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Abstract: Demultiplexing of high-speed Nyquist optical time-division multiplexed (N-
OTDM) signal requires ultra-narrow local sampling pulse to avoid the severe inter-symbol-
interference (ISI) between each tributary. Unfortunately, generation of such narrow sampling
pulse is difficult or usually need complex setup configure at the receiver side, which would
cause ineffective cost in application scenarios such as short-reach optical communication
or PON applications. In this paper, we propose and demonstrate demultiplexing of N-OTDM
signal based on temporal magnification followed by coherent optical sampling to enable
broader sampling pulsewidths while reducing the ISI. The target tributary of the N-OTDM
signal is temporally magnified and further demultiplexed through coherent optical sampling
using Gaussian-shaped or Nyquist-shaped pulses. With the aid of temporal magnification
based on a time-lens, the sampling window can be extended during the coherent detection
progress at the receiver side. Gaussian sampling pulses with a pulsewidth up to 10.4 ps
are enabled for the demultiplexing of a 160 Gbaud N-OTDM signal. Compared with de-
multiplexing based on Nyquist pulses (i.e., coherent matched sampling) without temporal
magnification, the proposed scheme features a better performance with pulsewidths greater
than 6 ps. If temporal magnification is combined with coherent matched sampling, Nyquist
sampling pulses with a pulsewidth up to 12.4 ps are made possible for the demultiplex-
ing. Therefore, the proposed scheme based on temporal magnification could significantly
release the pulsewidth requirement for N-OTDM demultiplexing while mitigating the ISI.

Index Terms: Optical communications, coherent communications.

1. Introduction
High spectral single-channel transmission has become the target of intensive research as required
by the growing demand for network resource. Nyquist optical time-division multiplexing (N-OTDM)
[1] has been a research interest due to its capability to achieve fundamental minimum bandwidth,
as well as its tolerance to transmission impairments such as chromatic dispersion [2], polarization
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mode dispersion [3], and self-phase modulation [4]. Combined with other multiplexing techniques, it
has been proved to achieve an ultra large transmission capacity of 43 Tbit/s [5]. N-OTDM signal can
be generated through spectral engineering of a Gaussian-pulse carried OTDM signal [6] or from a
Nyquist pulse train [1]. However, demultiplexing of N-OTDM signal usually requires an ultra-narrow
optical gate to sample the inter-symbol-interference (ISI) -free point out of each symbol on a certain
tributary [1]. Unfortunately, such narrow optical gate with a high optical signal-to-noise ratio (OSNR)
is usually difficult to realize at the receiver side, especially for the demultiplexing of high speed N-
OTDM signal [7]. Furthermore, applying a very narrow optical gate to the N-OTDM signal would
result in severe power loss and subsequent OSNR degradation. Similar scenario can be expected if
the N-OTDM signal is converted to and further demultiplexed in the frequency domain [6], [8] using
optical bandpass filters (OBPF). The demultiplexing performance would also be degraded due to
inter-carrier-interference (ICI).

Recently, we have proposed coherent matched sampling to enable high performance detection
of N-OTDM signal [9]. Compared with optical sampling with Gaussian-shaped pulses, the proposed
scheme with Nyquist-shaped pulses could mitigate the ISI with the same pulse width. In this
paper, demultiplexing of N-OTDM signal based on temporal magnification followed by coherent
optical sampling is investigated and demonstrated in a 160 Gbaud experiment. Aided by temporal
magnification based on a time-lens, the sampling window can be significantly extended with a
lower OSNR. Gaussian sampling pulses with a pulse width up to 10.4 ps are enabled for the
demultiplexing. Compared with coherent matched sampling, the proposed scheme is found to have
a better performance with sampling pulse widths greater than 6 ps. In addition, the combination
of both temporal magnification and coherent matched sampling is also investigated, featuring
relatively the best performance with sampling pulse widths greater than 8 ps. And a pulse width up
to 12.4 ps is enabled for the demultiplexing of the N-OTDM signal. Therefore, the proposed scheme
based on temporal magnification could significantly release pulse width requirement for N-OTDM
demultiplexing while mitigating the ISI.

2. Principle of the Temporal Magnification
Figure 1 depicts the principle of the temporal magnifier. The principle originates from the well-
known space-time duality theory [10]. Diffractive propagation of spatial light beams is in closest
analogy to the dispersive propagation of temporal optical pulses. An analogy also exists between
a spatial light beam passing through a spatial lens and a temporal optical pulse being phase
modulated parabolically. The parabolic phase modulation is defined as a time-lens [11], which can
be practically achieved by electro-optic phase modulation [12] or nonlinear optical processes [13].

Figure 1(a) shows the magnification scheme for a spatial light beam using free space optics. If
a converging lens is applied, the output beam diameter φo and the input beam diameter φi has a
relationship described as 1/φi + 1/φo = 1/φf , where φf is the focal length. The magnification factor
is defined as M = −φo/φi . According to the space-time duality, a temporal optical pulse can be
magnified with two pieces of dispersive elements and a time-lens with parabolic phase modulation.
Then the magnification factor for the temporal pulse can be defined as M = −D o/D i [13]. The focal
dispersion D f describes the strength of the phase modulation, where the chirp rate K = 1/D f .

Shown in Fig. 1(b), if a certain magnification factor is not desired, the magnification system can
be simplified using a diverging lens [14]. Analogously, a temporal magnification scheme with a
temporal diverging lens, shown in Fig. 1(c), can be used. For the magnification of an N-OTDM
tributary, electro-optic phase modulation is utilized for the implementation of the time lens. The N-
OTDM signal is phase modulated by a base rate sine wave such that the target tributary is aligned
with the peak of induced phase. Followed by a piece of optical fiber with a dispersion (D = β2L )
of the same sign as the chirp rate, the target tributary can then be temporally magnified. As a
result, the temporally magnified tributary can then be demultiplexed using optical sampling with a
greater sampling pulse width, featuring a reduced ISI. Note that due to the periodic polarity reversal
of the sine wave, other tributaries of the N-OTDM signal are squeezed temporally, as the phase
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Fig. 1. The principle of temporal magnification on an N-OTDM tributary. (a) spatial magnification using a
converging lens with a determined magnification factor; (b) spatial magnification using a diverging lens;
(c) temporal magnification using a time-lens for one N-OTDM tributary. (Di: input distance; Do: output
distance; Df: focal length.)

modulation there performs as a temporal converging lens. Since sine wave is utilized for the phase
modulation instead of a parabolic wave for simplicity, the diverging lens has only around 15% range
over a single period (for a covariance <0.01). Such a range can be defined as the diverging lens
aperture.

3. Experimental Setup
Figure 2(a) shows the experimental setup. A Gaussian-shaped optical pulse source centered at
1550.116 nm with a repetition rate of 40 GHz and a pulse width of 1.8 ps [9], is applied for the
generation of both the 160 Gbaud N-OTDM signal and the sampling pulses. For the generation of
the 160 Gbaud N-OTDM signal, the pulse source is firstly QPSK modulated with a 2ˆ7−1 pseu-
dorandom binary sequence (PRBS). Then it is fourfold multiplexed in time domain using a delay
line based multiplexer. The generated 160 Gbaud OTDM signal is further spectral engineered by a
wavelength selective switch (Finisar Waveshaper 4000 s) into Nyquist shape with a roll-off factor of
approximately zero. On the other hand, for the generation of the sampling pulses, the pulse source
is directly spectral engineered into Gaussian shapes or Nyquist shapes with various pulse widths.

The temporal magnifier, shown in Fig. 2(b), mainly consists of a phase modulator and a piece
of dispersion compensating fiber (DCF). The phase modulator works as the temporal diverging
lens. The choice of magnification factor is of great significance since the adjacent two tributaries
of the target tributary will also be partly magnified if the magnification factor is too large, and also
the power loss after magnification and demultiplexing would be increased, causing performance
degradation. On the other hand, if the target tributary is insufficiently magnified, the ISI between
adjacent tributaries would not be completely removed, as can be illustrated in Fig. 1(c). We adjusted
the magnification factor and found it is desired around a value of 2 in our system under a pulse
width around 6 ps through numerical simulation. Hence in the experiment a 40 GHz sine wave
is applied with a peak-to-peak voltage of 2.8 Vπ (K = 0.28p s2). The 25 m DCF has a dispersion
D = β2L = 3.7 p s−2. (The calculated magnification factor is 2.08). Insets show the simulated optical
eyediagrams and spectra of the N-OTDM before and after magnification. The target tributary of the
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Fig. 2. (a) Experimental setup; (b) detailed setup of the temporal magnifier with simulation results.
(LD: laser diode; EAM: electro-absorption modulator; LNA: low noise amplifier; VOA: variable optical
attenuator; ODL: optical delay line; PC: polarization controller; OMUX: optical multiplexer; PwM: power
meter)

N-OTDM signal is temporally magnified and the other tributaries are temporally squeezed. The
magnified tributary can then be sampled out with a greater sampling pulse width.

For performance comparison, demultiplexing of the N-OTDM signal using coherent matched
sampling [9] based on optical Nyquist pulses is also investigated with the same setup, where
the temporal magnifier is turned off and the dispersion is pre-compensated in the waveshaper.
In addition, when investigating the performance combining temporal magnification and coherent
matched sampling, the temporal magnifier is turned back on.

At the receiver side, the signal is firstly noise loaded for OSNR calculation to evaluate the
BER performance. Then it is pre-amplified, filtered, and mixed with the base rate sampling pulses
through an optical hybrid in the optical modulation analyzer (32 GHz analog bandwidth with 80 GHz
sampling rate) for coherent optical sampling and demultiplexing. Common digital signal processing
algorithms are utilized for offline processing, including I/Q imbalance compensation via Gram-
Schmidt orthogonalization procedure, Gardner symbol timing recovery, fourth power carrier phase
estimation, blind adaptive equalization based on constant modulus algorithm combined with least
mean square algorithm, and finally QPSK decision and BER calculation. A total number of 1 million
symbols (2 million bits) are evaluated for the calculation of each BER value.

4. Results and Discussions
Figure 3(a) depicts the measured eye diagrams and optical spectra of the N-OTDM signal before
and after temporal magnification. It can be seen from the eye diagrams that the target tributary of
the signal is effectively magnified in time domain. A broader pulse can then be used to demultiplex
the tributary with reduced ISI. Note that the optical spectrum of the N-OTDM signal is broadened
due to phase modulation. Figs. 3(b) and (c) show optical spectra of the Gaussian-shaped and
Nyquist-shaped sampling pulses with various pulse widths, respectively. Insets give corresponding
eye diagrams of these pulses.
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Fig. 3. Eye diagrams and optical spectra of (a) the N-OTDM and the tributary-magnified N-OTDM signal,
(b) Gaussian and (c) Nyquist sampling pulses.

BER results of the 160 Gbaud N-OTDM signal using Gaussian-shaped sampling pulses with or
without temporal magnification are shown in Fig. 4(a) and (b), respectively. Fig. 4(c) and (d) are the
BER results using coherent matched sampling based on Nyquist pulses, with or without temporal
magnification, respectively. Insets of these figures are the signal constellation maps at a BER value
around 10−6 (2 × 10−1 for 5.3 ps Gaussian-shaped pulses in Fig. 3(a), and 7.7 ps Nyquist-shaped
pulses in Fig. 3(c). It can be seen that for Gaussian-shaped sampling, the performance of the
unmagnified N-OTDM signal degraded severely along with the increment of the sampling pulse
width, due to ISI. However, with the aid of temporal magnification, Gaussian-shaped sampling
would also work for a pulse width of 5.3 ps or even 10.4 ps. On the other hand, for coherent
matched sampling based on Nyquist pulses, the performance of the unmagnified N-OTDM signal
also degrades with the increment of pulse width. But due to the ISI-suppression nature of coherent
matched sampling, the demultiplexing could work well for a pulse width of 5.8 ps, outperforming
Gaussian-shaped sampling. Furthermore, the combination of temporal magnification and coherent
matched sampling is also investigated. The target tributary of the N-OTDM signal is temporally
magnified and then demultiplexed using Nyquist-shaped pulses. The results show that a pulse
width of 7.7 ps or even 12.4 ps would therefore work for the demultiplexing of the magnified N-
OTDM tributary. Compared with temporal magnification followed by Gaussian-shaped sampling,
the demultiplexing window has been further extended.

Figure 5 gives the performance comparison with different receiving OSNRs. Firstly, if temporal
magnification is off, coherent matched sampling outperforms Gaussian sampling for all measured
pulse widths, as can be expected from our previous works [9]. Secondly, for Gaussian sampling,
temporal magnification aided demultiplexing would help to achieve a better performance with pulse
widths greater than 4 ps, due to the reduction of the ISI. However, for a pulse width less than
4 ps, the performance is slightly degraded. This can be explained that if short optical pulses are
applied as a sampling gate, the power loss and further OSNR degradation of the target tributary
after demultiplexing and amplification would neutralize the benefits of ISI reduction as a result of
temporal magnification. This also explains that an optimum sampling pulse width of 3.9 ps exists
for this scheme.
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Fig. 4. BER results of the 160 Gbaud N-OTDM signal using Gaussian sampling pulses without (a) and
with (b) temporal magnification, and using coherent matched sampling without (c) and with (d) temporal
magnification.

Since coherent matched sampling can also significantly reduce the ISI using Nyquist pulses
[9], it is desired to compare the performance of both coherent matched sampling and temporal
magnification based schemes. It is observed that with a pulse width less than 6 ps, coherent
matched sampling has a performance advantage over temporal magnification followed by Gaussian
sampling. The reason can be explained that after temporal magnification, the power of the target
tributary is distributed more widely. When short optical pulses are applied as a sampling gate, the
demultiplexed tributary would suffer from more power loss and subsequent OSNR degradation. Note
that along with the increment of OSNR, the performance difference between these two schemes
does get smaller. On the other hand, for a sampling pulse width greater than 6 ps, temporal
magnification followed by Gaussian sampling has a better performance than coherent matched
sampling. The target tributary cannot be accurately detected (with BER value about 0.5) with
coherent matched sampling, while the average BER value of 10−3 in different OSNR conditions
can be found using temporal magnification followed Gaussian sampling. It is because the condition
of coherent matched sampling can no longer be preserved for such broader Nyquist sampling
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Fig. 5. Performance comparison of Gaussian sampling with or without temporal magnification and
coherent matched sampling.

pulses [9]. In short, temporal magnification would allow N-OTDM signal to be demultiplexed by
even broader pulses while mitigating the ISI.

As temporal magnification and coherent matched sampling are both proposed for the mitigation
of ISI, it makes sense to investigate the performance by combining both techniques. Compared
with coherent matched sampling for unmagnified N-OTDM signal, the orthogonality condition of
coherent matched sampling can still be partly preserved using broader Nyquist pulses after temporal
magnification. As a result, a relatively best performance can be observed with pulse width greater
than 8 ps. And a pulse width up to 12.4 ps can be used to enable the demultiplexing of the
160 Gbaud N-OTDM signal. This means that the requirement on the sampling pulse width could
be released by half. Note that the OSNR degradation is still responsible for the worse performance
with a pulse width less than 6 ps. Nevertheless, the combination of temporal magnification and
coherent matched sampling would further extend the demultiplexing window, greatly reducing the
complexity to generate the local sampling pulses.

5. Conclusion
Demultiplexing of N-OTDM signal based on temporal magnification and coherent optical sampling
is proposed and demonstrated in a 160 Gbaud experiment. With temporal magnification, Gaussian
sampling pulses with a pulse width up to 10.4 ps are enabled for the demultiplexing of the N-OTDM
signal. Compared with coherent matched sampling, temporal magnification followed by Gaussian-
shaped sampling with pulse widths greater than 6 ps can enable the demultiplexing operation while
the transmission outage would be happened with coherent matched sampling. If combined with
coherent matched sampling with Nyquist pulses, the requirement on the sampling pulse width could
be further released by half, demultiplexing the N-OTDM signal with 12.4 ps pulse width can achieve
similar performance with 6 ps Gaussian-shaped sampling. Overall, the proposed scheme could
significantly release the pulse width requirement for N-OTDM demultiplexing.
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