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Complete All-Optical Silica Fiber Isolator via
Stimulated Brillouin Scattering

Xinpeng Huang and Shanhui Fan, Fellow, IEEE, Fellow, OSA

Abstract—This study demonstrates the theoretical operation
of an all-optical silica fiber isolator using stimulated Brillouin
scattering. Two pump sources that copropagate through a
double-mode fiber generate acoustic waves through electrostric-
tion. These acoustic waves then induce unidirectional interband
optical transitions between a separate pair of signal sources.
With 1 W of total input pump power, complete optical isolation
is achieved with a silica rod waveguide of radius 0.67 p«m over a
length of approximately 12 m, with pumps operating at a wave-
length of 1.55 ym and signals at 1.50 gm.

Index Terms—Brillouin scattering, electrostriction, optical
fibers, optical isolators.

I. INTRODUCTION

PTICAL isolators, which allow light propagation in
O only one direction, are required in optical and photonic
applications for suppressing optical backscattering, which in
many cases is a major source of interference and noise [1].
Because complete optical isolation requires time-reversal sym-
metry breaking, isolators have traditionally been constructed
with magneto-optical materials [2]. Despite much effort, these
materials still present considerable difficulty for either on-chip
or in-fiber integration. The lack of CMOS-compatible op-
tical isolators, for example, has been recognized as a major
obstacle in integrated photonics [1], [3]. Methods that have
been proposed using nonmagnetic materials [4], [5] typically
suffer from shortcomings such as modulation sidebands or
power-dependent behavior.

Recent work by Yu and Fan [6]-[8] suggests a mechanism
to approach the problem of CMOS-compatible optical isolation
by inducing interband photonic transitions. Modulating a silicon
waveguide with a sinusoidal dielectric perturbation in space and
time will, for suitable frequency and wave vector choices, sub-
ject light propagating through the device to interband transi-
tions, similar to electron transitions in semiconductors. By ap-
propriately designing the band structure of the waveguide, Yu
and Fan have shown that the induced interband transition breaks
time-reversal symmetry, converting propagating light of a fre-
quency w; to a different frequency ws in one direction but not
the other. The mechanism is illustrated in Fig. 1(a). It has been

Manuscript received January 31, 2011; revised April 26, 2011; accepted May
23, 2011. Date of publication June 07, 2011; date of current version July 22,
2011.

X. Huang is with the Geballe Laboratory of Advanced Materials, Stanford
University, Stanford, CA 94305 USA (e-mail: xph@stanford.edu).

S. Fan is with the Ginzton Laboratory, Department of Electrical Engineering,
Stanford University, Stanford, CA 94305 USA (e-mail: shanhui @stanford.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2011.2158886

®
\ - /
Q o :
S , modulation
NG R 2 ]
\* i
i
1
! .
—
q ﬁ
(a)
o A
Oy /
@5 /o ——,/ signal
[2)
o, 7 pump
s
- B
(b)
i /\\ // \\ 17 2
) o
4—4
Z L

filter
(©

Fig. 1. Optical isolation. (a) Band diagram of time-reversal symmetry breaking
through interband transitions induced via direct modulation (dielectric modula-
tion in [6]). (b) Band diagram of the proposed isolator structure. Phonons are
electrostrictively generated from two pump sources at w; and w. and are used
to induce interband transitions between two signal sources at w3 and wy. Solid
black lines indicate bands, solid red arrows represent allowed transitions, and
dashed red arrows represent forbidden transitions due to phase mismatch. Band
diagrams are for purely illustrative purposes and are not to scale, nor do they
represent any particular structure. Note that transitions are only allowed in one
direction, thus permitting optical isolation. (c) One possible realization. Modes
are numbered as in (b).

shown that such a mechanism can be used to construct an op-
tical circulator that completely reproduces the functionality of a
magneto-optical circulator, but without the use of magnetic ma-
terials [7].

In this paper, we build upon the principles of [6]-[8] to
present an all-optical implementation of an isolator that uses
photon—phonon interactions to induce nonreciprocal interband
transitions in a silica fiber. All materials, including silicon and
silica, will strain and deform in response to an electric field
gradient traveling through the material. This property, known as

0733-8724/$26.00 © 2011 IEEE
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electrostriction, is the mechanism behind stimulated Brillouin
scattering (SBS), whereby a photon can change its frequency
and momentum through a scattering process that releases a
phonon [9]. Here, we show that one can use photon—phonon
scattering to accomplish the optical isolation effect as first
considered by Yu and Fan.

II. BASIC OPERATION

The basic operating principle of the device is shown in Fig. 1.
Two optical sources at (1,w1) and (2, ws) act as the pump
sources, generating phonons of frequency {2 and wave vector g
via electrostriction as they copropagate through a waveguide.
These phonons are then used to induce interband transitions
between two separate signal sources at (3, ws) and (84, wy).
We note that we use a process involving copropagating waves,
which is different from the traditional SBS process where op-
tical waves are counterpropagating. In order for the phonons to
be generated and for interband transitions to occur, the following
relations must be satisfied to conserve energy and momentum:

q=P02— 01 =0s— 03 (D

Q:wg—w1:w4—w3. (2)

Assume without loss of generality that we begin with an inci-
dent signal at (34, w,), with no input at ws. In one direction, the
signal photon will have its frequency oscillating between w4 and
ws. The signal photons traveling in the other direction will prop-
agate unaltered due to the nonzero momentum ¢q of the phonons,
as is apparent from Fig. 1(b). Thus, the process is nonreciprocal.
A modal filter can then be added in order to complete the iso-
lator. A possible implementation is depicted in Fig. 1(c).

III. THEORY

We now examine in detail the propagation and interaction of
optical and acoustic waves in a waveguide. In order to develop
a complete theory of the photon—phonon interaction, we first
describe the generation of phonons via electrostriction, which is
governed by an acoustic wave equation. We then use this result
to calculate the evolution of the pumps, and finally examine the
nonreciprocity in signal propagation.

A. Optical Modes

We first take a moment to define precisely the quantities we
use to describe the optical modes. There are four optical modes
involved in the process, and each mode has a transverse electric
field E;, which can be written as

Ei(2,y,2,1) = ex(z, y)ar(z, )’ P>~ fce. (3)

fork = 1,2,3,0r4. er(x,y) is the transverse electric field mode
profile, a; is the modal amplitude, and c.c. denotes complex
conjugate. The corresponding transverse magnetic field is

Hy(z,y,2,t) = hi(w,y)ap(z, )/ D7) fee. (4)

where hy (z, y) is the transverse magnetic field profile. The k =
1 and k& = 2 indexes refer, respectively, to the lower and upper
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pump sources, and the & = 3 and k& = 4 indexes refer, re-
spectively, to the lower and upper signal sources, as depicted
in Fig. 1(b).

The total power carried by a mode is

P= (1/2)3?{/@ x H*) - zdz dy}

[10], where E and H are the complex phasor representa-
tions of E and H. In our notation, E = R{Ee!(#*~«1)} =
2R{eae’(P*~“D} 50 we can write

Py, = 2|ag|? /(ek x hy) - zdzdy. )
If we choose the transverse field normalization such that
/|ek|2d$dy5 1 (6)
then we can rewrite (5) in a matter similar to that in [11] as
P, = 2nk60csk|ak|2 @)

where nj, = ¢f1/wy. is the effective refractive index, ¢ is the
free-space permittivity, c is the speed of light in vacuum, and
er X hk -zdxd
it ) y ®

nreogcC

is a dimensionless number for normalization purposes that be-
comes unity for a plane wave.

B. Acoustic Wave Equation

The SBS process results from the interaction between optical
and acoustic waves in a material via electrostriction [9]. The
material vibrations, represented by the material density varia-
tion from equilibrium p, obey the acoustic wave equation

2

% — V7 <1 + F%) Vip=Vf= —%eo%vﬂm? )
where V7 is the bulk longitudinal velocity of sound in the
waveguide material, I' is the acoustic damping parameter,
f = —(1/2)eg7.V|E|? is the electrostrictive force per unit
volume, and +,. is the electrostrictive constant [9], [11]. We
define p as

p(z,y, 2,t) = po(z,y)b(z, 1)l =M L ce. (10)
where p, (z,y) denotes the mode profile of the material den-
sity variation and b is the longitudinal acoustic amplitude. In a
manner analogous to the optical modes, we normalize p (z,y)
such that [ |p |*dz dy = 1. Solving (9) results in the acoustic
amplitude b in the presence of incident electromagnetic waves
as characterized by their electric fields E.

Because we are solving a waveguide problem, propagating
modes must satisfy specific dispersion relations. If we assume
no optical source (E = 0) and no damping (I" = 0) in (9),
then b must be a constant and can be set to unity. Inserting (10)
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into (9) under these conditions yields the following eigenvalue
equation:

Vioi(z,y) = (¢ = (/VL)?) pola,y) (11
where V2 = 9/0z% + 0(0y? and Q, is the frequency of the
acoustic mode. (2, does not, in general, need to equal 2 = wy —
wy [11]. Solving (11) results in the acoustic mode profile p; and
its corresponding wave vector g.

‘We can now revisit (9) and turn the damping and source terms
back on. We insert (10) into the left-hand side of (9), and apply
the slowly varying envelope approximation on the derivatives
of p, ignoring all second-order spatial and temporal derivatives,
and using (11) where appropriate. We find

) .
% =L {_%Q% - sz} == L e (12)
02 ab )
2, |_Zap 49,02 1= e (1
v p |: ng_i_ anz:| pLe +c.c ( 3)

a . Q(ZI 1(qz—
EV% = ZQV—LZ’bple (@2=91) 4 ¢ .

(14)
Now we make the important assumption that the signal power
is very weak compared to that of the pump. Consequently, the
acoustic wave amplitude p is unaffected by es and e4. There-
fore, we can write E = E; + E5 and

V£ = —e07.V(el -eg)afagei(qz_m) + c.c. (15)
Because the acoustic wave in our system is generated by two op-
tical modes propagating in the same direction, 27 /q will gen-
erally be much larger than the target operating wavelength of
1.55 um. Therefore, the longitudinal variation in |E|? varies
more slowly than the transverse variation and can, therefore, be
neglected, as long as the transverse length scale of the wave-
guide is around 1 pm or less [11].

Inserting (12)—(15) into (9) yields, after some manipulation,

b b
2iQ— + (Q° — Q2 +iQl'p) b+ ziqv,fa_ = 07 QYyatay
z

ot
(16)

where we have defined the Brillouin linewidth 'y = Q2T and
introduced the quantity Q7,, defined as
12 = (V(el - e2),p1). a7
The notation (f(z,y),g9(z,y)) = [ f(z,y) - ¢*(z,y) dz dy is
the inner product on the zy-plane.
Equation (16) can be greatly simplified by neglecting the
0b/0z term, since, in general, phonons are very highly damped
and can only propagate over a distance on the order of microm-

eters before being absorbed by the material [9]. We can now
solve for the steady-state (0b/9t = 0) phonon amplitude

b(2) = comeQlymy—a® 18
(Z) €07, QIZ Q02 — Q(Zl + ZQFB ( )
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Note that b depends only on the properties of the two pump
modes (e1,a1) and (ez, as). From the present analysis, it is
apparent that electrostriction only generates acoustic waves for
pump sources that satisfy e} - e2 # 0, and therefore, the two
optical modes must have the same polarization.

C. Optical Pump Wave Equation

The next step is to calculate how the acoustic wave affects
the amplitude of the optical waves. We will first look at the two
pumps at wq and wo. If we express the electric displacement
vector D in terms of a nonlinear polarization PN caused by
the acousto-optic interaction

D = ¢E + P\ (19)
then from Maxwell’s equations, we obtain the optical wave
equation

02E aZPNL
VxVxE=-V’E+V(V-E)= —HOE Gy ~ o~
(20)

As areminder, the electric field E = Eq; 4+ Es in (20) is the total
field, where E; and E4 are expressed according to (3) in terms
of the product of the mode profiles e » and the envelopes a .
Because we are dealing with structures where the permittivity
contrast may be large (Ae/eo ~ 1 for silica, ~ 10 for silicon),
we will perform our analysis without assuming that V-E =~ 0,
which is only valid for weakly guiding structures.

The nonlinear polarization is PNY = gg7./popE
[9], where pgo is the equilibrium density of the material.
When PN is expanded in p and E, we only keep the
phase-matched terms. Only the a9b* term, corresponding
to the conversion wy — 2 = wq, and the a1b term, corre-
sponding to the conversion w; + = ws, along with their
complex conjugates, are properly phase matched. We can,
therefore, write PN as the sum of two propagating terms
PYL 4+ PXT that match the wave vectors and frequencies of the
two pump modes (31, w1 ) and (B2, ws) [11]:

PYE = ) epanbt ) fee. @)
0

Pyl = Eopve‘memlbei(ﬂ?z_““) +c.c. (22)
0

Taking derivatives of PN* and applying the slowly varying en-
velope approximation, we find

aZPNL . .
atzl = GZZ‘pJ_eQ (—agb*w%) elPrz=wit) 4 cc (23)
aZPNL . .
2 = D) e (—apbwd) (P2 foel (24)
ot? 0
We also take derivatives of the electric field E to find
2 2 ., Oag 2
V?E;, = (V ek)a + er ZLﬂkg — ﬂkak
x e/ (Brz=wrt) 4 ¢, (25)
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8ak

V(V-E) = [(Q(V-ek + 2ifrer,z) + Vek,z)g

+ (V(V . ek) + i,BkVek,Z
+z (zﬂkVek - ﬂ,%ek’z) a]

x e (Frz—wrt) 4 ¢ ¢ (26)

O’E 15]
i = o (i Ty - o) (e e
27
If we solve (20) for the sourceless problem PNV = 0,

a(z,t) = 1, then we obtain an expression for the optical mode
dispersion as follows:

Ve, = ([)’,3 — }1,08(4)]%) er+V(V-ep)

+ibpVer. + 2 (iBkV - e — fier.) . (28)

Plugging (23)-(28) into (20), applying the overlap integral
J(-++) - ex dzdy on both sides, and using the normalization
condition of (6) yield the following coupled equations for a;
and as [11]:

aal 1 80,1 . Lwne

1-K _ b* 2

( 1) g + v Ot Zmiepg Q1202 (29)
aag 1 8(12 ’i(.dQ’Ye

1- K. =

( 2) 5, oz t s Vg2 ot 2ns¢po @12010 (30)

where ny, is the effective index of mode k, vy, is the group ve-
locity, and

1
m5/0%$+%m

(er,-(V-ex)
+ej, - Vek,z)> dzdy (31)

is a dimensionless constant that is zero for plane waves and in-
creases as the divergence of the electric field becomes less neg-
ligible. We have also defined another quantity ()12, given by

Q12 = (e] - ez, p1) (32)

in order to simplify notation.

D. Optical Signal Wave Equation

Having performed the derivation for the pump sources, we
can do almost exactly the same thing for the signal sources.
Equations (29) and (30) undergo slight modifications to become

8a3 1 8(13 -

1W3Ye

1-K _— b*
( ), oz + Vg3 Ot 2n3cpo @404 (33)
(9(14 1 80,4 iW4’Ye
1-K = b 34
( 4) g +— - Dt Znsep Q3403 (34)
where
Qs = (€3 -eq,p1). (35)

The only difference between (33), (34) and (29), (30) is that the
acoustic amplitude b, given by (18), still depends only on a;
and as, and does not depend on a3 and a4. Once again, we are
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assuming that the signal sources are sufficiently weak and hence
do not affect the acoustic mode amplitude.

E. Steady-State Equations

To simplify our analysis, we shall only be concerned with
steady-state (Oay /0t = 0b/Ot = 0) solutions from now on-
wards. Here, we summarize the main theoretical results of this
section at steady state. The acoustic amplitude depends on the
optical pump amplitudes and is given by

aias
b(z) = EO%Q;’2—QQ — Qé P (36)
The pump amplitudes are given by
dal iwl’ye
- e b* 37
dz  2niepo(l — Kl)Q12a2 37)
da2 iw275
B e b 38
dz 2’[7,20p0(1 — Kz)leal ( )
and the signal amplitudes are
dag 1W3Ye
B el b* 39
dz 27L3Cp0(1 — K3)Q34a4 ( )
d [WAYe
gl LQ%@J) (40)

dz  2n4cpo(l — Ky)

Again, field amplitudes can be converted to optical powers
if necessary. Using the normalization condition presented in
Section III-A, we can express power as

Py = 2npepcsg|ag|?. 41)

IV. RESULTS

A. Analytical Results

In an attempt to gain some intuition about the general be-
havior of the coupled (36)—(40) and examine the strength of
the mode conversion process, we provide a simplified analyt-
ical analysis of the optical and acoustic propagation down the
structure.

Substituting (36) into (37) and (38), we obtain the final form
of the coupled optical amplitude equations [11]

day _ ieow172Q12Q1, |az|?a1 42)
dz 2nicpo(l — K1) Q2 — Q2 —iQl'g
day  icowy12Q12Q1, |a1|?a> 43)
dz Z’RQCpo(l - KQ) Q2 - Qz + LQFB

It is now easier to proceed after converting field amplitudes to
optical powers using (41). The final form of the coupled power
equations becomes

dP
& = nhP (44)

dP.
5 = PP (45)

where the power gain
(Ts/2)

= k=1,2) (46
9k = Gko Q=) + (Tn/2) ( ,2)  (46)
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is Lorentzian with full-width at half-maximum I'g and peak
power gain

w1%2|Q12 '1'2
2n1n2¢2poQa'psa(l — K1)

w273|Q12Q'1'2|
anngczpogﬂ,Fle(l — KQ) '

gio = 47

g20 = (48)

Note that the quantity Q12Q7, < 0 because @Y, includes two
spatial derivatives, and therefore, the expressions have been ad-
justed in favor of the positive quantity |Q12Q%5]|.

Because (2 < w2, the operating frequencies w; and wy are
very close, and therefore, the total power P = P; + P> should
be approximately conserved. The same argument can be made
for modes 3 and 4. Therefore, even though s;, and K depend in
complicated ways on the fields e; and hy, power conservation
requires that

82(1 — Kl) = 81(1 — Kz) = (12
84(1 — Kg) = 83(1 — K4) = (¥34.

(49)
(50)

This simplification allows us to use a single pump gain coeffi-
cient
g10 & g20 = go- (51)
Suppose that at z = 0, we supply pump powers Py (0) = Py
and P5(0) = Py. We wish to calculate the evolution of the op-
tical sources when the correct phase-matching conditions exist
to generate phonons. Therefore, let us assume zero detuning
(9 = go). Because (d/dz)(Pi(z) + P2(z)) = 0, we write
Pi(z) + P2(z) = Py, where P is the total pump power, con-
stant in z. We can then recast (44) into
dPy

— = g0 (Po — P1).

dz (52)

This is an ordinary differential equation that can be solved an-
alytically. If we define a characteristic length zo = (goP) 7!,
Pj can be solved to obtain

Py
Pi(z) = . 53
1(2) 1+ (Pao/Prg)e=/%0 &9
A similar procedure for P» yields
P,
Py(2) 0 (54)

1+ (Pro/Payo)et?/#0"

We then proceed to solve for the acoustic amplitude b, which
depends on a; and as. The field amplitudes can be obtained by
inserting (53) and (54) into (41). Without loss of generality, we
choose the phases of a1 and as such that both are real for all
z, and doing so will make b purely imaginary for all z in the
absence of detuning. A straightforward calculation allows us to
write

( _ Ve 11/2 PO

z) = - .
i \/nin2c \/2 + 2 cosh(z/zg — In(Pao/Pig))
(55

2271

The final step is to solve the coupled equations for a3 and ay4.
Inserting (55) into (39) and (40), we can write

da
d—; = g3Pyf(%)aa (56)
da
d—; = —gaPo f(2)as (57)
where
2 1
wk’Ye|Q34 12|
= k=3,4 58
9k 2np/n1noc? peQl pasy ( 4 G8)
and
1
f(z) = (59)

\/2 + 2cosh(z/z9 — ln(P20/P10)).

We can perform a change of variables from z to
2 = / f(z")d2"
0

—1
2 <4cosh (z/2) tan™" tanh (z/4) 90) 60)
2 + 2 cosh(xz)

where © = z/z9 — ln(Pso/Pio), and

/P2 /Pio—1

fo = —2tan™" VPuo/Po =1
VP20 /Pro +1

is an offset to ensure that z’(z = 0) = 0. Using the chain rule

day /dz = (day/dz")(dz’'/dz), we eliminate the z-dependence
in (56) and (57), leaving

(61)

da
& = 9sPoaa (62)
da
d;,l = —g4Poas. (63)

Assume that at z = 0, we supply power P4(0) = Py, with
P5(0) = Psp = 0. Then, the solutions are

a3z = Asin(\/ggg4P0z/) (64)
ay = Acos(y/9394Po?") (65)

where A is some constant that matches the initial conditions.
We recognize now that a3 and a4 obey standard coupled-mode
equations with oscillatory solutions as a function of a variable 2’
that is distorted through a function f(z) due to the presence of
a z-dependence on the acoustic amplitude b. These expressions
for az and a4 can be recast in terms of zq by noticing that /g3 g4
is simply equal to gg times a multiplicative factor R. We can also
write them in terms of power rather than field amplitude:

R !
Py = Py sin’ (-Z—> (66)
2 Z0
R !
P, = Pygcos? <—Z—> (67)
2 20
where
pe [wwalsicn [many w3 Qssonz [ning
N wiws Q12 34\ n3ny w1 Q12 o34 77;3”4'
(68)

Examining these results, we first observe that the pumps P;
and P, are monotonic functions of z, with P; increasing to ap-
proach P, and P, decreasing to approach zero. The behavior of
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the acoustic amplitude b and the signals P35 and P, are slightly
more complex. To aid our analysis, we first look at the sim-
pler case of equal input pump powers, with Pjy = Py and
In(Pap/P1p) = 0. Equation (55) becomes a monotonically de-
creasing function of z for z > 0. Because the acoustic amplitude
b depends on the product of the two pump amplitudes, and since
the total power in the two pumps is conserved, b attains its max-
imum value when the pumps are equal, which in this case is at
z = 0.

The behavior of the signal amplitudes can be deduced by an-
alyzing the distorted length z’, which is given in (60). Because
Z' is always less than z for positive values of z, the change of
variables effects a “stretching” of the purely sinusoidal solutions
that arise from standard coupled-mode theory. The physical in-
terpretation is that there are fewer and fewer phonons avail-
able, and therefore, conversion between the signal waves be-
comes slower as the waves propagate down the structure. For
Py = Py, fp = 0 and (60) reduces to

g 4 cosh (x/2) tan~! tanh (z/4)
- 2 4 2 cosh(z)

(69)

with = z/zo. We are interested in the maximum total conver-
sion rate possible, and therefore, it is a good idea to calculate
the highest possible value of z’ that can be obtained. Because z’
is monotonically increasing, its maximum value corresponds to
the z — oo limit. It just so happens that f(z) maps z — oo to
' 20 — /2, because [ f(z)dz = (m/2)z.

In order to determine the behavior of P3 and P,, we must also
look at the factor R defined in (68). For the case where the four
optical sources are operated at almost the same frequency, we
notice that the numerator and denominator of R are roughly the
same. That is, for w1 ~ we & w3 ~ wy =~ w, R = 1. Hence,
from (66), the maximum possible conversion from P, to Pj is
50%, because the argument of the sinusoid, (R/2)(z’/zg), never
exceeds 7 /4. To attain higher conversion, R can be increased
by decreasing the frequencies of the pumps and increasing the
frequencies of the signals. An R value of 2 must be attained
before 100% conversion is possible for any length z.

In Section IV-B, we will see that it is not always easy or de-
sirable to alter the value of R too much by tinkering with the
operating frequencies. Another way to increase signal conver-
sion is by altering the initial pump ratio P/ P1. By increasing
this ratio, we are creating more phonons that can go into signal
conversion. Because P;(z) always increases and P»(z) always
decreases, we can start P;y much lower than Ps(, and until they
propagate to a distance where Py (z) = Pa(z), they will be gen-
erating additional phonons that would not have been present had
we started with the pump powers equal. The acoustic amplitude
b is now offset by the quantity In(Pso/Pyo) and will reach its
maximum value where the pump powers are equal. Due to the
additional phonons, the signals Ps(z) and P4(z) will undergo
a stronger transition. To see this, rewrite (66), evaluated in the
limit z — oo, to obtain

. R /7
P3(z — o0) = Py sin® (5 (5 — 00>>

R/
— Pyysin? ( e g) (70)
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where the effective factor

R =R 1—%
™

has been adjusted for initial pump power ratio. The correction
factor (1 — 26y /) is larger than one, because from (61), 8y < 0
as long as Pyo/P1p > 1, and increases as this ratio is increased.
For example, for Pyy/Pig = 99, 6y = —1.37 rad, and R is
enhanced by a factor of (1 — 26y/7) = 1.87. This means that
in order to reach R’ = 2, we only need to adjust R slightly and
bring it to a value of 2/1.87 ~ 1.07.

(71)

B. Numerical Results

Up until now, all of the theory and analysis can be applied
to any arbitrary waveguide structure. We now apply the results
from Sections III and IV-A to a particular structure: a silica op-
tical fiber with cylindrical symmetry. The structure in consider-
ation requires high modal confinement for the first two funda-
mental modes, and therefore, we will look at solid-core photonic
crystal fibers. As a good approximation, the optical and acoustic
properties of such fibers at the frequencies of interest are similar
to that of a solid silica rod surrounded by air [11]. Therefore, let
us consider a silica rod waveguide of radius a surrounded by air.
The derivation of the electric field eigenmodes in an optical fiber
is a straightforward calculation, and the result may be found in
standard textbooks [12]. In order to calculate the optical disper-
sion relation w(3), we must solve the following characteristic
equation:

g1 1 w? [ J(ka)
S+ == +

a> \y?  K? 2 \ kJ,(ka)
o (£ o

eo kJy(ka)

K, (va) )
’YKV('YG)

KL(W)) 3
+7Ku(7a) 72

with

(73)

(74)

Also, v is the mode number, J,, are Bessel functions of the
first kind of order v, and K, are modified Bessel functions
of the second kind of order v [12]. In addition, J) (kr) =
(d/d(kr))J,(kr) and K (yr) = (d/d(yr)) K, (yr). We seek
the lowest two modes with a minimal F, component because
we know from Sections III-C and III-D that the phonon gen-
eration and mode conversion processes rely on the transverse
components of the field. The fundamental mode of the rod is
the HE11 mode, with v = 1, and will correspond to the k = 1
and k£ = 3 optical sources. The next mode is the TEy; mode,
with v = 0, corresponding to k = 2 and k& = 4 sources.

We also need to solve for the acoustic eigenmodes of our
silica rod. The solutions satisfy the scalar wave equation in
cylindrical coordinates (7, ¢, z) with the boundary condition
p = 0 at the silica—air interface [13], [14]. Furthermore, be-
cause the acoustic wave is generated electrostrictively through
the beating of a TEj; mode with no angular dependence and
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Fig. 2. Simulation results for a cylindrical rod waveguide of radius ¢ = 0.60 gem for input pump power ratio Pao/Pyo = 1. (a) Band diagram of structure. The
lower red curve is the fundamental HE;; mode, and the upper blue curve is the TEq; mode. The outer black lines are the light lines w = ¢ and w = ¢3/n.
Operating points are circled and labeled. 3 and w are normalized with respect to 27 /A and 27w¢/A, respectively, for A = 1 pm. (b) Pump and signal power,
and acoustic wave amplitude, in a rod waveguide as a function of propagation distance z, resulting in unity conversion (R = 2). P; and P, are normalized to
Py/2, P; and P, are normalized to Py, and b is normalized to b(z = 0). (¢) Same plot with P; and P, in the opposite (nonconverting) direction.

an HE;; mode with an ¢’? dependence, the resulting acoustic
mode must also have an ¢*? dependence for maximum overlap
with the optical mode product. Then, we must have

pulryg)=C'a (1) e (75)
a

where z; is the first zero of J;. The acoustic dispersion relation
then is

2 z21\% _ Q2
q"’+(a) _VLZ. (76)

To perform the numerical simulation in MATLAB, we first
choose a core radius a and calculate the band diagram of the
fiber by solving the characteristic equation (72). Next, in order
to determine the appropriate frequencies wy, we calculate the
frequency wy where the two bands are parallel. This is the oper-
ating point of highest bandwidth. Starting from w; = w3 = wy,
we gradually decrease w; and increase ws, while maintaining
the phase-matching conditions ws — wy wyg — w3z =  and
B2 — P1 = B4 — (3 = q, thereby calculating €2 and ¢ for the
acoustic waves.

In the first simulation, we start off with equal pump powers,
pumping the fiber at z = 0 with Pjyp = Py = 500 mW.
In addition, we provide Py = 1 uW and P39 = 0. As al-
ways, we assume that all four optical sources operate at con-
tinuous wave and solve only for the steady-state behavior. For
each set of valid wy,, we calculate the optical and acoustic mode
profiles, and then perform numerical integration to calculate
Q12, @34, and QY5. The quantities s, and K} are also com-
puted in order to verify (49) and (50). Finally, the optical powers
P;(z) and acoustic amplitude b(z) are calculated by numerical
integration of (36)—(40) in z. We use, for silica, e = 2.08¢q,
%5 5900 m/s, 7. 1.17 [11], po 2200 kg/m?, and
I's = 27 x 30 MHz [15]. In all cases, we find that results ob-
tained from numerical integration agree exactly with analytical
results in Section IV-A.

Once the simulation is performed for each set of wy values,
we select the set for which R = 2, which corresponds to the first
instance of maximum signal conversion from P, to P; at z —
00. The rod radius a can then be adjusted, and the simulation re-

peated, in order to shift the operating frequencies wy,. Fig. 2 plots
the evolution of the waves, as well as the band diagram with
operating points marked, and confirms that there is indeed full
conversion from wy to ws. We find that for a = 0.60 pm, the op-
erating wavelength of the pumps is A1 2 = 2m¢/wy 2 = 1.55 um
and that of the signals is A3 4 &~ 1.14 pm. Unity conversion oc-
curs for a fiber length of z ~ 8 m, which is a reasonable length
for fiber applications. Although we are lucky enough to attain
unity conversion, the signal P, is extremely weakly guided, and
there is essentially no way to increase R further if we wanted to.
In addition, 1.14 pm is not the most ideal frequency to operate
at, because silica is much less lossy at 1.3 or 1.55 pm. Therefore,
for optical communications applications, it is in our interest to
keep the frequency ratio ws 4 /w1 o smaller if possible.

In our second simulation, we pump the fiber at z = 0 with
Pip = 10 mW and P>y = 990 mW. The total power P is still
1 W, but now the pump power ratio is Pao/P19 = 99. From
Section IV-A, we see that we only need to increase R to 1.07 in
order to make the effective ratio R’ = 2. Taking the exact same
steps as before, we plot our results in Fig. 3. Once again, results
from numerical integration agree perfectly with theoretical so-
lutions presented in Section IV-A. Unity conversion takes a little
longer to occur, at fiber length of z ~ 12 m, but the operating
frequencies are now much closer together. For a core radius of
a = 0.67 ym, we have the pumps operating at A\; » =~ 1.55 ym
and the signals operating at A3 4 ~ 1.50 pm. This time, because
many more phonons (nearly twice as many) are being generated,
we only need to increase the gain a little bit in order to achieve
R = 2.

Note that in both simulations, running modes 3 and 4 in the
reverse direction and assuming nonzero detuning 2 # €2, de-
stroy the conversion process entirely, as can be seen in Figs. 2(c)
and 3(c). Thus, we have shown that it is possible to achieve our
goal of unity conversion in one direction and zero conversion in
the opposite direction using a silica fiber of realistic fiber length
and size, and now also suitable frequencies of operation.

C. Discussion

We have numerically calculated that for a silica fiber of length
L =12 m, unidirectional unity conversion can be achieved with
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Fig. 3. Simulation results for a cylindrical rod waveguide of radius @ = 0.67 pm for input pump power ratio Pao/Pio = 99. (a) Band diagram of structure.
The lower red curve is the fundamental HE,; mode, and the upper blue curve is the TEq; mode. The outer black lines are the light lines w = ¢3 and w = ¢3/n.
Operating points are circled and labeled. 3 and w are normalized with respect to 27 /A and 27¢/ A, respectively, for A = 1 pm. (b) Pump and signal power, and
acoustic wave amplitude, in a rod waveguide as a function of propagation distance z, resulting in unity conversion (R = 1.07, R’ = 2). P; and P are normalized

to Py /2, P; and P, are normalized to Pag, and b is normalized to b(z =

SBS. In this section, we provide a brief discussion of various
issues related to the process.

First, to enable complete optical isolation, modal filtering is
likely necessary in order to distinguish the optical signals 3
and 4, which are very close in frequency. For this purpose, we
note that modal filtering in double-mode fibers has been demon-
strated experimentally [16]. Such a modal filter can also be used
for selective input into one of the signal modes, which is impor-
tant for the operation of the isolator.

It should be noted that the bandwidth of the isolator is limited
only by the extent to which one can design parallel bands at the
signal operating points 3 and 4, and previous work has demon-
strated that it is in principle possible to engineer band structures
with bandwidth on the order of terahertz [6].

In order to examine the robustness of the isolation effect,
we have examined other effects that may potentially impede or
overwhelm the proposed photon—phonon interactions. For ex-
ample, it is well known that spontaneous Brillouin backscat-
tering can occur in a system with just one propagating optical
wave, provided the power is high enough. A simple way to
model this process is to assume a very weak counterpropagating
optical wave generated through the spontaneous process, with a
typical power ratio of 107! to 10~!2 at the z = L end of the
fiber [9], [17]. When we tried to incorporate the effect of spon-
taneous backscattering on our optical pumps for L = 12 m into
our numerical calculations, we observed no change in any of the
plots in Figs. 2 and 3.

We have also looked into modulation instability, which con-
cerns the stability of the steady-state solutions of the optical
modes. Narum et al. [18] pointed out that for a long structure
with normalized length 2nQ2L/c = 100, where n is the refrac-
tive index, stability tends to improve with unbalanced pumping.
For the case considered in Fig. 3, 2nQ2L/c =~ 4000 and the
pumping ratio is 1:99. Adopting Narum et al.’s analysis as a
rough guideline, we calculate the quantity go Po L ~ 10 and note
that it is below the threshold value of 15 that is appropriate in
the strongly unbalanced pumping case for such a long structure.
Thus, we do not believe that modulation instability would dis-
rupt the Brillouin scattering process in our system.

). (c) Same plot with P5 and P, in the opposite (nonconverting) direction.

V. CONCLUSION

In this study, we have demonstrated complete all-optical
mode conversion in a medium that does not make use of any
magneto-optic effects. We have shown that by appropriately
choosing the operating frequencies of the sources and the initial
pump power ratio, we can achieve unity conversion between
two optical bands in one direction but not the other. By com-
bining this mode conversion with a modal filter, we can enable
complete optical isolation in silica. The operation of the device
may be further improved by increasing the phonon interaction
length within the fiber by coupling pump sources throughout
the entire length of the fiber. As it stands, this theoretical and
numerical demonstration of optical isolation using SBS is
the first step in realizing such a device and holds promise for
developing a completely new class of nonreciprocal devices.
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