, ¢,, is
identically zero at v, = 0.5. In fact, for the bias point v, = 0.5, we
have ¢, =—a/2, ¢,=0, and ¢;=73/12. Note, too, that c,
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Fig 1 Switching curve (marked «) and normalized expanston cocfficients
Jerl/ 2. Je3)/4, and |e3)/8 (marked as curves b, ¢, and d) for the interfero-
metric modulator as a function of the normalized bias voltage

changes sign at that poini, which may be used advantageously to
cancel any other sources of quadratic modulation if present.
When biased at v, = 0.5, the third-order intermodulation product
is Pypy/P, = —74.0 dBc for 4% optical modulation depth. The
TOI is 1.80 (V, /2) and is independent of bias. The SFDR is 1.00
(2l /qB)/? for the bias point v, = 0.5, corresponding to the
point of maximally linear response.

B. Durectional Coupler Modulator

Typically, switching in the directional coupler is accomplished
by introducing a uniform relative phase velocity difference or
mismatch, AB, between the two waveguides forming the coupler
[15]. We let I, denote the intensity of light input to one of the
coupler inputs and take I, and J, to denote the intensities at the
coupler crossover and straight-through outputs. The response of
the coupler is then given by

sinz(nL\/;(S/x)z)
I, = 3
1+(8/k)

(8)

Iy and I,=1,—1,.

Here, k is the optical coupling coefficient and §=A8/2=
al'N3rV/2gX, where N is the effective index of the optical
guided mode, r is the electro-optic coefficient, V' is the voltage
applied between the electrodes, which are separated by a gap g,
T is the overlap coefficient of the optical and electric fields
(I'=0.25), and A is free-space wavelength. Equation (8) can be
rewritten to explicitly show the dependence on the applied volt-
age. We have

V2

s

32
sin® | kLy/ 1+
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Fig 2. Swiatching curve (marked «) and normalized expansion coefficients
le1]/2. 15| /4. and [¢5]/8 (marked as curves b, ¢, and d) for the directional
coupler as a function of the normalized bias voltage.

where

VJZ 4K2g2A2

3 ATNS?

For complete energy transfer from guide 1 to guide 2,1ie, I; =0
at V=0, the requirement on the product xL is in general
kL=02m+1)7/2. We consider the usual case of kL =m/2,
corresponding to the device of shortest length for a given x. The
voltage V, then represents that voltage required to switch from
the crossover (I, = I)) to straight-through (I, =0, I, = I,)) states.

The derivatives of f and, hence, the coefficients ¢, c,, and ¢,
for the directional coupler appearing in the expansion (2) have
been calculated. Fig. 2 is a plot of the normalized values of
the ¢, ¢,, and ¢; coefficients as a function of the normalized bias
voltage vy,

As expected, at zero bias the zeroth- and second-order terms
are maximum while the first- and third-order terms are zero.
When the bias is v, = 0.44, the first-order term is maximum and
the second-order term is zero. (Note, as with the interferometer,
¢, changes sign at this point.) This is the point of maximally
linear response. At this bias point, the major nonlinear effect is
due to the third-order coefficient, ¢;. For the bias voltage V, =
0.44V_, we have ¢, = —1.65, ¢; =0, ¢;=3.23, and f(v,) = 0.54.
We have Py, /P, = —72.0 dBc for 4% optical modulation depth.
The TOI is 1.65 (V, /2) for the bias point chosen, and the SFDR
is calculated to be 0.93 (2i,,, /gB)'/>.

C. y-Fed Coupler Modulator

In the y-fed coupler [16], also called the 1x2 directional
coupler, a single-mode input waveguide splits into two symmetri-
cal, coupled waveguides before separating again into two isolated
output ports. Modulation is accomplished by applying the modu-
lating voltage at the electrodes placed in the region of the
coupler. The general solution for the normalized optical power
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Fig. 3. Switching curve (marked «) and normalized expansion coefficients
lc1]/2, Jeal/4. and |¢3]/8 (marked as curves b, ¢, and d) for the y-fed

coupler as a function of the normalized bias voltage

from the top arm is [12], [16]
I Tr ar
f(oy=—= azcosz(—) +[(ax— by)/r]zsinz(—)
1, 2 2
where x=ABL/7, y=L/l, ¥*=x%+ y?, L is the length of the
electrodes, / is the coupling length, AB is the induced phase
mismatch, and ? and b? are the power fractions in the top and
bottom arms at the input to the coupler. We consider the case of
symmetric branching (a? = b% = 0.5). The most linear response is
at zero applied voltage.. The maximum modulation occurs when
y=1/y2. We normalize the voltage so that v=V/V, =x/y/2
has the range (—0.5,0.5) while the intensity in the upper guide
switches from maximum to zero.

The derivatives of f with respect to v and hence the coeffi-
cients ¢, ¢,, and ¢; have been calculated and are plotted in Fig,
3. At zero bias, the first-order term, ¢;, is maximum and ¢, is
zero. This is the point of maximally linear response. At this point,
¢ =05, ¢;=~-16l. ¢;=0, and ¢;=2.89. Then, for zero bias,
we have Py, /P, = —73.6 dBc for 4% optical modulation depth.
The TOI is 1.72 (V, /2) for the bias point chosen, and the SFDR
is calculated to be 0.987 (21,,, /gB)"/>.

III. SUMMARY

We find the uniform AB switched directional coupler and the
y-fed coupler to have distortion characteristics nearly identical to
those of interferometric modulators (3IM ~ —74 dBc at 4% mod-
ulation depth; see Table I for a list of coefficients). As the
distortion characteristics of all three types of modulators ana-
lyzed here are similar, other considerations may influence the
preferred structure. For example, the use of the external modula-
tor transmitter in a broadcast mode could significantly reduce the
system cost, which makes the ability to operate at high optical
power levels desirable. In this situation the relative sensitivity to
photorefractive phenomena [17] may play a role in determining
the waveguide structure of choice. Experiments on Ti:LiNbO,
directional couplers have shown that at optical power levels of
20 mW within a waveguide at A =1.3 pm, the photorefractive
phenomenon can act to modify the transfer function, f(V), from
its ideal form [17]. Although this does not necessarily imply poor
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TABLE 1
THE COEFFICIENTS ¢, ¢1, €2, AND ¢3 IN THE TAYLOR SERIES
EXPANSION FOR THE INTERFEROMETRIC (INT), STANDARD 2 X 2
DIRECTIONAL COUPLER (DC), AND THE 1 X 2 y-FED DIRECTIONAL
CoUPLER (Y-FED) FOR THE Bias POINT CORRESPONDING TO MAXIMALLY
LINEAR RESPONSF ¢, =0

COEFFICIENT
BIAS Py
MOD | POINT (dBc) -
TYPE | V/V, | ¢ o1 ©¢s c5 | 4% OMD
INT 05 05, | -1.57 0 2.58 ~74.0
DC 0439 0536 | -1.65 0 3.23 ~72.0
Y-FED 0.0 0.5 -1.61 1] 2.89 ~73.6

Also given is the power at each of the third-order intermodulation
frequencies relative to the power at the carrier frequency for 4% optical

modulation depth

1

performance, the y-fed Ti:LiNbO; waveguide modulator struc-
tures offer the potential of operating to significantly higher
optical power levels. These structures launch and maintain nearly
equal time-averaged optical powers into both waveguides. The
y-fed directional coupler and the y-fed interferometer employing
a 3 dB coupler (in place of the y-combiner of a standard
interferometer) at the output have the further advantage that two
signals are immediately available for transmission.
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Novel Wide-Bandwidth Matching Technique for
Laser Diodes

A GHIASI anDp A. GOPINATH, FELLOW, IEEE

Abstract —This paper describes a low-loss microstrip matching circuit
with large bandwidth for connecting a laser diode of nominal impedance of
2 Q to a 50 £ system. The technique utilizes a microstrip Chebyshev
transformer without very wide line widths to obtain the match at a center
frequency of 10.5 GHz with a bandwidth of 9 GHz, an insertion loss of
less than 1.5 dB, and a reflection coefficient of better than — 10 dB.

1. INTRODUCTION

High-speed optical modulation of laser diodes is currently of
interest in optically controlled phased array radar [1], and in
high-speed optical communications systems. As the modulation
frequency extends into the upper microwave and millimeter-wave
frequencies, the need arises for an efficient wide-band matching
circuit for the laser diode. Currently, the technique used to match
the laser diode to a 50 £ system is to introduce a series resistance
to bring up the total termination impedance to 50 . In the case
of the Ortel SL1000, the laser is usually modeled by a 2 Q
resistance [2]; thus, the series resistance is 48 Q. The power
delivered to the laser diode is only 4% of the input drive, which is
a large loss of power. This paper presents a wide-bandwidth
matching circuit with lumped and distributed elements for low-
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