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and determines the sound pressure of the acoustic field
produced by the sound source from the modulations 1n the
index of refraction of the acoustic medium 1nside the optical
cavity encoded 1n the acoustic-modified light.
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Optical comb-based readout

o ——— - —
-I
-1
-a
: 1.  Tunable laser
| 2. Beam shaping optics {e. g., lenses)
ﬁ: 3. Phase modulator
! 4. Optical circulator

1 5.  Optical cavity

» 6. Photodetector

| 7.  Amplifier

| 8. Radiofrequency (RF) mixer

R T , 9. RF frequency source

: s 10. RF splitter

11. Tunable phase delay

14, Gated frequency counter

16. Analyzer

17. PDH error signal

20. Beamspiitter

22. Acousto-optic frequency shifter

23. RF comb generator
. 07 \ 24. Digitizer
I ) - 25. Frequency generato

FIG. 11



U.S. Patent

-

B el sl i e a0 e e e e g e e e e 0 e g e e e e e e e e a0 e
2 N
2
e e
o

+ v B
k.

]

X

::Ma:':::::'n
A A A

:!':-!:!':!::!':-!
)

i)
i)
i
i)

k]

]
i
L
i

i
i
L
L

S
d M
e

"
ad v ¥
-
F . ]
-
i
F . ]
i
-
i

X

F
F ]
F
F

F

Ll
r

k]
k]

'E:'H
"dx"dx"d X

]
b A
E
b Y
i ]
A A A
LA
L
X
b i ]
A A A
LA
] ]
i b 4
X

X,

k]

o
A

i
HHHH
o
E
b
b
b ]
X
b
X
b ]
X
b
b
b

el
F

AN A W N
-
X

o

:

~:
oA N A

-

o

-

i
]

JE
i
i

A
i
i
A

N

-
L]

'.-"."."'
+
)

i
o
)

X

X
ol

F

-

-
. Y ]
X
]
. Y ]

X
e
3

i
M

A A
h ]
]
k]
k]
k]

Y ]
-

X
Y
X
Y ]
L
Y
Y ]
L
Y
b i ]

b 4

L
b

X
E A
L
b i ]
E A

F

F
M N
e
b
N A
M N
k]
b
N A
XA
NN

.-' 'I-l' '.' '.' '.'
.
i
i
o)
i
i
i
o)
i
i

b
F A
b i

]

X
i

b i

]

i
i

]
k]
]
k]

b, |

X

X

X

b

b ]

X

X

b ]

X

b

b ]

- H:"d
»
X

X ?dx:'d
X

b ]

b ] H:"d
]
X

H!'E

X
?d?dH?ﬂHHHHHHHHH‘HHHHHHHHHHHHHH

o

i

2
!

ik
F
M
F
X
M

“a
* .::!:r-!::!*:-! i
IR "
Rl L R "
M P "
L, 4 2 M e e e P PP P e e
R ot e e
b A
- SRR R R e R R
O, e e e e
QUL L e e L D
v g e e
- P
Pl 0 e e . D D
- P i e P i P i e e e
M R R R R
.:n:x:x:u:x:n:n:n:n:u:xxx i .-:::: !
P P P M

e i ]
X,

- . o A

L > A 'H!H:H:H:H:H:H:H:H:H:H: > : : Mo
L R

L e e e e A g e e e A

L i R R R J

S

Y
"t 'H”F!H”FHHHF”H”I‘!H”F”H!F” F

X
M

-
F
-

X

k]
k]

‘e

4

rir hoa %

]

2 ':!::! 2
2
)

E
e
L
b i

X,
-
XN
b i ]
X
i
e
E
i
-

]
X

k|
k]

Herogra

e
X
X

-

]

k]

oA

b ]
A A A
Y
]

b
X

R
e o H!H”P”H!P”H!P!H”P!H!P!H” :

-

o el el e
A A e A Al A e
F

:-!:!:!::!:-!
e

-
H?‘!HEHF!
-

-
e B ]
ki ]
e i ]
]

>
>
>
F

X,
X

X

k]
F

r
[ |
]
X
o,

r
LK
I

P
: u i .x'i|!:!:H:H:!:H:!:!:H:H:!:H:H
g e e e e e e
i R o
R A A A e A A g e a a A a a
P PP P e P e P e P e P e P e P e e e o
"

]
X
k]

fiLd

e B ]
e . ]

e
T

i

JRrp—

X
F
X
e Y ]

"dx"d b i ]

|
M

'
]
A

F i

F

1
e i ]
M
k]
X

X
X
b
X
X
X
X
X

L A

£ P B B DD b i B
] 'x:x:x:x e a 'x:x:x”
g e e o P P

b ]
X
b ]
X
b 4
b ]
b ]
X
b ]

S
" :Hr“x”r
A

F
F

‘I-I
| ]
¢

k|

Hx:'d X

k]

L ]
N
N
]
i
i
- i ]
N
N
i
i

A
E
i

b H‘!

e
i
o
i)
i
)
i
i)
o
i
]
i
i
i)

Y ]

L

X
]

o
-
g g

XN N NN
MM MM N A

Y

e

i
)
o
A
i)

X
u:!x!x!xﬂ Y ] -

H

)

M N
E
F i

EY

F
X

b ]
A
b ]
E

]
i i

i
xxxxx -

Hx:'d X

-
i)
oM
i

)
o

Y

xxx:xxx
i ]

2
2
o
2

i)

o

X
X
i

]
FE
o
-

EE
]
i
i
]

2
2l o

>

HH'E
A )

E)

-

- i i

i

FY

-

)

» i

.

FY

b
E N N N

i

i

b 4 X
N

e i

-
!
2
i

e
i
]
L
i
L
]

k]
h ]

2
2

X,
k]

X

X

o
i
o
)
F
i
g gl o
o
P e
)
F
]
o
o
o

|

.
L ]
.

k]

2w
2 e
2

F
N
F
X

|

]
i
]
i
]

k]
h ]
]
X

2
i

e i
b i

)
o

k]

b
]
b ]
b ] Hx:!

F
i
e
F
N
)
o
R A

k]

i)

N A

E i

A
]

A
)
o
L
F
o
A
F
o
e

k]
h ]

)
i

k]
X

o
F
o
)

k|

Y
PR B A A A A T M A o A A A A A N A N
-
X
XN

k]
X
F
X

!

Ll
N AN
XX

":uxx i

F i

Hx:'d XN

Sep. 1, 2026

X
H
a

>

e
o

e
e

i
i)

! o )

A

e

E A
L
i
L
i
E A
i

X

L
L
]
E
E A
E
N
H

o,
F
E
F i
F
P
E
F
o,

X

b ]

-

2 ]

-

a

b ]

-

]

A

a

]

]

]

b ]

]

-

a

o

-

a

b ]

o
i
L
]

T
2

e ]
o,
e i ]
]

o,
e ]

U o o i N i I I i

b
a
b
b ]

X
A

X AN
.

k]
X
X,
X,

X
E
b
b Hx! -
b
X
b ]
X
»
H?!
b
»
HH

L
-
E i i
b

e ]
X,
X,

|
X,
X,
X

R e

X

x:x
A i
A
IR
x:‘xx
L i
A X
Lo
A
NN NN W
A
x:!:x
»
o

o

AR

H:?E
XA N A R

A e SN o g S

i
]
b i ]
]
AW
i
AR M
A

e i ]
|
F i

SN
N N i i
e e e e e e e e e e
e e MM e e e
e e e M e e e

|
X
e ]
F
F
X

]

. Y ]
Mo M A N A

oA A A

X
-
-
.
-
XA
-
. Y ]
Y ]
-
-
.
X
]

-
Y
.

Y ]
L
3

X
e
3

b ]
X
-
-,
a
Y ]
]
-
-
b ]

X
Y ]
-
Y
-
X
-
X
Y
-
b i ]
i
Y ]
L
Y
-
i
L
Y
-
Y ]
i
Y ]
L
Y
-
b i ]
i
Y ]
]
X

2

]

ki
a
]
-

S
e e e S S S S R S

o

X
b
i
]
b
]
i
]
L
-
]
-
L
]
b

2 e

-
]

Y

L
-
-
A
]

b 3
-
i
-
]
-
i
-
-
A

a
]
o

]
F
XA

b ]
-
a
b ]
-
]
]
]
]
-
a
oA
o
-
a
b ]
-

2
2

F U o i A i N i i

L
X
b
]
Y ]
-
-
i
]
]
Y
-
]
L
]
-
]
-
X
-
]
L
-
-
i
]

b
-
b i
]

- X
Mo N M N A N
-

-
- a
i N
X

]
i
M

-
L i e
F H
] X
L A
E -
]
-

]
X
]

o o,
MO N M N NN
o,

F
- X
Mo N M N A N
-

-
- a
i N
X

e
e

e

MR N M N A M M N N K A

i

N
M
b
-

-

]
L

i

-
]
L
]
M
b
-

S

]
-
-
-
]
-
b
-
-
]

b ]
L
]

E

.
i)
A
X
X
A
X
A

X
b ]
X
b
b ]
X
X
b ]
X
X
*
b ] H:H
x"!
X
*

]
E i
L -
i
i

b
M
X
b ]
?d!?d
X
X
b ]
?dx?d
X
b ]
X
H_!H
»

b ]
- xxx

X

b ]

X

i )
.
i)
X

-
A
-
e
» b
b ]

X
E
b

F
A e e e
]
F

i
i

A

U o o i N i I I i

X
X
-

]

-
E i
L

i
L
-
]
i
E i

Ll i ]
)
A AN
X
.
Ll
e

g g e M N e e e o N
e e e A > g e e A A e > F
P e e e e e e e o A A g e e e e o e
A e e a aa a a ad a

P e e e e e e e e e e e e e e e e e e

o

EY

i
e

a
i A
E A

]
i
L
i A
E A

]
L
E
X
i
-

]

-

L
L
L
i
E A

]
N W
]
]

X

b ]

-

L A
a

-
e
]

a

b ]

]

]

b ]

]

-

L A
a

-
a
b ]

T
2

]
]
b i ]
i
]
b i ]
-
F
E

-
]
b i .
]

-
]
b i .
-

-
]
i ]
]

F
o,
e i i
P,

-
]
L
]

X
X
Y
-
Y
]
b i
]
Y
x
b i ]
]
Y
-
Y
-
-
b i
-
Y
]

T
2

o
o
i

2
2
e

N
i
N

)
o
i

N
i
N

2
2
e

N
2
N

2
2
e

o
ol aa
N

2
2
e

N
i
N

-
i
]

-
i
]
-
-
-
-
-
-

E i
Mo A A M M M M N M A A N A
]

i i

E
k|
A
A

F

o,
A

F
A

F i
A

]
o
k]
]
]
o
k]
]
]
]
b ]
]
]
o
k]
]
]
o
k]
]

)

A
o,
e i

i
L N
X

Hx:'d i

e
2

o
)

F

L

F

o

aal d
)

N

L

N

o

o
)

e Y ]
]

k]

-
X
i

B N
X

B A
-

xx:u b .

-
X
i
NN W A e a ad
X

xx:u b .

A o A A

-
x:'dx?d ki

]
-
]
-
H
L N
] X
B A
-
X
H
L N
- X
]

F i

XN
XX
XN
XX
i
XN

Hx:'d i

E i
e i
XN
XN
XX
XN
XX

E e
A

Hx:!x:!x!
F i
F
F
F
F

E i
F
F i
F

xxi!x!_!?!'!

k]

b b b ]
HHEH!H!HHHHHHHHHH

i
B N
Hx:'d?d:'d »
-
xxx?dx!x?d Mo N AN A
Hxxxxxxxx
b ]
xxxxxx

H:lexxx
% W
N

-
Hx:!x:!x!x Mo N AN A
-

ulxxxﬂxl -
b ]
E

oA A A
i i

i
uxxxxxxx
b ]
L

-

L i
x:'dx?d!?d"d?d"d?dx?d
L i

E Ll

L A
N

L i
N

b ]
x?dx?d?d?d
i

]
F

L]
a

2BEOA

-
b i ]
E

X
b
b

?dx:'d?d X

o
o N -
i

A
HH!HH:H: '
M M e e e A Il!'l!xllx'll!xl!
g gl ol
HH'H:H:H:H
HHHHHHHHEHHH
A e e a a aa a a !-!HHH.!H
]

L i
]
X

o

. Y ]
-
b ]
]

-
]
a
-
-
]
E
A

o
A M M e e e F!x?!x?d'
F

pe
o

e
X
-

o
i i i i i i
e

N N

]
-
-
]
-
]
-
o
-
]
-
b
-
-
]
Mo A A

-
e
-
N N A
a

F i
M

F
M M M e e e e

Mo N AN NN

A M M e e e e e

o

o
]

M e e e

]
]
]
]
Hi‘l!?!x
]
.
]

A

]
MM M A N A N M N N N A

E e

i
e

L i
b ]

Mo N

X
b ]

5

X

b i
F i

A e e -i-.-.h‘
L .

L
;]

i St ]

L

a

L

X

g

xxxu

X
FJ

EY

i
o,

]
e
”.HH.”HHH

.
F
]

i

!"dx"d A ]

Ao e o e o e e e e e o e e e e e o e e e o e o e o e o e o

LN N
F b bk koo
LALLM
[ I Y
L I I . LI I I
e F ik ki
e e 2L
-
F ok F
" 0 " " 0 " 0 - 0 .“
R TR e
tbbb*b. 1bkbbb*k. bbbbb*b.-
b.b' .- 1'blb'b"l ‘b"b'b'l { !
L AL N AL AL AL AL
L) LALL AL LU
"I. I.*I. 1I.~.I. = = - = = = - -
o
S A R
L U U U
NN $
L R I
*b*b*b*b*b*b*b*b*b*b*b*b*b*h F i
L AL LR NN 1'1:
*b*bkbkbkbkb*b*bkb*b*btbkbkl i 'h\- .
UL AL AL AL AL AL AL
Ll
o Ul VT
'rb'rb'rb'rb\'b\'b\'b'rb\'b\'b'rb\'b'r‘_:.
LU U N RN

readout

208 |

cal comb-based

. . ('S T » () 3 -
L. . \-*Jr b"q.:- -."’4*- -:y . :' )
. § l.-:J.- - b:q-. - . :q.:- - b.. & :'
. . . - . ]
Y - RPN NN SR DR e i
B ™ WY L T o P e o T
- R g - - w " Bk R " - N
‘p:.”..l B v s rla - ] rlar
*E - CRE RO I L B A L TR N
L LT J-‘.]- - _'r*lr_ . q.*i -.i-**.- L -'rq.* )
‘k v Tk ER s TR e Wk e
g - -k " Bk D " - N
v s g - - N N W
g . Fon R e S R e A s TN M
- - Ny L R e Ny
- > g - "k " Bk - yd - " - PN
A P I SRR R T
R *oE - - w -bq.*i_ -1-**-1- .||r"I . 1'r*Jr )
™ J-‘.]-- -'r;*i a Bk R * - P
- LN LR SCRRE b SN L O e N
. . LAt LM I W] AL o .
b b"b . ‘b*]- - 'r*lr_ Lo ] E*J- :' -

200 with opt

X ox A

Yy Ts

Ny
R

Cu

o a

e ]
e ]

J v -

i ]
H

X

]
k] axxxrxx - I
L

:!'!1'!'!'!
¥

H‘HHHHHHH

L xﬂ_!'ﬂ_!ﬂ_"!_!x"! F

X

oA
'-I'-!'-I'-I'-!'-I'-Il"-I'-I'-!'-I'-I'-!'-I""'-I'-I'-"-I'-I'-I.-I'-I"'-I"""'-I.""""""'

Sheet 12 of 15

Khe

Ll "
o

[ “m
L N
.

i
L EEEREEEEEEEE R E R E EE EEE E R E L E E EEE E EEE ERE R E E E R EE R L E E E E EEREEELEEE)
A gt ' g T A gt i PP Y .

LR Rl B
o

g m a s a ...

' ' ' '
R R R R OR R R R ER
A mmmmmm .

b bk . .
FEFFEFEEFEFEFEFEFE

. [ Bt} '
R R R R R R R R

US 12,724,009 B2

[t} [t} " Ll
b hrodrrrir ki

U

L L L N

- s E EmEa s ESE S ESESESESEESESESSEESSSESESESEESESEEEEEEEEEE .

LI T T N T T L L N T D I L T T T T L L N T T L B L T TN T T L L N I T I

* ¥ % F F % F F 5K F R R R R FR * % ¥ F % F F % FF R R R R B

L A A I I e I e e I I I I I
. = = om oL

R P P T L L ] = w_m = = Ll

N 4y m om = ko [ E, [l B} ]
- F "% FFYTFEFEFEFFEFEFFEFEEFEFEFEEFEFEFEEEFEEFEFEFEEFEFEFEEFEEFEERFEEFEREEFEEFEREEEFER

- s m s amma=maa
R R R R L R R E_E E R R R R N N NN N R N R N N N N E_ N N = E_= = = 5 N ®E_§_®

- Comb

o i r

L

" " LI B B | III.'III.'III III.'III.'I L ]
L. F i rr L. r

-
] ] lllll
[
e mmm .
b bR W, b
FEFEFEFEFEEFEREF ]

H

G2

t

et
’

t

*
-

¥t

iGrop

i
ot
»
|
H

ol

il
F | F |
I
M M M M IIHIIH-IH
o M
N M M M M MW M M
I
H!I!I!H!I!I!H!I!I!H

IR R R R RER]
o
oo M M M
!I:HH!I!J!

ol M i
|
H!I

JiJ

201

rFrrYrrrrrrr

a-*-n-'-t:a-:-n-:
)

o o

Pty

L N N
i

S
N
!

!

LX)

dp dpdp dpdp ey e dp

e
-

N )
.

o)

o
g g

i b i
i
i

LX)
e e

»
rrrrrrrr s rrrrrrrrE R rE Y

>

SR

Ll n? Ll =
L AL B B BB B L L L L

|

Rish)

F

1
'y
o

[

e

LiSh

)
¥
¥

£

Optingd
7

-
t.

i

5




U.S. Patent Sep. 1, 2026 Sheet 13 of 15 US 12,724,009 B2

Hi@h“!‘tﬁﬂ%ﬁ SURIDY T Ty

[

.
m

.-

i i iy iy e

1
-

1 4.1

'
1 ]

4

..
- ¥
EL ]
. ta

1- LI o "1,;;- ‘.‘\‘b . ) .r'-'...'*- s, o gl T %.
et . . - 4 ) ] P g =
- - M

e i i i e e i .\e: ] :1' :1: W :-t: :1: e p el i
- - - - - - - - - - - Ly - 3

- | b3 .‘I'#' ‘- " -|:i. -l'."' *,
K i. - ; g A A "'
F r k ir ki LA ] L] - A - . .
: * e e T — -
o Dl " o A ) e et " v, e .
. e e e e T LI e -t - -
b*b*b*b*b*b* "#‘_n‘ - -l.'i‘_ 1 -7 - .
. b'rb'rlr'rlr'rb.rh'r ‘.#'I#‘*- .*I‘I- . " -
F - ]
{,g ﬁ a E b:b:b:b:b:b: atet ' 3 d : {
! 1. o . L R B :
S . R AL Al ) AT 'l'_ ", - - . ) ‘I-i
KANARA 3 ot e e, TTre, ; 2 A
;' " ey ) I T Talw, ""'1-*1 . )
I‘q. i' LU . T '.k" . fagta "“' ;
} r . st & " Y e . i
f " . L e l""l.‘,'..‘- L i"'. .Irln- -. ."I-I LR o » #‘-I' - b7
. -' . LI a'nTe [ o i Tt vyt gt h;
%,t,t_tnq.-v . - -~ L T Bt
.' -'l - .' -‘ =t

il g

el

22
.I
L |
‘i
| |
L)
L d
L )
| |
‘-#
a
4
[ ]
L |
r
L |
‘i
L3
i

[
4
&+

o

.-::.-
-I"
L
-
L

- . - --"-I l ' . .

e oty ) O b i el %
- :
-,, .

" il"'. ....,_,‘..

'I‘l‘: I'II' LB BB BB EEEBEEREEEEREREERNEN,: [ B BB BB EEEEREREERENEN.) FEAFAEAN ‘Q | LN ] F A YA FE VAN [ B BB BB EEEBEEREEEENEREREREREEREREEREREREREEEREERENEN,) A BBl EEEEEENEN! I
-.-.'.-:'.-. e ~.~.-, ".-:'.-.-. s
-

'l
"

‘J-

. A

!

-

Quticai probe

419" & 4 & & & & & & 8

r
- ‘J l:-"
- -~
A 5
-“. "u
1:, -.'-'
-
v -
.- »
¥ LA
- ”
-.-:- -
. -
-.-:- .:-.'
¥
"a
.

A A A A A A N A A A A
¥y ¥ ¥ ¥ Y r r ¥y rr rrrrw

L A I 0 B
rrr

T

L o

icrophone ¢
ungder
catibration s

N N N N A A A A A N
r rrrrrrr
N A N N N N N A A A A NN N NN
r rrrrror iy
e I I A A A A N A A
T rrrrrrr
e e e
N N N N N A A A A N N

rFrrrrrrrr

T
T

rrrrrrT
T

L I I N
rrrrrw

A A A A A N A A N A A A A
L
r

T

T
T
T
T
T

T
T
T
T
T

T
T
T

T
T
T

Frrrrrrrrrrrrrrrrrr
rr

T L

T rrr

rFr Yy rrrrrrrr

rerrr

rrrr

rrr

rFrrYrrrrrrw

T
T

Frr

4,0, 0,0 '
_#_#_#_#.#.#_414 oy ax ax x v

i

1

1
4.1

Gptical probe

4.4 4. 41

1

it e R e B

1




'I
-
-
-
-
-

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

x a

r a

o a

) x a

[ F]

L}
e

o a

- x a

US 12,724,009 B2

]
- s
L ]

 d E

A

A A " A A - a A - A A -
Ny, - - - - - = = -
- TR EEEREEErEY - - - - - - - e e
M " »
YRR - - - - -
I T T T Y T L .
- ok ok k ok & & & & & b a JEEECE R - r
e,y - - - - - - - - [}
Y EEEEEEE . - - - - - s e s rok
& I N A r - = - = - = s = . *
- P YT yy - - - - - - - - s e r
RN P A . - - - - - - - .
4 & k& &k b & &k h kb bk &k h ok & & & & & & & [N - .
N e, - - - - - - - - = - = -
N = . & & & & & k& k h kA kA k h koA koA Ak bk ok b kb ok ok kb kb i oa JI .
S = & & & & & b &k &k h k ok bk ok ok ok ok ok ok ok k ok ok k& ok h k& a J R '
e e e e e e . . . R e A e e e R N N N . - - - s s e e X
TS + & & & & & Lk &k A kb kb koh kb ko koAh ok ok kb ok Ak b h b s b B R
NN = & & & & J & b & b ok b ok b h bk bbb b bbb b obh o bd ;h b b ioa JNEEEEEE IR L]
r rrrrrrrrrrrrE PP PRFE PR E 4 5 a a g
. N - - -
e .rl‘-...-.....-.
& P, ...
R L a s & m & a moa a . ' - - - - - - - - - - .
. T R e S S S = (. . r
EE N N N N o N N R .
N = & & & & & k & b & k& kb bk bk Ak kb ok ok bk ko koA kA &
RN, - & ] Ak kA A R N - -
= N = & & NN PN NN . . . . . .
I R e Ak kAN TR N
. + - B R T A T T A Y A bk Ak a ok Y . ERER R -
- RN RN ok N N ] - -
- RN - & & & b & b Ak bk h k bk k h kA k ok koA kA ko kA kA kA . . 3
s & 4 N P N N P N N I Y P - 2
. N = . NN PN NN . .
- A A A N Ak kAN RN .
P - + - AR A A A Y A bk Ak Y . .
s &+ & & &k kA k kA RN ok N N ] - r -
. RN - & & & b &k bk bk h k bk ko h k ok k ok koA kA ko koA kA kA K . .
- A A A s Y L b kb kb kb ok kb ok h k ok kb koA k ok .
Fr - N = . NN ok kA A NN . . '
s 1 Ak kAN N Ak kAN RN -
. RN - . & & b & . bk b bk A kb kb kb kb kb ki kb ki hh i ik . . d
- RN - N N ] - .
N = . & & & & & k& k& Ak kAN TR
S, = & & & & & b b kA N I EEEEEEE N '
N = & & NN ok kA A NN
R, - & Ak kAN a2k Ak kAN RN T IR
N = . & & & & & b &k k& kb Ak h k h k h kb k ok Ak k ok kA kA
R ), = & & & & & b &k Ak k bk kb ok ko bk ok bk ko h h k k Ak ok kA Ak I R R
N = & & & & &k & & &k &k &k k k h ok bk ok ko ok ok ok ok Ak oh kA
L b kb kb kb ok kb ok h k ok kb koA k ok I R
NN
N TR N I R R

-
[
'
[
'
'

.u.”u_.Hv.u.”u..u.”u_.Hv.Hv.u.”..__.Hv.Hv.ﬂv.ﬂv.!v.ﬂv.ﬂv.!v.ﬂ?? oo P P e .u.”u_.un .._”v.u.”u_.. .Hv.ﬂu_.unv. .v.u.”u_.unv.r.

e
[
'
[
'
'

L = & b k4 g a4 g A g A A A A A A A A A A A d A d A g A g a ko
T s b & & s

L
Y

P 2 4 & e = e = e = e e e s
- ...|...|...|...|..... T...l...u...l...u...u. ]
LT T T T T -n
e e e e e e = e = e = e e e . W

. T -n
e e e e T -n

- ..-I.-.I...I..-I.-. .‘-...I..-I...I...I..-I. l'.
e e e e - " e e e e e e e e e W

e e e e T R K | -
Lk kAN i -

N & r

Sheet 14 of 15

i %
-
v .
" s -
; X ﬁ
" » v
.
" A "
4 s .
4 & A A b b a2 h &2 & - |.x l.
. " i
i - -
" -
: :
A k
A -
5 a
P ¥
A ]
I x ) Y
L ",
:
o .
® .

E e .HH!HHH!H_._

E I b b b k&
L = & & & & & & & b & & A s b Ak bk Lk bk Sk kA kAL

R

-

-

Iy,

e

I EEEEEEE N
YN EEEEREERE Y
L " om == o= o omomomow womn E o nw kk ks

.. g™ .
L R N N N TN
RN = & k& A a & & a J0
s & 4 & & N

.

Sep. 1, 2026

[
[
r
r
r
e

*l
r

L a b & b b & b bk o h s koSN

L & & & & & & b b & A b kA s kA E A Ak
.. a & & & & & & b & oA b b b k& E I

= I R T I N B I R R R RO R RO IR R R R )

E*I
r

F e ek ek rbrlbrrbr bk k

-
&
LI
F I

-
&
LI
L

r
L

b b b k& L]

&

E
&

&
.r.r.r.r.r.r.r
L L A R = & & & & & & b & bk & & b kb s s b Ss s S Ss b S ks ks ks kA s s

L
.

& b oa .

I
L]

LI

[
L .

r
F Frr r r Ir r r ir

i &

!

E I IEE DA B R BOF RS RS R I

L]
b

-
E I

.
i a

L L A R = & & & & & & & & & & & b & & bk kb kA ks b A s s kS s S oS
L I &+ & & & & &k b & b & s s sk kb ks A Aok
R = & & & & & kb & ks Ak sk h s s A s E N s b ks ks S A ohok
I I &+ & & & & & & & b & ks E s ks ks AL

E
&

r
L
F

L I R = & & & & & & & & & & & b & b sk ks s ks b Ak s s kb As A s s kAo
LR e & k& b &k &k ks & s s A N kS ks Nk

r
r

Ep - - - = = = « « « « NN U U I NN R R I D I I I R DA R R D R DEN B RN REF BEE N BEF B R BN R N B B I )

[
r

b b
T
T
T
T
Bk bk
F kb
F ko
F ko
F kb
F ko
F ko
F kb
F ko
F ko
F ko
F ki
F ko
F kb
Fk
F ko
F ko
F ko
F ko
F kb
F ko
F ko
F kb
F ko
F ko
F kb
Fk
F ko
F ko
F ki
F ko
F kb
F ko
F ko
F kb
F ko
F ko
F kb
F ko
F ko
F kb
F ki
F ko
F kb
Fk
F ko
F ko
F kI
F ko
]
F ko
F kb
F ko
F ko
F ko
F ko
Fk
F kb
Fk kI
L
ko

L e & & & k& & &k bk b & s s &N kS s Nk b Ak
. Fp - - - « = = « « =« « EFE U N I NS R R I D T I I I DA I BN D REF RN RN BN DEF RS N DEF R RN B RS REF REE I R
E I |

&

rF ir
r

rF F

L D e &+ & & & & & b & b & kb bk koS

A e e e w L L L = & & & & & kb & kb ko h ks ok
F I B DA DA B I B BN D I B B I B IR )
- I I NI N B R R B Ry = b & & b b & bk b b s &k kb koS
E I I | i &
L] i & & & & & b & & b & & & b & & &S s AN N E S A A A A
r r F FP FFPCFPEFPFrCEFrPFrPFrPrErFrPrPrErFREFF P

-
2 I -

- -

&
E

&
E

A & & b &0k
E I I RO B R I
i & &
ror

r
F bk
y
]
.
]
.
.

&
&
E
&
&
E
E
&
E
&
&
E
E
&
E
E

E
i &

E
E I

E
I |
E
LI

oy
[
'
[
'
'

L]

&

b b &

b & &

i & &

b b &

b & &

b & &

E I I |

[ A, &+ & & & & & b & b &k s A s ks s s A Aok b & &
..........l.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r

b b &

b & &

b & &

E I I |

b & &

b & &

E I I |

ke rrrbrbrrrbrrbrririr

E I L] &
E I L] &
i & & &

F F
r

F
Frrrbr brbrbirbrbrbrbrrir

Frrrbr brbrbrbrbrbrbrrir

e
[
'
[
'
'

Bk bk ke ke ek br b brbrr i

.
[
'
[
'
'

oy
[

e

R W W N N

.

F F F F F F

!

U.S. Patent

R T T TR TR T TR TR T TR IR TR I IR O R I O |

; | ._

A A A

rw??w??w??wf?w-
o




W e m - T T . .

npous 0o e - A IPOPEIY ~ (4
MARIBPOI M0 OO ~ W0y 498

SOTRRBO PIYOIC-THY0A ~ OY Ha!

HE L~ smrhpue ugupadg

L
2
-

-
3.2
&
2
o3
:
e

¥
T e T e e e e L ey

US 12,724,009 B2

R 3 o .m.mwmmm_wﬁ, smmmm.
] b ) 3 3 . . . . . el R R R ..*. ! ! ! * ' —_.-.,...

LI ]

\f,
1 .-_.:..i.. >
S __
- S XT3 N d sessiiessiiers _ . e
“ ..... r..r..r..r...“”. .................................. .#.H.#..#.Hr.m.w.H.#..#.H.#..#.H.#..#.H.#..#.H.ﬁ.uuuuuunuunnuuﬂvﬂnﬂu ...... y e
\an 3 3 |
ol _..u___.m" > - s
— w 2 ;
3 I T Y . S Y OOUOOOPRRTIIOPOPPPPPRR
um.” : :
SIS
w,&mf

Sep. 1, 2026

R N N U MU SO SYUN RN N VY U N, Y Y U U Y U SO U Y SO VU N YU MU W U U WL U U N U Y U U U U SO U Y U VU N SO WU S RN UL S R U S WU Y U U VU S U VN SO U R WU WU S RN WU WU R U N Y U U U R U WU U VY SO WU R UL VU WU YN WU WU U YU N W YU U U Y Y U U Y U U Y VU WU S YU WU VN U RN AU Y U U U Y U S U Y U U N VUL VU S YR VU S U AU UL Y YU SN U S U U R Y U U Y UL WU W U U Y

U.S. Patent



US 12,724,009 B2

1

SOUND PRESSURE METROLOGY
INSTRUMENT AND DETERMINING SOUND
PRESSURE FROM INDEX OF REFRACTION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 63/401,735 (filed Aug. 29,
2022), which 1s herein incorporated by reference in 1ts
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This mvention was made with United States Government
support from the National Institute of Standards and Tech-
nology (NIST), an agency of the Umted States Department
of Commerce. The Government has certain rights i this
invention.

BRIEF DESCRIPTION

Disclosed 1s a sound pressure metrology instrument for
determining sound pressure from index of refraction, the
sound pressure metrology instrument comprising: a light
source that produces source light and communicates the
source light to an optical cavity; the optical cavity disposed
in an acoustic medium and in optical communication with
the light source, in acoustic communication with a sound
source, and 1n optical communication a photodetector and
that: receives an acoustic field from the sound source;
receives the source light from the light source; produces
acoustic-modified light from the source light in response to
the source light interacting with the acoustic field in the
optical cavity, such that the acoustic-modified light encodes
modulations 1n the index of refraction of the acoustic
medium 1nside the optical cavity due to the acoustic field;
and optically communicates the acoustic-modified light to
the photodetector; the photodetector 1n optical communica-
tion with the optical cavity and in electrical communication
with an analyzer module and that receives the acoustic-
modified light from the optical cavity, produces an acoustic-
modified signal from the acoustic-modified light, and com-
municates the acoustic-modified signal to the analyzer
module; the analyzer module 1n electrical communication
with the photodetector and that recerves the acoustic-modi-
fied signal from the photodetector and determines the sound
pressure of the acoustic field produced by the sound source
from the modulations 1n the index of refraction of the
acoustic medium 1side the optical cavity encoded in the
acoustic-modified light.

Disclosed 1s a process for determining sound pressure
from 1index of refraction, the process comprising: receiving,
by an optical cavity disposed in an acoustic medium, an
acoustic field from a sound source; receiving, by the optical
cavity, source light from a light source; interacting source
light with the acoustic field 1n the optical cavity; producing
an acoustic-modified light from the source light 1n response
to 1nteracting with the acoustic field, such that the acoustic-
modified light encodes modulations 1n the index of refrac-
tion of the acoustic medium inside the optical cavity due to
the acoustic field; communicating the acoustic-modified
light signal to a photodetector; recerving the acoustic-modi-
fied light by the photodetector; producing, by the photode-
tector, an acoustic-modified signal from the acoustic-modi-
fied light; commumnicating the acoustic-modified signal from
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the photodetector to an analyzer module; and determining,
by the analyzer module, the sound pressure of the acoustic
field from the modulations in the index of refraction of the
acoustic medium encoded inside the optical cavity in the
acoustic-modified light.

BRIEF DESCRIPTION OF THE DRAWINGS

The following description cannot be considered limiting
In any way. vVarious objectives, features, and advantages of
the disclosed subject matter can be more fully appreciated
with reference to the following detailed description of the
disclosed subject matter when considered 1n connection with
the following drawings, in which like reference numerals
identify like elements.

FIG. 1 shows, according to some embodiments, a sound
pressure metrology instrument.

FIG. 2 shows, according to some embodiments, a sound
pressure metrology instrument.

FIG. 3 shows, according to some embodiments, a sound
pressure metrology instrument.

FIG. 4 shows, according to some embodiments, an optical
cavity disposed 1n an acoustic enclosure of a sound pressure
metrology strument, wherein the acoustic enclosure 1s an
acoustic resonator.

FIG. § shows, according to some embodiments, an optical
cavity disposed 1n an acoustic enclosure of a sound pressure
metrology instrument, wherein the acoustic enclosure 1s an
acoustic coupler.

FIG. 6 shows, according to some embodiments, an optical
cavity assembly.

FIG. 7 shows, according to some embodiments, an ana-
lyzer module.

FIG. 8 shows, according to some embodiments, a sound
pressure metrology instrument.

FIG. 9 shows, according to some embodiments, a sound
pressure metrology mstrument that includes a lock-based
readout using sideband retlection lock.

FIG. 10 shows, according to some embodiments, a sound
pressure metrology instrument that includes a lock-based
readout using a reference laser.

FIG. 11 shows, according to some embodiments, a sound
pressure metrology instrument that includes an optical
comb-based readout.

FIG. 12 shows, according to some embodiments, a sound
pressure metrology instrument that includes an optical
comb-based readout.

FIG. 13 shows, according to some embodiments: (a) an
acoustic resonator configuration of optical sound standard.
The blue curves indicate the distribution of acoustic pressure
along the resonator length at different time instants; the
acoustic pressure 1s probed at a pressure antinode of a
standing plane wave. (b) An acoustic coupler configuration
of optical sound standard, in which the acoustic pressure
within the coupler volume 1s uniform.

FIG. 14 shows, according to some embodiments, a
Pound-Drever-Hall readout system for cavity resonance
frequency tracking, wherein a gated counter with a high-
repetition rate 1s used to make mstantaneous readings of the
cavity resonance Irequency shiit.

FIG. 15 shows, according to some embodiments, a pri-
mary sound standard configured for calibrating micro-
phones, using an acoustic resonator.

DETAILED DESCRIPTION

A detailed description of one or more embodiments 1s
presented herein by way of exemplification and not limita-
tion.
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The are several conventional methods for performing
primary sound pressure measurements, primary meaning
that the sound pressure 1s not determined by already having
a calibrated sound pressure measuring or generating instru-
ment to use as a reference. A conventional method 1s the
reciprocity method that relies on the properties of linear
reversible transducers to calibrate their linear sensitivities
without prior knowledge of the acoustic field characteristics
such as the sound pressure.

As described herein, sound pressure metrology mstrument
200 and determining sound pressure from 1index of refraction
overcome certain deficiencies ol measurements based on
primary relerences calibrated using the reciprocity method.
Sound pressure metrology instrument 200 measures the
sound pressure directly and does not require the use of
reciprocal transducers to achuieve a primary sound calibra-
tion or measurement. Further, sound pressure metrology
istrument 200 can provide increased accuracy and primary
calibration over a wider range of sound frequencies com-
pared to conventional methods. Sound pressure metrology
instrument 200 measures sound pressure that 1s superior to
conventional methods 1n that sound pressure metrology
instrument 200 directly realizes the sound pressure and 1s
applicable to direct primary sound measurements and to
calibration of a wide variety of sound sources and sensors,
can be more accurate than conventional methods, and can be
applicable to a wider range of sound frequencies than
conventional methods while providing traceability of sound
pressure to quantum standards.

It has been discovered that sound pressure metrology
istrument 200 can 1include a high-finesse optical cavity and
measures sound-driven refractive mdex oscillation 1n a gas
or fluid and determines sound pressure from a dependence of
the refractive mndex on pressure. Advantageously, determin-
ing sound pressure from index of refraction with sound
pressure metrology instrument 200 can be implemented 1n a
closed volume structure such as an acoustic resonator or
coupler or implemented 1n an open environment. Benefi-
cially, determining sound pressure level from index of
refraction with sound pressure metrology instrument 200
provides SI-traceable measurement of acoustic pressure and
allows calibration of acoustic instruments (microphones,
sound level meters, pistonphones, loudspeakers, and the
like), wherein SI refers to International System of Units. The
acoustic pressure can be quantum traceable by first prin-
ciples calculations of refractive index of the medium, or by
measurements that determine the refractive index of the
medium 1n terms of those of another medium (e.g., helium)
for which high-accuracy first principles calculations are
available.

It should be appreciated that traceabaility 1s the ability to
relate a measurement result to a reference through an unbro-
ken chain of calibrations, each of which contributes to the
measurement uncertainty. Measurement uncertainty 1s a
quantitative expression of the degree of doubt that exists
about the correctness of a measurement result. Traceability
allows one to compare measurements made i1n different
laboratories or at different times and to ensure that they are
consistent with each other. Traceability ensures the accuracy
of measurements as it allows quantification of the uncer-
tainty associated with a measurement result.

Relatedly, SI traceability 1s the ability to relate a mea-
surement result to the SI units through an unbroken chain of
calibrations. The SI units are the International System of
Units, and they are the most widely used system of units in
the world. SI traceability 1s important for ensuring that
measurements are made 1n a consistent and accurate manner.
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There are a number of ways to achieve SI traceability. One
way 1s to use a calibrated instrument that has been calibrated
in a manner traceable to the SI units. Another way 1s to use
a primary measurement method that determines the mea-
surement result by combining contributing observations and
measurements according to accurately known relationships,
with any significant such contributing measurements having
been themselves made 1n a manner traceable to their SI
units.

Sound pressure metrology instrument 200 determines
sound pressure from index of refraction. As used herein,
sound pressure refers to a complex quantity, composed of
both an amplitude and a phase. The phase 1s defined with
respect to a reference quantity or signal, the choice of which
1s arbitrary. In some cases, only the amplitude of the sound
pressure can be determined. In some cases, only the phase of
the sound pressure can be determined. In some cases, the
sound pressure can be a spectral content or another alterna-
tive representation, which can include a part of the infor-

mation represented by the complex sound pressure. In an
embodiment, with reference to FIG. 1, FIG. 2, FIG. 3, FIG.

4, FIG. 5, FIG. 6, FIG. 8, FIG. 9, FIG. 10, FIG. 11, and FIG.
12, sound pressure metrology mstrument 200 for determin-
ing sound pressure from index of refraction includes: light
source 201 that produces source light 214 and communicates
source light 214 to optical cavity 203; optical cavity 203
disposed with acoustic medium 205, such that part or all of
acoustic medium 203 1s within the optical mode volume of
optical cavity 203, and 1n optical communication with light
source 201, 1n acoustic communication with sound source
206, and 1n optical communication photodetector 207 and
that: receives acoustic field 204 from sound source 206;
receives source light 214 from light source 201; produces
acoustic-modified light 215 from source light 214 1n
response to source light 214 interacting with acoustic field
204 1n optical cavity 203, such that acoustic-modified light
215 encodes modulations in the index of refraction of
acoustic medium 205 iside optical cavity 203 due to
acoustic field 204; and optically communicates acoustic-
modified light 215 to photodetector 207; photodetector 207
in optical communication with optical cavity 203 and 1n
clectrical communication with analyzer module 208 and that
receives acoustic-modified light 215 from optical cavity
203, produces acoustic-modified signal 216 from acoustic-
modified light 215, and commumnicates acoustic-modified
signal 216 to analyzer module 208; analyzer module 208 1n
clectrical communication with photodetector 207 and that
receives acoustic-modified signal 216 from photodetector
207 and determines by primary means based on the refrac-
tive index dependence on sound pressure the acoustic pres-
sure of acoustic field 204 from modulations 1n the mndex of
refraction of acoustic medium 205 inside the optical mode
volume of optical cavity 203 encoded 1n acoustic-modified
light 215. It 1s contemplated that the acoustic medium 205
can be partially or wholly disposed 1n optical cavity 203.
In an embodiment, sound pressure metrology mstrument
200 1includes supplemental sensor 209 1n communication
with analyzer module 208, produces supplemental sensor
signal 217, and communicates supplemental sensor signal
217 to analyzer module 208. In an embodiment, supplemen-
tal sensor 209 includes a temperature sensor, humidity
SEeNnsor, pressure sensor, mass spectrometer, chromatograph,
or wave meter that measures a temperature, humidity, static
background pressure, or composition of acoustic medium
203 1n optical cavity 203 or optical frequency or wavelength
of source light 214 or acoustic-modified light 215. In an
embodiment, supplemental sensor 209: measures a tempera-
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ture, humidity, static background pressure, or composition
of acoustic medium 205 1n optical cavity 203 or optical
frequency or wavelength of source light 214 or acoustic-
modified light 215, and communicates temperature, humid-
ity, static background pressure, or composition of acoustic
medium 205 in optical cavity 203 or optical frequency or
wavelength of source light 214 or acoustic-modified light
215 as supplemental sensor signal 217 to analyzer module
208. In an embodiment, analyzer module 208 receives
supplemental sensor signal 217 from supplemental sensor
209, and analyzer module 208 uses supplemental sensor
signal 217 to improve the fidelity of the determination of the
sound pressure.

In an embodiment, analyzer module 208 determines
sound pressure from the index of refraction based on

wherein X 1s a condition on the derivative and 1s adiabatic,
1sothermal, or polytropic; n 1s index of refraction of acoustic
medium 205; and p 1s sound pressure.

In an embodiment, sound pressure metrology instrument
200 1ncludes sound source 206.

In an embodiment, sound pressure metrology instrument
200 1ncludes acoustic enclosure 210 1n which 1s disposed
optical cavity 203, acoustic medium 205, sound source 206,
and acoustic field 204. In an embodiment the optical cavity
203 shares common boundaries with acoustic enclosure 210,
these common boundaries forming a part or whole of the
boundaries of optical cavity 203 or acoustic enclosure 210.
In an embodiment, optical cavity 203 1s external to acoustic
enclosure 210, and a part or whole of acoustic enclosure 210
1s disposed 1n optical cavity 203. In an embodiment, acoustic
enclosure 210 1s an acoustic resonator, wherein acoustic
enclosure 210 supports a standing acoustic wave at an
acoustic wavelength A__=I/N, wherein N is an integer, and
L. 1s a distance of separation of sound source 206 and
microphone 212 that are disposed 1n acoustic enclosure 210
disposed on its walls. In an embodiment, acoustic enclosure
210 1s an acoustic coupler with dimensions that are smaller
than the acoustic wavelength, wherein acoustic field 204 has
an approximately constant acoustic pressure 1n acoustic
enclosure 210.

In an embodiment, sound pressure metrology instrument
200 1ncudes sound source driver 211 1n electrical commu-
nication with sound source 206 and that provides driver
signal 218, communicates driver signal 218 to sound source
206, and controls production of acoustic field 204 by sound
source 206 with driver signal 218.

In an embodiment, sound pressure metrology instrument
200 includes microphone 212 in acoustic communication
with sound source 206 such that optical cavity 203 1is
acoustically interposed between sound source 206 and
microphone 212, such that microphone 212 receives acous-
tic field 204 that propagates through optical cavity 203 from
sound source 206, produces microphone signal 219 from
acoustic field 204, and communicates microphone signal
219 to microphone receiver 213. In an embodiment, sound
pressure level metrology instrument 200 includes micro-
phone receiver 213 in electrical communication with micro-
phone 212 and receives microphone signal 219 from micro-
phone 212, produces acoustic signal 221 from microphone
signal 219, and communicates the acoustic signal 221 to
analyzer module 208, such that the sound pressure level
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measured by analyzer module 208 1s compared with micro-
phone signal 219 from microphone 212 to calibrate the
sensitivity of microphone 212. The microphone sensitivity
can be a complex quantity, having an amplitude and a phase.
The phase 1s defined with respect to a reference quantity or
signal, often the acoustic pressure at a specified location,
although other choices of phase reference are possible. In
some cases, only the amplitude of the sensifivity may be
determined. In some cases, only the phase of the sensitivity
may be determined. In some cases, the obtained sensitivity
may be a spectral content or another alternative representa-
fion, which may contain only a part of the information
represented by the complex sensitivity.

In an embodiment, sound pressure metrology instrument
200 1ncludes microphone 212 1n acoustic communication
with sound source 206 with optical cavity 203, sound source
206, and microphone 212 with relative locations and orien-
tations such that the optical cavity 1s not acoustically inter-
posed between sound source 206 and microphone 212. The
sound pressure metrology mstrument 200 determines the
sound pressure at the location of optical cavity 203 and from
this determines sound pressure at the location of microphone
212, which can be the same as or different than the sound
pressure at the location of optical cavity 203.

In an embodiment, sound pressure metrology mnstrument
200 measures the sound pressure 1n a fluid medium, e.g., a
gas, by using an optical cavity to observe the change 1n the
medium’s refractive index due to the sound pressure. A light
source (e.g. a laser, multiple lasers, or an optical frequency
comb) generates coherent optical light. The light travels to
an optical cavity via an optical path. The optical path can be
wholly or partially 1n vacuum, air or other fluid, or in fiber
or other solid state wavegmding structure, and the light may
traverse multiple optical and electro optical elements that
modify 1ts characteristics as it travels along the optical path.
The acoustic field modulates the index of refraction of the
medium probed by the light 1n the optical cavity, which 1n
turn changes the cavity’s optical path length and measurable
properties of the optical cavity 203 such as resonant fre-
quency, reflected phase, round trip phase, transmitted power
of light of a specified frequency, reflected power of light of
a specified frequency, and the like. A portion of the light
beam that 1s either reflected or transmitted by the cavity 1s
detected by a photodetector. This signal then goes through
data processing steps in analyzer module 208 to determine
the measured sound pressure. Accordingly, sound pressure
metrology instrument 200 provides a low-uncertainty mea-
surement of the sound pressure, which can be used to
calibrate microphones or sound sources. In addition, sound
pressure metrology instrument 200 could be used as an
intrinsically traceable microphone.

In an embodiment, with reference to FIG. 1, sound
pressure metrology instrument 200 accurately measuring the
sound pressure without an external calibration by detecting
modulations 1n the index of refraction of acoustic medium
205 1nside optical cavity 203 and using relationships
between sound pressure and index of refraction. Here, an
acoustic signal generated by a source and propagates 1n an
acoustic medium. The sound source may be a speaker that 1s
a component of the apparatus, or it may be external to the
apparatus (e.g., ambient sound). The acoustic medium could
be a gas, such as air, or a ligmd and 1s present inside and
outside of the optical cavity. To measure the sound at the
location of the optical cavity, light 1s emitted from a light
source (e.g., a laser or opftical frequency comb) and 1s
communicated along an optical path to the optical cavity.
The optical path can be free space or an optical fiber and can
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include optical elements (e.g., waveplates, beam splitters,
mirrors, lenses, modulators, and the like) to manipulate the
polarization, direction, shape, or phase of the optical beam.
The optical cavity 1s a narrowband optical frequency filter
with optical resonances at frequencies that depend upon the
physical length of the cavity and the index of refraction of
the acoustic medium inside the cavity. These optical reso-
nances oscillate at the acoustic frequency or frequencies at
an amplitude proportional to the sound pressure due to
modulations of the acoustic medium’s index of refraction.
After mteracting with the optical cavity, the light commu-
nicates along another optical path and 1s detected by a
photodetector. The electronic signal from the photodetector
1s sent to an analyzer, wherein the signal 1s analyzed to
determine the frequency and amplitude at which a resonance
of the optical cavity 1s moving, the corresponding changes
to the index of refraction of the acoustic medium 1inside the
cavity using a known relationship between the change 1n the
optical cavity resonances and the index of refraction, and the
corresponding sound pressure using a known relationship
between the pressure of the acoustic medium and the index
of refraction. Optionally, additional sensors can also supply
other mputs to the analyzer to improve the fidelity of the
calculation. Some examples include measurements of the
optical frequency or wavelength, acoustic medium compo-
sition, acoustic medium temperature, relative humidity, and
static pressure.

In an embodiment, with reference to FIG. 2, sound
pressure metrology nstrument 200 calibrates the sensitivity
of a sound source. Here, the optical cavity 203, acoustic
medium 205, sound source 206, and acoustic field 204 can
be disposed 1n an optional acoustic enclosure 210. A sound
source driver 211 sends an electrical signal 218 to the sound
source 206 to control the acoustic field. The sound pressure
determined by the analyzer 208 can be compared with the
drive signal from to calibrate the sensitivity (e.g. Pa/V, Pa/A,
m>/s/V, and the like) of the sound source. The sound
pressure can be compared to a setting or input to the sound
source driver 211 to calibrate the sensitivity (e.g. Pa per
input setting, m>/s per input setting, and the like) of the
combination of the sound source driver 211 and sound
source 206. It 1s noted that sound source sensitivity (and
likewise sensitivity of the combination of sound source and
sound source driver) 1s 1n general a complex quantity,
composed of both an amplitude and a phase. The phase 1s
defined with respect to a reference quantity or signal, often
the acoustic pressure at a specified location, although other
choices of phase reference are possible. In some cases only
the amplitude of the sensitivity may be determined. In some
cases only the phase of the sensitivity may be determined. In
some cases the obtained sensitivity may be 1n the form of a
spectral content or another alternative representation, which
may contain only a part of the information represented by
the complex sensitivity.

In an embodiment, with reference to FIG. 3, sound
pressure metrology nstrument 200 calibrates the sensitivity
of a microphone. Here, the optical cavity 203, acoustic
medium 205, sound source 206, acoustic field 204, and
microphone 212 can be disposed 1n an acoustic enclosure
210. Alternatively there may be no acoustic enclosure. A
sound source driver 211 sends and electrical signal to the
sound source to control the acoustic field. The geometry of
the acoustic enclosure can ensure that the sound pressure at
the location of the optical cavity 203 has a known relation-
ship to the sound pressure and other acoustic properties at
the location of the microphone 212. The microphone
response 1s measured by a microphone receiver 213. The
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sound pressure measured by the analyzer 208 1s compared
with the microphone response to calibrate the sensitivity
(e.g., V/Pa) of the microphone 212.

Sound pressure metrology instrument 200 can be made of
various elements and components that can be assembled
together or fabricated. Flements of sound pressure metrol-
ogy instrument 200 can be various sizes and shapes. A size
and shape of optical cavity 203, and acoustic enclosure 210
for embodiments including such an enclosure, are selected
to support optical interrogation and sampling of acoustic
field 204.

Elements of sound pressure metrology instrument 200 can
be made of a material that 1s physically or chemically
resilient 1n an environment 1n which sound pressure level
metrology mstrument 200 1s disposed. Exemplary materials
include a metal, ceramic, thermoplastic, glass, semiconduc-
tor, and the like. The elements of sound pressure metrology
instrument 200 can be made of the same or different material
and can individually be monolithic as single physical bodies
or can be composed of separate members that are phsiycially
joined or separated.

Sound pressure metrology nstrument 200 can include
clements that measure sound by measuring an amplitude
variation of optical refractive index of acoustic medium 203
in the region of acoustic field 204 and analyzing, e.g.,
calculating such, from the amplitude of the pressure, tem-
perature, or density oscillation.

The light source 201 1s a device that emits light. It can be
a laser, an optical frequency comb, an LED, or another type
of light source. The light source 201 emaits light at one or
more wavelengths that are resonant with a resonant fre-
quency ol optical modes of optical cavity 203. The light
source 201 emits light at a high enough power level to
produce a measurable amount of acoustic-modified light 2135
as detected by photodetector 207. The light source 201 can
output light at a wide range of wavelengths. The specific
wavelengths that the light source 201 emits can depend on
the type of light source that 1s used. The light source 201 can
also output light at a wide range of power levels. The
specific power level that the light source 201 emits can
depend on the application.

The light source 201 can be operated at a specific wave-
length and power level to produce a measurable signal from
photodetector 207. The wavelength of emission and power
level of the light source 201 can optionally be adjustable
using the controls on the sound pressure metrology instru-
ment 200.

There are many diflerent types of light sources that can be
used in the sound pressure metrology istrument 200 and
can 1nclude lasers, LEDs, optical frequency combs, incan-
descent bulbs, and the like. Different types of light source
may have relative advantages and disadvantages.

To operate the light source 201, connect it to the sound
pressure metrology mstrument 200 and turn on the power to
the sound pressure metrology instrument 200. The light
source 201 can be automated to automatically turn on and
begin emitting light. To adjust the wavelength and power
level of the light source 201, controls on the sound pressure
metrology instrument 200 can be used. For example, the
wavelength of the light source 201 can be adjusted by
turning a wavelength knob. The power level of the light
source 201 can be adjusted by turning a power knob.
Alternatively, operating parameters can be adjusted using
digital control.

With the light source 201 1s operating, optional sound
source 206 can be disposed 1n 1ts selected location and
operated to produce an acoustic field 204 that interacts with
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source light 214. Alternatively the sound source 206 can be
operated to produce the acoustic field prior to turning on the
light source or simultaneously with turning on the light
source. The interaction of the light with the acoustic medium
205 that 1s modified by the acoustic field 204 causes con-
version Irom source light 214 to acoustic-modified light 215,
and the change 1n optical properties between source light
214 and acoustic-modified light 215 encodes the sound
pressure of the acoustic field. That 1s, the sound pressure of
the acoustic field can be determined by measuring the
optical properties of acoustic-modified light 215. This can be
done using photodetector 207 such as a photodiode, spec-
trometer, power meter, and the like. The sound pressure of
the acoustic field can be displayed on a display of the sound
pressure metrology instrument 200.

The light source 201 can be any type of light source that
produces light 1n from the ultraviolet to the far-infrared parts
of the spectrum. The source light 214 1s selected to have one
or more wavelengths that are resonant or nearly resonant
inside the optical cavity 203. The light source 201 can be
operated at a constant output power. The average output
power of the light source 201 can be from 1 nW to 1 MW.
The light source can be of a pulsed nature.

The light source 201 can be secured to the optical cavity
203. The light source 201 can be connected to the optical
cavity 203 by an optical fiber. The light source 201 can be
operated by a microcontroller. The microcontroller can
control operation of the other components of the sound
pressure metrology instrument 200.

The source light 214 can have a number of selectable
properties. It can be coherent such that the waves of light can
be 1n phase with each other. This can produce a focused
beam of light. It can be monochromatic to resonantly
interact with optical cavity 203 or acoustic field 204. It can
have a variable power output to produce a strong enough
signal as acoustic-modified light 2135 to be detected by the
photodetector 207. Source light 214 that can include light
with wavelengths from 100 nm to 100,000 nm. Operation
with a laser wavelength near 1550 nm can provide integra-
tion with a large number of fiber optic components designed
for telecommunications, making sound pressure metrology
instrument 200 scalable and compatible with off-the-shelf
optical characterization tools.

Acoustic-modified light 215 1s a product of source light
214 modified by interaction with acoustic field 204. This 1s
a result of passing source light 214 through acoustic medium
205 that 1s subjected to acoustic field 204. The result 1s that
acoustic-modified light 2135 can encode modulations due to
acoustic field 204 and can have a diflerent frequency,
wavelength, phase, power, spatial distribution, polarization
or the like, than source light 214 did before source light 214
modified by acoustic field 204. The range of outputs of
acoustic-modified light 215 depends on the strength of
acoustic field 204 and the properties of acoustic medium 205
through which source light 214 1s passing. In general, the
stronger the acoustic field, the greater the change in the
light’s properties. There can be different types of acoustic-
modified light. Linear acoustic-modified light has been
modified 1n a linear fashion by the acoustic field. This means
that the change in the light’s properties 1s directly propor-
tional to the strength of the acoustic field. Nonlinear acous-
tic-modified light 1s modified in a nonlinear fashion by the
acoustic field. This means that the change 1n the light’s
properties 1s not directly proportional to the strength of the
acoustic field.

The optical path 202 of the sound pressure metrology
mstrument 200 1s a region of space within which light
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travels. It can be defined by the surfaces of the optical
components that make up the path, such as lenses, mirrors,
and prisms.

T'he optical path may also be defined by the
presence of a medium, such as air or water or other fluid,
through which the light travels. The optical path may be
partially or entirely 1n a solid medium such as an optical
fiber or 1n other solid-state waveguiding structures. Solid-
state waveguiding structures defining the optical path or
portions thereol may be of a microfabricated nature, and
such microfabricated structures may include the light source
201. The optical path may be partially or entirely 1n vacuum.
The physical properties of optical path 202 for sound
pressure level metrology include length, refractive index,
dispersion, imparted phase shift, imparted frequency shiit,
imparted polarization change, and the like. The optical path
202 of the sound pressure metrology instrument 200 can
produce a wide range of outputs, depending on the design of
the 1nstrument.

The optical path 202 of the sound pressure metrology
istrument 200 can be assembled and can involve aligning
the optical components and ensuring that they are properly
connected to the mstrument. The optical path or components
thereol can be made by a variety of methods, including
machining, molding, drawing, microfabrication, and cast-
ing. The choice of manufacturing method depends on the
nature of the optical path and components thereof.

The optional sound source 206 of the sound pressure
metrology mstrument 200 produces acoustic field 204. The
acoustic field 204 1s a disturbance in the pressure of a
medium, such as air, that propagates through the medium as
a wave. The acoustic field may be produced by a sound
source 206 or may be the acoustic field resulting from
umidentified origins in the environment of the acoustic
metrology mstrument 200 or within the acoustic metrology
instrument 200. The optional sound source 206 can be any
device that generates acoustic field 204, such as a loud-
speaker, a siren, or tuning fork, mechanical vibration, voice,
and the like. The sound source 206 can be characterized by
its frequency range, 1ts output level, and 1ts directivity. The
frequency range 1s the range of frequencies that the sound
source 206 can generate. The output level 1s the maximum
sound pressure that the sound source 206 can produce. The
directivity 1s the way 1n which the sound energy 1s distrib-
uted 1n space.

The optional sound source 206 can be operated by apply-
ing an electrical signal to 1t, e.g., driver signal 218 from
sound source driver 211. The electrical signal may control
the amplitude or frequencies of the acoustic field 204 that the
sound source 206 generates.

The optional sound source 206 can be made from a variety
of materials, including metals, plastics, glasses, and ceram-
ics. The materials used for the sound source 206 can aflect
its frequency range, output level, and directivity. The sound
source 206 can be made by assembling the various compo-
nents 1nto a housing. The housing can be made from a
variety ol materials, such as metal, plastic, or wood. The
housing can protect the sound source 206 from the elements
and can help to direct the sound energy in a desired
direction. In some 1nstances, sound source 206 1s an
unknown source that produces acoustic field 204 or a
manufactured product subject to calibration.

The sound source 206 may be a constituted of several
different devices that can create sound, which may be similar
or different to each other, and which may each produce
sound that has smmilar or different characteristics as
described by properties such as frequency, sound pressure,
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intensity, directivity, etc. Some of the devices constituting
sound source 206 may be unknown.

Physical properties of sound source 206 can determine its
performance. The Irequency range, e.g., as expressed in
Hertz (Hz) 1s the range of frequencies that the sound source
206 can generate. The output level 1s the maximum sound
pressure that the sound source 206 can produce, 1n a defined
spatial location and surrounding environment, for example
averaged over the optical cavity 203 in the acoustic envi-
ronment within acoustic enclosure 210. The output level can
be expressed 1n decibels (dB). The directivity 1s the way in
which the sound energy 1s distributed 1n space. The direc-
tivity can be shown in a polar plot. The sound source 206 can
generate a wide range of outputs, from below zero decibels
to greater than 140 decibels. The output level of the sound
source 206 can be controlled by the electrical signal that 1s
applied to it. The electrical signal controls the amplitude and
frequencies of the acoustic field 204 that the sound source
206 generates. The operating parameters of the sound source
206 ensure that 1t 1s operating correctly, including the
voltage of the electrical signal that 1s applied to the sound
source 206, current that flows through the sound source 206,
or power that 1s dissipated by the sound source 206.

The sound source 206 can produce a wide range of
acoustic frequencies and output levels. The frequency range
of sound source 206 can be from 0.001 Hz to 10 GHz. The

output level range of sound source 206 can be from -20 dB
to 200 dB.

There are a variety of types of sound sources that can be
used 1n the sound pressure metrology mstrument 200. Piezo-
clectric transducers convert electrical signals 1nto sound
waves and can generate a wide range of frequencies. Loud-
speakers are electroacoustic transducers that convert elec-
trical signals into sound waves and can generate a wide
range of frequencies. Sirens are mechanical devices that
generate sound waves by rotating a blade or disc and can
generate a high-pitched tone. Tuning forks are mechanical
devices that generate sound waves by vibrating a metal
prong and can generate a pure tone.

The sound source 206 can be made from a variety of
maternials, including metals, plastics, and ceramics. The
materials used for the sound source 206 can aflect its
frequency range, output level, and directivity.

The acoustic field 204 1s the pattern of acoustic energy
propagation, in the form of time-varying density, pressure,
temperature, etc. at various spatial locations 1n the acoustic
medium 205, that 1s generated by the sound source 206. The
acoustic field 204 interacts with source light 214 in optical
cavity 203 and causes the index of refraction of the acoustic
medium 205 to vary. This variation in the index of refraction
1s encoded 1n the acoustic-modified light 215, which 1s then
detected by the photodetector 207. The analyzer module 208
then determines the sound pressure of the acoustic field 204
from the modulations 1n the index of refraction of the
acoustic medium 205 encoded 1n the acoustic-modified light
215.

The acoustic field 204 has a number of physical properties
that are important for its operation in the sound pressure
metrology mstrument 200. The acoustic field 1s made up of
sound waves with a range of frequencies, and this range can
be narrow such that the acoustic field 204 1s described as
having a single frequency. The frequency of a sound wave
1s the number of cycles per second that the wave repeats and
determines the wavelength of the wave, the distance
between two successive peaks or troughs of the wave. The
wavelength of a sound wave 1s the distance between two
successive peaks or troughs of the wave. The acoustic field
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1s made up of sound waves with a range of wavelengths, and
this range can be narrow such that the acoustic field 204 1s
described as having a single wavelength. The pressure
amplitude of the change 1n the pressure of the medium from
its mean value. The density amplitude of the acoustic field
204 1s the maximum change in the density of the medium
from 1ts mean value. The temperature amplitude of the
acoustic field 204 1s the maximum change 1n the temperature
of the medium from 1ts mean value. The intensity of the
acoustic field 204 1s the amount of energy that acoustic
waves carries per unit area. The power of the acoustic field
204 1s the rate at which energy 1s transterred by the waves.
The operating parameters of the acoustic field 204 are the
conditions under which the acoustic field 204 1s generated
and propagated. These parameters include the frequency or
frequencies of the acoustic field 204, the wavelength or
wavelengths of the acoustic field 204, the density amplitude
of the acoustic field 204, the pressure amplitude of the
acoustic field 204, and the temperature amplitude of the
acoustic ficld 204. There are a variety of different types of
acoustic fields 204 that can be used in the sound pressure
level metrology instrument 200. These types of acoustic
fields 204 include simple waves such as plane waves,
spherical waves, and cylindrical waves, as well as waves
that are combinations of these simple waves, and which may
be combinations of a few such simple waves, or may be
complex fields (e.g. “diffuse fields) consisting 1n principle
of combinations of large numbers of such simple waves. The
combination of simple waves constituting a complex field
may not be known. The acoustic field 204 can include
speech, music, and environmental noise as produced from
vartous sources including industrial processes, such as
manufacturing and construction.

In an embodiment, the acoustic field 204 1s created i1n
acoustic enclosure 210 that 1s an acoustic resonator, and the
optical cavity 203 1s disposed to measure the acoustic field
at the location of the optical cavity 1n the resonator. In an
embodiment, the acoustic field 204 1s created 1n acoustic
enclosure 210 that 1s an acoustic cavity with dimensions that
are short compared to the wavelength of the highest acoustic
frequency of interest, and the optical cavity 1s disposed to
measure the acoustic field 1n the acoustic cavity.

In an embodiment the acoustic field 204 1s created 1n an
acoustic enclosure 210 such as a room, that has irregular
boundaries and the boundaries of which may not be fully
known or defined, and the optical cavity 1s disposed to
measure the acoustic field in the m the acoustic enclosure.
The shape and size of such an acoustic enclosure can be
arbitrary and may not be known.

In an embodiment, the acoustic field 204 exists 1n an
arbitrary environment which may not have any defined
boundaries and which as such may be described as an open
environment, and the optical cavity 203 i1s disposed to
measure the acoustic field at the location of the optical cavity
in the arbitrary environment.

In an embodiment, sound source driver 211 drives sound
source 206 to produce acoustic field 204 that 1s used to
modulate the index of refraction of the acoustic medium 2035
inside the optical cavity 203. The sound source driver 211
controls sound source 206 to produce a selected range of
acoustic frequencies and intensities. The output level of the
sound source 206 can be controlled by driver signal 218 that
1s applied to sound source 206 from sound source driver 211.
The driver signal 218 controls the amplitude and frequency
of the acoustic field 204 that the sound source 206 generates.
The voltage of driver signal 218 that 1s applied to the sound
source 206 can determine current that flows through the
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sound source 206 or power that 1s dissipated by the sound
source 206. The sound source driver 211 can be a computer
or operated by a computer or on-board operating instruc-
tions. The sound source driver 211 can be a function
generator that can generate a variety of waveforms, includ-
Ing sine waves, square waves, and triangular waves. The
function generator can be set to generate a sine wave with
the desired frequency and amplitude. The sound source
driver 211 can be a microcontroller that can be programmed
to generate a wavelorm with the desired frequency and
amplitude.

The driver signal 218 1s the signal that 1s used to drive
sound source 206. The driver signal 218 can be a sinusoidal
signal with a frequency that i1s selected to be within the
bandwidth of sound source 206. The amplitude of the driver
signal 218 can be adjusted to control the power of sound
source 206. The driver signal 218 can be generated using a
variety of methods or devices, including a function genera-
tor. The driver signal 218 can be a digital signal or an analog,
signal. The type of signal used can depend on the type of
sound source 206 that 1s being used. The driver signal 218
can be a single-ended signal. However, 1t can also be a
differential signal. The driver signal 218 can be a voltage
signal or a current signal. The type of signal used can depend
on the type of sound source 206 that 1s being used. The
driver signal 218 can be a unipolar signal or a bipolar signal
that depends on the type of sound source 206 that 1s being
used. The driver signal 218 can be a positive-going signal or
a negative-going signal. The driver signal 218 can be a
continuous signal or a pulsed signal. The driver signal 218
can be a symmetrical signal or an asymmetrical signal. The
driver signal 218 can be a linear signal or a nonlinear signal.

The optical cavity 203 of the sound pressure metrology
instrument 200 allows the instrument to determine sound
pressure by measuring the index of refraction of acoustic
medium 205. The optical cavity 203 can be a resonant cavity
that includes two parallel mirrors. The distance between the
mirrors can be precisely controlled, and the cavity can be
filled with acoustic medium 205. When acoustic field 204 1s
present 1in acoustic medium 205, 1t causes the index of
refraction of acoustic medium 205 to vary. This vanation in
the index of refraction 1s detected by optical cavity 203,
which produces acoustic-modified light 215 from source
light 214 that 1s functionally dependent on the sound pres-
sure. The optical cavity 203 can have more than two mirrors,
arranged to form an optical ring resonator. The optical cavity
203 can have no discrete mirrors but instead guide the light
by internal reflection at a matenal interface or from a
reflection by a pattern of holes or other refractive index
variations 1n a solid structure. The optical cavity 203 can be
a solid state optical cavity that interacts with the acoustic
medium via the evanescent part of the cavity light. A solid
state optical cavity can be a photonic crystal cavity, an
optical fiber cavity, a continuous total internal reflection
resonator, a discrete total internal reflection resonator, or a
waveguide structure.

The optical cavity 203 provides a sensitive and accurate
way to measure the index of refraction of acoustic medium
205. Coatings and materials used for optical cavity 203 can
be selected for operation with laser wavelengths for source
light 214 and acoustic-modified light 215.

In an embodiment, optical cavity 203 1s a prismatic
structure (e.g. a cylinder, rectangular prism and the like) that
can include optical material and supporting mechanical
structures, ¢.g., glass, metal, and the like. The length of
optical cavity 203 can be on the order of centimeters, and the
diameter of the cavity can be on the order of millimeters
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although size 1s arbitrary and can be sized for the particular
implementation. The mirrors of optical cavity 203 can be
made of highly reflective matenial at the wavelength of
source light 214 and acoustic-modified light 215.

The optical cavity can be filled with or disposed 1n
acoustic medium 205, which can be a gas or liquid.

The output s1ignal of the optical cavity can be proportional
to the sound pressure. The range of outputs that can be
measured by the optical cavity can depend on the sensitivity
of the optical cavity and the amplitude of acoustic field 204.
The sound pressure can have values ranging from -20 dB to
200 dB, and the optical cavity can be used to measure sound
pressure levels over this entire range or a narrower range.

The optical cavity 203 can be operated by sending source
light 214 1nto optical cavity 203. The light circulates 1n the
optical cavity, and the index of refraction of the acoustic
medium causes the light to be refracted. The amount of
refraction can be proportional to the sound pressure, and this
can be detected by measuring acoustic-modified light 215
produced from source light 214.

The optical cavity can be operated at a constant mean
temperature and mean pressure so that the mean index of
refraction of the acoustic medium 1s stable.

There are a variety optical cavity 203 that can be used to
measure sound pressure level, including a Fabry-Perot cav-
ity. The Fabry-Perot cavity 1s a resonant cavity that includes
two parallel mirrors. Another type of optical cavity 203 1s
the ring cavity that includes mirrors arranged so that light
waves fravel around the ring 1n a continuous loop. The
optical cavity 203 can have no discrete mirrors but instead
guide the light by internal reflection at a material interface
or from a retlection by a pattern of holes or other refractive
index variations in a solid structure. The optical cavity 203
can be a solid state optical cavity that interacts with the
acoustic medium via the evanescent part of the cavity light.
A solid state optical cavity can be a photonic crystal cavity,
an optical fiber cavity, a continuous total internal reflection
resonator, a discrete total internal reflection resonator, or a
waveguide structure.

In an embodiment, optical cavity 203 1s constructed 1n a
small and portable form factor that can be used as an
intrinsically traceable microphone 1n arbitrary acoustic envi-
ronments. Intrinsically traceable refers to configuration
wherein that the microphone does not require calibration in
order to give accurate measurement results i SI units, or
equivalently 1n any system of physical units with defined
conversion coellicients to SI units.

It 1s contemplated that the sensitivity of measurement of
the refractive index can be enhanced when optical cavity
203 1s a high-finesse optical cavity, wherein high-finesse
optical cavity refers to an optical structure 1n which retlec-
tion of light at one or more interfaces produces interference
such that the vaniation of relative transmitted intensity with
optical frequency 1s steeper than a sinusoidal vanation.

In an embodiment, with reference to FIG. 6, optical cavity
203 functions as a microphone, wherein light 1s coupled nto
an optical cavity that 1s open to its fluid environment. The
optical cavity 203 can include additional cavities to cancel
dimensional variation or other effects. The microphone
provides primary measurement of the local sound level, such
that the microphone 1s intrinsically traceable. This measure-
ment can be used to calibrate other devices such as sound
sources and microphones.

The acoustic medium 203 1s a substance that supports an
acoustic field and 1s used to couple the acoustic field 204
produced by the sound source 206 to the source light 214 in
the optical cavity 203. The acoustic medium 205 can have a
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high derivative of index of refraction with respect to density
so that the acoustic field 204 can couple eiliciently to the
source light 214. The acoustic medium 205 can also be
transparent to the source light 214 so that the source light
214 can propagate through the acoustic medium 205 without
being absorbed. The acoustic medium and other matenals,
including optical cavity 203, through which light 1s passing
can be made of a material that 1s transparent to the light.

The acoustic medium 205 can include a variety of mate-
rials, including gases, liquids, and solids. The acoustic
medium 205 can also be made of a composite material, such
as a gas-liquid mixture or a solid-liquid mixture. The acous-
tic medium 205 can support acoustic pressures in the range
of acoustic field 204. The acoustic medium 2035 supports
operation at a selected mean temperature and mean pressure.

In an embodiment, with reference to FIG. 3, the sound
pressure metrology mstrument 200 can be used to calibrate
a microphone 212. Microphone signal 219 1s a signal that 1s
generated by microphone 212 1n response to acoustic field
204 and can take a variety of forms such as an electrical
voltage signal, an electrical current signal, or an optical
signal. Microphone signal 219 1s commonly proportional to
a property of acoustic medium 204 for example the acoustic
pressure or the acoustic particle velocity. By measuring the
sound pressure at the location of optical cavity 203 and
recording the corresponding value of the microphone signal
219 the sound pressure metrology instrument 200 can cali-
brate the output of microphone 212 with respect to the
properties of the acoustic field 204 at the location of the
optical cavity 203, at the location of the microphone 212, or
at another location. This calibration allows the microphone
212 to measure sound 1n terms of SI traceable physical units.
The calibration can include information about the amplitude
of the response of the microphone to sound, or information
about the time delay or phase of the response of the
microphone to sound. The response of the microphone to
sound may be linear, in which case the calibration can be
represented as a sensitivity coetlicient. The sensitivity coet-
ficient may depend on the acoustic frequency. The sensitiv-
ity coellicient may be complex so as to represent both
amplitude and phase information.

Microphone 212 can be disposed 1n the acoustic field 204.
The microphone signal 219 can be sent to a preamplifier,
oscilloscope, or analyzer module 208. The acoustic field 204
1s applied to the microphone 212, and the microphone signal
219 1s displayed on the oscilloscope or subject to analysis 1n
combination with acoustic-modified signal 216 by analyzer
module 208.

The optional acoustic enclosure 210 of the sound pressure
metrology instrument 200 1s a housing that encloses the
acoustic field 204. The acoustic enclosure 210 1s made of a
material that 1s largely acoustically opaque to acoustic field
204 produced by sound source 206.

The acoustic enclosure 210 can be made of various
materials such as metal, wood, ceramic, glass, plastic, and
the like. The thickness of the acoustic enclosure 210 can be
on the order of a few millimeters or centimeters. The
acoustic enclosure 210 may also be made of a porous
material, such as a foam or a felt. Porous materials can be
used 1 acoustic enclosures to reduce the amount of acoustic
energy that 1s reflected back into the optical cavity 203, back
to sound source 206, or back to microphone 212. The
acoustic enclosure can be made of a combination of different
materials. The acoustic enclosure 210 can be of a variety of
shapes which may be regular such as a cylinder or rectan-
gular prism, or which may be irregular. The dimensions of
the acoustic enclosure 210 can be chosen to optimize the
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performance of the sound pressure metrology instrument
200. For example, the dimensions of the acoustic enclosure
210 can be chosen to maximize the interaction between the
acoustic field 204 and the source light 214.

The acoustic enclosure 210 can allow acoustic field 204 to
be produced by the sound source 206 1n a direction that 1s at
a selected angle, e.g., perpendicular or at an oblique, to the
optical cavity 203. This allows the acoustic field 204 to
interact with source light 214 1n a geometry that increases
the eflect on the acoustic-modified light 215 of the modu-
lations 1n the index of refraction of the acoustic medium 205
inside the optical cavity 203.

In an embodiment, with reference to FIG. 4, the acoustic
resonator 1s an acoustic enclosure with dimensions such that
standing sound waves are supported at chosen frequencies.
Such a standing wave establishes a relation between the
sound level at the location of the optical cavity and the
location of the acoustic device under test. The resonator
could be made variable 1n dimension (e.g. length), such that
the supported acoustic resonance frequencies are continu-
ously tunable. A fixed-length resonator of length L can be
used to support standing acoustic plane waves at acoustic
wavelengths A__=UN where N 1s an integer. Plane means
that the acoustic wavelironts are flat or nearly flat.

In an embodiment, with reference to FIG. 5, the acoustic
coupler 1s an acoustic enclosure with dimensions sufliciently
small such that there 1s not much difference between the
sound level at the location of the optical cavity and the
location of the acoustic device under test, regardless of their
relative positions 1 or on the acoustic enclosure. The
difference can be sufliciently small as to be negligible or can
be corrected by an accurate acoustic model of the enclosure.
Here, there can be a umiform acoustic field with L<<A__

In an embodiment, with reference to FIG. 3, a microphone
receiver 213 can be used 1n conjunction with a microphone
212. The microphone receiver 213 in combination with
microphone 212 converts acoustic energy into an output that
1s typically electrical. The microphone receiver 213 can
output a range of electrical signals, depending on the
strength of the acoustic energy that 1s incident on the device.
The output signal of the microphone receiver 213 can be
proportional to the sound pressure of the acoustic energy.
The microphone receiver 213 can be operated 1n a wide
range of temperatures and humidity conditions. It can be
operated 1n a variety of acoustic environments, imcluding
noisy environments and environments with reverberation.
The output signal of microphone receiver 213 can be of a
non-electrical nature, for instance optical. The output of
microphone receiver 213 can be analog or digital,

The acoustic signal 221 1s a signal that 1s produced by
microphone receiver 213 1n response to the acoustic field
204 produced by the sound source 206. The acoustic signal
221 1s a measure of the sound pressure of the acoustic field
204. The acoustic signal 221 can be a time-varying signal
that has a frequency spectrum that can be centered around
the frequency of the acoustic field 204. The acoustic signal
221 can be analog or digital 1n nature. The amplitude of the
acoustic signal 221 can be proportional to the sound pressure
of the acoustic field 204.

In an embodiment, the sound pressure metrology 1nstru-
ment 200 can include a supplemental sensor 209. The
supplemental sensor 209 can measure one or more proper-
ties of the acoustic medium such as a temperature, humidity,
static background pressure, or composition of the acoustic
medium 205 1n the optical cavity 203; or one or more
properties of the source light 214 or the acoustic-modified
light 215 such as the optical frequency or wavelength; or one
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or more properties ol the optical cavity 203 such as motion
of the optical cavity mirrors; or one or more properties of the
acoustic enclosure 210 such as temperature or motion of the
acoustic enclosure surfaces. The supplemental sensor 209
can be any type of sensor that can measure one or more of
these parameters. Some examples of supplemental sensors
include temperature sensors, humidity sensors, pressure
sensors, mass spectrometers, chromatographs, and waveme-
ters. The supplemental sensor 209 can be located 1n close
proximity to the optical cavity 203 in order to minimize the
cllects of environmental variations on the measurements.
The supplemental sensor 209 can be housed in a protective
enclosure to protect 1t from the environment. The supple-
mental sensor 209 can be composed of several similar or
different sensors, which may be located together or be
distributed across diflerent positions.

The supplemental sensor 209 can be connected to the
analyzer module 208 via a wired or wireless connection. The
supplemental sensor 209 transmits the measured values to
the analyzer module 208, which incorporates the measured
values 1n the determination of the sound pressure level. The
supplemental sensor 209 can be calibrated to a known value
in order to ensure accurate measurements. The calibration
process can involve exposing the supplemental sensor 209 to
a known value of each parameter being measured and then
adjusting the sensor to read that value.

The supplemental sensor 209 can be used to improve the
accuracy of the sound pressure measurements that are deter-
mined 1n analyzer module 208 by compensating for envi-
ronmental variations and other variations. By measuring and
correcting for these variations, the supplemental sensor 209
can 1mprove the accuracy of the measurements of the sound
pressure.

The range of supplemental sensor signal 217 output by
supplemental sensor 209 depends on the type of sensor. For
example, a temperature sensor may have a range of outputs
from -50° C. to 150° C., while a humidity sensor may have
a range of outputs from 0% to 100% RH. The operating
parameters of the supplemental sensor 209 can depend on
the type of sensor.

The operation and construction of the supplemental sen-
sor 209 depends on the type of sensor. For example, a
temperature sensor can be operated by connecting it to a
power supply and then placing 1t 1n the environment where
the temperature 1s to be measured. A humidity sensor can be
operated by connecting it to a power supply and then placing
it 1n the environment where the humidity 1s to be measured.

Temperature sensors can measure the temperature of the
acoustic medium 205 in the optical cavity 203. This infor-
mation 1s used to correct for any varations in the pressure
derivative of the index of refraction of the acoustic medium
205 that can be caused by changes 1n temperature. Humidity
sensors measure the humidity of the acoustic medium 203 1n
the optical cavity 203. This information 1s used to correct for
any variations in the pressure derivative of the index of
refraction of the acoustic medium 205 that can be caused by
changes in humidity. Pressure sensors measure the mean of
the acoustic medium 205 1n the optical cavity 203. This
information 1s used to correct for any variations in the
pressure derivative of the index of refraction of the acoustic
medium 205 that can be caused by changes 1n mean pres-
sure. Mass spectrometers measure the composition of the
acoustic medium 205 in the optical cavity 203. This infor-
mation 1s used to correct for any varations in the pressure
derivative of the index of refraction of the acoustic medium
205 that can be caused by changes 1n the composition of the
medium. Chromatographs measure the concentration of
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different components 1n the acoustic medium 205 1in the
optical cavity 203. This information 1s used to correct for
any variations 1n the pressure derivative of the index of
refraction of the acoustic medium 205 that can be caused by
changes 1n the concentration of the components. Waveme-
ters measure the optical frequency or wavelength of the

source light 214 or the acoustic-modified light 215. This
information 1s used to correct for any variations in the
pressure derivative of the index of refraction of the acoustic
medium 205 that can be caused by changes 1n the optical
frequency or wavelength of the light.

The supplemental sensor signal 217 i1s produced by
supplemental sensor 209 and communicated to analyzer
module 208. The supplemental sensor signal 217 1s used to
correct for any variations in the acoustic medium 205,
source light 214, acoustic-modified light 215, optical cavity
203, or acoustic enclosure 210 that aflects accuracy of the
sound pressure measurement. The supplemental sensor sig-
nal 217 can be a voltage, current, or frequency signal. The
range of outputs of the supplemental sensor signal 217 can
depend on the type of supplemental sensor 209 used. The
operating parameters of the supplemental sensor signal 217
can also depend on the type of supplemental sensor 209
used. The supplemental sensor signal 217 can be analog or
digital in nature. The supplemental sensor signal 217 can be
communicated to the analyzer module 208 using a wired
connection. However, 1t 1s also possible to communicate the
supplemental sensor signal 217 using a wireless connection.

The photodetector 207 converts light energy of acoustic-
modified light 215 1nto electrical energy and detects acous-
tic-modified light 213 produced by the optical cavity 203 in
response to the acoustic field 204 from the sound source 206.
The photodetector 207 produces an acoustic-modified signal
216 from the acoustic-modified light 215, which 1s then
communicated to the analyzer module 208. The photode-
tector 207 can be selected and designed to ensure that 1t 1s
sensitive to the acoustic-modified light 215 and that it
produces a high-quality acoustic-modified signal 216.

The photodetector 207 can be a semiconductor device that
1s made of a material that 1s sensitive to light. An exemplary
photodetector 1s a photodiode. A photodiode 1s a semicon-
ductor device that has a p-n junction. When light strikes the
p-n junction, 1t creates an electron-hole pair. The electrons
and holes are separated by the electric field at the p-n
junction, and this creates a current flow. The current flow 1s
proportional to the intensity of the light, so the photodiode
can be used to detect the ntensity of the acoustic-modified
light 215. The photodetector 207 can be mounted on a
printed circuit board (PCB). The PCB can be connected to
the analyzer module 208, which processes the acoustic-
modified signal 216 to determine the sound pressure level of
the acoustic field 204.

The acoustic-modified signal 216 1s produced by photo-
detector 207 1n response to the acoustic-modified light 215.
The acoustic-modified light 215 1s produced by the optical
cavity 203 in response to the interaction of the source light
214 with the acoustic field 204. The acoustic-modified signal
216 encodes the modulations 1n the index of refraction of the
acoustic medium 205 1nside the optical cavity 203 due to the
acoustic field 204.

The acoustic-modified signal 216 can be a complex signal
that contains both amplitude and phase information. In an
embodiment, the amplitude of the acoustic-modified signal
216 1s proportional to the magnitude of the modulations 1n
the mndex of refraction of the acoustic medium 205 inside the
optical cavity 203, and the phase of the acoustic-modified
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signal 216 1s proportional to the phase of the modulations 1n
the mndex of refraction of the acoustic medium 203 inside the
optical cavity 203.

The acoustic-modified signal 216 can be 1n the range of 10
mV to 10 V. The frequency of the acoustic-modified signal
216 can be 1n the range of 0.001 Hz to 100 GHz.

The acoustic-modified signal 216 can be used to measure
the sound pressure of a wide range of acoustic fields. The
sound pressure of an acoustic field can be determined by
measuring the frequency, phase or amplitude of the acoustic-
modified signal 216.

The analyzer module 208 of the sound pressure metrology
istrument 200 determines the sound pressure of the acous-
tic field 204 produced by the sound source 206 from the
modulations 1n the index of refraction of the acoustic
medium 205 inside the optical cavity 203 encoded in the
acoustic-modified light 215. The analyzer module 208 can
include various signal modification, transformation and pro-
cessing components such as signal mixers, signal splitters,
digital signal processors, amplifiers, attenuators, oscillators,
frequency counters, time 1interval analyzers, integrators,
differentiators, spectrum analyzers, and the like. The ana-
lyzer module 208 can include a processor 217, a memory
218, and an mput/output (I/0) mterface 219. The processor
217 1s configured to execute nstructions stored in the
memory 218 to determine the sound pressure level of the
acoustic field 204. The I/O interface 219 1s configured to
receive the acoustic-modified signal 216 from the photode-
tector 207 and to output the sound pressure of the acoustic
field 204. In an embodiment the I/O interface does not
directly output the sound pressure but outputs a one or more
quantities or signals from which the user can readily deter-
mine the sound pressure level without having performed a
calibration of sound pressure metrology instrument 200.

The processor 217 can be any type of processor suitable
for executing 1nstructions. For example, the processor 217
can be a general-purpose microprocessor, a digital signal
processor (DSP), or a field-programmable gate array
(FPGA). The memory 218 can be any type of memory
suitable for storing instructions and data. For example, the
memory 218 can be a random-access memory (RAM), a
read-only memory (ROM), or a flash memory. The I/O
interface 219 can be any type ol interface suitable for
receiving the acoustic-modified signal 216 and outputting
the sound pressure of the acoustic field 204. For example,
the I/O interface 219 can be an analog electrical mput, a
serial interface, a parallel interface, a network interface, or
removable media.

The analyzer module 208 can be implemented in any
suitable manner. For example, the analyzer module 208 can
be implemented as a single integrated circuit, or 1t can be
implemented as a plurality of interconnected integrated
circuits. The analyzer module 208 may also be implemented
in whole or 1n part as a software program running on a
general-purpose computer. The analyzer module 208 may
encompass a variety of separate signal modification, trans-
formation and processing instruments and components.

The analyzer module 208 can be configured to output the
sound pressure 1n a variety of units, such as decibels (dB),
pascals (Pa), or newtons per square meter (N/m?). The
analyzer module 208 may also be configured to output the

sound pressure 1n a variety of frequency ranges, such as the
audible range (20 Hz to 20 kHz), the infrasonic range (less
than 20 Hz), or the ultrasonic range (greater than 20 kHz).
The analyzer module 208 1s capable of determining sound
pressures 1n a wide range of values, typically from 0 dB to
160 dB. The analyzer module 208/ may also be configured
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to determine sound pressures in a specific frequency range,
such as the audible range (20 Hz to 20 kHz).

Various perturbations of the components of sound pres-
sure metrology instrument 200 are contemplated. The acous-
tic environment can be a resonator, cavity, or open (€.g., as
in an optical microphone). The acoustic-modified signal 216
and from thence the changes 1n acoustic modified light 215
from source light 214 can be observed by using a lock (e.g.,
Pound-Drever-Hall lock, side-of-fringe transmission lock,
side-of-Iringe reflection lock, dither lock, dual sideband
lock, and the like), an optical frequency comb, and the like.
The resonant frequency shift of optical cavity 203 can be
determined from an applied frequency shift applied to
source light 214 and measured by a frequency counter, a
voltage proportional to a frequency shift applied to source
light 214 and measured by a voltage measuring device, a
beat of source light 214 against an optical reference of stable
frequency, and the like. The method of establishing SI
traceability can include using accurately known properties
(especially pressure derivative of the refractive index under
the applicable thermodynamic boundary conditions) of air
used as the acoustic medium 204, of mitrogen used as the
acoustic medium 205, of helium used as the acoustic
medium 205, and the like. The geometry of optical cavity
203 can include a Fabry-Perot cavity, ring cavity, whispering
gallery resonator, or photonic crystal, and the like.

The addition of an acoustic resonator can provide disposal
of an optical cavity 203 and microphone to be calibrated 212
at locations 1n acoustic medium 205 to experience the same
sound pressure. The acoustic resonator can amplily the
magnitude of the sound pressure to improve the signal-to-
noise ratio of the measurement.

The optical cavity 203 can function as a microphone (e.g.,
can be minmiature, portable, sutliciently robust, and the like)
that 1s intrinsically traceable (1.e., would not require cali-
bration) and can calibrate other microphones in a variety of
measurement settings. With helium as acoustic medium 203
in optical cavity 203, the relationship between sound pres-
sure can be based on ab 1nitio atomic calculations so that the
sound pressure measurements of sound pressure metrology
instrument 200 are traceable to a quantum standard. The
properties (especially pressure derivative of the refractive
index under the applicable thermodynamic boundary con-
ditions) of an acoustic medium 205 other than helium may
also be determined by ab initio calculations or by experi-
mental comparison the properties of helium, 1n either case
making the sound pressure measurements of sound pressure
metrology instrument 200 traceable to a quantum standard.

It should be appreciated that various component configu-
rations can occur in sound pressure metrology istrument
200, as shown 1n FIG. 8, FIG. 9, FIG. 10, FIG. 11, and FIG.
12. With reference to FIG. 9, sound pressure metrology
instrument 200 includes a lock-based readout using sideband
reflection lock to measure the modulation of the optical
frequency resonance. Here, a phase modulator 1s used to
generate sidebands which are separated from the laser
carrier by a tunable frequency diflerence. The Pound-
Drever-Hall (PDH) method 1s used to lock one of these
sidebands to the optical cavity mode and the motion of the
sideband 1s measured by a gated frequency counter. The
optical light 1s generated by a tunable laser (1) and 1s
transmitted to some beam shaping optics (2, e.g., a lens) to
match the shape of the beam to a mode of the optical cavity.
Light 1s modulated by a phase modulator (3) and sent via an
optical circulator (4) to the optical cavity (5). A portion of
the light 1s retlected from the cavity and returns to the optical
circulator (4). The circulator directs this portion of the light




US 12,724,009 B2

21

to a photodetector (6). The electrical signal from the pho-
todetector 1s sent to a radiofrequency (RF) mixer (8), via an
optional amplifier (7). An RF frequency source (9) generates
a constant frequency signal, called the modulation frequency
(18) and communicates it electronically to a RF splitter (10)
so that the modulation frequency can be sent to two different

paths. The first path goes to a tunable phase delay (11) and
then the RF mixer (8). The other path 1s incident on another
RF splitter (10) where 1t 1s combined with another signal and
sent to the phase modulator (3). A voltage controlled oscil-
lator (VCO) (12) generates a second signal, called the
sideband frequency (19). This sideband frequency is tunable
based on the mput voltage to the VCO and 1s larger than the
modulation frequency. The sideband frequency 1s sent to
another RF splitter (10). One output of the splitter 1s sent to
another RF splitter (10) where 1t 1s combined with the
modulation frequency and sent to the phase modulator (3).
The other output of the splitter 1s sent to a gated frequency
counter (14). The output of the RF mixer (8) 1s referred to
as the PDH error signal (17) and 1s sent to a servo controller
(13). The output of the servo controller 1s sent to the VCO
(12) in order to lock one of the sidebands to a resonance of
the optical cavity. In addition, the output of the servo
controller could be sent to a low pass filter (135) and second
servo controller (13) which operates at a speed much slower
than the lowest acoustic frequency ol interest. This second
servo sends a signal to the laser (1) to keep the output of the
first servo (13) centered and cancel long term drifts that can
cause the system to run out of dynamic range and break lock.
The frequency counter output 1s sent to an analyzer (16).

With reference to FIG. 10, sound pressure metrology
instrument 200 includes a lock-based readout with a refer-
ence laser. Here, the modulation of the optical frequency
resonance 1s measured, wherein one laser (probe laser) 1s
frequency locked to the optical cavity mode, and the beat
note between the probe laser and a second laser (reference
laser) 1s measured by a gated frequency counter. The optical
light 1s generated by a tunable laser (1, probe laser) and 1s
split into two different arms by a beam splitter (20). One arm
transmits to some beam shaping optics (2, e.g., one or
several lenses) to match the shape of the beam to a mode of
the optical cavity. The light 1s modulated by a phase modu-
lator (3) and sent via an optical circulator (4) to the optical
cavity (5). A portion of the light 1s reflected from the cavity
and returns to the optical circulator (4). The circulator
directs this portion of the light to a photodetector (6). The
clectrical signal from the photodetector 1s sent to a radioi-
requency (RF) mixer (8) via an optional amplifier (7). An RF
frequency source (9) generates a constant frequency signal
that 1s sent to an RF splitter (10) so that the modulation
frequency can be sent to two different paths. The first path
goes to a tunable phase delay (11) and then the RF mixer (8).
The other path 1s sent to the phase modulator (3). The output
of the RF mixer (8) 1s known as the PDH error signal (17)
and 1s sent to a servo controller (13). The output of the servo
controller 1s sent to the probe laser (1) to lock 1ts optical
frequency to a resonance of the optical cavity. A second laser
(21, reference laser) also generates light. This laser 1s chosen
to be highly stable at the acoustic frequencies of interest and
1s tuned to an optical frequency that is close to that of the
probe laser. The light from the reference laser and one arm
of the probe laser are combined on a beam splitter (2) and
communicated optically to an additional photodetector (6).
This output of this photodetector 1s optionally amplified (7)
and send to a gated frequency counter (14). The frequency
counter output 1s sent to an analyzer (16).
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With reference to FIG. 11, sound pressure metrology
instrument 200 includes an optical comb-based readout.
Here, the modulation of the optical frequency resonance 1s
measured, wherein an electro-optic phase modulator 1s used
to generate a narrow optical frequency comb. The comb 1s
used to perform rapid spectroscopy readout of the optical
cavity spectrum. The optical light 1s generated by a tunable
laser (1) and 1s split into two diflerent arms by a beam
splitter (20). One arm transmits to some beam shaping optics
(2, e.g., a lens) to match the shape of the beam to a mode of
the optical cavity. The light 1s modulated by a phase modu-
lator (3). The phase modulator 1s driven by an RF comb
generator (23) (e.g., an RF frequency source that drives a
repeating set of frequency chirps) and in turn generates an
optical frequency comb. This comb 1s sent via an optical
circulator (4) to the optical cavity (5). A portion of the light
1s reflected from the cavity and returns to the optical
circulator (4). The second optical arm 1s sent to an acousto-
optic frequency shifter (22). The frequency shifter 1s driven
at a constant RF frequency by a frequency generator (25).
The two optical arms are combined on a second beam
splitter (20) and sent to a photodetector (6). The electrical
signal from the photodetector 1s sent to a digitizer (24) via
an optional amplifier (7).

Sound pressure metrology mstrument 200 can be made 1n
vartous ways. It can be appreciated that sound pressure
metrology instrument 200 includes a number of optical,
clectrical, or mechanical components, wherein such compo-
nents can be interconnected and placed in communication
(e.g., optical communication, electrical communication,
mechanical communication, and the like) by physical,
chemical, optical, or free-space interconnects. The compo-
nents can be disposed on mounts that can be disposed on a
bulkhead for alignment or physical compartmentalization.
As a result, sound pressure metrology instrument 200 can be
disposed 1n a terrestrial environment or space environment.
Components of sound pressure metrology instrument 200
can be formed from silicon, silicon nitride, and the like
although other suitable materials, such ceramic, glass, or
metal can be used. According to an embodiment, the com-
ponents of sound pressure metrology instrument 200 are
formed using 3D printing although the components of sound
pressure metrology instrument 200 can be formed using
other methods, such as injection molding or machining a
stock material such as block of material that 1s subjected to
removal ol material such as by cutting, laser oblation, and
the like. Accordingly, sound pressure metrology mstrument
200 can be made by additive or subtractive manufacturing.
In an embodiment, components of sound pressure metrology
istrument 200 are selectively etched to remove various
different materials using different etchants and photolitho-
graphic masks and procedures. The various layers thus
tformed can be subjected to joiming by bonding to form sound
pressure metrology instrument 200 or elements thereof.

The materials and components for the sound pressure
metrology instrument 200 can be selected based on the
desired performance characteristics of the mstrument. For
example, the light source 201 can be selected to produce
light of a wavelength that 1s strongly affected by the acoustic
medium 205. The optical cavity 203 can be made of a
material with a high mechanical stiflness so that it undergoes
minimal mechanical deformation during operation of acous-
tic metrology mstrument 200. The photodetector 207 can be
sensitive to the wavelength of light produced by the light
source 201. The sound pressure metrology nstrument 200
can be assembled using a variety of methods, such as
soldering, welding, or adhesive bonding. The specific
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assembly method used can depend on the maternals and
components of the instrument.

Sound pressure metrology instrument 200 does not
require calibration (by comparison of an output of it to an
independent measurement of the sound pressure, such as by
a calibrated microphone) before use since the sound pressure
1s determined i1n the analyzer module 208 in a primary
manner. However, components of the sound pressure
metrology instrument that measure various quantities (e.g.,
temperature, wavelength, frequency, voltage, humidity, and
the like) that enter into determination of sound pressure
metrology 1nstrument can be calibrated.

The following processing conditions and parameters can
be used to guide construction of the sound pressure metrol-
ogy mstrument 200. The Light source 201 can be operated at
a power level that 1s sufhicient to produce a strong signal at
the photodetector 207. The optical cavity 203 can be
designed to have a high Q factor the light within it interacts
strongly with the acoustic medium 205. The photodetector
207 can have an applied bias voltage that 1s sufficient to
produce a high output signal.

Sound pressure metrology instrument 200 has numerous
advantageous and unexpected benefits and uses. In an
embodiment, a process for determining sound pressure from
index of refraction with sound pressure metrology instru-
ment 200 includes: receiving, by optical cavity 203 disposed
in acoustic medium 205, acoustic field 204 from sound
source 206; receiving, by optical cavity 203, source light
214 from light source 201; interacting source light 214 with
acoustic field 204 1n optical cavity 203; producing acoustic-
modified light 215 from source light 214 in response to
interacting with acoustic field 204, such that acoustic-modi-
fied light 215 encodes modulations 1n the index of refraction
of acoustic medium 205 inside optical cavity 203 due to
acoustic field 204; communicating acoustic-modified light
215 signal to photodetector 207; receiving acoustic-modi-
fied light 215 by photodetector 207; producing, by photo-
detector 207, acoustic-modified signal 216 from acoustic-
modified light 215; communicating acoustic-modified signal
216 from photodetector 207 to analyzer module 208; and
determining, by analyzer module 208, the sound pressureof
acoustic field 204 from the modulations 1in the index of
refraction of acoustic medium 205 encoded inside optical
cavity 203 1n the acoustic-modified light 215. In an an
embodiment, determining sound pressure from index of
refraction includes receiving supplemental sensor signal 217
from supplemental sensor 209; and using supplemental
sensor signal 217 to improve the fidelity of the determina-
tion of the sound pressure.

In an embodiment, analyzer module 208 determines the
sound pressure from the index of refraction based on the
following equation:

wherein X 1s a thermodynamic boundary condition on the
derivative and 1s adiabatic, 1sothermal, or polytropic; n 1s
index of refraction of acoustic medium; and p 1s sound
pressure.

In an an embodiment, determining sound pressure from
index of refraction includes controlling production of the
acoustic field by the sound source 206 by a sound source

driver 211.
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In an an embodiment, measurement of refractive index
amplitude occurs by making many brief refractive index
measurements, with a repetition rate faster than twice the
highest acoustic frequency of interest. In an embodiment,
measurement of refractive index amplitude occurs by mak-
ing many brief refractive index measurements, with a rep-
etition rate that 1s not faster than twice the highest acoustic
frequency of interest, and 1n which aliasing 1s accounted for.

In an embodiment, the refractive index shift 1s measured
by measuring the resonance frequency shift of a mode of the
optical cavity 203. In an embodiment, the refractive index
shift 1s measured by measuring the resonance frequency
shift of more than one mode of the optical cavity 203. In an
embodiment, the resonance frequency shift 1s measured by
servo-locking the frequency of laser light to the cavity
resonance frequency and measuring the frequency shift
applied to the laser light or the error signal of the servo loop.
In an embodiment, the frequency shift applied to the laser
light 1s measured by measuring the beat frequency between
the laser light and reference laser light on a photodiode. In
an embodiment, the reference laser light 1s produced by an
independent laser source than that supplying the laser light
that 1s servo-locked to the optical cavity. In an embodiment,
the reference laser light i1s obtained from the same laser
source that 1s servo-locked to the optical cavity, the refer-

ence laser light being extracted from this source at a point 1n
the optical chain prior to the application of the frequency
shift.

In an embodiment, the frequency shift applied to the laser
light 1s measured by measuring the voltage applied to a
voltage-controlled oscillator. In an embodiment, the servo
lock 1s implemented by detecting a minimum 1n the ampli-
tude of light reflected from the cavity. In an embodiment, the
servo lock 1s implemented by detecting a maximum 1n the
amplitude of light transmitted by the cavity.

In an embodiment, the resonance frequency shift 1s mea-
sured by measuring the minimum 1n reflection from the
optical cavity of broadband light or a comb of laser lines. In
an embodiment, the resonance frequency shift 1s measured
by measuring the maximum 1in transmission of broadband
light or a comb of laser lines.

In determining the sound pressure from the index of
refraction analyzer module 208 can determine the sound
pressure from the index of refraction based on the following
equation:

wherein X 1s a condition on the derivative and 1s adiabatic,
1sothermal, or polytropic; n 1s index of refraction of acoustic
medium; and p 1s sound pressure. Whether the conditions on
the derivative 1s adiabatic, 1sothermal, or polytropic depends
on the acoustic frequency and the resonator dimensions and
materials. For the adiabatic case, the virial Lorentz-Lorenz
relation 1s

nt —1

nt + 1
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wherein p_ 1s the number density of the gas, A, 1s the
molecular polarizability, B, and Cj are the refractivity virial
coeflicients, and A*, 1s the effective molecular polarizabil-
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ity. From the virial Lorentz-Lorenz relation thus written, the
derivative of index of refraction n with respect to number
density 1s

i (2
dp, ~ 6n (Rw‘}

d4s ]
dp, )

The chain rule provides
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wherein p 1s the mass density of the fluid, v, 1s the sound
speed of the fluid, and M 1s the molecular weight of the flmd.
Accordingly, the sound speed 1s determined from measure-
ments ol the gas pressure and temperature, and using gas
property data, or i1t can be provided by measuring acoustic
resonance frequencies of the acoustic enclosure.

It 1s contemplated that analyzer module 208 in sound
pressure metrology instrument 200 and determining therein
sound pressure from index of refraction can include the
properties, functionality, hardware, and process steps
described herein and embodied in any of the following
non-exhaustive list:

a process (e.g., a computer-implemented method 1nclud-
ing various steps; or a method carried out by a com-
puter including various steps);

an apparatus, device, or system (e.g., a data processing
apparatus, device, or system i1ncluding means for car-
rying out such various steps of the process; a data
processing apparatus, device, or system including
means for carrying out various steps; a data processing
apparatus, device, or system including a processor
adapted to or configured to perform such various steps
of the process);

a computer program product (e.g., a computer program
product including instructions which, when the pro-
gram 1s executed by a computer, cause the computer to
carry out such various steps of the process; a computer
program product including instructions which, when
the program 1s executed by a computer, cause the
computer to carry out various steps);

computer-readable storage medium or data carrier (e.g., a
computer-readable storage medium including instruc-
tions which, when executed by a computer, cause the
computer to carry out such various steps of the process;
a computer-readable storage medium including instruc-
tions which, when executed by a computer, cause the
computer to carry out various steps; a computer-read-
able data carrier having stored thereon the computer
program product; a data carrier signal carrying the

computer program produc
a computer program proc

);

uct 1ncluding comprising

instructions which, when t

ne program 1s executed by a

first computer, cause the first computer to encode data
by performing certain steps and to transmit the encoded
data to a second computer; or
a computer program product including instructions which,
when the program 1s executed by a second computer,
cause the second computer to receive encoded data
from a first computer and decode the received data by
performing certain steps.
In an embodiment, analyzer module 208 performs some
of the steps for determining the sound pressure and provides
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one or more outputs to the user (e.g., resonance frequency
shift of optical cavity 203), from which the user can readily

calculate the sound pressure, the sound pressure thereby
being obtained in a primary manner.

In an embodiment, analyzer module 208 includes separate
component modules that communicate with each other by
removable media, on-screen values that are manually read
from some components and entered into others, analog
electrical connections, digital electrical connections, wire-
less connections, optical ethernet connections, and the like.

Sound pressure metrology mstrument 200 and processes
disclosed herein have numerous beneficial uses since it
measures the sound pressure directly and does not require
the use of reciprocal microphones being to achieve a pri-
mary sound calibration or measurement. Further, sound
pressure metrology instrument 200 can provide increased
accuracy and primary calibration over a wider range of
sound frequencies compared to conventional methods.
Sound pressure metrology instrument 200 measures sound
pressure that is superior to conventional methods in that
sound pressure metrology instrument 200 directly realizes
the sound pressure and 1s applicable to direct primary sound
measurements and to calibration of a wide variety of sound
sources and sensors, can be more accurate than conventional
methods, and can be applicable to a wider range of sound
frequencies than conventional methods while providing
traceability of sound pressure to quantum standards.

Sound pressure metrology mnstrument 200 can be a pri-
mary sound standard for calibrating a variety of acoustic
instruments and can have different shapes and sizes, depend-
ing on the instruments and frequency ranges that are mea-
sured. Sound pressure metrology instrument 200 can be a
refractive-index-based traceable microphone that performs
accurate sound measurements without requiring calibration
because sound pressure metrology instrument 200 1s 1ntrin-
sically traceable. Furthermore, sound pressure metrology
instrument 200 can calibrate other devices 1n a variety of
acoustic field configurations.

The sound pressure metrology instrument 200 can be used
1n a variety of applications. For example, the sound pressure
metrology instrument 200 can be used to measure the sound
pressure level of a vanety of acoustic sources, such as
loudspeakers, musical instruments, and machinery. The
sound pressure metrology nstrument 200 may also be used
to measure the sound pressure level of environmental noise,
such as traffic noise, construction noise, and 1ndustrial noise.
The sound pressure metrology mnstrument 200 may also be
used to calibrate microphones.

The articles and processes herein are illustrated further by
the following Example, which 1s non-limiting.

EXAMPLE

This example describes low-uncertainty sound measure-
ment using pressure-driven oscillation of the refractive
index of air inside a combined acoustical and optical cavity.
Here, primary sound measurement involves the pressure-
driven oscillation of the refractive index at the acoustic
frequency 1n an optical cavity and provides low uncertainty
over a wide range of acoustic frequencies.

For implementation of a primary sound standard, generate
steady single-frequency sound fields 1n an acoustic resonator
or 1n an acoustic coupler. Sound 1s generated at one end by
a source, and a microphone to be calibrated 1s mounted in the
opposite end. In the resonator, standing plane waves are
generated at integer multiples of the frequency for which the
resonator end-to-end length 1s equal to the acoustic wave-
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length. For even multiples, the midplane location of the
optical cavity results in the optical cavity seeing the same
pressure amplitude as occurs at the ends of the resonator. For
a Fabry-Perot cavity of length 1 containing a gas with
refractive index n, the sensitivity of the cavity resonance
frequency v, to pressure p 1s

9y
Jx

(lﬁn 15[) (1)
=-y|-—+-—1
v ndp [ 0p

At a wavelength of 1550 nm and standard atmospheric
conditions, the sensitivity of the refractive index to pressure
1s typically

l{on 9 v 1
—(—) =1.9x 107 Pa .
¥ @p A

For 1550 nm light (v =1.94x10'* Hz), a sound pressure
amplitude of a few Pascals results in a cavity resonance
frequency shift amplitude of a few megahertz. Such a
frequency shift 1s measurable to high resolution using a
narrow-linewidth optical cavity. The acoustic pressure can
cause the cavity frequency to change via the effect of the
pressure on the cavity length 1, given the finite mechanical
impedance of the cavity structure. This causes a small error
that can be minimized by mechanical design and largely
compensated for by modeling. The cavity frequency shift
can be read out using a lock-based readout in which the
Pound-Drever-Hall method 1s used to servo the laser fre-
quency to the cavity resonance frequency. In this example,
an acousto-optic frequency shifter 1s used. A high-repetition
rate frequency counter tracks the frequency shift 1n time.
The laser output 1s stabilized at the acoustic frequency prior
to 1njection into the cavity lock.

The processes described herein can be embodied 1n, and
fully automated via, software code modules executed by a
computing system that includes one or more general purpose
computers or processors. The code modules can be stored 1n
any type of non-transitory computer-readable medium or
other computer storage device. Some or all of the methods
may alternatively be embodied in specialized computer
hardware. In addition, the processes referred to herein can be
implemented in hardware, software, firmware, or a combi-
nation thereof.

Many other variations than those described herein can be
apparent from this disclosure. For example, depending on
the embodiment, certain acts, events, or functions of any of
the algorithms described herein can be performed in a
different sequence, can be added, merged, or left out alto-
gether (e.g., not all described acts or events are necessary for
the practice of the algorithms). Moreover, 1n certain embodi-
ments, acts or events can be performed concurrently, e.g.,
through multi-threaded processing, interrupt processing, or
multiple processors or processor cores or on other parallel
architectures, rather than sequentially. In addition, different
tasks or processes can be performed by different machines
and/or computing systems that can function together.

Any processes and algorithm elements described or used
in connection with the embodiments disclosed herein can be
implemented as electronic hardware, computer software,
firmware, or combinations thereof. To clearly illustrate this
interchangeability of hardware and software, various 1llus-
trative components, blocks, modules, and elements have
been described above generally in terms of their function-
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ality. Whether such functionality 1s implemented as hard-
ware or software depends upon the particular application
and design constraints imposed on the overall system. The
described functionality can be implemented 1n varying ways
for each particular application, but such i1mplementation
decisions should not be interpreted as causing a departure
from the scope of the disclosure.

The various illustrative logical blocks and modules
described or used in connection with the embodiments
disclosed herein can be implemented or performed by a
machine, such as a processing unit or processor, a digital
signal processor (DSP), an application specific integrated
circuit (ASIC), a field programmable gate array (FPGA) or
other programmable logic device, discrete gate or transistor
logic, discrete hardware components, or any combination
thereof designed to perform the functions described herein.
A processor can be a microprocessor, but in the alternative,
the processor can be a controller, microcontroller, or state
machine, combinations of the same, or the like. A processor
can 1nclude electrical circuitry configured to process com-
puter-executable instructions. In another embodiment, a
processor includes an FPGA or other programmable device
that performs logic operations without processing computer-
executable instructions. A processor can also be 1mple-
mented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of
MICroprocessors, one or more miCroprocessors 1n conjunc-
tion with a DSP core, or any other such configuration.
Although described herein primarily with respect to digital
technology, a processor may also include primarily analog
components. For example, some or all of the signal pro-
cessing algorithms described herein can be implemented 1n
analog circuitry or mixed analog and digital circuitry. A
computing environment can include any type of computer
system, including, but not limited to, a computer system
based on a microprocessor, a mainframe computer, a digital
signal processor, a portable computing device, a device
controller, or a computational engine within an appliance, to
name a few.

The elements of a method, process, or algonthm
described 1n connection with the embodiments disclosed
herein can be embodied directly in hardware, 1n a software
module stored 1n one or more memory devices and executed
by one or more processors, or in a combination of the two.
A software module can reside in RAM memory, flash
memory, ROM memory, EPROM memory, EEPROM
memory, registers, hard disk, a removable disk, a CD-ROM,
or any other form of non-transitory computer-readable stor-
age medium, media, or physical computer storage known 1n
the art. An example storage medium can be coupled to the
processor such that the processor can read information from,
and write information to, the storage medium. In the alter-
native, the storage medium can be integral to the processor.
The storage medium can be volatile or nonvolatile.

While one or more embodiments have been shown and
described, modifications and substitutions can be made
thereto without departing from the spirit and scope of the
invention. Accordingly, it 1s to be understood that the present
invention has been described by way of illustrations and not
limitation. Embodiments herein can be used independently
or can be combined.

All ranges disclosed herein are inclusive of the endpoints,
and the endpoints are independently combinable with each
other. The ranges are continuous and thus contain every
value and subset thereof in the range. Unless otherwise
stated or contextually inapplicable, all percentages, when
expressing a quantity, are weight percentages. The suffix (s)
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as used herein 1s intended to include both the singular and
the plural of the term that it modifies, thereby including at
least one of that term (e.g., the mode(s) includes at least one
modes). Option, optional, or optionally means that the
subsequently described event or circumstance can or cannot
occur, and that the description includes 1nstances where the
event occurs and 1nstances where 1t does not. As used herein,
combination 1s inclusive of assemblages, collection of ele-
ments, blends, mixtures, alloys, and the like.

As used herein, a combination thereof refers to a combi-
nation comprising at least one of the named constituents,
components, compounds, or elements, optionally together
with one or more of the same class of constituents, compo-
nents, compounds, or elements.

All references are incorporated herein by reference.

The use of the terms “a,” “an,” and ‘“‘the” and similar
referents 1n the context of describing the invention (espe-
cially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. It can further be noted that the terms first, second,
primary, secondary, and the like herein do not denote any
order, quantity, or importance, but rather are used to distin-
guish one element from another. It can also be understood
that, although the terms first, second, etc. are, 1n some
instances, used herein to describe various elements, these
elements should not be limited by these terms. For example,
a first current could be termed a second current, and,
similarly, a second current could be termed a first current,
without departing from the scope of the various described
embodiments. The first current and the second current are
both currents, but they are not the same condition unless
explicitly stated as such.

The modifier about used in connection with a quantity 1s
inclusive of the stated value and has the meaning dictated by
the context (e.g., it includes the degree of error associated
with measurement of the particular quantity). The modifier
nearly used 1n connection with a quantity 1s inclusive of the
stated value and has the meaning that the deviation from the
stated value 1s small 1n magnitude compared to the stated
value. The conjunction or 1s used to link objects of a list or
alternatives and 1s not disjunctive; rather the elements can be
used separately or can be combined together under appro-
priate circumstances.

What 1s claimed 1s:

1. A sound pressure metrology instrument for determining
sound pressure from 1index of refraction, the sound pressure
metrology instrument comprising: a light source that pro-
duces source light and communicates the source light to an
optical cavity; the optical cavity in optical communication
with the light source, 1n acoustic communication with a
sound source, and 1n optical communication a photodetector,
such that an acoustic medium 1s disposed within an optical
mode volume of the optical cavity and such that the optical
cavity; receives an acoustic field from the sound source;
receives the source light from the light source; produces
acoustic-modified light from the source light 1n response to
the source light interacting with the acoustic field 1n the
optical cavity, such that the acoustic-modified light encodes
modulations in the index of refraction of the acoustic
medium 1inside the optical cavity due to the acoustic field;
and optically communicates the acoustic-modified light to
the photodetector; the photodetector 1n optical communica-
tion with the optical cavity and in electrical communication
with an analyzer module and that receives the acoustic
modified light from the optical cavity, produce an acoustic-
modified signal from the acoustic-modified light, and com-
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municates the acoustic-modified signal to the analyzer mod-
ule; the analyzer module 1n electrical communication with
the photodetector and that receives the acoustic-modified
signal from the photodetector and determines the sound
pressure of the acoustic field produced by the sound source
from the modulations i1n the index of refraction of the
acoustic medium 1nside the optical cavity encoded in the
acoustic-modified light; and an acoustic enclosure 1n which
1s disposed the optical cavity, the acoustic medium, the
sound source, and the acoustic field, wherein the acoustic
enclosure comprises an acoustic resonator, wherein the
acoustic enclosure supports a standing acoustic wave at an
acoustic wavelength A__=I/N, wherein N is an integer, and
L. 1s a distance of separation of the sound source and a
microphone that are disposed on opposing ends of the
acoustic enclosure.
2. The sound pressure metrology instrument of claim 1,
further comprising a supplemental sensor 1in communication
with the analyzer module and that produces supplemental
sensor signal and communicates the supplemental sensor
signal to the analyzer module.
3. The sound pressure metrology instrument of claim 2,
wherein the supplemental sensor comprises a temperature
sensor, humidity sensor, pressure sensor, mass spectrometer,
chromatograph, wavemeter, a carbon dioxide concentration
sensor, an accelerometer, a laser vibrometer, or a displace-
ment sensor that measures a temperature, humidity, static
background pressure, or composition of the acoustic
medium in the optical cavity or optical frequency or wave-
length of the source light or the acoustic-modified light.
4. The sound pressure metrology instrument of claim 2,
wherein the supplemental sensor:
measures a temperature, humidity, static background
pressure, or composition of the acoustic medium 1n the
optical cavity or optical frequency or wavelength of the
source light or the acoustic-modified light, and

communicates the temperature, humidity, static back-
ground pressure, or composition of the acoustic
medium 1n the optical cavity or optical frequency or
wavelength of the source light or the acoustic-modified
light as the supplemental sensor signal to the analyzer
module.

5. The sound pressure metrology instrument of claim 2,
wherein the analyzer module receives the supplemental
sensor signal from the supplemental sensor, and the analyzer
module uses the supplemental sensor signal to improve the
fidelity of the determination of the sound pressure.

6. The sound pressure metrology instrument of claim 1,
wherein the analyzer module determines the sound pressure
from the index of refraction based on the following equa-
tion:

wherein X 1S a condition on the derivative and 1s adiabatic,
1sothermal, or polytropic; n 1s index of refraction of acoustic
medium; and p 1s sound pressure.

7. The sound pressure metrology instrument of claim 1,
further comprising a sound source driver 1n electrical com-
munication with the sound source and that provides a driver
signal, communicates the driver signal to the sound source,
and controls production of the acoustic field by the sound
source with the driver signal.



US 12,724,009 B2

31

8. Sound pressure metrology instrument for determining
sound pressure from index of refraction, the sound pressure
metrology instrument comprising: a light source that pro-
duces source light and communicates the source light to an
optical cavity; the optical cavity in optica al communication
with the light source, 1n acoustic communication with a
sound source, and 1n optical communication a photodetector,
such that an acoustic medium 1s disposed within an optical
mode volume of the optical cavity and such that the optical
cavity; receives an acoustic field from the sound source;
receives the source light from the light source; produces
acoustic-modified light from the source light in response to
the source light interacting with the acoustic field in the
optical cavity, such that the acoustic-modified light encodes
modulations 1n the index of refraction of the acoustic
medium 1nside the optical cavity due to the acoustic field,
and optically communicates the acoustic-modified light to
the photodetector; the photodetector 1n optical communica-
tion with the optical cavity and in electrical communication
with an analyzer module and that receives the acoustic-
modified light from the optical cavity, produces an acoustic-
modified signal from the acoustic-modified light, and com-
municates the acoustic-modified signal to the analyzer
module; the analyzer module in electrical communication
with the photodetector and that receives the acoustic-modi-
fied signal from the photodetector and determines the sound
assure of the acoustic field produced by the sound source
from the modulations 1n the index of refraction of the
acoustic medium 1nside the optical cavity encoded in the
acoustic-modified light; and an acoustic enclosure 1n which
1s disposed the optical cavity, the acoustic medium, the
sound source, and the acoustic field, wherein the acoustic
enclosure comprises an acoustic coupler, wherein the acous-
fic field has constant acoustic pressure 1n the acoustic
enclosure such that A__<<L/N, wherein N is an integer, and
L. 1s a distance of separation of the sound source and a
microphone that are disposed on opposing ends of the
acoustic enclosure.

9. A sound pressure metrology instrument for determining
sound pressure from index of refraction, the sound pressure
metrology instrument comprising: a light source that pro-
duces source light and communicates the source light to an
optical cavity; the optical cavity in optical communication
with the light source, ac ustic communication with a sound
source, and 1n optical communication a photodetector, such
hat an acoustic medium 1s disposed within an optical mode
volume of the optical cavity and such that the optical cavity;
receives an acoustic field from the sound source; receives
the source light from the light source; produces acoustic-
modified light from the source light 1n response to the source
light interacting with the acoustic field in the optical cavity,
such that the acoustic-modified Right encodes modulations
in the index of refraction of the acoustic medium inside the
optical cavity due to the acoustic field; and optically com-
municates the acoustic-modified light to the photodetector;
the photodetector 1n optical communication with the optical
cavity and i1n electrical communication with an analyzer
module and that receives the acoustic-modified light from
the optical cavity, produces an acoustic-modified signal
from the acoustic-modified light, and communicates the
acoustic-modified signal to the analyzer module; the ana-
lyzer module 1n electrical communication with the photo-
detector and that receives the acoustic-modified signal from
the photodetector and determines the sound pressure of the
acoustic field produced by the sound source from the modu-
lations 1n the index of refraction of the acoustic medium
inside optical cavity encoded 1n the acoustic-modified light;
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and a microphone 1n acoustic communication with the sound
source such that the optical cavity 1s acoustically interposed
between the sound source and the microphone, such that the
microphone receives the acoustic field that propagates
through the optical cavity from the sound source, produces
a microphone signal from the acoustic field, and communi-
cates the microphone signal to a microphone receiver.

10. The sound pressure metrology instrument of claim 9,
further comprising the microphone receiver in electrical
communication with the microphone and that receives the
microphone signal from the microphone, produces an acous-
tfic signal from the microphone signal, and communicates
the acoustic signal to the analyzer module, such that the
sound pressure measured by the analyzer module 1s com-
pared with the microphone signal from the microphone to
calibrate the sensitivity of the microphone.

11. A process for determining sound pressure from index
of refraction, the process comprising: receiving, by an
optical cavity comprising an acoustic medium disposed
within an optical mode volume of the optical cavity, an
acoustic field from a sound source; receiving, by the optical
cavity, source light from a light source; interacting source
light with the acoustic field in the optical cavity; producing
an acoustic-modified light from the source light 1n response
to 1interacting with the acoustic field, such that the acoustic-
modified light encodes modulations 1n the index of refrac-
tion of the acoustic medium inside the optical cavity due to
the acoustic field; communicating the acoustic-modified
light signal to a photodetector; receiving the acoustic-modi-
fied light by the photodetector; producing, by the photode-
tector, an acoustic-modified signal from the acoustic-modi-
fied light; communicating the acoustic-modified signal from
the photodetector to an analyzer module; determining, by
the analyzer module, the sound pressure of the acoustic field
from the modulations in the index of refraction of the
acoustic medium encoded 1nside the optical cavity in the
acoustic-modified light and receiving the acoustic field by a
microphone and producing a microphone signal from the
acoustic field.

12. The process of claim 11, further comprising:

receiving a supplemental sensor signal from a supplemen-

tal sensor;

using the supplemental sensor signal to i1mprove the

fidelity of the determination of the sound pressure
level.

13. The process of claim 11, wherein the analyzer module
determines the sound pressure level from the index of
refraction based on the following equation:

wherein X 1s a condition on the derivative and i1s adia-
batic, 1sothermal, or polytropic; n 1s index of refraction
of acoustic medium; and p 1s sound pressure.

14. The process of claam 11, further comprising:

controlling production of the acoustic field by the sound
source by a sound source driver.

15. The process of claim 11, further comprising:

rece1ving the microphone signal by a microphone receiver
and producing an acoustic signal from the microphone
signal.

16. The process of claim 11, further comprising:

communicating the acoustic signal to the analyzer module
from the microphone receiver; and
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comparing, by the analyzer module, the sound pressure
level measured by the analyzer module with the micro-
phone signal from the microphone to calibrate the
sensitivity of the microphone.
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