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Abstract. The input-output relation between the optical and microwave fields coupled via a cavity
electro-optic modulator with red-sideband optical pumping is derived. It is shown that the photon-
flux conversion efficiency can in principle reach 100% under acritical coupling condition.
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INTRODUCTION

Future classical and quantum information processing applications will require coherent
conversion of signals between the microwave and optical frequencies. A promising way
to achieve the transduction is via the electro-optic effect. Ilchenkoet al.demonstrated a
photonic microwave receiver using a whispering-gallery-mode electro-optic modulator
with resonant optical pumping [1], while the author has recently proposed an alternative
method of electro-optic transduction using red-sideband optical pumping [2]. The side-
band pumping method has the advantage of converting the microwave to an optical wave
with a single carrier frequency, rather than one with multiple sidebands as demonstrated
in Ref. [1], and can work equally well as a microwave transmitter that converts an optical
signal to a microwave. While Ref. [2] focuses on the cooling of thermal microwave fields
that can be achieved via red sideband pumping, this paper focuses on the input-output
relation between the traveling optical and microwave fieldsand the resulting conversion
efficiency.

ANALYSIS

FIGURE 1. Schematic of electro-optic transduction via a cavity electro-optic modulator (EOM).



The setup is illustrated in Fig. 1. Leta andb be the intra-cavity optical and microwave
annihilation operators at frequenciesωa and ωb, respectively. If the optical cavity is
pumped at the red-detuned frequencyωa−ωb with amplitudeα− (taken to be real here
without loss of generality), we obtain the following equations of motion [2]:

da
dt

= igα−b− γa

2
a+

√
γaA, A′ =

√
γaa−A, (1)

db
dt

= igα−a− γb

2
b+

√
γbB, B′ =

√
γbb−B, (2)

whereg is the electro-optic coupling constant defined in Ref. [2],γa,b are the cavity
decay rates,A andB are the input optical and microwave fields andA′ andB′ are the
output fields. Our goal is to expressA′ and B′ in terms ofA and B only. Let us first
diagonalize the system matrix given by

F ≡
(

−γa/2 igα−
igα− −γb/2

)

, (3)

which has eigenvalues given by

λ± = −1
2

(γa

2
+

γb

2

)

± igα− cosθ , cosθ ≡

√

1−
[

1
2gα−

(γa

2
− γb

2

)

]2

. (4)

The eigenvector matrix is

V =

(

1 1
e−iθ −eiθ

)

, (5)

so we can re-expressc≡ (a,b)T in terms of eigenmode operatorsu≡ (u+,u−)T as

c≡
(

a
b

)

= Vu=

(

1 1
e−iθ −eiθ

)(

u+

u−

)

. (6)

The transformed equations of motion become

du
dt

= V−1FVu+V−1ΓC, Γ ≡
( √γa 0

0
√γb

)

, C≡
(

A
B

)

, (7)

whereV−1FV is diagonal with componentsλ±. Neglecting the initial conditions foru,
which decay exponentially,u in the frequency domain becomes

u(ω) = H(ω)V−1ΓC(ω), H(ω) ≡
(

1/(−iω −λ+) 0
0 1/(−iω −λ−)

)

. (8)

The output fields can hence be expressed in terms of the input fields by

C′(ω) ≡
(

A′(ω)
B′(ω)

)

= Γc(ω)−C(ω) = S(ω)C(ω), S(ω) ≡ ΓVH(ω)V−1Γ− I ,

(9)



I being the identity matrix andSbeing the scattering matrix. Explicitly,
(

A′(ω)
B′(ω)

)

=

(

SAA(ω) SAB(ω)
SBA(ω) SBB(ω)

)(

A(ω)
B(ω)

)

. (10)

For signals with bandwidths much smaller than|λ±|, we can consider the scattering
matrix Sat ω = 0 only:

S(0) =

(

cosφ i sinφ
i sinφ cosφ

)

, cosφ ≡ 1−G0

1+G0
, sinφ ≡ 2

√
G0

1+G0
, G0 ≡

4g2α2
−

γaγb
. (11)

Note that thisG0 is exactly the same as theG0 defined in Ref. [2] that quantifies the
cooling efficiency. The conversion efficiency in terms of thephoton flux is thus

|SAB|2 = |SBA|2 =
4G0

(1+G0)2 , (12)

which is the same for both up-conversion and down-conversion. The efficiency reaches
100% for a finiteG0:

G0 = 1, |SAB|2 = |SBA|2 = 1, (13)

which can be understood as acritical coupling phenomenon. Furthermore, sinceS is
unitary, the transduction is in principle anoiselessoperation.

ACKNOWLEDGMENTS

This work was supported in part by NSF Grant Nos. PHY-0903953and PHY-0653596
and ONR Grant No. N00014-07-1-0304.

REFERENCES

1. V. S. Ilchenkoet al., J. Opt. Soc. Am. B20, 333 (2003).
2. M. Tsang, Phys. Rev. A81, 063837 (2010).


