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We demonstrate for the first time, to the best of our knowledge, that a Sagnac interferometer can threshold the energies of pulses. Pulses below a given threshold T are suppressed, while those above this
threshold are normalized. The device contains an in-loop tunable isolator and 10.4 m of a highly doped
silica fiber. We derive an analytical model of the nonlinear optical loop mirror’s pulse energy transfer
function and show that its energy transfer function approximates a step function for very high phase
shifts (>π). We reveal some limitations of this approach, showing that a step-function transfer function
necessarily results in pulse distortion in fast, nonresonant all-optical devices. © 2015 Optical Society of
America
OCIS codes: (140.3490) Lasers, distributed-feedback; (060.2420) Fibers, polarization-maintaining;
(060.3735) Fiber Bragg gratings; (060.2370) Fiber optics sensors.
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1. Introduction

All-optical signal processing has long been sought to
circumvent the limitations of optoelectronic devices.
One of the most critical nonlinear operations is
thresholding: an ideal thresholder suppresses signals below some threshold QT and normalizes signals above QT . This differs from self-switching, in
which pulses above QT need only be proportional
to the input, as shown in Fig. 1(a). Optical selfswitching has found use in many telecommunications applications—including the reduction of multiple access interference (MAI) in optical code division
multiple access (OCDMA) [1–3] and 2R regeneration
of pulses [4]. Nonetheless, normalized pulse energy
thresholding has yet to be seriously investigated.
Several unique applications could be enabled by a
threshold response, including all-optical logic [5,6]
and A/D conversion [7,8]. Asynchronous encoding
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schemes based on pulse position modulation (PPM)
[9,10] could greatly benefit from a pulsed energy
thresholder, which could be implemented as part of
an optical computational primitive [11–13].
A variety of all-optical techniques have been
proposed to enhance nonlinear effects for optical
thresholding, including free carrier nonlinearities
in semiconductor devices [14] and compact, high-Q
resonators [15,16]. Recently, a microring-based
device—a dual ring enhanced asymmetric demultiplexer (DREAM)—was proposed for both pulsed and
continuous wave (CW) thresholding [17]. Although
such resonator-based devices are compact, they are
also wavelength-dependent and bandwidth-limited.
Similarly, high-performance thresholding operations
can be performed in the electronic domain [18], but
electronics are severely bandwidth-limited by device
and wire parasitics.
An alternative approach is the use of fiber
nonlinearities, which are relatively wavelengthinsensitive and limited in speed by only the Kerr
effect (∼fs). A nonlinear optical loop mirror (NOLM)

and shape distortion) were not considered. Here, we
provide an analytical framework for pulse energies
with known profiles, show that there is a flattening
effect of the transfer function above a π phase shift,
and extend these results to make general conclusions
about pulse distortion in similar devices. First, we
derive an energy transfer function (ETF) for stereotyped pulses that are commonly emitted by pulsed
lasers. We show both theoretically and experimentally that it can simultaneously normalize pulses
above threshold and suppress pulses below threshold. We also investigate and characterize pulse distortion within the context of energy thresholding
in a more general case, which we show is unavoidable
in fast, wavelength-insensitive devices.
2. Operational Principles

Fig. 1. (a) An ideal threshold function (orange). The input of a
given variable is suppressed to 0 below a critical threshold QT ,
and normalized otherwise. This differs from self-switching, which
contains a linear region above threshold (red). (b) Basic NOLM
architecture. The two primary parameters of interest are the coupling ratio C of the bidirectional coupler and the attenuation Ai
of the directional attenuator or tunable isolator. Two counterpropagating waves with unbalanced powers Pccw and Pcw experience
different phase shifts from the highly nonlinear fiber. The directional attenuator balances their powers at the output port when
they recombine. The power-dependent phase shift results in an
oscillating transfer function.

is a standard interferometric configuration which
can contain a nonlinear fiber within the loop and
exhibits an oscillating nonlinear power transfer function (PTF). Several recent proposals have added
a directional attenuator (DA) within the ring interferometer, allowing for the powers of the counterpropagating pulses to be adjusted relative to one
another [19–22]. Self-switching and continuous wave
thresholding have been investigated in depth [22,23].
However, the NOLM’s ability to normalize pulse energies above a threshold in addition to pulse suppression below threshold has yet to be demonstrated.
In this paper, we show for the first time, to the best
of our knowledge, that this device can perform energy thresholding—both pulse suppression below
threshold and pulse normalization above threshold—
in theory and experiment. Although experimental
results for this device were first shown in [22], the
device was used in a low phase shift (<π) regime, so
above-π effects (which include pulse normalization

Below, we derive a pulse energy transfer function for
the DA-NOLM. Although pulse power transfer functions have been measured experimentally [20,22],
they lack a formal analytical framework. We begin
with instantaneous power theory, previously derived
in [19]. We neglect time-dependent effects such as
dispersion in our model since the nonlinear fibers
we utilize are fairly short (∼m). We utilize the Kerr
effect, which induces a change in the index of refraction Δn  n2 I for an input intensity I and nonlinear
coefficient n2 in the nonlinear fiber. For a NOLM with
coupling ratio C 0 ≤ C ≤ 1 directional attenuation
Ai , and nonlinear coefficient Γ (defined as Γ 
2πLn2 ∕λAeff for fiber length L and effective mode
area Aeff ) as shown in Fig. 1(b), we can write the instantaneous power transfer function in the following
form:


p
Pout Pin   Pin α  β − 2 αβ cosϕCW  ;

(1)

where α  Ai C2 and β  1 − C2 are the transmittances of the counterpropagating waves, Γeff 
Γ2C − 1 is the effective nonlinear coefficient, and
ϕCW  Γeff Pin is the phase difference between counterpropagating pulses. Although Γeff , C, and Ai
exhibit a wavelength dependence, this characteristic
is much flatter than seen in resonant structures.
In comparison, the NOLM is can be considered
wavelength-insensitive.
Let us consider time-dependent pulsed inputs. For
clarity, we formally redefine variables P~ out t and
P~ in t as functions and relate them via a functional
transformation P~ out  F P~ in t. We assume input
pulse profiles of the form P~ in t  Ein Πt; τ, where
Πt; τ is a normalized pulse profile, Ein is the energy
of the pulse,
R ∞ and τ the pulse width. Noting that
Eout Ein   −∞
P~ out tdt, we can derive a pulse
energy function of the form
p


Eout Ein   Ein α  β − 2 αβ Θ Ein  ;

(2)

where α, β are the same as before, and
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Fig. 2. Transfer function simulations of a NOLM with C  :8 and Ai  1∕16. (a) Transmission functions for both instantaneous power
(blue dotted) and hyperbolic secant pulse energy (green dashed) as a function of the phase differences ϕCW  ΓJeff Pin and ϕP  Γeff Ein ∕2τ,
respectively, of the waves on the output port. The phase difference is linearly proportional to the input power and energy and is used as a
basis for cross-comparison. Curves were computed using Eqs. (1), (3), and (4). Since pulses contain a distribution of powers, the oscillating
transmission function becomes softer and flatter. The degree to which this occurs depends on how close the shapes of input pulses are to
square-like profiles. (b) Power and energy transfer functions as a function of the phase differences ϕCW  ΓPin and ϕP  Γeff Ein ∕2τ, where
we have assumed Γ  :525, and a sech pulse with width of τ  7 ps. A step function (orange dotted) with threshold PT is shown for
comparison. The energy transfer function resembles a step function between phases 0 and 2.5π.

Z
ΘEin  

∞
−∞

Πt; τ cosΓeff Ein Πt; τdt:

(3)

This quantity has a very strong dependence on the
pulse shape Πt; τ. The special case of an idealized
rectangular pulse of the form Πt; τ  1τ rectt∕τ with
pulse width τ results in the function ΘEin  reducing
to cosΓeff ∕τEin —the ETF and PTF [Eq. (1)] become
analogous.
A more realistic model for ultrashort pulses are
squared hyperbolic secant functions, which have
normalized pulse profiles of the form Πt; τ 
1
2
2τ sech t∕τ and commonly model fundamental solitons, pulses from mode-locked lasers, and highpowered pulses from Q-switched lasers [24]. For
convenience, let us define the peak phase ϕP 
Γeff Ein ∕2τ, the phase difference between modes at
the peak powers of incident pulses. Then, the value
of ΘϕP  can be computed through Eq. (3):
r!
r"
π
2ϕP
ΘϕP  
cosϕP  · C
π
2ϕP
r!#
2ϕP
 sinϕP  · S
;
π
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3. Pulsed Thresholding

We sent in a stream of pulses with various energies
using part of the experimental configuration illustrated in Fig. 3. Pulses of 7 ps were generated by
a mode-locked laser (MLL) at a 10 GHz repetition

(4)

where Cx and Sx are Fresnel integrals.
Figure 2 illustrates a comparison between the instantaneous power model and the sech pulse energy
models, plotted as function of their phase differences
ϕ and ϕP . We define a pulse threshold PT , on the
boundary of pulse suppression/normalization, which
occurs at the first inflection point in Eq. (2). Transmission curves (left) and transfer functions (right)
3220

are shown using an simulated DA-NOLM. For low
values, the energy transfer function increases rapidly until it reaches a π phase shift, where it begins
to decrease and levels off. This fairly small region
closely resembles a step function, which is the desired
characteristic of a thresholder. Although the region
between the zero and one levels is fairly linear, the
device still meets the minimal requirements for robust optical pulse processing: it contains attractive
fixed points at the zero and one level regions, and
a repulsive fixed point at the threshold ET .

Fig. 3. Experimental setup used to measure pulses and PTFs.
MLL, mode-locked laser; CLK, clock; PPG, pulse pattern generator; EAM, electro-absorption modulator; EDFA, erbium-doped
fiber amplifier; DA-NOLM, thresholder; PD1, first (output) photodetector; PD2, second (input) photodetector. The pulse window in
Fig. 4 was measured using the scope at the output of the EAM and
the DA-NOLM. Power sweeps were measured using PD1 and PD2
while tuning the 30 dB EDFA.

Fig. 4. (a) Pulses measured (blue) and modeled (red) at the input and output of the DA-NOLM. The device simultaneously normalizes and
suppresses pulses above and below threshold, respectively. The model based on Eq. (2) includes low-pass filtering to account for scope
sampling resolution. This model closely predicts what is measured experimentally. The orange, dotted line represents the input threshold
PT of the NOLM. (b) The same model, but without low-pass filtering both at the input (purple) and output (black) for the first six pulses
in (a). The model is successful in producing experimentally valid results, but also provides further insights beyond what is visible with
experiment.

rate. The pulse train was then modulated by an
electro-absorption modulator (EAM) driven by a
pulse pattern generator (PPG). EAM biasing allowed
for the variety of input pulse energies shown in Fig. 4
for every 8-pulse window. The resulting signal traveled through cascaded erbium-doped fiber amplifiers
(EDFAs), which boosted the signal to approximately
30 dBm to enhance nonlinear phase shifts as they
traveled through the NOLM. The device itself was
built in a similar fashion to the one described in
[22]: it included 10.4 m of nonholey silica fiber as
a nonlinear element, a tunable isolator that acted
as a variable DA, an intraloop polarization controller,
and a tunable coupler.
To confirm that our experimental results were consistent with our theoretical model, we simulated the
experiment in a computational environment. Pulses
of various energies were modeled using typical
hyperbolic secant pulse shapes with different peak
powers Pp . The NOLM-DA acted upon the pulses instantaneously via Eq. (1). A simple low-pass filter
(LPF) was included to model the sampling resolution
of the scope.
Results are shown in Fig. 4. Higher energy pulses
were normalized to the same amplitude, whereas
lower energy pulses were suppressed toward a
zero-amplitude attractor. There was also a strong
agreement between the pulse profiles seen in the
experiment (blue) and those modeled (red) as seen
in Fig. 4(a).
One key property revealed by modeling is that the
scope is unable to capture the distortion of the pulses
as they travel through the NOLM, shown in Fig. 4(b).
This distortion is a natural consequence of the very
properties that make the NOLM advantageous: it
acts nearly instantaneously and has a transfer
function—Eq. (1)—that is nonmonotonic. As a result,
this effect is difficult to avoid in any device that utilizes phase interference. One solution to smooth out

the pulse is putting a bandpass filter (BPF) on the
output port [25], but doing so results in strong frequency dependence, offsetting one of the device’s
key advantages.
4. Measurements of Energy Transfer Functions

Transfer function measurements were performed
using a setup illustrated in Fig. 3. A 90/10 coupler
diverted 10% of the input power for power monitoring to a photodetector (PD1), while the remaining
90% traveled into the device. We chose an uneven
coupling ratio to maintain large input powers. Output pulses were incident on a second photodetector
(PD2). Both detectors measured the average powers
Pavg of the input and output signals. Modulation of
the tunable EDFA depicted in Fig. 3 allowed for
control over the energies of the incoming pulses.
Our results (Fig. 5) show a strong agreement between experimental and theoretical measurements.
The measured average power gives us insight into
the shape of the energy transfer function, since the
average power is linearly proportional to the pulse
energy. Although there is some divergence between
the theoretical models and experimental measurements for very large phase shifts (ϕd > 2π)—which
may be a result of pulse distortion from EDFA
saturation—we nonetheless observed consistent
results for our range of interest (0 < ϕd < 2π).
5. Pulse Distortion

It was shown in Section 3 that the NOLM’s unique
properties also lead to pulse distortion over large
(>π) phase shifts. As we show here, pulse distortion
is inherent in all interferometric devices that perform step function thresholding on nonrectangular
pulses, and arises from the device’s fast reaction time
(<1 ps) in comparison to input signals.
Let us assume our device acts instantaneously on
input powers, and is not dependent on any other
10 April 2015 / Vol. 54, No. 11 / APPLIED OPTICS
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Fig. 5. (a) An experimental transfer function of input and output powers compared to (b) the theoretically predicted energy transfer
function in Eq. (2) for pulsed inputs. This plot reveals the source of pulse normalization, the flat region above a π phase shift. The
experimental sweep was obtained using techniques described in Section 4—dots represent data points.

property of the incoming wave. This assumption is
valid if input signals are approximated as slowly
varying, a condition which is met for interferometers
with equal path lengths. Suppose we wanted to create a perfect pulse energy thresholder, or a device
with a transfer function of the form Eout Ein  ≡
EN HEin − ET , where Hx is the Heaviside step
function, EN is the normalized pulse energy above
threshold, and ET is the threshold itself. The relationship between the instantaneous PTF Pout Pin 
and ideal energy transfer function (ETF) Eout Ein 
can be viewed as a functional transformation Ω:P →
E from the power to energy domains. We can define
a transformation between the power and energy
transfer functions for an arbitrary pulse shape
Πt; τ:

Z
f Ein   ΩgPin  

∞
−∞

gEin Πt; τdt:

(5)

The existence of Ω implies that there is a reverse
transformation gPin   Ω−1 f Ein . This is easy to
compute for the case of a rectangular pulse profile
Πt; τ  1τ rectt∕τ—i.e., ΩgPin   τgEin ∕τ and
Ω−1 gEin   1τ f τPin . In the general case, the instantaneous PTF of an ideal thresholder can be
expressed in the following form:
Pout Pin   Ω−1 EN HEin − ET :

(6)

For our simulation, we assumed that our pulse has
1
sech2 t∕τ and calculated
a sech profile s.t. Πt; τ  2τ
−1
the inverse transform Ω of a perfect thresholder via

Fig. 6. Ω:P → E transformation between the energy and power domains for an ideal thresholer, assuming instantaneity and wavelength
independence. (a) An ideal step function for pulse energies. Input pulse energies for output pulse profiles (middle) are shown with the blue
and green dotted lines, below and above threshold, respectively. (b) The instantaneous function needed for a perfect pulse energy thresholder. Since the function is nonmonotonic, pulses will distort and bifurcate above threshold (middle). Shaded are the input power range for
a pulse below (blue) and above (green) threshold.
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a gradient descent search algorithm. The result is
shown in Fig. 6. The computed instantaneous function [Fig. 6(b)] contains a sharp asymptotic jump
followed by a falling tail. The output pulses above
threshold, as a result, are highly distorted.
Although our simulation focused on hyperbolic secant pulses, the results here can be generalized: once
the peak power of any given pulse hits the power
threshold PT , the instantaneous function must spike
to extremely high values to create a pulse with the
correct one-level energy. Likewise, a falling tail is
necessary to keep the energy normalized for increasing input energies. The resulting nonmonotonic function will lead to bifurcated pulses as shown in Fig. 6.
Thus, pulse distortion is inescapable for energy
thresholding in a general class of fast, interferometric devices. There is a fundamental trade-off between
threshold shape and pulse distortion that cannot be
avoided without losing instantaneity.
6. Discussion

Although the NOLM-DA meets the minimum requirements for pulse energy thresholding, its transfer function still deviates from a perfect step function.
Relative to resonant-based or filtered approaches
(cite DREAM, Nicole), the NOLM exhibits a reduced
extinction ratio between the zero and one levels
(∼13 dB), pulse distortion above threshold, and a
low dynamic range (full operating range two times
the threshold PT ). It may have limited applicability
for particularly noisy or sensitive systems. In order
to improve the transfer function characteristic while
preserving the properties of this device which are advantageous—including wavelength insensitivity and
an extremely fast (∼fs) response time—one possible
solution is to cascade several NOLM devices in sequence, in order to enhance the sharpness of the
thresholding transfer function. Nonetheless, without
careful loss management, an amplifier may be
needed in between each NOLM, which could offset
the advantages of the device. Further improvements
to the thresholding characteristic through alternative or cascaded loop architectures remains an open
topic of exploration.
7. Conclusions

We have presented a model of optical pulse thresholding in a NOLM and have experimentally verified
its predictions, showing for the first time, to the best
of our knowledge, simultaneous pulse suppression
and normalization below and above a given threshold,
respectively, in a terahertz bandwidth, wavelengthinsensitive device. The presented pulsed theory
builds on the previous instantaneous theory, and provides a framework for pulsed-based energy discrimination. We find that pulse shape distortion can have
a significant effect on the energy transfer function,
making the pulsed theory considerably more accurate at predicting experimental measurements.
We have also shown that step-function-like thresholding of pulse energies necessarily results in pulse

distortion for a general class of interferometric devices that exhibit instantaneity. The NOLM is one of
the simplest fiber circuits for all-optical energy discrimination based on self-phase modulation. Step
function energy thresholding in the NOLM—owing
to its unique properties—could find use in a number
of high-performance optical signal processing applications, including noise suppression in pulsed-based
amplitude-shift keying, all-optical A/D conversion,
soliton logic, and photonic spike processing.
The authors wish to thank Mable Fok for her
valuable suggestions regarding the experimental
setup and insightful discussions.
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