one mouse (Fig. 1D), to other retinal layers in
another mouse (32).

Finally, it is worth considering aire-defi-
cient mice as a model of APECED. Like
human patients, the murine model shows
multiorgan attack by lymphocytic infiltrates
and recognition by serum autoantibodies. In
both cases, there is disease heterogeneity be-
tween individuals and exacerbation with age.
The differences between humans and mice in
the spectrum of organs targeted could well be
due to the influence of genetic modifiers, as
recently described for the HLA locus in hu-
mans (39). Aire-deficient mice should prove
invaluable for dissecting the relative impor-
tance of genetic, environmental, and stochas-
tic processes in determining the target organ
specificity of autoimmune destruction.
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Broadband Modulation of Light
by Using an Electro-Optic
Polymer
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A major challenge to increasing bandwidth in optical telecommunications is to
encode electronic signals onto a lightwave carrier by modulating the light up
to very fast rates. Polymer electro-optic materials have the necessary properties
to function in photonic devices beyond the 40-GHz bandwidth currently avail-
able. An appropriate choice of polymers is shown to effectively eliminate the
factors contributing to an optical modulator’s decay in the high-frequency
response. The resulting device modulates light with a bandwidth of 150 to 200
GHz and produces detectable modulation signal at 1.6 THz. These rates are
faster than anticipated bandwidth requirements for the foreseeable future.

Transmitting signals by using infrared light
through optical fiber is the most effective way
to move large amounts of data rapidly over long
distances. Consequently, optical communica-
tions form the backbone of the Internet and
telephone networks, and they are envisioned to
carry real-time multimedia content in the future.
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Approaches to increasing optical bandwidth are
being pursued to accommodate anticipated
growth in data traffic. At present, high-speed
optical networks use bandwidths of 10 GHz
(~10 billion bits per second) per channel, and
40-GHz products are being introduced. Basic
research efforts are aiming to push bandwidths
to 80, 100, and even 160 GHz.

Expanding bandwidth beyond 100 GHz in-
volves many scientific and engineering chal-
lenges, among which is the encoding of elec-
tronic data signals onto a lightwave carrier by
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modulating the light in phase or amplitude. This
is usually done with an electro-optic (E-O)
modulator (Z), where a signal voltage changes
the refractive index of an E-O dielectric optical
waveguide, modulating the phase of a guided
lightwave. Amplitude modulation is obtained
by generating a phase difference AD between
light in two coherent waveguides and then com-
bining to produce constructive or destructive
interference. In present technology, lithium nio-
bate is the E-O material most widely used in
high-speed optical modulators.

An E-O device produces the strongest
modulation when A® = = radians. For an
input voltage V;,,, A® o« w(V;,/V,), where V_,
the “half-wave” voltage that makes A® = =
near zero frequency [direct current (dc)], is:

v, = 1
" = 2neTL )

where \,, is the carrier wavelength, d is the gap
between voltage electrodes, 7, is the optical
refraction index, r is the E-O coefficient of the
dielectric, L is the device length, and T is
defined as the signal electric field in the optical
waveguide normalized to the field that would
be there if air were the dielectric. The central
problem for high-speed operation is that, for a
fixed V,,, A® decreases as modulation frequen-
cy increases. This response deterioration has
three physical origins. The first is dissipation of
V;n due to resistance in the electrodes guid-
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ing the voltage signal. At frequencies (f) that are
high, A® falls as 1/L(fp)"?, where p is the
electrode resistivity. ¥, is also diminished by
absorption in the optical waveguide dielectric,
which causes A® to drop as 1/fLtand, where
tand is the loss tangent. Finally, a velocity
mismatch between signal and carrier waves
causes AP to roll off as sin(fLAnMfLAR),
where An is the refraction index difference
between the guided signal and optical modes.

Degradation of the high-frequency re-
sponse can be reduced to some extent by
making V_ lower without increasing L (2).
Experimental modulators have achieved V_
=~ 1V (3, 4), compared with the 3to 5 V in
commercial devices. However, very broad
bandwidth performance requires minimizing
the loss parameters p, tand, and An. For
lithium niobate, there are strong doubts about
its usefulness above 100 GHz, where its in-
trinsically high values of tand and An will
rapidly decrease response to unacceptably
low levels (5).

Polymeric materials have recently ignited
interest for use in high-speed photonics. A
record low V= 0.8 V was demonstrated (4)
by means of a chromophore that generates a
large r ~60 pm/V (6, 7). In addition, the di-
electric properties of many polymers are suit-
able for high-frequency applications. Millime-
ter-wave measurements on several polymers
show very low tand values and refractive indi-
ces that are not dispersive and within 10% of
optical indices (8). Nevertheless, it has still
proven difficult to fabricate very broad band-
width modulators. The fastest polymer modu-
lators reported show bandwidths (9) of 30 to 40
GHz (10, 11), although a signal remains ob-
servable to 113 GHz (/2). Up to now, polymer
modulators have not exceeded the fastest exper-
imental lithium niobate designs that have 70- to
105-GHz bandwidths (13).

We show that, by characterizing and select-
ing an appropriate combination of materials, the
favorable properties of polymers can be exploit-
ed to essentially eliminate all dielectric factors
degrading high-frequency response. Thus the
bandwidth of a polymer modulator need not be
limited by any intrinsic property of the poly-
mers. The basic design of the modulator is a
2-cm-long push-pull Mach-Zehnder interferom-
eter similar to what is analyzed extensively in
the literature (4, 10, 12, 15, 16) (see Fig. 1). The
commercially available chromophore disperse
red—1 (DR1) bonded in a polymethylmethacry-
late (PMMA) host is used as the E-O active
optical core, which is sandwiched between glass
resin claddings. A ridge optical waveguide
etched into the core has a guided mode optical
index n,, = 1.54. Details of the modulator
materials and construction are specified sepa-
rately (/4).

The polymer stack is also the spacer for a
gold microstrip that guides the modulation volt-
age signal. The choice of core and cladding

15 NOVEMBER 2002 VOL 298
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materials based on their high-frequency dielec-
tric properties is critical. First, the polymers
have very low tand, ~10~* up to 400 GHz (8).
Thus dielectric loss is insignificant compared
with other loss mechanisms such as electrode
resistance. Second, the signal frequency dielec-
tric constant (g) of the composite polymer is 2.8
(8. 1t is crucial that €'> > n_ to achieve a
velocity match between guided mode signal and
optical waves, because the index n_, of a mod-
ulation signal guided by the microstrip can only
be made smaller than €"2. Thus, with €' =
1.67, it is possible to engineer the microstrip to
make n,, = n, = 1.54 to within experimental
accuracy. This eliminates the An factor in the
response decay. Finally, the microwave dielec-
tric constant of the PMMA + DRl is€_ . =
2.3, compared with £,,, = 2.9 for the glass
resin, the reverse of the optical index contrast.
Because €, < €, a voltage V applied to the
microstrip gives an electric field in the core
greater than in the cladding and greater than the
field V/d for an air gap between electrodes. Thus
I' in Eq. 1 can exceed unity. Electrostatic mod-
eling shows that with our materials I' = 1.2 =
0.1, compared with I' ~ 0.3 for lithium niobate
modulators and I" = 0.8 for polymer modulators
with € . > €,

We measured the basic characteristics of the
modulator (Fig. 2) at 1310-nm carrier wave-
length and detected the modulated light output
using a photodiode. The input voltage was
ramped at 24 V/ms, with the microstrip termi-

Au signal
electrode

nated by a matched impedance. The inset shows
the sinusoidal transfer characteristic of an E-O
modulator. The figure shows the same data on a
decibel (dB) scale. The voltage difference be-
tween maximum and minimum optical intensity
gives ¥_ = 11.3 V. This is consistent with a
product #T" of 5 to 8 pm/V. The extinction ratio
X is defined as the ratio of the maximum to
minimum intensities in the modulated light. A
larger value of X means the signal has better
signal-to-noise properties. A voltage V,_ gives
X = 20.7 dB, which is a useful value.

Then, we measured the response to high-
frequency modulation using sideband detec-
tion. When an optical carrier at frequency f_
is amplitude modulated (AM) by a sinusoidal
signal at frequency f,, << f;, the optical pow-
er spectrum of the AM light consists of a
main peak at wavelength A = c/f_, where c is
the speed of light, plus two sideband peaks at
wavelengths A (1 * 8f/f,), where 8f = f, —f_.
These sidebands carry the data signal. The
sideband power Pgy relative to the carrier
power P_is Pgp/P. = Va(l - X ?)?. As X
increases, Pg,/P_ also increases but never
exceeds V4 even for an ideal X — oo,

Optical spectra of the AM light from the
modulator are shown in Fig. 3. A 6-V dc bias
was maintained to operate the modulator in its
linear response regime (Fig. 2, inset). The side-
band wavelengths are plotted relative to the
carrier, which defines zero wavelength shift and
reference power P, = —15 dBm. At all frequen-

Fig. 1. Schematic of the
polymer modulator lay-

ers. The polymer layers
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Fig. 2. Basic characteris-
tics of the modulator. The
inset shows the electric-
to-optical transfer char-
acteristic. The dashed line
indicates the modulator’s
linear response regime.
The main figure shows
the same data plotted on
a decibel scale. Vm and X
are indicated.
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cies, the signal power was adjusted so thata 1-V
peak amplitude appeared at the microstrip input,
which was the largest voltage that could be
applied across the entire frequency range. This
allows the relative heights of the sidebands to be
compared directly. The inset shows microwave
sidebands at several modulation frequencies to
25 GHz. The main figure shows sidebands at
modulation frequencies from 25 to 145 GHz.
Details of the high-frequency measurement
methods are described separately (14).

One obvious feature of the data is that the
sidebands decrease little as frequency increases.
The 25-GHz sideband is within ~0.5 dB of a
reference sideband measured at 10 MHz. From
25 to 145 GHz, the sidebands drop less than 3
dB. This gradual response decay is quantified in
Fig. 4. The relative optical response plotted is
the sideband power normalized to the power at
a relatively low frequency, in this case, 10
MHz. Except at a few resonant dropouts, the
optical response remains flat to within 0.5 dB
up to ~20 GHz, at which point it begins to fall.
However, even at 145 GHz the response de-
creases only by about —2.5 dB. The right side
electrical response is commonly used in engi-
neering and equals the square root of the optical
response (see supporting online text).
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To understand the performance better, we
modeled the response using a Sonnet electro-
magnetic simulator. If we assume no dielectric
losses and use a gold conductivity of 3.7 to
4.1 X 107 mhos/m, we found good agreement
with the data at high frequencies, namely, 20 to
145 GHz. The simulation calculated a voltage
attenuation of 0.25 dB/cm/GHz!"? leading to a
1.8-dB response drop, compared with the ~2
dB measured. This supports the claim that the
effects of dielectric loss and velocity mismatch
are negligible. To estimate the —3-dB band-
width from the data, the electrode surface resis-
tance loss is extrapolated from the highest fre-
quency data points to obtain a best-estimate of
185 GHz. Extrapolations that fall reasonably
within the error bars place the bandwidth be-
tween 150 and 205 GHz. At low frequencies,
there is some discrepancy between model and
data. Sonnet shows a 1.6-dB drop from 10
MHz to 20 GHz, in contrast to the ~0.5-dB
drop measured. Including this drop, the mod-
eled bandwidth would be around 115 GHz.
We are currently trying to understand the
physical reason behind the 1-dB difference
between modeling and data at low frequen-
cies. Nonetheless, the results for high frequen-
cies clearly demonstrate that the bandwidth

Fig. 3. Optical power spec-
tra at several modulation

frequencies. The spectra
are shown as wavelength
shifts relative to the 1310-
nm carrier. The inset shows
several microwave fre-

quency modulation side- 30 -
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is determined by the gold surface resistance.

If electrode surface resistance dominates
the high-frequency roll-off, then the response
degrades slowly enough to operate conceiv-
ably well above the —3-dB point. As a dem-
onstration, we drove this modulator at 1.6
THz using a molecular gas laser. The result-
ing optical spectrum is shown in the inset,
Fig. 4. The 1.6-THz sidebands are small but
have 3 to 4 dB of signal-to-noise ratio. How-
ever, because the actual power coupled from
the laser to the modulator could not be reli-
ably determined, the 1.6-THz response is not
included in the main part of Fig. 4.

The ability to support extremely broad
bandwidth operation, together with the pos-
sibility of low operating voltages, makes it
plausible that an ultrafast polymer modula-
tor with truly practical characteristics can
be fabricated in the near future. In addition,
the fabrication methods for polymer devic-
es offer opportunities for cost reduction
relative to more common E-O materials.
Although questions about the long-term re-
liability of polymer devices remain to be
answered, polymer optical waveguides and
E-O materials clearly provide an excellent
material system for the high-speed pho-
tonic applications important to next-gener-
ation optical communications.
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