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Linear isolators using wavelength conversion
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Optical isolators, reliably integrated on-chip, are crucial components for a wide range of optical systems and applica-
tions. We introduce a new class of wideband nonmagnetic and linear optical isolators based on nonlinear frequency
conversion and spectral filtering among the pump, signal, and idler wavelengths. The scheme is experimentally demon-
strated using difference-frequency generation in periodically poled thin-film lithium niobate integrated devices and
short- and long-pass optical filters. We demonstrate a wide bandwidth of more than 150 nm, limited only by the mea-
surement setup, and an optical isolation ratio of up to 18 dB for the involved idler and signal waves. The difference of
transmittance at the signal wavelength between forward and backward propagation is 40 dB. We also discuss pathways
for substantial isolation improvement using appropriate anti-reflection coatings. The integrable isolator, operating in
the telecommunication band, is characterized by a perfectly linear output versus input power dependence and can be

incorporated into high-speed telecom and datacom systems as well as a variety of other applications.
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Optical isolators and circulators are essential components for
signal routing and blocking in applications such as laser protection
and stabilization and optical networks [1,2]. Their functionality
is fundamentally based on breaking time-reversal symmetry or
Lorentz reciprocity described by a symmetric scattering matrix
[3-5]. Key features of an ideal optical isolator include broadband
operation, linearity, low insertion loss, and high isolation. Another
crucial feature for modern integrated photonic applications is
small footprint required for integration of isolators with other
components. Guided-wave isolators have been realized for decades
using the Faraday effect in magneto-optical materials [6-8], where
the garnet serves as the optical guiding layer. Introducing thin
layers of garnets, e.g., yttrium iron garnet (YIG), to standard
semiconductor-based photonic integrated circuits (PICs) has been
pursued more recently with reasonable success [9-11]. Still, fabri-
cation challenges, high insertion loss, and polarization dependence
present formidable obstacles that prevent integrated magnetic
isolators from being widely adapted. Hence, an alternative, non-
magnetic optical isolator has been vigorously pursued by many
groups.

Lorentz reciprocity holds for any linear, time-invariant system
with symmetric permittivity and permeability tensors. Thus,
nonmagnetic optical nonreciprocity can be achieved through
breaking either the linearity or time-invariance condition [3,5],
often accompanied by introducing optical loss and gain. This
has been sought by a number of research groups through adopt-
ing different approaches. For example, nonlinear effects [both
second- x @ and third-order x® nonlinearity] have been used
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[12—15]; however, these schemes have limited potential since their
performance depends on input power or have limited operation
bandwidth, and, furthermore, some of them are not even true iso-
lators as explained in Ref. [4]. Recently, a theoretical modeling of
a non-reciprocal system based on a parity-time symmetric scheme
has been reported [16]. The proposed scheme incorporates ring
resonators with alternating gain and loss in the presence of Kerr
nonlinearity.

Meanwhile, true optical isolators based on time-varying modu-
lation of material properties (usually refractive index) by a traveling
wave of radio frequency (RF) have been proposed and investigated
in recent years. These include electro-optically induced indirect
inter-band transition [17,18], space-time modulation in photonic
crystal waveguides [19], acousto-optic modulation [20,21] as well
as electro-optic (EO) modulation in commercial devices [22,23],
and more elaborate but conceptually similar work that involved
synthetic angular momentum [24,25]. These schemes are truly
isolating and linear, yet reliance on modulation at RF frequency
leads to three deleterious effects. First, modulation at frequency
of, say, 10 GHz limits the bandwidth of the signal to something
less than that. Second, even if clever dispersion engineering can
alleviate this problem, the presence of strong RF power inevitably
causes high noise in the signal band—it may be not important
if the isolator just serves to isolate the laser source, but it is prob-
lematic if it is used further along the optical path where the weak
signal will be difficult to discern in the presence of a strong RF
modulating wave. Last but not least, the working principle of all
time-modulated schemes relies upon the fact that the processes that
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are momentum (phase) matched in one direction are mismatched
in the other direction. For instance, if the refractive index is mod-
ulated by a wave with a frequency € and wavevector K (2), the
efficient energy transfer between two forward-propagating opti-
cal waves of frequencies w; and w; = w; — Q will be achieved
when k(w1) = k(wy) + K(2) (i.e., when the group velocity
of the optical wave matches the phase velocity of the RF wave).
For backward propagation, the momentum mismatch is then
Ak = 2K, and the full isolation is attained if the length is cho-
sen to be L = m /K. If the coupling wave is RF, the mismatch
is relatively small (on the scale of reciprocal centimeters, cm™'),
and hence a long length is required. And any small deviation of
length will cause leakage. To avoid this issue, one may consider
acousto-optic modulation [20,21], where K is larger but then the
bandwidth becomes severely limited.

All of these limitations, however, can be lifted once one real-
izes that in essence any time-dependent modulation scheme is a
three-wave nonlinear parametric process. Hence, if instead of a
low-frequency RF coupling wave one uses the wave of optical fre-
quency, the bandwidth can be significantly expanded, no noise will
enter the signal bandwidth, and, most important, the momentum
mismatch K will become so large that no meaningful coupling
in the backward direction can occur, leading to much higher and
more robust isolation ratios.

This is precisely the idea behind this work, as we introduce a
wholly new approach based on nonlinear frequency conversion
processes [e.g., difference-frequency generation (DFG)] and spec-
tral filtering to achieve nonmagnetic wideband and linear (in a
sense of input versus output characteristics) optical isolation. The
scheme is compatible with integrated photonics platforms, i.e., it
can be potentially monolithically integrated on a single chip with
complex PICs.

The operation principle of the new optical isolator is based
on breaking Lorentz reciprocity in nonlinear waveguides. In
essence, nonlinearity is one way to achieve an asymmetric scatter-
ing matrix (S7 # §) and hence non-reciprocal operation [3]. To
explain the proposed concept, first consider the signal s and pump
p co-propagation in the forward direction, shown in Fig. 1(a),
with A; < 2X,. In this case, an idler wave can be generated at
wavelength A; = ()»;1 — A 17! through DFG, as long as the
phase-matching condition is satisfied. The shown long-pass fil-
ter (LPF) at the output allows only the transmission of the idler,
which now contains all the information transferred from the sig-
nal and blocks all other involved wavelengths. In Fig. 1(b), the
signal and/or idler are coupled in the backward direction. The
signal is blocked by the LPF, and only the idler can be transmitted.
Since the pump and idler are counter-propagating in this case, the
phase-matching condition is not satisfied, and hence, given that
the wavevector mismatch is large (coherence length is on the scale
of optical wavelength), no signal is generated, and the idler wave is
eventually absorbed by the short-pass filter (SPF).

The frequency shift from signal to idler inherent in this scheme
should not present a problem in most optical links, but if it does, it
can be remedied by converting the idler output back to the input
signal wavelength through another DFG process. Alternatively, as
we have proposed elsewhere, the frequency shift can be completely
avoided if sum-frequency generation (SFG) is used instead of
DFG [26]. However, such a scheme would require a highly effi-
cient SFG process in a long waveguide to achieve sufficient signal
depletion and hence good isolation. It should be also noted that a
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Fig. 1.  Schematic dlagram of the proposed optical isolator, showing
operation principle in (a) forward and (b) backward directions. SPE,
short-pass filter; LPF, long-pass filter.

combination of SFG and optical absorption can be used instead
of filtering [27]. Again, long devices are needed to attain high
conversion and efficient absorption. Also, the adiabatic rate of the
quasi-phase-matching period is another restriction imposed in this
scheme in order to avoid the overdamping problem due to strong
absorption [27].

It should be mentioned that second-order nonlinearity in
periodically poled lithium niobate (PPLN) has been exploited
in the past to demonstrate optical isolation [12]. However, that
scheme would only function at high input signal powers (1.5 W at
1550 nm), behaving more like a power limiter and lacking linear-
ity. While our isolator is also based on second-order nonlinearity,
its input—output relation is linear and not power dependent. In
an ideal case, P; = n P, P, L*, where 1 is the nonlinear conversion
efficiency and L is the length of PPLN, and thus the generated idler
power is proportional to the input signal for a fixed pump power.
Indeed, in our experiments the isolator works perfectly at low input
pump powers of ~3 mW¥.

In our proof-of-concept demonstration, we use a periodically
poled thin-film lithium niobate (TFLN) waveguide as the x@
nonlinear element and combine it with external spectral filters
to achieve high isolation ratio. Details of the thin-film PPLN
design and fabrication can be found in our previous work [28].
We have recently developed an actively monitored iterative poling
technique to optimize the periodic poling conditions and have
reported record-high efficiencies of up to 4600% W~ cm™2
[28]. The TFLN platform has many unique properties and is a
fairly recent ultracompact platform on which a wide variety of
integrated photonic components, such as highly efficient PPLN
devices [28-31], high-speed optical modulators [32—34], cascaded
nonlinear devices [35,36], quantum photonics devices [37,38] and
acousto-optic devices [39,40] have been demonstrated.

An implementation of the proposed isolator system is depicted
in Fig. 2. The thin-film PPLN waveguide is pumped using a dual
pump (pump-signal) to generate a DFG signal at the telecom-
munication band. The pump source is a diode laser at 785 nm
wavelength, which is tunable over few nanometers. The signal
source is a continuous-wave (CW) laser that can be tuned from
1490 to 1640 nm. Inline polarization controllers (PCs) are used
to adjust the pump and signal polarizations for transverse-electric
(TE-)mode excitation into the waveguide. This guarantees uti-
lizing the highest nonlinear coefficient of x-cut lithium niobate
(d33 = 30 pm/V).

The signal is first filtered by a mechanically tunable SPF
with a rolling-off slope of 20 dB/nm and a tuning range of 1490
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Fig. 2. Experimental setup for the demonstrated optical isolator with
(a) the general scheme for forward measurement, (b) the added compo-
nents for input modulation, and (c) the detailed schematic diagram of the
optical isolator.
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Fig. 3. Measured SHG efficiency versus pump wavelength shows a
peak conversion efficiency of 95%W ! around 1570 nm.

to 1610 nm. Then it is multiplexed with the pump through a
wavelength-division multiplexer (WDM). The WDM out-
put is coupled into the thin-film PPLN waveguide using an
anti-reflection (AR)-coated lensed fiber. The output from the
waveguide is also coupled using a similar lensed fiber and then fil-
tered using a mechanically tunable LPF with similar specifications.
The output is characterized using either an InGaAs detector at
1550 nm wavelength range or an optical spectrum analyzer (OSA).

Prior to the isolation experiments, we have characterized the
PPLN waveguide by measuring the second-harmonic generation
(SHG) and achieved nonlinear conversion efficiency of 95%W !
in 4 mm long PPLN regions out of 1 cm long waveguides. This
length can be significantly reduced without affecting the whole sys-
ter’s performance through using shorter PPLN devices with better
poling uniformity and hence higher normalized efficiency. The
measured phase-matching characteristics are shown in Fig. 3 with
a phase-matching peak around 24, = 1570 nm. The observed
deviation from an ideal sinc? function is attributed to statistical
variation of fabrication parameters and poling nonuniformities
over long lengths. This nonideality may be alleviated by adopting
the techniques described in [41,42].
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Fig. 4. Characterization results of the proposed isolator: Generated
idler (DFG) measured before the LPF with signal tuned from (a) 1570
to 1640 nm and (b) 1500 to 1560 nm. Measured Isolator output in the
(c) forward direction, (d) backward direction with tuned signal from 1550
to 1565 nm, and (e) backward direction with the idler coupled back and
tuned from 1575 to 1590 nm. Dotted yellow lines represent the LPF and
SPF transmission windows.

The experimental setup for characterizing the isolator is shown
in Fig. 2(a). We first start with measuring the DFG signal. A wide
tuning range of the DFG, extending from 1505 to 1646 nm, is
attained as summarized in Figs. 4(a) and 4(b) and limited by the
available tuning range of the CW signal laser. Then the output
signal is measured after the LPE demonstrating the forward-
propagation case as shown in Fig. 4(c). Evidently, the signal and
pump waves are completely blocked, and only the idler is trans-
mitted with power level more than —50 dBm, carrying all the
signal wave spectral information as desired. The signal wavelength
is tuned from 1550 to 1565 nm, resulting in an idler wavelength
tuned from 1575 to 1590 nm with a consistent power level. The
overall insertion loss at the signal and idler wavelengths is ~14 dB.
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However, only ~1 dB is attributed to the 1 cm TFLN device. The
other 13 dB is due to coupling loss into the chip (~3.7 dB per facet)
and insertion losses of the WDM component (3 dB) and the two
filters (1.3 dB, each), both of which can be reduced or eliminated in
afully integrated system.

Shown in Fig. 4(d) is the case where the backward-propagating
signals below 21, =1570 nm are completely blocked by the
LPE as far as the noise floor of the employed OSA (—75 dBm)
suggests. This implies a difference of 40 dB between the forward-
and backward-propagation transmittancesat A,

The isolation of the present isolator depends mainly on the
filters” extinction ratios, nonlinear conversion efficiency, as well as
any back-reflections of the involved pump, signal, and idler waves.
Imagine a signal above 1570 nm is coupled in the isolator in back-
ward direction. This can be the case if the forward-generated idler is
back-reflected into the system. Such a signal is transmitted through
the LPE Although the phase-matching condition is not satisfied
between this signal and the forward pump, as explained earlier,
an output signal below 1570 nm with 13-18 dB less power than
the forward case is evident in Fig. 4(c). In other words, the mea-
sured isolation is 13—18 dB, which is superior to most prior results
obtained with time-varying schemes [18,19,21,23]. Isolations of
30 dB (at2 GHz) and 14 dB (at 10 GHz) have been reported on an
approach based on RF modulation [22]. However, as mentioned
before, that approach suffers from inherently limited bandwidth
and requires fine tuning,

The backward-propagating signal in the latter case is most
likely generated through the DFG process between the backward-
propagating idler and back-reflected pump from the PPLN
devices’ polished facetand any other reflections from other compo-
nents and fibers. The backward-propagating pump power inside
the PPLN is estimated to be 1 order of magnitude less than that of
the forward-propagating pump based on the facet’s reflectivity and
insertion loss at the pump wavelength. This back-reflected pump
and the backward-coupled signal waves hence co-propagate in
the backward direction and satisfy the phase-matching condition,
resulting in a relatively efficient DFG process. Then the generated
signal could pass through the SPF at the output, tuned to block
waves above 1570 nm, and get detected by the OSA and hence
creating an isolation of 13—18 dB. This backward-generated signal
can nonetheless be significantly reduced or eliminated by apply-
ing appropriately designed AR coatings to the PPLN facets and
other system components to eliminate all back-reflections. The
estimated isolation after AR coating is 40 dB, i.e., on par with the
first case explained above.

For the sake of demonstrating applicability to optical commu-
nication systems, we examined the performance of our isolator
when using RF-modulated optical signals. The RF modulation
setup is shown in Fig. 2(b), in which an external RF commercial
EO intensity modulator operating up to 13 GHz is employed.
The modulating RF signal is generated by a network analyzer and
amplified by an RF amplifier. The modulator is also DC biased for
maximum sensitivity. The output from the modulator is amplified
using an erbium-doped fiber amplifier (EDFA) to compensate for
the insertion loss of the modulator. The laser signal, tuned from
1550 to 1565 nm, is first modulated with 5 GHz RF signal and
coupled into the isolator.

Figure 5(a) shows the isolator output in the forward direction.
The generated idler clearly carries all the information from the
input signal represented by the modulation sidebands, shown in
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Fig.5. Isolator output with RF modulated input signal at (a) fixed RF
speed of 5 GHz and tuned optical signal (15501565 nm) and (b) tuned
RF signal (5-11 GHz) and fixed inputsignal at 1565 nm.

the zoomed output in the inset. The output power is a little bit
lower than the unmodulated case due to the added sources of losses
in the system but is still consistent over the tuning range. The input
signal is then kept fixed at 1565 nm, the RF frequency is tuned
from 5 to 11 GHz, and the output at 1575 nm is recorded for each
frequency as reported in Fig. 5(b). This result demonstrates the
isolator compatibility for high-speed communication, limited here
only by the employed modulator bandwidth.

Before concluding, we briefly outline the means by which
the performance of the demonstrated isolator can be improved.
The isolation ratio can be greatly improved by incorporating AR
coatings and superior filters, the insertion loss can be reduced by
improving coupling and eventually integrating all the components,
and the conversion efficiency can be enhanced substantially if the
pump, instead of being lost at the output LPE, can be rerouted back
to the rear facet of the pump laser so the DFG can take place inside
the ring pump laser cavity. It should be noted that this scheme is,
in principle, a parametric amplifier. Hence, if the insertion loss is
reduced significantly and efficiency is enhanced, the isolator can
operate with gain rather than loss. It must be also mentioned that
the proposed signal-to-idler isolation scheme is not limited to x ®
nonlinearity, as third-order nonlinear (x 3 processes, such as
four-wave mixing (FWM), can be alternatively considered.

To summarize, we have proposed a novel class of nonmagnetic
wideband linear optical isolators based on frequency conversion in
nonlinear waveguides. We have demonstrated and characterized
the performance of the proposed isolator using DFG in thin-film
PPLN devices. The operational range of the isolator has extended
from 1490 to 1640 nm, limited only by the bandwidth of the used
equipment, and isolation up to 18 dB is measured for the idler
and signal waves. The difference between forward- and backward-
propagation transmittances at the signal wavelength is 40 dB. The
isolator has demonstrated linearity and has shown no performance
degradation with signals of up to 11 GHz in bandwidth, making it
an attractive candidate for fully integrated photonics circuits.
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