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Phase-conjugate optical coherence tomography
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Quantum optical coherence tomography (Q-OCT) offers a factor-of-2 improvement in axial resolution and
the advantage of even-order dispersion cancellation when it is compared to conventional OCT (C-OCT). These
features have been ascribed to the nonclassical nature of the biphoton state employed in the former, as opposed
to the classical state used in the latter. Phase-conjugate OCT (PC-OCT) shows that nonclassical light is not
necessary to reap Q-OCT’s advantages. PC-OCT uses classical-state signal and reference beams, which have a
phase-sensitive cross correlation, together with phase conjugation to achieve the axial resolution and even-
order dispersion cancellation of Q-OCT with a signal-to-noise ratio that can be comparable to that of C-OCT.

DOLI: 10.1103/PhysRevA.74.041601

Optical coherence tomography (OCT) produces three-
dimensional imagery through focused-beam scanning (for
transverse resolution) and interference measurements (for
axial resolution). Conventional OCT (C-OCT) uses classical-
state signal and reference beams, with a phase-insensitive
cross correlation, and measures their second-order interfer-
ence in a Michelson interferometer [1]. Quantum OCT (Q-
OCT) employs signal and reference beams in an entangled
biphoton state, and measures their fourth-order interference
in a Hong-Ou-Mandel (HOM) interferometer [2]. In com-
parison to C-OCT, Q-OCT offers the advantages of a twofold
improvement in axial resolution and even-order dispersion
cancellation. Q-OCT’s advantages have been ascribed to the
nonclassical nature of the entangled biphoton state, but we
will report an OCT configuration that reaps both of these
advantages with classical light.

Q-OCT derives its signal and reference beams from spon-
taneous parametric down-conversion (SPDC), whose outputs
are in a zero-mean Gaussian state, with a nonclassical phase-
sensitive cross-correlation function [3]. In the low-flux limit,
this nonclassical Gaussian state becomes a stream of indi-
vidually detectable biphotons. Classical-state light beams can
also have phase-sensitive cross correlations, but quantum or
classical phase-sensitive cross correlations do not yield
second-order interference. This is why fourth-order interfer-
ence is used in Q-OCT. Phase-conjugate OCT (PC-OCT)
uses phase conjugation to convert a phase-sensitive cross
correlation into a phase-insensitive cross correlation that can
be seen in second-order interference. As we shall see, it is
phase-sensitive cross correlation, rather than nonclassical be-
havior per se, that provides the axial resolution improvement
and even-order dispersion cancellation.

The basic block diagram for continuous-wave PC-OCT is
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for K=S,R. These complex fields are zero-mean, stationary,
jointly Gaussian random processes that are completely
characterized by their phase-insensitive auto-correlations
(Ex(t+ E(0))=F'[S(Q)], for K=S,R, and their phase-
sensitive cross correlation (E(t+ 7)Eg(t))=F"'[S(Q)], where

[

FISQ)] = f 2 st (1)

is the inverse Fourier transform of S()), and S(Q)=S(-Q)
=0 is the common spectrum of the signal and reference
beams at detunings +{) from wy. These fields have the maxi-
mum phase-sensitive cross correlation that is consistent with
classical physics [3].

The signal beam is focused on a transverse spot on the

sample, yielding a reflection with complex envelope
Ey(t)=E4(r)*h(t), where #* denotes convolution and
h(t)=F'[H(Q)] with
H(Q) = f dz r(z,Q)e?0 ()
0

being the sample’s baseband impulse response. In Eq. (2),
r(z,Q) is the complex reflection coefficient at depth z and
detuning ), and ¢(z,Q)) is the phase acquired through
propagation to depth z in the sample. After conjugate
amplification, we obtain the complex envelope E(r)
=[E;(t)+w(t)]*v(t), where w(r), a zero-mean, complex-
valued, isotropic white Gaussian noise with correlation func-
tion (w"(t+7)w(f))=48(7), is the quantum noise injected by
the conjugation process, and v(¢)=F"'[V({))] gives the con-
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*Electronic address: erkmen@mit.edu FIG. 1. (Color online) Phase-conjugate OCT.
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FIG. 2. (Color online) Conventional OCT.

jugator’s baseband impulse response in terms of its fre-
quency response. The output of the conjugator is refocused
onto the sample resulting in the positive-frequency
field E,(t)=[Ec(t)*h(t)]e7™, which is interfered with
E,(1)=Eg(t—=T)e =D in a Michelson interferometer, as
shown in Fig. 1.

The detectors in Fig. 1 are assumed to have quantum ef-
ficiency 7, no dark current, and thermal noise with a white
current spectral density Siy The average amplified difference
current, which constitutes the PC-OCT signature, is then

(i4(1)) =2q1G, Re(fx @H*(— O)H(Q)
o 27T

XV (- Q)S(Q)e‘i(ﬂ‘“’o)T) , 3)

where ¢ is the electron charge and G, is the amplifier gain.

In C-OCT the signal and reference inputs have complex
envelopes that are zero-mean, stationary, jointly Gaussian
random processes which are completely characterized
by their phase-insensitive auto- and cross correlations,
(Ej(t+DEg(1)=F""[S(Q)], for J,K=S,R. As shown in
Fig. 2, C-OCT illuminates the sample with the signal beam
and interferes the reflected signal—still given by convolution
of Eg(t) with h(f)—with the delayed reference beam in a
Michelson interferometer. Here we find that the average am-
plified difference current is

[

<ld([)> = 26] 77GA Re(f gl_]*(_ Q)S(Q)e—i(ﬂ—wO)T) )

—00

(4)

For Q-OCT we must use quantum fields, because nonclas-
sical light is involved. Now the baseband signal and refer-

ence beams are photon-units field operators Eg(z) and Ex(t),

with the following nonzero commutators: [E J(t),l_:?;r((u)]
=8;x6(t—u), for J,K=S,R. Q-OCT illuminates the sample

with E s(#) and then applies the field operator for the reflected
beam plus that for the reference beam to a HOM interferom-
eter, as shown in Fig. 3. The familiar biphoton HOM dip
can be obtained theoretically—in a manner that is the
natural quantum generalization of the classical Gaussian-
state analysis we have used so far in this paper [3]—by
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FIG. 3. (Color online) Quantum OCT.

taking the signal and reference beams to be in a zero-mean
joint Gaussian state that is completely charac-
terized by the phase-insensitive (normally ordered)
auto-correlations (E}((H DEL0))=F'[S(Q)], for K=S.R,
and the phase-sensitive cross correlation (ES(H T)ER(I)>
=F[{S(Q){S(Q) +1}]. This joint signal-reference state has
the maximum possible phase-sensitive cross correlation per-
mitted by quantum mechanics. In the usual biphoton limit
wherein HOM interferometry is performed, S())<<1 pre-

vails, and the average photon-coincidence counting signature
can be shown to be

2,2

“dQ
(1) = %{ f ‘;—WlH(mFsm)

—o0

- Re(fm gH*(— Q)H(Q)S(Q)e‘ﬂm> ] (5)

Let us assume that V' (-Q)S(Q)=V'S(Q)
=(V*PS\"27T/Q§)e‘QZ/ZQ§ and H(Q)=re'@0* D70 with |r|<1.
Physically, this corresponds to having a conjugate amplifier
whose bandwidth is much broader than that of the signal-
reference source, and a sample that is a weakly reflecting
mirror at delay T,,. Equation (3) then gives a PC-OCT aver-
age amplified difference current that, as a function of the
reference-arm delay 7, is a sinusoidal fringe pattern of fre-
quency , with a Gaussian envelope proportional to
e 205T0=T/2° Tpe average amplified difference current in
C-OCT behaves similarly: from Eq. (4) we find that it too is
a sinusoidal, frequency-w, fringe pattern in 7, but its enve-
lope is proportional to e To=12 The signature of Q-OCT,
found from Eq. (5), is a dip in the average coincidence count
versus reference-arm delay that is proportional to
¢ 205(To-17, Defining the axial resolutions of these OCT sys-
tems to be the full width between the ¢~? attenuation points
in their Gaussian envelopes viewed as functions of 7, shows
that PC-OCT and Q-OCT both achieve factor-of-2 improve-
ments over C-OCT for the same source bandwidth.

To probe the effect of dispersion on PC-OCT, C-OCT, and
Q-OCT, we modify the sample’s frequency response to
H(Q)=re"[(“’0+9)T0+b92/2], where b is a nonzero real constant
representing second-order (group-velocity) dispersion. Be-
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cause the sample’s frequency response enters the PC-OCT
and Q-OCT signatures as H (-Q)H({)), neither one is af-
fected by this dispersion term in H({)), i.e., it cancels out.
For C-OCT, however, we find that the Gaussian envelope of
the average amplified difference current is now proportional
to e‘Qé(TO‘T)2/2(1+Q§b2), i.e., its axial resolution becomes
badly degraded when Q§b2> 1. More generally, for
H(Q)=rellloot DTS pC_OCT and Q-OCT are immune to
dispersion created by the even-order terms in the Taylor se-
ries expansion of B({)).

Having shown that PC-OCT retains the key advantages of
Q-OCT, let us turn to its signal-to-noise ratio (SNR) behav-
ior. Because Q-OCT relies on SPDC to generate the en-
tangled biphoton state, and Geiger-mode avalanche photo-
diodes to perform photon-coincidence counting, its image
acquisition is much slower than that of C-OCT, which can
use bright sources and linear-mode detectors. To assess the
SNR of PC-OCT we shall continue to use the Gaussian spec-
trum for S({2) and the nondispersing mirror for H({), but, in
order to limit its quantum noise, we take the conjugator’s
frequency response to be V(Q):Ve‘ﬂz/m%/. We assume that
i (t) is time averaged for T, sec [denoted <id(f)>T,] at the
reference-arm delay that maximizes the interference signa-
ture, and we define SNR=(id(t))zlvar[(id(t))Tl]. When the
w(z) contribution to the conjugator’s output dominates the
Ey() contribution we find that the signal-to-noise ratio of
PC-OCT is

8Ty VPS5 +205) ©
277|FV|2PSQV) ,

Vilg+ 3ty

SNR =
(Qm + Pg+ |}’V|2\"Q%//2’7T+

where Q=S im/ g*7. From left to right the terms in the noise
denominator are the thermal noise, the reference-arm shot
noise, the conjugate-amplifier quantum noise, and the intrin-
sic noise of the signal X reference interference pattern itself.
Best performance is achieved when the conjugator gain |V/|?
is large enough to neglect the first two noise terms, and the
input power Py is large enough that the intrinsic noise greatly
exceeds the conjugator’s quantum noise. In this case we get

4T1|r|2psﬁv\’ Q§ + Q%/
Q:+207

To compare the preceding SNR to that for C-OCT, we
define SNR=(iy(r))*/var[(iy(r))7,] for the Fig. 2 configura-
tion at the peak of the C-OCT interference signature. When
the reflected signal field is much weaker than the reference
field, we then find that the signal-to-noise ratio of C-OCT is

SNR = 47T|r|*Ps, (®)

SNR =

()

which can be smaller than the ultimate SNR result for PC-
OCT. However, if PC-OCT’s conjugator gain is too low to
reach this ultimate performance, but its reference-arm shot
noise dominates the other noise terms, we get

8Ty VP50

SNR = , 9
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RAPID COMMUNICATIONS

PHYSICAL REVIEW A 74, 041601(R) (2006)

for its signal-to-noise ratio, which is substantially lower than
the SNR result for C-OCT, because |rV|><1 is implicit in
our assumption that the reference shot noise is dominant as
high detector quantum efficiency can be expected. Thus we
can conclude that PC-OCT will have a SNR similar to that of
C-OCT, but only if high-gain phase conjugation is available
[4].

At this juncture it is worth emphasizing the fundamental
physical point revealed by the preceding analysis. The use of
entangled biphotons and fourth-order interference measure-
ment in a HOM interferometer enable Q-OCT’s two perfor-
mance advantages over C-OCT: a factor-of-2 improvement
in axial resolution and cancellation of even-order dispersion
[2]. Classical phase-sensitive light also produces a HOM dip
with even-order dispersion cancellation, but this dip is essen-
tially unobservable because it rides on a much stronger back-
ground term [3]. Thus the nonclassical character of the en-
tangled biphoton is the source of Q-OCT’s benefits, from
which it might be concluded that nonclassical light is re-
quired for any OCT configuration with these performance
advantages over C-OCT. Such is not the case, however, be-
cause our PC-OCT configuration shows that it is really
phase-sensitive cross correlations that are at the root of axial
resolution enhancement and even-order dispersion cancella-
tion. Phase sensitive cross correlations cannot be seen in the
second-order interference measurements used in C-OCT. PC-
OCT therefore phase conjugates one of the phase-sensitive
cross-correlated beams, converting their phase-sensitive
cross correlation into a phase-insensitive cross correlation
that can be seen in second-order interference. Our treatment
of PC-OCT assumed classical-state light, and, because we
need S(0)> 1 for high-SNR PC-OCT operation, little further
can be expected in the way of performance improvement by
using nonclassical light in PC-OCT. This can be seen by
comparing the cross spectra S(£2) and \S(2)(S(2)+1) when
S(Q)= (Ps\uzw/ﬂﬁ)e—“z/m? with Pg\27/ Q5> 1.

The intimate physical relation between PC-OCT and
Q-OCT can be further elucidated by considering the way in
which the sample’s frequency response enters their measure-
ment averages. We again assume V'(=)S(Q)=V"S((), so
that both imagers yield signatures o [dQH (-Q)H(Q)S(Q).
Abouraddy er al. [2] use Klyshko’s advanced-wave interpre-
tation [5] to account for the H (—Q)H(Q) factor in the
Q-OCT signature as the product of an actual sample illumi-
nation and a virtual sample illumination. In our PC-OCT
imager, this same H (—-Q)H({) factor comes from the two
sample illuminations, one before phase conjugation and one
after. In both cases, it is the phase-sensitive cross correlation
that is responsible for this factor. Q-OCT uses nonclassical
light and fourth-order interference while PC-OCT can use
classical light and second-order interference to obtain the
same sample information.

That PC-OCT’s two sample illuminations provide an axial
resolution advantage over C-OCT leads naturally to consid-
ering whether C-OCT would also benefit from two sample
illuminations. Consider the Fig. 1 system with Eg(f) and
Eg(r) arising from a C-OCT light source, and the phase-
conjugate amplifier replaced with a conventional phase-

insensitive amplifier of field gain G(Q):Ge‘ﬂz/mé with
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|G|>1. This two-pass C-OCT arrangement then yields an
interference signature proportional to e‘mg(To‘T/ 2" for the
weakly reflecting mirror when the amplifier is sufficiently
broadband, and a SNR given by Eq. (6) with V replaced by G
and )y, replaced by (). Thus two-pass C-OCT has the same
axial resolution advantage and SNR behavior as PC-OCT.
However, instead of providing even-order dispersion cancel-
lation, two-pass C-OCT doubles all the even-order dispersion
coefficients.

Let us conclude by briefly addressing the implementation
issues that arise with PC-OCT. Our imager requires signal
and reference light beams with a strong and broadband
phase-sensitive cross correlation; an illumination setup in
which the signal beam is focused on and reflected from a
sample, undergoes conjugate amplification, is refocused onto
the same sample, and then interfered with the time-delayed
reference beam; and a broadband, high-gain phase conjuga-
tor. Strong signal and reference beams that have a phase-
sensitive cross correlation can be produced by splitting a
single laser beam in two, and then imposing appropriate am-
plitude and phase noises on these beams through electro-
optic modulators. Existing optical telecommunication modu-
lators, however, do not have sufficient bandwidth for high-
resolution OCT. A better approach to the PC-OCT source
problem is to exploit nonlinear optics. SPDC can have tera-
hertz phase-matching bandwidths, and might be suitable for
the PC-OCT application. Unlike Q-OCT, which relies on
SPDC for its entangled biphotons, a down-conversion source
for PC-OCT can—and should—be driven at maximum pump
strength, i.e., there is no need to limit its photon-pair genera-
tion rate so that these biphoton states are time resolved by
the ~MHz bandwidth single-photon detectors that are used
in Q-OCT’s coincidence counter. Hence pulsed pumping will
surely be needed. SPDC is also a possibility for the phase
conjugation operation. In a frequency-degenerate type-II
phase-matched down-converter, the reflected signal Ey(7) is
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applied in one input polarization (call it the signal polariza-
tion) and a vacuum state field in the other (idler) polariza-
tion. The idler output then has the characteristics needed for
PC-OCT, viz., it consists of a phase-conjugated version of
the signal input plus the minimum quantum noise needed to
preserve free-field commutator brackets [3]. Similar phase-
conjugate operation can also be obtained from frequency-
degenerate four-wave mixing [6-8]. In both cases, pulsed
operation will be needed to achieve the gain-bandwidth
product for high-performance PC-OCT.

In summary, we have a phase-conjugate OCT imager that
combines many of the best features of conventional OCT and
quantum OCT. Like C-OCT, PC-OCT relies on second-order
interference in a Michelson interferometer. Thus it can use
linear-mode avalanche photodiodes (APDs), rather than the
lower-bandwidth and less efficient Geiger-mode APDs em-
ployed in Q-OCT. Like Q-OCT, PC-OCT enjoys a factor-
of-2 axial resolution advantage over C-OCT, and automatic
cancellation of even-order dispersion terms. The source of
these advantages, for both Q-OCT and PC-OCT, is the
phase-sensitive cross correlation between the signal and ref-
erence beams. In PC-OCT, however, this cross correlation
need not be beyond the limits of classical physics, as is re-
quired for Q-OCT. Finally, PC-OCT may achieve a SNR
comparable to that of C-OCT, thus realizing much faster im-
age acquisition than is currently possible in Q-OCT. All of
these PC-OCT benefits are contingent on developing an ap-
propriate source for producing signal and reference light
beams with a strong and broadband phase-sensitive cross
correlation, and a phase conjugation system with suitably
high gain-bandwidth product.
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