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Abstract—Electrically driven arrays of optical switches can be s
used to time demultiplex a train of high-repetition-rate optical Va2
pulses into parallel lower speed circuits. These demultiplexers ;
are used to advantage in high-speed communication systems and ’\ ’\
in photonic analog-to-digital converters. High-speed operation 1x2 [
of an optical demultiplexer is simplified by the use of sinusoidal _/-> Optical ’\ ’\
electrical drives, but suppression of crosstalk is difficult. Adequate ’\ ’\ ’\ h ’\ ’\ ’\ 1x2 Switch [—»
suppression of crosstalk in these demultiplexers can be obtained Ovtical Pul —| Optical h A
through the use additional modulators. The key to our approach ptical Pulses Switch ixz F>
is the use of a combination of harmonically related sinusoidal * -\_> Optical A
signals applied to the additional modulators in order to select one Switch |—»
out of every M pulses. Results with a 1: 4 demultiplexed photonic Vi
analog-to-digital converter operating at 208 MS/s demonstrate the ?
efficacy of the technique. V3

Index Terms—Analog—digital conversion, electrooptic devices
integrated optics, optical crosstalk, optical switches, time divisio
multiplexing.

’ Fig. 1. Standard configuration for a 1:4 optical demultiplexer consisting of a
n binary tree of 1x 2 electrically driven switches.

A standard type of optical demultiplexer consists of a bi-
. INTRODUCTION nary tree of 1x 2 electrically driven optical switches [3], [4],

PTICAL time demultiplexing can be used to proces§h0W“ in Fig. 1 for a 1: 4 demultiplexer. This configuration re-

high-repetition-rate sequences of optical pulses Hipires the minimum number of & 2 switches(M — 1) for a
routing sequential pulses to lower speed circuits operating 14/ demultiplexer. With imperfect switches having finite ex-
parallel. This approach is widely used in high-speed fiber-opfigiction ratios, there will be crosstalk among the parallel output
communications [1]-[4]. Optical demultiplexing is also usefyghannels. For this s_,implle colnfiguration, crosstalk may be h!gh
for increasing the effective sampling rate of optically samplecause crosstalk is primarily suppressed by only one switch
analog-to-digital converters [5]-[8]. Development effort§t @ time. Such crosstalk can degrade the performance of op-
are under way for a new generation of high-sampling-raﬁ?m communication systems and limit the accuracy of photonic
analog-to-digital (A/D) converters that exploit the uniquéV/D converters [12]. Typical extinctions for guided-wave op-
features provided by optical sampling of electrical signaldcal switches are of the order of 20 to 30 dB. For applications
These photonic A/D converters utilize a train of optical pulséiICh as high-resolution (e.g., 12-bit) photonic A/D converters
to sample an electrical input waveform applied to an eleihere low crosstalk (e.g., 40 dB) is essential, additional devices
trooptic modulator. The resulting train of amplitude-modulate@f® required for crosstalk suppression. This paper describes one
optical pulses is optically 1% demultiplexed to an array of @Pproach that we have implemented with LiNpguided-wave
M parallel circuits where the pulses are detected and thfch—Zehnder modulators where four modulators have been
amplitude quantized by conventional electronic A/D converterddded to provide extra extinction (Fig. 2). This approach re-
Digital interleaving of the quantized samples yields an effectif@ires2M —1 switches or modulators for a B/ demultiplexer.
sampling rate that is a factor a¥/ higher than that of the Another approac_h is to use an extra modulat_or on both outputs
electronic A/D converters. Two types of demultiplexers ar@f every 1x 2 switch for a total of 3§/ — 1) switches or mod-
being pursued, one based on wavelength-division techniqi#ators [10].

[7], [8] and one based on optical switches [5], [6], [10]-[12]. The straightforward way toimplement the electrical drive sig-
This paper focuses on the latter type of demultiplexer. nals for optical switches or modulators is to have the voltages

switch between the two values that direct the optical pulses up-

, ) _ ) ward or downward in the switches or turn the modulators on
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yaums 2 TABLE |
DRIVE VOLTAGES NORMALIZED TO V. FOR SINUSOIDAL DRIVE OF A1:4
Extinction EXTINCTION MODULATOR
Modulators
V4 Vs Sequence of  Amplitude of Peak Amplitude  Peak Amplitude
Values of k DC Bias of AC Signal of AC Signal
at f /4 at fi/2
—
0,1,1,1 0.75 -0.5 -0.25
Switch Switch -
0,1,-1,1 0.25 0.5 -0.75
Switch —
2824056
1.5
—>
V3 T 1.0
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&7 0.5
Fig. 2. Layout of a 1:4 guided-optical-wave demultiplexer consisting of g 0.0 (@
an array of Mach—Zehnder modulator/switches incorporating 3-dB output =
couplers. Extra extinction modulators are added at each output. 05
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Fig. 3. Drive voltages at pulse arrival times for a modulator that transmits one -1.0
out of four pulses. (a) Sequence of voltages correspondingete=a0, 1, 1, 1 15
sequence. (b) Sequence fo= 0,1, -1, 1. ~0.0 1.0 20 3.0 2.0
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or downward deflection at the time that the pulses arrive at each
switch. Fig. 4. Extinction modulator drive waveform corresponding to: (a) the

However, a simple sinusoidal drive will not work for the®duenc® = 0.1.1,1and (b) the sequende= 0,1, —1,1.
extinction modulators shown in Fig. 2. The function of the
extinction modulators is to be on when the desired pulsase given in Table I. The corresponding drive waveforms for
arrive and be off when other pulses arrive. The challenge isttoe extinction modulators are shown in Fig. 4.
identify the simplest waveforms that can accomplish this task.This same approach can be extended to a 1: 8 pulse selector.
If we assume that the modulators are on (transmitting) whéihe parameters to be set include the dc bias and the amplitudes
Vi throughV; are at zero volts, then we want these voltages tf ac signals affi~/2, fin/4, and fix/8. Specifying the volt-
equalkV, wherek is an even integer when the desired pulsezges of the drive waveform for an extinction modulator at the
arrive andk is an odd integer when the undesired pulses arriviime of arrival of eight successive pulses yields eight equations
V. is the switching voltage of the modulators. For a 1: 4 pulse four unknowns. There are only five independent equations.
selector, such waveforms can be implemented by adding tWasolution is possible only if one equation is ignored which is
harmonically related sinusoids at frequencfes/2 and fix/4 equivalent to putting no constraint on the voltage at the time
along with an adjustment of the dc bias on the modulatorsf arrival of two pulses symmetrical in time about the fourth
where fix is the repetition rate of the input pulses. Specifyingulse after the desired pulse. For a 1:8 switch tree, the third
the voltages of the drive waveforms at the time of arrival adnd fifth pulses after the desired pulse experience close to the
four successive pulses yields four equations in three unknowosmbined extinction of two switches and thus require little fur-
However, there are only three independent equations thher crosstalk suppression by the extinction modulators. For ex-
yielding values for the three unknowns, the dc bias and thenple, a 1:8 switch tree consisting of>1 2 switches with
amplitudes of the two sinusoids. Two of the many possibRb-dB extinctions will suppress the third and fifth pulses by
choices for the sequence of valuesXare illustrated in Fig. 3. 41 dB. This means that the extra extinction modulator does not
The corresponding values for the dc biases and ac amplituthese to provide further suppression of these pulses in order to



WILLIAMSON et al: SINUSOIDAL DRIVES FOR OPTICAL TIME DEMULTIPLEXERS 1947

TABLE I
DRIVE VOLTAGES NORMALIZED TO V,; FOR SINUSOIDAL DRIVE OF A 1:8 EXTINCTION MODULATOR
Sequence of Amplitude of Peak Amplitude Peak Amplitude Peak Amplitude
Values of k DC Bias of AC Signal of AC Signal of AC Signal
(* indicates no at fi /8 at fo/4 at f/2

specification of k)

0,1,1,%1,*,1,1 1.0518 -0.5 -0.25 -0.3018
0,1,1,%-1,%,1,1 0.4482 0.5 -0.75 -0.1982
0,1,-1,*,1,*,-1,1  0.5518 -0.5 0.75 0.8018
0,1,-1,%-1,%,-1,1 -0.0518 0.5 0.25 -0.6982
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reach a goal of 40-dB crosstalk suppression. Therefore, a judi- g

cious choice is to ignore constraints on the voltage on the extinc-
tion modulator at the time of arrival of the third and fifth pulses. sl:;:?:;'::gr
This leaves four independent equations in four unkowns, the dc  Delay |
biases and the amplitudes of ac signals at three different frequen- otage
cies. The solutions for various choice bfare summarized in 52 MHz Switches
Table Il. For a 1: 16 pulse selector, there are seven independent >
equations in five unknowns. Solutions require that the specifica-
tion of the voltages for two pairs of pulses symmetrical in time Adjustable
about the eighth pulse following the desired pulse be ignored. Frequency Attenuator
For a 1:M demultiplexer, log(M) frequencies are required. Doubler

Even though the drive waveforms for the extinction modula- Y
tors include several frequencies, setting up these waveforms is N 3] sum
relatively easy because the overall response of the drive systerr
has to be satisfied at only a few discrete frequencies. These N>
frequencies are the same as those required for the drive of the
switches in a demultiplexer. These frequencies can be straight- 104 MHz
forwardly generated and locked in phase by the use of analog Extinction
frequency doublers or by digitally counting down from the sam- Modulators
pling frequency. By adjusting the amplitude of the signals at the
various frequencies before they are combined to drive the ex- \_ ‘ g:fs#
tinction modulator, the overall drive levels can be set to com- g 5w?3:?1
pensate for variations in the frequency response of the drive cir- \J
cuitry and mo_dulators. _ Frequency 208 MHz _ hG::;

Because high-frequency Mach—Zehnder modulators typi- Doubler " Locker

cally have values oV, of a few volts, the electrical power for
the drive signals for the switches and extinction modulato -— ) N ) .
. . ._Fig.5. Circuitry for generating the drive signals for the demultiplexer switches
can be rather high. However, considerable power reducti extinction modulators. Each of the outputs on the right goes through a
can occur if the electrical drivers are resonantly matched tatage-controlled attenuator with the voltage supplied by a digital-to-analog
the optical devices [13]. Because each switch is driven a?%{]verter DAC._The output_ofthe attenuator goes through an amplifier followed
. h . . . . .by a bias tee with the dc bias controlled by a DAC.
single frequency, a single-pole matching circuit to the primari )}’
capacitive load of the modulators is adequate. For the extinction
modulators, a two- or three-pole resonant circuit can be usi#ger-to-fiber optical insertion loss from the input to output was
for the 1:4 and 1:8 systems, respectively. Alternatively, treround 6 dB. The first-stage switch was driven by a 104-MHz
drive electrodes for the extinction modulators shown in Fig. €ne wave and the second switches by appropriately phased
can be split into separate segments with each segment driveBzaMHz sine waves. The system for generation of the drive
a single frequency through a single-pole matching circuit.  signals is shown in Fig. 5. In all cases, the source impedance was
A photonic A/D system incorporating a 1:4 sinusoidallyp0 2 and the modulators and switches had &b8hunt across
driven optical demultiplexer has been assembled and tested [1f¢ device capacitance. The extinction modulators were driven
Resonantdrives were not used in this initial implementation. Thg awaveform correspondingtothe0, 1, 1, 1 sequenceiillustrated
input pulse rate (effective sampling rate) was 208 MHz. An X-cit Figs. 3(a) and 4(a). This waveform was chosen because it
LiNbO3; demultiplexer incorporating extra extinction modularequired a lower peak-to-peak voltage than the alternatives.
tors in the form of Fig. 2 was fabricated. For the switches arihe timing of the drive signals relative to the input pulses was
modulatorsV,; was approximately 5 V. With the switches angrecisely established (to within 200 ps) by placing a fast detector
modulator set for maximum transmission to a given output, tla each of the four outputs of the demultiplexer, and observing
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perature that resulted in increased crosstalk. Significant drifts

a occurred over times ranging from minutes to hours and thus re-
£ o quired periodic resetting of the dc biases in order to maintain
@ = adequately low crosstalk.

E —10l i Detailed measurements of the overall photonic A/D converter
g 5 system showed error spurs at about-t&9-dB level [10], [11].

E 20k ] The projected level of errors due to measured demultiplexer
8 i crosstalk alone [12] is about70 dB, thus suggesting that the
§. a0l \ f | current limitations on performance are likely due to causes
o | \ | other than demultiplexer crosstalk. The overall performance
E 0l | | | of the 1-to-4 demultiplexed photonic A/D converter system is
E» | P! ! J v d@scussed in_referenpes_ [10] and_ [11]_. A newer version with
% 0 , 0 | . I L . higher sampling rate is discussed in this issue [14]. The current
§ 0 1 2 3 4 performance is comparable to the best conventional electronic
o Time/Input Pulse Period A/D converters at similar sampling rates [15]. Further im-

provements in both the speed and accuracy of photonic A/D

Flg 6. Calculated overall optical transmissionforal:4 optical demultiplex@'onverters are expected to extend the performance We” beyond
incorporating extinction modulators (solid curve). The extinction is assumed

be 13 dB for the switches and 24 dB for the extinction modulators. The dashtﬁ? current State_ of th_e art SPmm_a“ZGd n referen_ce [15]. o
curve is the response anticipated for devices with perfect extinction. In summary, sinusoidal drive signals are attractive for driving

high-speed optical demultiplexers for photonic A/D converters

the relative heights of the pulses as the ac drive signals to &ed high-speed optical communication systems. A special class
various stages were switched on and off. of waveforms consisting of a combination of i@/ ) sinusoids

Once system timing was accurately set, the four outputs we&n be used to drive optical modulators so as to select every Mth
attached to detectors followed by interface circuits to the elgeuvlse out of a pulse sequence. Bdr> 8, this approach entails
tronic A/D converters. The levels of the dc biases and the amp#Pme modest limits on the suppression of certain pairs of pulses
tude of the ac drive signals for the demultiplexer were controllé@ & sequence. An implementation in a 1 : 4 time demultiplexed
by digital-to-analog converters. With a series of constant-ampifihotonic A/D converter has demonstrated the utility of the ap-
tude optical pulses input to the demultiplexer, a computer algeroach. Although this paper has focused on the use of special
rithm measured the A/D-converted samples while the dc biagegveforms for driving optical modulators in photonic A/D con-
were varied and then set the appropriate dc bias for each devigsters, the approach may be useful for other types of high-speed
In a similar fashion, the ¢ amplitudes were varied so as to pe@R—off switches.
up the desired signals. With an accurately set dc bias, this pro-
cedure also maximized the attenuation for the undesired pulses. REEERENCES
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