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ABSTRACT: Optical isolators and circulators are critical buil
blocks for large-scale photonic integrated circuits. Amon
several methods proposed to realize such nonreciprocal
including heterogeneous integration with garnet-based matefia
using nonlinearities, dynammodulation of the waveguid
properties is a potentially practical and easily accessible
However, most proposals relying on this method rel
modulators with a very large footprint, limiting their pra
applicability. This paper overcomes this issue by presenting
method to achieve nonreciprocal optical transmission taking

advantage of compact ring modulators. We use a cascaded system of microring modulators with a footprint &s small as 15
220 m and propose that, by tuning the relative time delay between the RF driving signals and the optical delay between th
modulators, nonreciprocal transmission can be achieved. We present a detailed theoretical analysis of our design and investigat
origin of the asymmetric transmission. The modulators were designed and fabricated &ili¢htGn-Insulator platform
iISIPP50G. We achieve a 16 digréince between forward and backward optical signals at a driving/y9ltdge\( at 6 GHz.

Moreover, we analyze the impact of fabrication imperfections on the device performance. Our work leadsttoed sigion

in device footprint compared to formerly explored solutions using dynamic modulation and is well suited for monolithic integratior
with photonic integrated circuits.

KEYWORDS:silicon photonics, microphotonic device, microring resonators, electro-optic modulation, nonreciprocity

INTRODUCTION straightforward. Moreover, as a magneto-optic garnet depos-
ited on top of the waveguide typically operates in the TM-like

The growing maturity of photonic integrated circuits (PICs) de, there is a need for polarization manipulators before and

has facilitated the realization of lasers, detectors, modulat . . )
and sophisticated passive circuits, catering to the ever-gro r the nonreu_proc_:al phase ;%Ct'on’ further adding to the
demand for bandwidth and speed in optical communicatio esIgn and_ fabrlcatlon_ complexitfthe s_eco%d nffthOd
networks. Optical nonreciprocal transmission is a criticalum.Izes nonlinear ects like the Kerr no_nllr?ea_\ . "% In
feature for PICs that restricts the light to travel only in the,dOIng so, the bandwidth of operation is limited due to the

forward direction while blocking it in the backward direction3tringent phase-matching C°f?d'“°_”5-. Besides, it is a power-
ynary scheme where nonreciprocity is strongly dependent on

It enables components like optical isolators, circulators, aﬁ1 ) .
diodes and assists in all-optical signal proce$sitmg. € pump s_trength. Though 1tis po_SS|bIe to Ic_Jwer the_ pump-
power requirement substantially using ultra-high-quality-factor

particular, nonreciprocitys icritical for complex PICs kY ; . .
incorporating lasers and angb as it blocks back-eetions resonators, the optlcgl POWer re_quwgd to achieve .modest
gnremprocal transmission is still high. Hence, extive

and alleviates multipath interference, thereby providing stab} N 4 ) .
operation. Three dierent methods have been explored toOne-way trar;sm|SS|on can _onIy be_ achleve(_j with a Iarge_optlcal
realize nonreciprocity for silicon-based photonic devices. Input power, not compatible with practical application
In the rst method, a magneto-optic garnet material j$eenaros.
deposited on the waveguides, and the device is immersed ia—=
magnetic eld. When well-designed, this leads to a directionReceived: January 7, 2021
dependent phase shift for light traveling through the
waveguide.' Integrating such waveguides in a Mach
Zehnder interferometer or ring resonat@rs nonreciprocal
transmission at a telecommunication wavelength. However, the
integration of garnets with a silicon waveguide is far from
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The nal approach exploits the spatiotemporettiee
index modulation (EIM) of silicon waveguides using micro-
wave or acoustic signdls® The modulated optical carrier is
coupled either to derent modes through intermode
transitions as proposed inZ2br to the sideband frequencies

Bus

Waveguide

as explained in ref3. This process is dependent on the P dope
direction of the propagating optical signal, which leads to
nonreciprocal transmission.

It is a simple method to achieve isolation as it does not [a]
require the deposition of extra materials or a strong pump
signal and therefore forms a potential candidate for realizing ¢

practical on-chip isolator. This scHemisadvantage is that it
requires large RF power to achieve the necessary modulatiol
and requires a relatively large footptint.

Optical isolation using EIM in silicon waveguides has been
demonstrated using tandem phase modulators, interferome:
ters, and traveling-wave modul&forS. Tandem phase

modulators redistribute the power in the optical carrier to [b]

the sidebands, in a way which is dependent on the direction of

propagation, and allow for higher-order designs to achieve ¢ Grtine Alenlimrifzik :

high isolation rati**’ Interferometers are a very elegant way ¢ Bmodmans S eonsce:

to achieve isolation and operate by transferring the'sarrier “
optical energy to the dirent modes supported by the
interferometer. In traveling-wave modulators, parallel Mach Silicon Substrate

Zehnder modulators are used where the traveling electrical [c]

waves are responsible for the direction-dependent trans-

mission. However, all of these techniques require a larggure 1.(a) Schematic of the proposed cascaded ring modulator. (b)
footprint. This large footprint is needed to achieve the requiradicroscope image of the fabricated device. (c) Various connections
phase modulation as, in typical electro-optical modulators, thed doping prde of the device. Both ring modulators are driven
change in the ective index is usually in the order of 1® using a single GSGS probe.

10 “ For example, the length of the phase modulators used in
refs24and25was 800 m and 3.9 mm, respectively. Thus, for
on-chip isolators, exploring more compact solutions is hig
desirable.

In this work, we take advantage of compact microrin
modulators (MRMs) to sigrdantly reduce the device
footprint and obtain nonreciprocal transmission in cascad
ring modulators. The resonant nature of MRMs allows for
considerable amount of enhancement in modulation strengI
and equips the system with enhanced degrees of freedom
engineer their response by either coupling teredit
resonators or coupling to additional waveguides. Given thé’

versatility, MRMs have already been used for sever? nsmission in our device. We also discuss the conditions for

applications like wavelength division multiplexing for optic%e optimum performance of our device. We then proceed to

|ntercor]ne8ct3|gn, radio ovewmer, and frequency comb escribe the experimental setup and subsequently discuss the
generatior® *° There has also been a theoretical propos esults obtained

to utilize MRMs for lossless frequency conversion where theTheoreticaI Framework and Simulations. The sche-

optical carrier can be completely converted into sidebaqﬁaﬁc of a single MRM is showrFigure 2A p-n-doped ring
:Leuq[ge?g\'ﬁiévl?reealsi%emgn'vlg“{:ia‘;v?g%%f;gvrv%r\gsredaas #nodulator is evanescently coupled to a bus waveguide. The
9 P ' input to the modulator is a continuous wave optical carrier that

rigorous theoretical analysis, as well as an experime ; . ;
demonstration, has not been shown yet. N¥modulated by applying an RF signal in the MRM. The

The proposed design is showrkigure &. It consists of
two MRMs sharing the same bus waveguide, separated by

latforn™® Figure b shows a microscope image of the
bricated device. The footprint of the device, without the
ontacts, is 15m x 200 m. A more detailed pre of the
evice is shown Figure & depicting the cross-section of the
veguide, the doping deforming the pn-junction needed

0 achieve EIM, the Tungsten contact plugs, the Cu
terconnects, and the AICu bondpads for applying the
{ ctrical signal.

e rst present a theoretical framework describing the
eration of our device by extending the analysis proposed in
fs 34 and 35 and investigate the origin of nonreciprocal

—>Sin, @] —>  Sout, W) T nQ

Sin
distancéd.. This is equivalent with a time delgy L/ v, with
vy the optical group velocity in the waveguide. Both MRMs are - W
identical. They have a radius ofnd and a gap of 180 nm @ | MRM_| Sowt
between the ring and bus waveguide. The waveguides formin y+ '; oy
the MRM are 500 nm wide and etched 150 nm deep into a 220 O Vo 01-nQ @) @+ 00

nm thick silicon layer. The optical delay lebhgth200 m,

which cqrresponds Wlth_ a time delay of 1.6_ps. The Wé\VegWF’i@ure 2.Schematic of a single MRM. The optical input is modulated
connecting the MRMs is a fully etched strip waveguide. Thg the MRM, driven by an RF input, and the output is the optical
devices were fabricated on IMESIPP50G silicon photonics carrier anked by sidebands separated by
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Figure 3.(a) Transmission of an unmodulated cavity=( 0) with di erent values. (b) Variation of sideband components as well as the optical

carrier for a modulated microring with= 2.1

coupled mode equation for the optical wave amplitt)da Figure 3shows the response of a single resonator based on
the MRM can be written #s%3° the analysis above. figure @, the passive response of the

d _ _ . . MRM is shown for two dérent values of. For— = 2.1( =

e (i o+i (8S ) Sig s ) 9 GHz, = 3.6 GHz, =6 GHz), a resonance dip is observed

. . . at— = 0. The resonance becomes wider whigrincreased
and the wave amplitude at the output is obtained as ) ) .
to 3.0 by increasing the value fas the quality factor of the
s=s5Siy2 (9 ) resonance decreases with increasingilpss ® shows the

transmission of the optical carrier and the generated sidebands
wheres, is the input optical signal,the output optical signal vsthe detuning / ,for / =21and/ =3.0.ltcan
from the MRM, and 4 the natural resonance of the microring be seen that the carrier goes through a minimunyat=0
without applied bias; (t) describes how this frequency is while the sidebands, values peak at / = m with their
changed by the applied RF-wave, asthe amplitude of the amplitude determined by 3
resonant mode wifh?| representing the optical energy inthe For cascaded MRMs, the transfer function of each
cavity. The decay rate oflue to the bus-to-ring coupling is modulator in the forward and backward directions is obtained
given by = Z—i@ with the coupling coecient between the in the following manner:

ring and the waveguide. The total decay rate is then given by 3 (S)y(—) Y e @0
= + ,where  is the decay rate due to losses inside thering. T~ ¢ 0= & — . i i +in
Applying an external RF volt¥g8 = V,; cos( t) results in a e 2

modulation (t) =  cos( t) of the central frequency,. )
We have ;= —%Vge where —° is the change in TEOMC 4+ (o, )
RF ’

For an input source = A€ ", the solution for therst-order =1s - e ®)

di erentialeq 1takes the following form:

resonance frequency of the ring per volt of applied RF signal. 3 (Sl)”\}](—) gﬂ(ﬁ Sinem (3
+ 1

m=5 n=$§

™|

In the backward direction, the equations are

&a\N Si(n+ )t
% - 1é . (Sl) 4]( ) ]1( )e T2,baclt. b=
S S st i—+1in L& (gl)n%(i) }}(7) eSimtm & b 9
(3) m=S S 7 +i—+ in (6)

where = o is the source frequency detuning from
the ring resonance ( = 0 at the resonance), ai®) is the TR o+ (oM, )
nth order Bessel function of thet kind with the argument &1y Sin+m t

Equation 3s consistent with the solution obtained ir3defs =18 _ (5D ‘%( ) ﬂ*(% ¢
and 35. It represents an output signal consisting of a carrier m=5 n=3 ot Ll @)

and a series of sidebands separated bym) from the ) o _
carrier frequency, The total transmission in a particular  TO obtain the nal transmissiofl, the sidebands as well as

sidebandk (T,) or in the carrier Tg) can be obtained by the carrier components from thist modulator are provided
collecting all terms with that particular frequency. For exampl®, the second modulator. Each of these components is then
the rst-order sideband transmission is obtained by collectifgodulated by the second modulator, which results in a new
all terms oscillating at + . series of sidebands. Hencegisn 5and7, the term— in the

C https://doi.org/10.1021/acsphotonics.1c00040
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Figure 4.Transmission of cascaded MRMs: (a) forward and backward direction for the optical carrier showing the asymmetric transmission rati
(ATR) and insertion loss (IL) in the forward direction and (b) forward and backward transmissiorsfartter sidebands fg= 1.6 ps and

= 22.5 ps. (¢) ATR as a function of driving frequenggarfd the MRM resonance modulation frequendgr o= 1.6 ps and; = 22.5 ps.

(d) Vvariation of ATR when the RF and optical delay are variesd @GHz, and (e) variation of insertion loss with the optical and RF delay at

= 6 GHz.

denominator has been maati toward—" (" " _ to take /=21, / =30 and =6 GHz. The parameters
. . chosen are similar to those used in the measurements reported
into account the excitation of the second MRM by th

: . ; Qater in this Article. The insertion loss isngd as the loss
di erent sidebands generated from téemodulator. Finally, ¢, ereq by the optical carrier in the forward diredfignre

the components oscillating at particular frequencies from t% shows the transmission of the sidebands for the same
second modulator are collected and analyzed for theifameters in both directions. While for the optical carrier the
nonreciprocal behavidrigure 4shows the response of the jnsertion loss is considerably lower in the forward direction
cascaded MRM device in the forward and backward directiqtympared to the backward direction, this is the opposite for
as a function of derent modulation parameters. To quantify yhe sidebands. This already suggests that there is a direction-
the nonreciprocal transmission, wenelethe asymmetric  gependent power transfer between the optical carrier and the

transmission ratio (ATR) as the afience between the gidepands, which results in a nonreciprocal transmission. We
transmission in the forward and backward direction. It i elaborate on this further below.

calculated as 10 {gg°™ 10 log, TPak:
Figure & shows the transmission of the optical carrier in the
forward and backward direction for 1.6 ps, ; = 22.5 ps, driving frequency . We observe that, for a given there

Figure 4 shows the variation of ATR as a functien ahd
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exists a harrow band of the driving frequendlat results in

the maximum ATR. For our fabricated device, 13.5 GHz,

and the operation point is cross-marké&dbjinre 4. Since the

optical spectrum analyzer we later use in our experiment i
resolution limited to 3.75 GHz, we select 6 GHz as our driving, 4 2
frequency to neatly resolve the carrier and sidebands in thi ¢ -4
analyzer-igure 4 shows how the ATR varies as a function of L

«and ofor— = 2.1 As observed, a maximum ATR of 30 dB Carrier
is obtained whenr = 51 ps, and; = 22.5 ps. However, a large
/\ Sideband

0 2 4
Aw/Q

o requires a long delay line connecting both ring resonators
and hence a larger footprint. Therefore, we chose a smalle

time delay of 1.6 ps, cross-markefignre 4, to realize a MRM
compact nonreciprocal device while retaining aiesily VResonance
large transmission drence between the forward and

backward transmission, relevant for practical applications. | Backward
future implementations, a longer optical delay can be explorec

either using a standard waveguide curled up in a spiral shape

reduce the overall size or using alternative approaches t

increase the time delay within a given footprint like slow-light

or multipass photonic structuf&®. Furthermore, our analysis Y% pde P 2 o
also showed that the curve is periodic in nature, with a period

of =45 ps,,= 104 ps, so the same ATR can be achievedigure 5.0perating principle of the nonreciprocal transmission in a
over a wide range of parameters. It should be noted thatGfscaded MRM.

either ;or is zero, then nonreciprocal transmission will not

exist. This is also directly obvious feom4 7. A nonzero

ensures that both modulators are driven etedit voltages as

2 4

¢ ; £ d h h wktive ind We use the nite dierence frequency domain (FDFD)

a ulnctl;)n Oh“”?e’ and. e:_ce, the tenr?po .;[:ve INAEX"  method proposed in red§ and38 to study the dynamics of

pro le of each microring is érent. Together with a nonzero ¢ active devices and adapted the code for the cascaded ring
value for o, this then ensures a nonreciprocal transmissiony,qator corguration. The transverse & distribution is

The variation of insertion loss (IL) as a function of optical andyqyn inFigure 61t is clearly observed that, in the forward

RF delay is shown ifigure €. The nonreciprocal trans- yirection, the amplitude of the &éd associated with the
mission is almost lossless §or 51 ps (equivalent waveguide c4prier is enhanced by MRM2 while the sideband, shawn for
length in the order of 5 mm) angl= 22.5 ps, whichis also the — 1 i pecoming depleted. In the backward direction, the

point for maximum ATR. It represents the parametegnsqsite happens, and theefit associated with the sideband
combination for which the mostaent transfer of optical s enhanced while the carrier becomes depleted.

power betwe_en the_ carrier and the §idt_aband takes place. _ Experimental Setup. The experimental setup used is
The operating principle of the device is further elucidated ignown inFigure 7 A tunable laser source (TLS) with 7 dBm
Figure_SThe two modulators are separ_ated by an opt!cal de'%tput power serves as the device input. Polarization
and driven by the same RF source with a relative time delgyntrollers (PCs) at the input as well as the output allow
between them. In the forward direction, the optical carriefhe alignment of the polarization of the forward and the
aligned with the resonance frequency of the resonater ( packward propagating wave, respectively. The modulators are
0), is rst modulated by MRML1 resulting in the generation ofgriven by a single-tone RF source that is equally divided using
sidebands at both sides of the carrier. The carrier angl3 4B splitter, and a tunable time delay (TDL) unit is placed
sidebands now act as the input to MRM2 where they are agaione of the arms. Since the delay of the TDL is dependent on
modulated. For an appropriate choice of the optical and Rhe RF frequency, it is tuned every tinie changed to attain
delays and the properties of the ring, the optical power in thRe maximum ATR. The RF amelihas a gain of 22 dB and
sideband is coupled back to the carrier. As a result, the strengHivides a constant outpg, of 8 V until 13 GHz, which
of the sidebands reduces while the power in the optical carrigen reduces to 4 V at 20 GHz. The free spectral range of the
increases. If we operate,at 51 ps and; = 22.5 ps, thenthe  MRMs is 2500 GHz. This eliminates the possibility of
power in the sidebands at the output of MRM2 will betransitions between modes associated withedt FSRs of
minimized while being maximized in the carrier. In thehe resonator, leading to single-mode operation over the
backward direction, the distribution of power happens fromriving frequency range of this wo/e measured the back
the carrier to the sidebands. The optical carrier is now injected ections from the device by putting an optical circulator
in MRM2, which produces a spectrum with the carrier an@etween points 1 and 2. By aligning the TLS wavelength at the
sidebands. This spectrum acts as the input to MRM1, whicksonance of one of the MRMs, the baslcted power was
transfers the power from the carrier further to the sidebands.found to be 35 dB lower than the output power from the
this way, nonreciprocal transmission is attained in the cascadl#edM measured at point 3.
ring modulator systems. The forward (backward) propagation is accomplished by
The redistribution of optical power between the carrier andonnectingl 2and3 4 (1 3and2 4)inFigure?7
the sidebands is further validated by numerically simulating threthe forward direction, R@& optimized for the maximum
electrical eld distribution associated with the carrier andoptical output power from the chip. Similarly, wher8land
various sidebands separately, in both propagating directiobs. 4 are connected, PG optimized.
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Figure 6 E- eld prole of the optical carrier ang 1 sideband. In the forward direction, MRM2 redistributes the sideband energy to the carrier
whereas energy is transferred to the sideband from the carrier in the backward direction.

applied reverse bias for each MRM. It is worth mentioning that
if a di erent bias is applied on the cavitiges, ; might
increase to a value where there is no overlap between the two
resonances, and hence any carrier signal will be modulated by
at most a single cavity, leading to the absence of nonreciprocal
transmission. Further on, we will denote the wavelength of
operation as,,.

RESULTS

In Figure Qwe characterize the nonreciprocal transmission as a

function of dierent parametefsigure @ shows the backward

and forward transmission at= 6 GHz, 8.0V, (22 dBm,
Figure 7. Experimental setup. TLS, tunable laser source; Pcassuminga50 Ohmimpedancg), ;=8.4 GHz, and =
polarization controller; OSA, optical spectrum analyzer; DC, D@3.5 GHz. The curve is normalized with the transmission of a
bias; Gain, RF gain; RF delay. The connection 12and 3 4is straight waveguide to remove the loss from grating couplers
for the forward direction, and the connectiondand 2 4 is for and PCs. As already discussed, the strongest component in the
the backward direction. forward direction is the optical carrier while, in the backward
direction, the carrier is completely suppressed, and the optical

Figure & shows the measured response of the cascadgdwer in the sidebands increases. We achieve an ATR of 16

modulator and the associatet] without applying a dB, in-line with our simulation&igure 4). Without any
modulation voltage. Light is coupled in and out of the silicomodulation, a derence of 0.4 dB was observed between the
chip using grating couplers with 11 dB/coupler loss. Due tforward and backward wave, which is attributed to the
fabrication imperfections, the resonance wavelength from batisturbance in the setup while reconnecting the offtaral
cavities will dier by a value of,  ; as shown ifrigure &. for the measurementsigure ®,c depicts the asymmetric
The variation in , 1 Vs applied bias is numerically transmission for = 13 and 20 GHz, respectively. The
calculated by a sequential simulation involving the Lumeridatrease in the driving frequency reduces the valué qf
modules CHARGE, MODE, and FDTD. The dopantin and hence, a complete suppression of the optical carrier is not
the silicon waveguide with an applied voltage is determinedtainable in such cases. Although the ATR is still 8 dB at the
from CHARGE, and using this doping [@othe variation in 13 GHz frequency, it is obvious that the carrier is less strongly
the e ective index is calculated in MODE. This index is thersuppressed in the backward direction compared to the 6 GHz
supplied to FDTD to calculate the resonance shift with thease. For the 20 GHz driving frequency, we do not see any
applied bias. The measured and simulated variation of variation in the optical carrier \4g is limited to 4 V (16
with the applied DC bias on the individual modulators igIBm) at this frequency, which leads to a very small value of
shown inFigure ®. Since, with the increasing reverse bias, the / . In the forward direction after removing the additional
resonance undergoes a red-shift, ; either decreases or losses from the grating couplers, the insertion loss is 18, 19,
increases depending upon which MRM the DC bias is applieshd 22 dB for 6, 13, and 20 GHz driving frequencies,
to. We measure a wavelength shift of 13.5 GHz for 8 V oéspectively.
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Figure 8.(a) Measured and simulated transmission spectra of the cascaded modulator. The quality factor of the individual resonators wa
measured to be around 17 000. (b) Variation of ; when the bias of an individual modulator is varied, while keeping the other modulator at
zero bias.

Figure 9.(a) Forward and backward transmission spectrum at 6 GHz driving frequency. (b, c) Same as part a for 13 and 20 GHz. (d) Variation of
ATR as a function &f,, obtained by changing the gain of the RF aenple) ATR variation when the working wavelength is changeé[zifpbm
. (f) Change in ATR when,  ; is changed by using €éient chips. The inset shows valuegfof the four dierent chips used in this work.

Figure ﬁ sho_ws the chan.ge i_n the ATR when the driveATR was obtained when, = 1* 2 At this particular
voltagev,, is varied. A largé,,implies a larger value off _ 2
and hence a higher ATR. At 6 GHz, the ATR decreases froyprking wavelength, the optical carrier is equally modu!ated
16 dB at 8/,,to 0 dB wheiV,, is less than 5 V (18 dBm). A by both modulato_rs. A blue- or rgd-shm of t_he \_/vorklng
similar trend is also seen at 9 and 13 GHz driving frequenci#@velength, will increase the carrier modulation in one
where the ATR decreases from 12 and 8 to 0 dB\ihisn MRM while simultaneously decreasing it in the other, which
decreased. The lower value of the ATR at smaller valyes of COmpromises the ATR. At=6 GHz, the ATR decreases

arises from the low carrier suppression in the backwaftPm 16 to 5 dB when, is blue-shifted by 6 GHz whereas it
direction. Smalléf,, results in a decreased , and as we decreases to 4 dB for the a red-shift of the same amount. A

already discussed, a largé is required for the complete similar trend is observed at the driving frequencies of 9 and 13
conversion of power between the optical carrier and théHz where the ATR goes from a maximum of 12 and 8 dB,
sidebands. respectively, to a minimum of 0 dB.

We also analyzed theeet of the working wavelenggfon We already stated that theaglence between the resonance
the ATR, and the result is showrrigure 8. The maximum  of both MRMs, despite having the same design parameters, is a
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Figure 10Variation of the sideband spectra witbréint modulation parameters: (a) ,=11.9 GHz at &,,0f 8 V, (b) atV,,0f 6.5V, (c)
with the operating wavelength blue-shifted by 12 GHz, and (d) for 9 GWz af 6.5 V.

result of fabrication imperfections. Such imperfections leadito Figure 16, the dierence between the forward and
varying device parameters over the silicon wafer, and hencégitkward propagating carrier and the sidebands is very small.
is crucial to study their &ct on the optical nonreciprocal For this choice of,, the optical carrier is modulated by only
transmission. We selected fourerint chips from four one of the MRMs while there is no interaction with the second
random places on the wafer. In particular, we are interestedNHiRM. Figure 10 shows the response at 9 GHz for the same
the variation in ATR as a function of the resonatorparameters as gure 10. As expected, a small ATR of 5.7
misalignment, ;. The inset inFigure ® shows the  dB is observed due to the reduced value/of.
measured variation gfon the four chips.

The wavelength, varies by 1.2 nm (150 GHz) between =~ OUTLOOK
these 4 chips. The relative wavelength shift ; is smaller By optimizing the optical delay between the modulators, the
and varies from 8.5 to 26 GHz over therdint chips. The insertion loss as well as ATR can be further improved. Our
ATR (at = 6 GHz) for the dierent values of, 1 calculations show that a larger optical delay will allow for a
decreases from 16 dB when the ,is 8.5 GHzto 0 dB complete conversion of the sideband power to the optical
when the separation is 26 GHz. A larger separation betweercarrier that will reduce the insertion loss. For example, the
and , implies unequal modulation of the optical carrier frompptimum waveguide length in our work is around 5 mm.
both MRMs, and if the separation becomes larger than thelBIEC's iSIPP50G silicon photonics platform, which was used
dB line width of each MRM, there will be no nonreciprocato fabricate our device, guarantees losses below 1.4 and 0.6
transmission. Integrating a heater with the ring resonator coul@/cm for fully etched strip waveguides and 70 nm etched rib
easily overcome this misalignment. waveguides, respectively. Thus, the optimal optical delay line

Figure 10shows the evolution of the optical carrier andwould introduce less than 1 dB extra loss whilecsigtty
sideband spectra with elient modulation parametéfsjure enhancing the ATR. Moreover, using multimode waveguides,

10a shows the carrier pte at 6 GHz driving frequency and a the waveguide propagation loss can be further reduced, down
_ o, to 0.065 0.25 dB/cni.*** The time delay between the cavities
Vppof 8.0 when, ,=11.9 GHzand,, = “-*.Inthe 5, 5155 phe improved by engineering the connecting
backward direction, the carrier is suppressed whereas it peakseguids dispersion, e.g., by coupling the connecting
in the forward direction. The insertion loss is 18 dB in thavaveguide with a passive cavity. The bandwidth of operation
forward direction. Whev,, is reduced to 6.5 V (20.5 dBm), can be improved by incorporatingcient thermal tuners on
as shown inFigure 1B, the carrier suppression in the the MRMs to tune the resonance locally. Since the non-
backward direction is lesscent, which results in a smaller reciprocal transmission relies on the conversion of optical

ATR of 5.8 dB. When, is blue-shifted by 12 GHz, as shown energy between the carrier and the sidebands, an improved
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scheme for ecient sideband generation can be used like(3) Kittlaus, E. A.;; Weigel, P. O.; Jones, W. M. Low-loss nonlinear
increasing the ring quality factor or exploring other low-logptical isolators in silicaNat. Photoni@02Q 14, 338 339.
material platforms, among others, to further reduce thd4) Mock, A.; Sounas, D.; Alu, A. Magnet-free circulator based on

insertion los¥ spatiotemporal modulation of photonic crystal defect ca\@®s.
Photonic2019 6, 2056 2066.
CONCLUSION (5) Huang, D.; Pintus, P.; Bowers, J. E. Towards heterogeneous

. ) integration of optical isolators and circulators with lasers on silicon.
We proposed and demonstrated optical nonreciprocal tranSpt. Mater. Expre231§ 8, 2471 2483.

mission utilizing two cascaded microring modulators.(6) Zhang, Y.; Du, Q.; Wang, C.; Fakhrul, T.; Liu, S.; Deng, L.;
Compared to designs based on traveling-wave phaeang, D.; Pintus, P.; Bowers, J.; Ross, C. A.; Hu, J. Monolithic
modulators or MZIs, our scheme sicamtly reduces the integration of broadband optical isolators for polarization-diverse
device footprint. We carried out a rigorous analysis to studficon photonic€ptica2019 6, 473 478.

the cascaded modulasotbehavior and demonstrate our (7)Zhang,Y.;Du, Q.;Wang, C.;Yan, W.; Deng, L.; Hu, J.; Ross, C.
ndings using modulators fabricated in a commercial CMO&: Bl L. Dysprosium substituted Ce: YIG thin films with
foundry. A very good agreement between simulations and ﬁ% rpendicular magnetic anisotropy for silicon integrated optical

. : .is@lator applicationaPL Mater2019 7, 081119.
experiment is found. We reported an ATR (asymmetrlc(8) Srinivasan, K.; Stadler, B. J. Magneto-optical materials and

transmission ratio) of 16 dB at a driving frequency of 6 GHgesigns for integrated TE-and TM-mode planar waveguide isolators: a
with an insertion loss of 18 dB. We also reported how the ATRviewOpt. Mater. Expre2&1§ 8, 3307 3318.

changes with various device parameters and discussed {®¢Du, Q.; Wang, C.; Zhang, Y.; Zhang, Y.; Fakhrul, T.; Zhang, W.;
e ect of fabrication variations on the performance. Our deviconcalves, C.; Blanco, C.; Richardson, K.; Deng, L.; Ross, C. A.
enables the optical isol&atesign with sigmiantly reduced  Monolithic on-chip magneto-optical isolator with 3 dB insertion loss
size and can be used in several photonic integrated circuipd 40 dB isolation ratidCS Photoni218 5, 5010 5016. .
based applications. Our simulations predict that, by optimizingl0) Stadler, B. J.; Mizumoto, T. Integrated magneto-optical
the optical delay between both modulators, the ATR can aterials and isolators: a revi@kE Photonics2D14 6, 1 15.

; ; ; 1) Huang, D.; Pintus, P.; Shoji, Y.; Morton, P.; Mizumoto, T.;
gﬁg;:ggg%eférznd the insertion loss can be decreased t%(:)élwers, J. E. Integrated broadband Ce: YIG/Si Mabhder

optical isolators with over 100 nm tuning ra@ge. Lett2017, 42,

4901 4904.
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