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1 Two polarization OMC for BHD

A scheme for using a single OMC to filter both the LO and signal is shown in Fig. 1. The
signal from the interferometer is p-polarized and the LO is s-polarized. Since the signal and
LO are in orthogonal quadratures they do not mix while they are simultaneously resonating
in the OMC. A polarized beamsplitter is placed before the two photodiodes. Before the
signal and LO reach the PBS they are rotated by π/4. Then, after the beamsplitter the
s-polarized field has signal and LO in phase and the p-polarized signal has the signal and
LO out of phase. The signals from both photodiodes can then be subtracted as in regular
BHD

P =
PA − PB

2
. (1)

As shown in Fig. 1, a half-wave plate can be used to rotate the polarizations by π/2 either
before or after the OMC. These cases are analyzed in Secs. 2 and 3, respectively. In general
the polarizations just need to have a net rotation of π/4 before the second PBS. It is thus
possible to have a half-wave plate both before and after the OMC. This case is analyzed in
Sec. 4.

With the standard BHD scheme a single beamsplitter is used. No extra quantum noise
is added by this setup since there are no open ports for vacuum fluctations to enter through.
On the other hand, the setup shown in Fig. 1 has two PBS with one open port each. Vacuum
noise enters each of these open ports but does not add any extra quantum noise. For both
PBS the vacuum that enters the system is polarized orthogonal to the signal. For the PBS
before the PDs, PDB measures the p-polarized signal and PDA measures the s-polarized
signals. But the s-polarized vacuum entering the PBS’s open port is reflected to PDB and
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Figure 1: Polarization BHD
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the p-polarized vacuum is transmitted to PDA. Similarly, no extra noise is added from the
first PBS.

In the following, the field from the interferometer is p-polarized

EIFO =
√
PIFO eiωt

[
EIFO0 +

∫ ∞
0

dΩ

2π
EIFO(Ω)eiΩt + cc

]
(2)

and the LO field is s-polarized

ELO eiζ =
√
PLO ei(ωt+ζ)

[
ELO0 +

∫ ∞
0

dΩ

2π
ELO(Ω)eiΩt + cc

]
(3)

where ζ is the homodyne angle. The p-component is the field incident on PDB and the
s-component is the field incident on PDA.

The OMC mirror coatings are birefringent and do not have the same reflectivity for s- and
p-polarizations. The two polarizations have different cavity finesse and free spectral ranges
and have different transfer functions through the OMC. The OMC is critically coupled and
so the transfer function is approximately

G(f) =
1

1 + if/fc
=

eiφ

1 + (f/fc)2
= |G|eiφ (4)

where fc = fFSR/2F is the cavity pole. We are interested in frequencies f � fc. In this case
the magnitude |G| ≈ 1 and the phase φ ≈ 0. Since s and p have different transfer functions,
we keep |G| and φ general below to analyze the effects of OMC length fluctuations. However,
once these effects have been calculated we can set |G| = 1 and φ = 0 for both s and p and
obtain the standard BHD signal

P =
√
PLOPIFO cos ζ. (5)

The circulating power for the s- and p-polarizations in the OMC is shown schematically in
Fig. 2. The s-polarization has a higher finesse and a larger FSR than the p-polarization and
so the circulating s-polarization is resonant at a higher frequency than the p-polarization.
The cavity can be locked halfway between the two resonances.

2 Noise with the half-wave plate before the OMC

With the HWP before the OMC, the polarizations are rotated before entering the OMC.
The field incident on the second PBS is thus

E =
1√
2
Gp

(
EIFO − ELOeiζ

)
p̂ +

1√
2
Gs

(
EIFO + ELOeiζ

)
ŝ. (6)

and the homodyne signal is

P =
1

4
(PIFO + PLO)

(
|Gs|2 − |Gp|2

)
+

1

2

√
PIFOPLO

(
|Gs|2 + |Gp|2

)
cos ζ. (7)
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Figure 2: OMC circulating power. The cavity finesse plotted is a factor of 10 less than the
aLIGO OMCs and the frequency shift is exaggerated. For the aLIGO OMCs, δfFSR/fFSR ≈
10−5.

Since the cavity is locked off resonance for both polarizations, OMC length fluctuations
lead to first order fluctuations in the circulating power. The slope of the magnitude of the
transfer function is

∂ |G|2
∂f

= − 2f/f 2
c

[1 + (f/fc)2]2
. (8)

Since the cavity is locked halfway between the two resonances at ±δfFSR/2, for f � fc,

∂ |Gp|2
∂x

=
δfFSR

f 2
c

fFSR

λ
= −∂ |Gs|2

∂x
. (9)

If the cavity gets longer the p-polarized circulating power increases and the s-polarized power
decreases, and vice versa.

The power fluctuations in the homodyne power (7) due to OMC length fluctuations are
thus

∂P

∂x
=

1

4
(PIFO + PLO)(−2)

fFSR

λ

δfFSR

f 2
c

. (10)

The power fluctuations in the beet between the LO and signal cancel while the fluctuations
in the DC power add. The OMC displacement noise is thus

S
1/2
P =

PIFO + PLO

2

fFSR

λ

δfFSR

f 2
c

S1/2
x . (11)
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3 Noise with the half-wave plate after the OMC

With the HWP after the OMC the field incident on the second PBS is

E =
1√
2

(
GpEIFO −GsELOeiζ

)
p̂ +

1√
2

(
GpEIFO +GsELOeiζ

)
ŝ (12)

and the homodyne signal is thus

P =
√
PIFOPLO |Gp||Gs| cos(ζ + ∆φ). (13)

where ∆φ = φs − φp. As with the case above, power fluctuations in s and p due to length
fluctuations cancel.

However, since s and p have different cavity finesse, the phase change due to cavity length
fluctuations is different:

∂φ

∂x
=

2F
π

2π

λ
⇒ ∂∆φ

∂x
=

4δF
λ

(14)

where δF = Fs −Fp. The noise is thus

S
1/2
P =

√
PIFOPLO

4δF
λ
|sin ζ|S1/2

x . (15)

This noise could be significant if PIFO as a large contrast defect component. This noise
is largest when reading out the phase quadrature since the LO and CD are orthogonal.
However, there is no displacement noise when reading out the amplitude quadrature. In this
case the LO and CD are aligned and so there is no first order change in the rates of rotation
for the s- and p-polarizations.

4 Noise with half-wave plates on both sides of the

OMC

Since it is only necessary that there is a net π/4 polarization rotation before the second PBS,
it is possible to us a HWP before the OMC that rotates the polarizations by θ and a second
HWP after the OMC which rotates the polarizations by ϕ = π/4− θ. In this case, the fields
after the PBS are[

EA
EB

]
=

1√
2

[
cos θ + sin θ sin θ − cos θ
cos θ − sin θ cos θ + sin θ

][
Gp cos θ −Gp sin θ
Gs sin θ Gs cos θ

][
EIFO

ELOeiζ

]
(16)

where the top component is p and the bottom component is s. In this case it can be shown
that P = P1 + P2 where

P1 =
1

8
[(sin 4θ − 2 sin 2θ)(|Gp|2PLO − |Gs|2PIFO)

+ (sin 4θ + 2 sin 2θ)(|Gs|2PLO − |Gp|2PIFO)]− 1

4
sin 4θ |Gp||Gs|(PLO − PIFO) cos ∆φ (17a)
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and

P2 =
1

2

√
PLOPIFO{sin2 2θ (|Gs|2 + |Gp|2) cos ζ

+ 2|Gs||Gp| cos 2θ
[
cos2 θ cos(ζ + ∆φ)− sin2 θ cos(ζ −∆φ)

]
}. (17b)

Note that when |Gs| = |Gp| = 1 and ∆φ = 0, P1 = 0 and P2 =
√
PLOPIFO cos ζ regardless of

θ, as it should.
The length fluctuations of these terms are

∂P1

∂x
= −1

2

fFSR

λ

δfFSR

f 2
c

(PLO + PIFO) sin 2θ (18a)

∂P2

∂x
= −

√
PIFOPLO

4δF
λ

cos 2θ sin ζ (18b)

and so the total displacement noise is

S
1/2
P =

∣∣∣∣12(PLO + PIFO)
fFSR

λ

δfFSR

f 2
c

sin 2θ +
√
PLOPIFO

4δF
λ

sin ζ cos 2θ

∣∣∣∣S1/2
x . (19)

It is thus possible to cancel the displacement noise by choosing the polarization angle ap-
propriately. In the case that the interferometer beam is dominated by contrast defect PCD

and PLO � PCD, the optimal angle is

θopt = −1

2
arctan

(√
PCD

PLO

8δF
fFSR

f 2
c

δfFSR

sin ζ

)
. (20)

Note that the angle is π/2 periodic.
For the aLIGO OMCs, δF ≈ 80, δfFSR ≈ 30 kHz, fFSR ≈ 268 MHz, and fc ≈ 340 kHz.

The coatings can presumably be designed to minimize the birefringence, but for concreteness
the sensitivity of the OMC to displacement noise S

1/2
P /S

1/2
x when the phase quadrature

ζ = π/2 is readout is shown in Fig. 3 for aLIGO parameters. The optimal rotation angle as
a function of homodyne angle is plotted in Fig. 4.
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Figure 3: OMC sensitivity to displacement noise when the phase quadrature (ζ = π/2) is
readout. The parameters for the aLIGO OMCs are used with PLO = 10 mW and PCD =
1 mW. The line marked δfFSR is the sensitivity due to the FSR difference which would be
obtained if a single HWP is placed before the OMC (θ = π/4). The line marked δF is the
sensitivity due to the finesse difference which would be obtained if a single HWP is placed
after the OMC (θ = 0).
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Optimal Polarization Angle

Figure 4: Optimal polarization angle for an aLIGO OMC with PLO = 10 mW and PCD =
1 mW.
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