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Paper Summary 

A novel method of converting binary-level electrical 
pulses into multi-level optical pulses using only a 
conventional traveling-wave optical modulator is 
presented. The method provides low inter-pulse 
interference due to the counter-propagating pulses. 

Introduction 

High-level modulation formats, such as 16-QAM, offer 
higher spectral efficiencies [1], but usually require 
electrical Digital to Analog Converters (DACs), which 
consume significant power, partially because of the 
impedance-matched terminations on their parallel time-
multiplexed high-speed electrical inputs. DACs are also 
required for electronic precompensation and forms of 
optical OFDM that use multiple electrically generated 
subcarriers [2]. 
 In this paper, a new method of converting variable-
width electrical pulses into ultrashort multi-level optical 
pulses is presented. This uses a conventional LiNbO3 
optical modulator, but with its optical and electrical 
signals counter-propagating. These multi-level pulses 
could then be converted to almost any modulation 
format, using optical filtering, as we have previously 
demonstrated to produce a universal transmitter [3], 
shown in Fig.1. The advantage is that variable width 
electrical pulses are easier to communicate between the 
digital signal processor and modulator than parallel 
binary inputs to a DAC, as only one signal path is 
required.  
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Fig. 1: Arrangement of a pulse source, optical modulators, and 
a Reconfigurable Optical Switch (ROS) to create signals of any 

modulation format by appropriately filtering the modulated 
inputs to the ROS. For example, for OFDM, each filter 

generates a subcarrier by converting each modulated pulse into 
an integer number of cycles occupying an OFDM symbol. 

 
Principle of Operation 

A conventional optical modulator arranges the electrical 
drive to propagate along its electrical waveguide at the 
same velocity (so, direction) as the optical wave 
propagates along its waveguide [4]. This ensures that a 
small portion of the electrical signal interacts with a 
small portion of the optical wave, imparting a phase shift 
onto that part of the optical wave. This maximises the 
modulation bandwidth of this travelling wave (TW) 
design, while retaining a long interaction length to lower 
the drive voltage required for enough phase shift to 
switch the modulator between off and on.  
 If the direction of the optical wave is reversed, then 
the electrical and optical pulses interact as they pass by 
one-another, as shown in Fig. 2 (top), which represents 
one arm of a Mach-Zehnder Interferometer (MZI) 
modulator. The interaction is represented in Fig. 2 
(bottom) as a space-time diagram, with the variable-
duration electrical pulse traveling left to right. A short 
optical pulse, travelling right to left, will accumulate a 
phase shift, Δθ, due to the electro-optic effect, which is 
proportional to the integral of the electrical pulse 
bounded by the time the optical pulses is under the 
electrode. A MZI structure converts this phase change 
into an intensity variation. 

Position along Modulator

Time

Elec.
Pulse

Sh
o
rt

Lo
n
g

Optical
Pulse

Electrode

Optical Waveguide                        

In

A

B

C

TSP

2TSP

tp

0

 
Fig. 2: Side view of one arm of the optical the optical 

modulator (top). Overlap of the counter-propagating electrical 
and optical pulses (bottom), which is dependent on the duration 

of the electrical pulse.  Note how the optical pulse only takes 
TSP to integrate the electrical pulse over a duration 2×TSP. 



The integrated phase shift, using a (chirped) modulator 
with sensitivity Vπ, will be: 
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Where: vin is the electrical pulse, TSP is the single-pass 
propagation delay (electrical or optical) in the interaction 
region, and the optical and electrical pulses first cross at 
t = TSP (point A in Fig. 2). For a rectangular electrical 
pulse of amplitude vmax and width tp, the phase shift is 
π.vmax.tp/(2VπTSP). To obtain the greatest modulation 
depth,  vmax would be chosen to impart Δθ = π when tp= 
2.TSP; however, a greater drive voltage will mean that tp 

< 2.TSP gives π, which mitigates the effects of timing 
jitter or slow edges of the electrical pulse. 
 The resolution of the DAC will depend on the 
quantization of the duration of the electrical pulse, 
compared with its maximum duration (e.g. 2.TSP). The 
baud rate of the DAC is limited to 1/(2.TSP). Obviously 
short modulators (with a higher electro-optic coefficient 
to maintain a low drive voltage), will be beneficial to 
increase the baud rate, e.g. InP modulators. Additionally, 
because the output is short pulses, pulses from multiple 
modulators can be time multiplexed to increase the baud 
rate. For Quadrature Amplitude Modulation (QAM), a 
complex, or IQ, modulator can be used. 

Experimental Demonstration 

Figure 3 shows the equipment set up. The technique was 
demonstrated using an off-the-shelf single-drive 
chirpless 10 Gbit/s LiNbO3 Mach-Zehnder modulator 
(Sumitomo T.MXH1.5-10-ADC-P-SC), with an 
electrode length of approx. 3.5 cm, giving TSP ≈ 256 ps.  
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Fig. 3: Experimental verification setup. In addition, 

polarization controllers were used at the inputs to the two 
modulators, and an EDFA between the modulators.  

 
 An Ergo mode-locked laser (MLL), generated 2-ps 
pulses locked to a 10-GHz clock. To suit TSP, one out of 
four pulses was retained from the pulse train using an 
intensity modulator, driven by an arbitrary waveform 
generator (AWG) running at 20 GS/s to produce a 
suitable carving waveform (1 in 8) to give  2.5 Gpulse/s. 
The electrical pulses were generated by a 20-Gbit/s bit 
pattern generator (BPG), locked to the same 10-GHz 
clock as the MLL. The BPG enabled pulse widths of 
multiples of 50 ps to be programmed as a train of 1’s and 
0’s. The timing could be shifted using an adjustable 
microwave delay line in the clock line between the BPG 

and the MLL. The electrical pulses to both modulators 
were amplified by SHF807 30-GHz amplifiers. The 
optical output pulses were detected using a Discovery 
DSC-40 photodiode and digitised using an Agilent 28-
GHz 80-GS/s real-time sampling oscilloscope.  
 Fig. 4 shows three waveforms: (cream) the output of 
the BPG, showing the programmed variable-length 
pulses;  (yellow) the output of the photodiode showing 
short amplitude-modulated pulses; (green) low-pass 
filtered version of the yellow pulses, for a better 
indication of the pulses’ amplitudes. The left-side 
electrical pulses have incremental widths, tp, from 50 ps 
to 400 ps, every 800-ps (1.25 Gbaud). The output pulse 
amplitudes (green) are not strictly linearly dependent on 
tp, as expected from the MZI’s raised-cosine response to 
phase. We found that the output levels can be finely 
tuned by inserting a 0 bit in between the 1’s of a drive 
pulse. This works because of the limited bandwidth of 
the modulator, which prevents the voltage dropping fully 
to zero during a single 0 bit. 
 At the right-hand side of Fig. 4, a set of 150-ps 
electrical pulses are shown at a rate of 2.22 Gbaud, so 
they slide by 50 ps per pulse compared with the MLL 
pulses. The fact that the middle optical pulses have 
reasonably-equal amplitudes shows that the timing of the 
electrical pulses is less important than their widths, 
provided that the electrical pulses are within the 
electrode region when the optical pulses pass under 
them. 
 

 
 
Fig. 4: Sampling oscilloscope traces of: (bottom), the inverted 

electrical drive to the Reverse TW modulator, (middle) the 
detected optical pulses, (top) 2-GHz low-pass filtered version 

of the detected pulses. The timebase is 1 ns per division.  
 
 Fig. 5 is a color-graded eye diagram formed by 
programming the electrical pulses to be 3,4,5 and 6 × 50 
ps wide, to give five levels including the zero level. The 
modulator was driven at about 50% of its full 
modulation depth for a 300 ps pulse. The optical pulse 
levels are well defined, and would support 5 PAM. The 
recorded widths of the pulses are mainly determined by 
the bandwidths of the ’scope and photodiode, as the 
mode-locked laser produced 2-ps pulses with very low 
jitter. The displayed timing jitter is due to triggering the 



’scope with the Clock/64 output of the BPG, on its rising 
and falling edges. The lowest output level corresponds to 
zero photocurrent; that is, the extinction ratio is good.  
 

 
 
Fig. 5: Color-graded oscilloscope trace of a 5-PAM eye using 

electrical pulse widths of [3,4,5,6] ×50 ps. 10ps/div. 
 

Discussion 
 

An advantage of this technique is that only one electrical 
drive line is required to the modulator, so there only 
need be one termination resistor (at the end of the 
modulator’s electrical waveguide), rather than at least M 
terminations for the inputs to a M-bit DAC. The single 
drive line also means that many modulators could be 
driven from a Field-Programmable Gate Array, with its 
limited number of high-speed outputs. 
 On first sight, a simpler idea might be that an 
electrical filter could convert variable-duration pulses 
into an analog waveform, which then drives a modulator.  
This method is often used to provide low-speed analog 
outputs for microcontrollers: the low-pass filter, 
implemented using analog electronics, averages over 
many pulses, so that it strongly suppresses the clock 
(pulse) frequency. In our case, this would cause long-
term inter-symbol interference (ISI) – the modulation 
intended for one optical pulse would affect the following 
pulses. This is an advantage of our modulator technique, 
in that the interaction of optical and electrical pulses acts 
as a filter with a bounded impulse response with a 
duration 2.TSP, so theoretically has no ISI when tp< 2.TSP. 
It would be virtually impossible to implement such a 
response using passive analog components, as would be 
required at Gbaud rates, because such filters have 
unbounded responses. In short, our technique allows 
each pulse in a PWM system to be uniquely mapped to 
an amplitude-modulated pulse, which maximises the 
baud rate. A similar filtering method, but using a CW 
laser counter-propagating with a NRZ drive, has been 
used to produce duobinary signalling [5].  

Conclusions 

We have shown that a conventional optical modulator 
can perform a useful function of converting pulse-width 
modulated (PWM) electrical signals into 

amplitude/intensity-modulated optical pulses (PAM) that 
are suitable for our universal transmitter, that is, replace 
a DAC. Advantageously, there is a direct mapping 
between the width of one electrical pulse and the 
intensity of the corresponding optical pulse, that is, zero 
intersymbol interference. This would be impossible to 
achieve if the PWM-PAM conversion used analog 
electrical low-pass filters.  
 The mathematical description of the technique is an 
integration of each electrical pulse bounded by twice the 
single-pass delay. Interestingly, because the pulses are 
counter-propagating at opposite velocities, this only 
takes one single pass delay to perform. As shown in Fig. 
5, for electrical pulses shorter than twice the transit time 
of the modulator electrode, this integration is 
independent of the exact timing of the electrical pulse, so 
mitigates the effect of its jitter. The experimental 
demonstration showed this low amplitude jitter, despite 
the large timing jitter on the electrical pulses. The timing 
jitter of the optical pulses is that of the mode-locked 
laser, which is extremely low.  
 The baud rate limited by 1/(twice the transit time), so 
is limited when using LiNbO3 modulators. Using InP 
waveguides would allow a reduction of the electrode 
lengths to <4 mm [6], but with an increase in refractive 
index from 2.2 to 3.2 [7]. This could support a rate of 11 
Gbaud, or more for a shorter waveguide. A silicon 
modulator would give a similar performance to InP. 
Time division multiplexing of the outputs of several 
modulators would further increase the baud rate. 
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