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Optical Device Design With Arbitrary Output
Intensity as a Function of Input Voltage

M. R. Fetterman and H. R. Fetterman, Fellow, IEEE

Abstract—We show that the designs for optical digital signal pro-
cessing can be used to construct a device that gives an arbitrary
function ( ), where is the output signal intensity and is
the input voltage. This is done by applying the same voltage
to several electrodes in the system, and does not require changing
the input optical frequency. This device will have applications to
modulator linearization and correction for amplifier distortion. We
present a numerical simulation of the device. We study the device
as a function of wavelength and voltage.

Index Terms—Electrooptic modulation, optical signal pro-
cessing.

I N [1]–[5], the researchers show that, using structures similar
to those found in digital signal processing (DSP), it is pos-

sible to implement optical filters. These filters can be designed
for arbitrary transfer functions in phase as well as amplitude.
For example, we can generate linear dispersion or a notch filter.
Using the electrooptic effect, we can (theoretically) change the
filter shapes at gigahertz rates. Such filters have been experi-
mentally investigated in silicon, where thermal tuning was used
to change the index of refraction. Currently, we are investigating
fabrication of these devices in electrooptic polymers [6], so that
much higher data rates will be accessible.

Consider an optical digital filter as described in [1]–[5]. Such
a filter could have the response , as shown in Fig. 1(a),
with respect to optical frequency . In this letter, we show that,
given such a filter, we can then generate a filter with an arbitrary
transfer function , with respect to voltage , as shown in
Fig. 1(b).

We note the related work of [7] and [8], in which the authors
cascade Mach–Zehnder modulators to generate linear sig-
nals for CATV applications, with . Our work represents
a generalization and extension of [6], as we use several infinite
impulse response (IIR) filters to obtain arbitrary response func-
tions. Applications of this work include linearizing optical mod-
ulators and optoelectronic linearization of electronic amplifiers.

We now describe our proposed device. For DSP, it is often
convenient to work in the domain, where the relationship [9]
between and the optical frequency is given by

(1)

The optical DSP structure [1]–[5] allows us to form a transfer
function given by , where and
are polynomial functions of . By tuning phase shifters on
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Fig. 1. For the values of the filter coefficients shown in this plot, see Table I.
(a) Assume that we can construct a filter with an arbitrary transfer function
f(!) so that we may plot I , the output intensity, as a function of !, the optical
frequency. (b) As described in the text, we add signal electrodes to each filter
element. Then, we can generate an arbitrary output I(V ) as a function of
voltage, where V is a single signal voltage.

TABLE I
FILTER COEFFICIENTS FOR THE FOURTH-ORDER IIR FILTER SHOWN IN

FIG. 1. FIRST ROW GIVES THE NONRECURSIVE COEFFICIENTS M ,
AND THE SECOND ROW GIVES THE RECURSIVE COEFFICIENTS

N , SO THAT THE FILTER TRANSFER FUNCTION IS GIVEN BY

H(z) = (M + M z + M z + M z + M z )=
(1 +N z +N z +N z +N z )

the waveguides, either thermally or electrooptically, we can dy-
namically change and , thereby changing . Since
we can choose and is related to by (1), we can design
frequency filters. The resolution of the filter function will
depend on the number of elements in the filter. The more ele-
ments, the higher resolution, but there will be a price in terms
of optical loss and fabrication complexity.

Fig. 2 shows a design for a fourth-order coherent two-port
optical delay-line circuit, after [5]. This consists of four unit el-
ements, where each element has a ring waveguide and a sym-
metric Mach–Zehnder. Each element requires two directional
couplers, labeled as and in Fig. 2, and two phase shifters,
labeled as and . There is also one directional coupler at the
beginning of the structure. The delay in (1), shown in the ring
waveguide of Fig. 2, is determined by the physical waveguide
design and will not change as voltage is applied to the control
electrodes.

In this letter, we add phase electrodes (which we will refer
to as signal electrodes), labeled as in Fig. 2, to the optical
DSP structures. Specifically, a signal electrode is inserted into
the ring waveguide of each element. We apply the same voltage

1041-1135/$20.00 © 2005 IEEE



98 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 17, NO. 1, JANUARY 2005

Fig. 2. This schematic, after [5], shows a fourth-order coherent two-port
optical delay line circuit, where we have added signal electrodes to implement
(2). (a) The fourth-order filter is implemented in four identical stages. (b) One
stage contains five tunable electrodes.

, which we refer to as the signal voltage, to all of the signal
electrodes. The signal electrodes effectively modify (1) so that

(2)

In (2), is the voltage required to shift the optical phase by .
Assume that we hold the optical frequency constant. It follows
from (2) that we can change as a function of voltage, rather
than as a function of frequency. So, since the output intensity
depends on the transfer function , we have designed a filter
based on voltage, rather than frequency. If is the filter
response as a function of frequency and voltage, and

, then, using (2), we find that

(3)

A more rigourous proof of (2) and (3) is implied in [5]. We
note that this result should apply to different implementations
of optical DSP [1]–[4] and not just to the design of [5], because
(2) is written in a general form. The device is periodic in with
periodicity , and periodic in with period .

As compared to the original optical filter, only one additional
electrode per stage is required to implement (2). A directional
coupler precedes the entire structure, and there are five elec-
trodes per stage, so that the total number of tunable elements
for the fourth-order filter is 21. Typically, we may require a fast
response as a function of , and a somewhat slower response
to tune the entire filter response function. Then, we may make
the control electrodes thermoelectrically tun-
able, and the signal electrodes electrooptically tunable.

We now simulate a fourth-order filter with this design, and
estimate performance parameters. In Fig. 1(a), we show the re-
sponse in the wavelength domain, corresponding to the filters
described in [1]–[5]. In the units of Fig. 1(a), we let
correspond to an arbitrary optical frequency and
correspond to . As a reasonable physical value, we

could choose the length of the ring waveguide in Fig. 2 to be
cm. Then, , and the free spectral range

(FSR) will be FSR GHz, with the index of refrac-
tion in polymer.

The dotted line in Fig. 1 represents the desired curve, which
goes as , and the solid curve shows the simulated filter.
The values of the filter coefficients used to generate Fig. 1 are
given in Table I, with the standard form described in the caption
to this table. The filter is normalized as in [3] and [4], so that
the maximum of the transfer function is one. We chose to match
the filter to the curve until (in normalized units), and
then make the filter symmetrical about this point, because of the
periodicity constraint of such filters.

In Fig. 1(b), the axis is normalized so that . If the
electrode has length , then for the electrode is typi-
cally a constant, which we denote as . For the polymer elec-
trooptical material [6], Vcm. With cm, we
would then obtain V. We have labeled six points on the
curve as , and these values will be referred to later
in the letter.

The function shown in Fig. 1(b) is , where
is the output optical intensity and is the signal voltage. The
control voltages determine the functional form .

Next, we consider the relation between the modulation rate,
the FSR, and the input laser bandwidth. The parameter deter-
mines the device FSR. Consider the application where we have
a single optical frequency and we wish to modulate the voltage

at the highest possible data rate. The laser should have a much
narrower bandwidth than the filter bandwidth so that it only sam-
ples one point of the filter. We take the laser linewidth as ,
and we modulate the device electrodes with frequency ,
broadening the bandwidth by . For an th-order filter, the
width of the filter’s frequency variations will be approximately

, assuming that the poles and zeros are equally spaced.
The condition on the FSR becomes

(4)

For parameters , MHz, GHz,
the FSR should be greater than GHz. The waveguide
parameters we described earlier gave an FSR of 30 GHz, so
these device requirements are reasonable.

To further examine this relation, we simulate the device
behavior as the optical bandwidth changes. We consider the
fourth-order function described in Fig. 1, with FSR GHz.
We assume a Gaussian optical source with bandwidth 10 kHz,
5 GHz, and 10 GHz. The bandwidth could arise from a broad
input source or from a higher modulation frequency. Fig. 3
shows the resultant calculation. The 10-kHz optical bandwidth
waveform matches the square root curve of Fig. 1, but as
the bandwidth broadens, the curves broaden and the match
degrades. Also note that at the broader optical bandwidth, the
filter function no longer goes to zero at the edges of the voltage
range. This results from the periodicity of the filter.

There is also a relation between the driving voltage and the
FSR. For the ring waveguide [10], , as the electrode
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Fig. 3. Here we simulate the device response of Fig. 1. We include three
different optical bandwidths of the optical source, 10 GHz, 5 GHz, and 10 kHz.
The narrow 10-kHz source faithfully reproduces the desired curve. As the
source optical bandwidth broadens, the resultant curve also broadens.

cannot be longer than the ring waveguide on which it is fabri-
cated, and it follows that:

(5)

So, as we make IIR filters with a wider FSR by using shorter ring
waveguides, the will increase. Also, from (4) and (5) we can
conclude that higher modulation frequencies require a higher

. The issues raised by (4) and (5) will generally apply to
electrooptical IIR structures, as electrooptical modulators typ-
ically have less index change than thermooptical modulators.
Designing an IIR structure with a low and a high modula-
tion frequency would be a subject for further research.

The functionality of this device is accomplished without
changing the input optical frequency. Above, we considered
the effects of broadening the optical frequency. We may also
design our filter to operate as a function of voltage and optical
frequency. In Fig. 4, the axis represents , normalized from
zero to one as in Fig. 1(a), and the axis represents , normal-
ized as in Fig. 1(b), and we use these normalized units when
referring to Fig. 4. On the voltage-wavelength axes of Fig. 4,
we then plot the same function as illustrated in Fig. 1, using
the values from Fig. 1. With (2), we can find the
response of the device as a function of voltage and wavelength.
The values along the optical frequency axis of Fig. 4, with

, correspond to the filter of Fig. 1(a), and the values
along the voltage axis, with , correspond to the filter of
Fig. 1(b).

With some restrictions, we can also make a filter as a function
of wavelength and voltage, which could be useful in a dense
wavelength-division-multiplexing application. We limit to

Fig. 4. Device response as a function of optical frequency and voltage.
The variables a1; . . . ; a5 correspond to the values of the filter function from
Fig. 1(b). The values along the optical frequency axis, outlined by a dotted box
labeled e, correspond to Fig. 1(a), which is a filter as a function of wavelength.
The values along the voltage axis, outlined by the dotted box labeled g,
correspond to Fig. 1(b), which is the filter as a function of voltage. We can
also make a filter with the two voltages V = 0 and V = 0:6, and the optical
frequencies from ! = 0 to ! = 0:5. These values are enclosed in two dotted
boxes, labeled f .

the two discrete values 0 and 0.6, and we limit from 0 to
0.5. Then, we obtain different filter functions, as a function of
wavelength, at these two voltages. One constraint is that the
filter will have the same value at the start of the frequency range
as at the end of the frequency range.
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