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Optical Frequency Conversion Using
a Linearized LiNbO Modulator

Harold Roussell,Member, IEEE,and Roger Helkey,Member, IEEE

Abstract—High dynamic range optical frequency conversion is
demonstrated using a third-order linearized modulator. A record
dynamic range of 122.5 dB���Hz4=5 was achieved at an input
frequency of 400 MHz.

Index Terms—Frequency conversion, optical distortion, optical
frequency conversion, optical mixing.

I. INTRODUCTION

H IGH-LINEARITY optical links are needed for a variety
of applications, from the distribution of cable TV signals

[1] to antenna remoting [2]. The complexity of the receiver
following the link can be reduced by including frequency
conversion in the optical link [3]–[13], as the first frequency
conversion stage is eliminated and an all-digital receiver may
be possible because of the lower link output frequency. A
frequency conversion radio frequency (RF) gain of 3.3 dB
without an amplifier and a dynamic range of 112.9 dBHz
have been demonstrated using an unlinearized Mach–Zehnder
modulator [13]. Frequency conversion using a third-order
linearized electroabsorption modulator has given a dynamic
range of 110 dBHz [8].

For conventional suboctave links, the second-order inter-
modulation products fall out of band and third-order linearized
modulators which do not suppress second-order distortion
can be used. Third-order linearized modulators include the
directional coupler [14], series-modulator [15], reflective half-
coupler [16], and electroabsorption (EA) modulator [17], and
are easier to fabricate and bias than modulators with second-
and third-order linearization. In order to have second-order
frequency products fall out of band for down conversion links,
the output band after frequency conversion must be suboctave
[8], resulting in a narrower frequency range than requiring
the input band to be suboctave. Here, a dynamic range of
122.5 dBHz is demonstrated using a half-coupler linearized
modulator, which requires a suboctave output frequency band.

II. EXPERIMENT

The experimental frequency conversion link configuration
is shown in Fig. 1. The local oscillator signal is generated
in a conventional quadrature-biased Mach–Zehnder modulator
driven by a sinusoidal signal at the amplitude for minimum
conversion loss [5], [8]. The input RF signal is applied to
a linearized modulator. The linearized modulator used in
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Fig. 1. Experimental configuration of high-linearity 400-MHz frequency
conversion link using a conventional Mach–Zehnder modulator for the LO
modulation and a reflective half-coupler Mach–Zehnder modulator for the RF
signal.

this experiment is a reflective half-coupler Mach–Zehnder
modulator from Uniphase Telecommunications Products, with
an 18-mm lumped-element electrode. The linearized modulator
bias point was set using a feedback circuit to provide a constant
ratio between the input and output optical power [18].

The dc transfer function of a half-coupler modulator can be
written as

(1)

where

photo detector current;
maximum photo detector current;
input voltage;
half-wave voltage of the modulator;
transfer function shape parameter that can be chosen
by design.

The modulator used in this experiment had aof 0.234. The
half-coupler modulator can be designed to produce a variety
of transfer functions corresponding to differentvalues as
illustrated in Fig. 2. The circles indicate the bias points for
minimum third-order distortion.

The secondary peak height of the half-coupler transfer
function is determined by the coupling coefficients of the two
directional couplers. These coefficients can be adjusted to set
the height of the secondary peak and give maximum value
of set by the modulator insertion loss. The half-coupler
modulator can be designed with a transfer function and noise
figure that is identical to that of the third-order linearized
series Mach–Zehnder configuration. The optimum value of
is determined by the noise figure tradeoff between reduced shot
noise and reduced link gain at the linearized bias point [16].

The center of the half-coupler modulator electrode is offset
from the mirror, so there is a time delaybetween the modu-
lation of the forward and reverse propagating optical waves
which must be included in the model at higher frequency
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Fig. 2. Reflective half-coupler Mach–Zehnder modulator transfer functions
for various values of the shape parameter�.

[16]. This delay can be explicitly included in the modulator
transfer function using a model that treats the electrode as a
lumped-element phase shift

(2)

where is the time-dependent modulator voltage. This
time dependence of the modulator transfer function results in
some frequency dependence of the optimum bias point for
linearization, which can be eliminated in the series modulator
configuration by adding an electrical time delay before the
second modulator electrode equal to the optical time delay.

The Mach–Zehnder modulator used to generate the local
oscillator modulation had an input optical power of 364 mW,
which gave an output optical power of 40.7 mW, resulting
from 6.5 dB of optical insertion loss and 3 dB of loss due to
quadrature modulator bias. There are more efficient methods
to generate this optical modulation which could yield higher
optical output power and better performance [13], such as
optical amplification of the modulated signal [10], optical
mode beating [19], or using a high-power laser modulated
or pulsed at the local oscillator frequency.

The modulator was biased to cancel third-order distor-
tion resulting in a measured spurious-free dynamic range
of 122.5 dBHz as shown in Fig. 3. The conventional
spurious-free dynamic range definition was used, which is the
input power range for a two-tone input signal where each of
the fundamental tones are above the noise floor and each of
the intermodulation products are below the noise floor [3],
[20]. For a wide noise bandwidth, the dynamic range can be
increased by biasing the modulator to give a finite amount of
third-order distortion in order to cancel fifth-order distortion at
a particular input power level [21]. By changing the modulator
bias, the dynamic range in a 40-MHz bandwidth was increased
from 60.4 to 64.7 dB as shown in Fig. 3, where the input power
has been scaled slightly in the graph to account for the change
in link gain due to the change in bias point.

Fig. 3. Measured power levels of fundamental signals and intermodulation
products as a function of input power level referenced to the modulator
input for the linearized modulator frequency conversion link measured for
fRF1 = 399 MHz, fRF2 = 401 MHz, fLO = 420 MHz for (a) third-order
linearization (b) optimized for 40-MHz instantaneous bandwidth.

Fig. 4. Measured and calculated dynamic range as a function of optical input
power to the linearized modulator for a modulator insertion loss of 6.5 dB
and a detector efficiency of 0.88 mA/mW.

The measured dynamic range value is compared in Fig. 4
to calculations for a range of optical power using the transfer
function model of (2). The measured dynamic range is ap-
proximately 3 dB lower than the modeled value, which may
be due to using a lumped-element model for the modulator
electrode. At higher frequency (600 MHz) the calculated
dynamic range degrades due to the delay between forward
and backward propagating waves, and a different linearized
modulator configuration should be used. This modulator was
operated at the upper end of its bandwidth, and a traveling
wave model has been shown to be important for accurately
modeling distortion in linearized modulators without good
match between the electrical and optical wave [22]. It is
believed that these results could be improved using a different
modulator electrode design.

III. SUMMARY

A half-coupler linearized modulator has been used to
demonstrate a record dynamic range for a linearized frequency
conversion link. A dynamic range of 122.5 dBHz was
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achieved at 400 MHz, compared to previous frequency
conversion link results of 112.9 dBHz for a conventional
Mach–Zehnder modulator and 110 dBHz for a linearized
electroabsorption modulator. The output frequency band must
be suboctave to avoid second-order distortion products. This
linearized modulator configuration should allow frequency
conversion in links used for high-performance analog
applications.

Link performance also has been calculated as a function
of optical power and instantaneous bandwidth. The measured
distortion was somewhat higher than predicted by a lumped-
element model, and a traveling wave model may be needed at
higher frequency. Using current technology, a dynamic range
higher than 134 dBHz should be possible for a frequency
conversion link using an optimized laser and modulator.
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