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Excess broadband noise at equal intensities in the interferometer arms

V.M. Gelikonov, V.N. Romashov, G.V. Gelikonov

Abstract. We report a theoretical and experimental study of the
excess photocurrent noise in the detection of low-coherence radia-
tion caused by the beats of the random components of the optical
spectrum at equal intensities in the interferometer arms. It is shown
that, in this case, the spectral density of photocurrent fluctuations
is V1.5 times higher than when detecting radiation without inter-
ference. This result makes it possible to clarify the value of the lim-
iting level of the total fundamental noise of low-coherence radiation
during interference. Excess noise cannot be completely subtracted
in balanced detection.

Keywords: interferometry, radiation noise, photocurrent fluctua-
tions.

1. Introduction

Excess fluctuations (beat noise) in low-coherence interferom-
etry are one of the fundamental factors that determine the
limiting sensitivity. When detecting the emission of a low-
coherent noise light source, they are added to the shot noise of
the photocurrent and to the thermal noise of the receiving sys-
tem. As is known, excess fluctuations are caused by beats of
random spectral components. Excess noise at the receiving
frequency Fis determined by the total effect of the beats of all
pairs of spectral components spaced apart by the frequency F,
within the entire optical spectrum [1]. Noises of technical ori-
gin are not fundamental; they can be removed in principle
and will not be considered below.

It is of interest to find the spectral density of excess noise
in a unequal-arm Michelson interferometer (MI) with equal
light intensities in the arms. The MI of this configuration can
be used independently, as well as in tandem schemes with a
common optical path for the signal and reference waves as an
auxiliary one to compensate for the path difference in a mea-
suring interferometer (for example, Fizeau) [2—4]. The use of
tandem schemes in optical coherence tomography (OCT),
which are made of isotropic optical fibre, is very important,
since it allows one not only to overcome the influence of para-
sitic induced anisotropy of the fibre-optic path of the probe,
but also ensures the reproducibility of the optical properties
of replaceable flexible probes [4—7]. The MI in tandem
schemes can significantly affect the level of beat noise, with
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the contribution to the level of excess photocurrent noise
from the interference term being comparable to the contribu-
tion of each of the interfering waves.

A theoretical comparative analysis of excess noise in a
number of conventional OCT systems with unbalanced and
balanced detection was performed in [8], but its results are
inapplicable for describing excess noise in more complex tan-
dem schemes. Takada [9] considered noises in low-coherence
interferometry, in which an additional compensating interfer-
ometer is used. According to Takada [9], excess noise exceed-
ing the shot level consists of intensity noise, suppressed due to
balanced detection, and beat noise, which determines the lim-
iting sensitivity. In addition, Takada [9] considered in detail
polarisation effects with allowance for the level of excess
noise. The phenomenological analysis of tandem OCT
schemes performed in [7] predicts a higher level of excess
noise for them than for conventional schemes with a single
interferometer. In addition, according to the above estimate,
the efficiency of reducing excess noise in tandem OCT schemes
with balanced detection is low (does not exceed 6 dB) [7].

In this work, we consider the excess noise of the photocur-
rent in the detection of low-coherence radiation at equal
intensities in the MI arms. We also present the calculation
(absent in the above-mentioned works) of the total excess
noise resulting from the total beats of the random compo-
nents of the optical spectrum of each of the waves and the
interference term.

2. Calculation of the spectral photocurrent
density resulting from the beat noise

Let us calculate the beat noise in the photocurrent at outputs
aand b of the Michelson interferometer without using a noise
compensation system (Fig. 1). In contrast to [9], we will carry
out the calculations for completely polarised radiation (for
example, linearly polarised) and an interferometer with iso-
tropic optical paths. Linearly polarised light from a broad-
band superluminescent diode (SLD) is launched through a
circulator to the MI input a. After splitting the wave in a 3-dB
fibre coupler (with a split ratio of 50:50), we obtain a wave
E(1)Y2 and a wave —iE(r)V'2 with a phase shift, which are
introduced into arms ¢ and d of the interferometer, respec-
tively. After double passage of these arms of the interferome-
ter with reflection from the Faraday mirrors with coefficients
ry and r,, the waves at the input to the 3-dB coupler can be
represented by complex analytical vectors rE(f)Y2 and
—inE(t + zs)\/z . Here 7, = AL/c describes the difference in
the delay times in the interferometer arms, where AL is the
difference in the roundtrip optical lengths of the arms, and ¢
is the speed of light.
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Note that the MI shown in Fig. 1 can be considered iso-
tropic in the case of double passage of the light in its arms,
since Faraday mirrors are installed at the ends of both arms,
i.e. nonreciprocal cells with a 45-degree rotation of the polar-
isation plane [10, 11]. Therefore, with the double passage of
each arm by the light, the arbitrary state of the wave ellipticity
remains the same with a rotation of the azimuth of the ellipse
axes by 90°. As a result, the double passage of the interferom-
eter arms can be described by unit matrices, ignoring the rota-
tion of the axes, since the same rotation of an arbitrary ellipse
in both arms does not affect the interference term of the pho-
tocurrent.

Thus, after the reverse passage through the coupler, the
waves at the outputs a and b of the interferometer have the
form:

Ea(t) = El(l) - EZ(l + rs)! (1)
Ey(t) = Ei(t) + Ex(t + 1)

Here E\(1) = rE(1)/2; Ex(t+ 1) = nE(t +1)/2.

Waves E, (t) and Ey(z) are the result of the addition of
waves after the double passage of the interferometer arms.
The E,(¢) wave is generated upon double asymmetric passage
of the 3-dB coupler outputs, and the E,(7) wave is formed
upon symmetric passage.

In the general form, the photocurrent at outputs @ and b
of the interferometer according to [12] can be expressed as

I(t)h,a = a<Eh,a(I)E;a(t)>
= a(E())E1 (1) Ex(1 + T) E{ (1) E\(1) E5(1 + 7)
+Ex(t +T)Ex(t +15)). )

Here, the plus and minus signs correspond to the b and a out-
puts of the fibre MI; & = (e/hv)y is the photodiode sensitivity;
and 7 is their quantum efficiency.

Let us calculate the spectral densities of photocurrent
fluctuations <I%>b,,, at the frequency F = v;—v, which corre-
sponds to the beat frequency of the spectral comgonents

excess fluctuations will be considered for the total photocur-
rent, in contrast to [9], in which only fluctuations of the
interference term for a scheme with balanced detection are
considered.

According to Born and Wolf[12], the correlation function
(CF) of the photocurrent intensity obtained during the detec-
tion of the interferometer output signal can be expressed via
the complex analytical form of electric vectors, taking into
account (2), in the form

It + )y, = CEWEN(1) + Ex(t + 1) Ei (1)
+ E(ODE>(t+1) + Ex(t + 1) Ex(t + 7))
X (([E(t +T)E\(t +T) £ Ex(t + 7.+ T) E (1 + 1)
TE(U+T)EN (41,417 + B(t + 1, + 1) E5(t + T+ D). (3)

In the Appendix, the correlation function (3) is presented as
the sum of three groups of partial CFs, which differ by depen-
dence on ;.

In the representation of noise radiation in the form of a
stationary ergodic process, the average value of the photocur-
rent is found by averaging over time. Let us consider one of
the members of the first group, given in the Appendix, of the
form (E,E; E;E;) transformed taking into account the prop-
erty of complex Gaussian random variables with zero mean:
(U, U3U3) = (G Us)U: Uy + (U3, Us) [13]. Then we
have

(E(O)E()E(t +T)E{ (1 + 7))
= (E(O)E{(OXE(t +T)E| (1 + 7))
+(E(O)E (1 + D)) E(t +T)E| (1)) 4)

Let us express, according to [12], the correlation function in
terms of the spectral density G(v):

with frequencies v and v,. The expressions for {Iy), and E * f * .
. AR . a NE (t+1)=4| G 2 dv. 5
<I §>b differ in sign in the interference terms. As noted above, (E(ME(+7) 0 n(v)exp(2mive)dv ®)
PD
, B0 =B = Bt + ) rEON2
— ¢
s —(\ = — < |
20 E(tN2 \
50:50 E N
1
1
FB1300-30 filter :
1
HEWN2 :
— !
PD G— d FM
b -~ D d
Ey(1) = E\(1) + Ex(t + 1) i Bt +T)N2

Figure 1. Diagram of optical fields at the outputs of a fibre-optic Michelson interferometer: (SLD) superluminescent diode; (PD) photodiode; (FM)

Faraday mirror.
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In this case, the CF product can be represented as HE(DE(DE(t + 1) Ex(t + 1, + 1))
* * _ 4 0o
(BOEOEC+DE (+0)=(EO]) - J_ra216><2nf Gp(V)Gi(wexpriveydv.  (11)
0

+1 6f ooGH (v)exp(2mivr) dvf xGn (vpexp(—2miviz)dvy, (6)
0 0

where (E(1)E; (1)) = {| E\(¢)|*) is taken into account. Let us
replace the integration variable v; with F provided that F=v,
— v, since we are interested in the detection result only at the
frequency F. In addition, since the spectral bandwidth of the
photocurrent reception is IT << v, when averaging the detec-
tion result within the finite symmetric limits 17, we obtain

(E(YEI()E(+D)E (1 +71)=(E)]*)
I1 oS
+16 f exp(—zniFr)de Gn(v) Gy (vy)dv
—IT 0

= (LB ')+ 16 211[ “Gu(v) Gu(v) dv. ()

With an arm difference of the order of 10> m and
F < 5% 10° Hz, which is the case in OCT systems, the phase
is 2nFr < 1073, In this case, exp(—2miFr) ~ 1 and the integral
in frequency Fin (7) is equal to 2IT.

The other terms of the form (E,E; EE;), (E;E, E;E ;) and
(E;EEE;). in (3) are calculated similarly. As a result, the
sum of the components of the first group of the correlation
function (3) can be expressed as:

&*(EEEE;)+(EEE;E;)+(EEE;E;)
= (| E0) )+ Ex())) + 2(| E() P | Ex(D) |

+a’16X an:[Gu(V) Gu(v) + G22(v) Ga(v) + G2 (v) Gar(vy)

+ Gy (v) G (v) + Gu(v) Gaz (v) + Goa(v) Gy (vp)]dv. (8)

Taking into account that Gj;(v) = G;i (v), pairwise sums
of terms in (8) become real, for example

Gp(v) G (v) + Gu(v) Gia(vi) = Gia(v) Gar(vy)

+ G1*2(V) G;l (v) = 2Re[G(v) Ga(v)]. ©)

Under these conditions, all pairwise sums of the form
(EEE Ej)+(EEEE;) u (EEEE;)+(EE; EE;) in (8)
fori, j=1,2 (i #j) will be real.

As a result, due to the validity of a good approximation
G;j(v+F) ~ G;;(v) for F<<v, formula (8) can be written in
the form:

(EE;EE;)+ <E1E1*E;E;> + <EiE;EjE:>]

— 4’0" + 12><a216><HfooG“(v)Gzz(v)dv. (10)
0

Let us calculate one of the terms of the second group (3),
given in the Appendix, of the form (E,E;E;E) fori,j=1,2
(i #j) according to a similar scheme:

Summing result (11) with the correlation function of the form
(E\E\E,EY) from the second group and taking into account
the condition similar to (9), we have a real function depending
on cos2mvt:

T (E () E (D) E(t +T)Ex(t + 15+ 7))
+{E()E{()Ex(t + T+ 1) E{ (1 +7))] = £°16
X 2IT fooo[Glz (v) Gy (v) exp(2ivry) + Gy (v) Goy (v) exp(—2ivey)] dv

= +20%16 X 2HfmG11(v) Gpz(v)cos 2mvrdy. (12)
0

As a result of similar calculations, the sum of all terms of the
second group for 7, j =1, 2 (i # j) can be expressed as:

+@’(EE; EE))+ EE; E E))+(EEEE)+(E,E; EE])]
= +164°16 X Hf " Gi(v) Gy (v) cos 2mvr.dv. (13)

0
And finally, the first member of the third group, given in the
Appendix, of the form (E.E; E.E;) (i,j =1, 2; i # ), in similar

calculations gives the following dependence on 2z:

B (t + 1) EL () Ex(t + 1o+ 1) EL (1 + 7))

=160 % 2Hf TG (v) Ga(v)exp(—2miv2rydv.  (14)
0

Calculating in a similar way the second term of the third
group and summing with (14), we have

AUEN(t + 1) EY () Ex(t + 75+ 1) E{ (1 + 7))
+HEWE>(t + 1) E(t + 1) E>(1 + 75+ 1))
= 1602 % 211 f:[Gﬂ(v) Goi(v) exp(—2iv21y)
+ G2 (v) Gip(v) exp(2iv2ty) | dv
= 40216 % HmeGﬂ(v) Gar(v1) cos 2miv2z,dv.. (15)
Assuming | I; | =| I, |, which is valid for the scheme shown

in Fig. 1, one can represent CF (3) taking into account formu-

lae (10), (13) and (15) as a sum of three groups of correlation
functions,

(I (1 + 1)), , = 40" + 4a” X HJ‘OOO16 X G11(v) G (v1)

X [3 + 4cos2mvr + cos 2mv2t dvy

=40* +8a* % 16Hf°°G“(v) Gy (v) (1% cos 2mvry)*dv, (16)
0

with obvious equality
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3+ 4cos2nvrg + cos 2mv2ty = 2(1 % cos2mvry) 2,

)

where 02 = | E; .

According to (4) and (5), the spectral density of excess
fluctuations of the total photocurrent 7 without interference,
corresponding to a unit reception band (IT = 1 Hz), can be
expressed as:

oo 2
(AI2) = 2% 16af0 G (v) G (v dv = %. (18)

Here we used the definition of the effective spectrum width
[9, 14]
f G11(v) G (v)dv
1 =2 0
Av fo Gll(V)deO Gy (v)dv

as well as definition of the average value of the photocurrent

(19)

(L) = K E (D Ef(t + 1)) = 4af:onk(v) exp(2mivr)dv. (20)

According to (16), in the presence of interference, the
spectral density of excess photocurrent fluctuations is repre-
sented in the form

(AT}, , = 8><16a2fmG”(v) G (v) (1% cos 2mvry) > dv
: 0

= 6—<1'Z<v12>. 1)

Here, the values of the photocurrents (/) and (I,) correspond
to the case of detecting light separately, when the arms of the
interferometer are closed alternately.

In the presence of a spectral factor corresponding to the
use of an interferometer with equal light intensities in the
arms,

(1 % cos2mvry)?, (22)
the value of integral (21) increases by a factor of 1.5 relative to
(18) at (L) = (L) = (I)/2. In addition, the spectral factor (22),
which is the result of the interference of delayed waves, deter-
mines the contribution of the spectral components to the for-
mation of excess noise.

The nature of the modulation dependence in the detection
of a total interference signal, small delays and a Gaussian
form of noise was considered in [15]. For delays exceeding the
coherence length, the excess noise under interference condi-
tions differs from the excess noise of the initial light. The mul-
tiplier (22) appears in the signals at outputs » and « in the
form of in-phase and anti-phase components. In this regard,
balanced detection does not allow one to completely subtract
the excess noise at the interferometer outputs, and its value will
differ from the noise of the initial light by a factor of v1.5. In
the region of large delays, factor (22) decreases to unity with
an increase in the delay 7, = AL/c to values of the order of the
period of the upper frequencies of the integration band of the
detected signal (7, ~ 1/IT).

3. Results of the experiment

The objective of the experimental part of the work was to find
deviations in the law that describes excess photocurrent fluc-

tuations caused by the beats of the optical spectral compo-
nents under different conditions of their observation. The
observed excess noise was compared with shot fluctuations of
the photocurrent, which is a standard calibration procedure
when measuring fluctuations of quantum radiation sources
[16, 17]. Nevertheless, at the first stage of measurements, the
conditions were verified under which the approximation of
incoherence of irradiation of the photodetector with the light
of an incandescent lamp is fulfilled. To this end, the depen-
dence of the intensity of the shot noise in the radio reception
band on the value of the constant photocurrent was measured
using the full (or part) of the radiation spectrum of the heat
source. The limitation of the spectral width of a thermal radi-
ation source (incandescent lamp), which was carried out using
an FB1300-30 optical filter (Thorlabs Inc.) with an effective
band of 25.5 nm, did not change the dependence of the spec-
tral density of fluctuations on the value of the photocurrent.
This is due to the spatial incoherence of radiation from an
extended quasi-monomatic source due to the failure of the
necessary condition for transverse coherence, which follows
from the Van Cittert—Zernike theorem [12]. Excess fluctua-
tions caused by beats of spectral components are suppressed
in this case by averaging multiple incoherent realisations even
with a deliberately small transverse radius of coherence in the
region of the photodetector. Photocurrent fluctuations are
determined in this case only by the shot effect. When using
SLDs with a single-mode fibre output of light, the conditions
of spatial coherence of the light supplied to the photodiode
(the approximation of a point source) are certainly satisfied,
which makes it possible to observe excess fluctuations.

Figure 2 shows the optical spectra at the MI output when
one arm of the interferometer is closed and in the case of
interference at equal wave intensities. The light source was an
SLD with an output power of about 10 mW and a bandwidth
of 70 nm centred at 1300 nm. The FB1300-30 filter with a
bandwidth of 25.5 nm, installed in front of the photodetector
(see Fig. 1), provided the same and known width of the radia-
tion spectrum in all measurements. For the convenience of
observing the spectrum modulation, the difference in the
lengths of the MI arms was about 0.3 mm.

We studied experimentally the dependences of the noise
component of the current on the value of the constant photo-
current Iy, with a change in its average value in the range
from 0 to 10 pA. In Fig. 3, open circles show experimental
effective values of the variable component of the photocur-
rent (minus the dark level (72" = [(I?) — (I3)]"?) obtained
by observing the shot noise. The radiation source was the
light of an incandescent lamp, passed through an FB1300-30
filter. This experimental dependence was used to determine
the effective radio reception band IT.p = (I3)/(2ely,) ~
139 kHz. The theoretical dependence of the variable compo-
nent of the photocurrent, determined by the shot noise, at the
reception band Il is shown in Fig. 3 [curve (1)].

Black squares in Fig. 3 show the experimental values of
the variable component of the photocurrent 4/{AI*) observed
upon receiving SLD radiation transmitted through the
FB1300-30 filter in the absence of interference (the radiation
spectrum is shown in Fig. 2a). Open squares demonstrate the
results of similar measurements of excess noise at the output
b of the interferometer with an arm difference of about
0.3 mm (the optical spectrum is shown in Fig. 2b). All v/ {AI*)
values are presented without shot noise. It also shows theo-
retical dependences (2 and 3) constructed in accordance with
formulae (18) and (21), taking into account the effective
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Figure 2. Optical spectra at the output of the interferometer (a) with
one closed arm and (b) with full interference.

reception band I1.; = 139 kHz and the effective width of the
optical spectrum (25.5 nm). One can see from Fig. 3 that the
experimental values fit well with theoretical dependences (3)

and (2), the slope ratio of which is equal to v1.5.
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Figure 3. Calculated (curves) and experimentally measured (points) de-
pendences of the excess amplitude noise on the average value of the
photocurrent with the interferometer arm closed (without interference)
(2) and with the interferometer open arms (with interference) (3), as
well as the dependence for shot noise (/).

4. Conclusions

The difference in the spectral densities of the photocurrent
noise in the detection of low-coherence radiation of a noise
nature is theoretically calculated and experimentally con-
firmed in the absence and in the presence of interference. It is
shown that at equal intensities in the interferometer arms and
a delay exceeding the radiation coherence length, the spectral
density of the photocurrent is 1.5 times times higher than in
the case of radiation detection in the absence of interference.
The increase in the noise level is effectively manifested before
the delays t, ~ 1/I1. Excess noise cannot be completely sub-
tracted under balanced detection.
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Appendix
Let us present the form of all three groups of correlation func-
tions included in the general CF (3), which differ in depen-
dence on 7.

The first group in (3), whose terms are numerically inde-
pendent of 7, contains CF components of the form
(E,E/EE;), (EE;EE;) and (EE E;E;) fori,j=1,2:

CUEMEN(DE(+ D) E( (1 +1)

+{E(t + 1) Ex(t + 1) Ex(t + 1, + 1) E5(1 + T + 7))
+HEWE()E(t + T+ 1) E5(1 + 7.+ 7))
+{Ey(t + 1) Ex(t + 1) Ex(t + D E| (1 + 7))
+{E()E>(t + 1) Ex(1 + 1, + 1) E (1 + 7))
+{Ey(t + T ) E (1) E(t + 1) E5(1 + 75+ 7))]. (A1)

The second group in (3) contains eight interference com-
ponents of CFs, numerically depending on 7, of the form
(EE/EE)), (EEEE]), (EEEE]) and (E,E;EE;) for i,
J=L1L20G=#j):

&’ (E() E1 () Ei(t + 1) Ex(1 + 75+ 1))

+(E()E{()Ex(t + 1.+ 1) E{ (1 +T))

+{(Es(t + 1) EY (1) Ex(t + 1+ D) Ex (1 + 7+ 7))
HE(Ey(t + 1) Ex(t + T+ 1) Es(t + 7.+ 1))
+HE(E(t + 1) E(t + 1) EN (1 + 7))

+H(E(t + T) E((D Ei(1 + D E (1 + 7))
HE(Ey(t + 1) Ex(t + T+ 1) Ex(t + 7.+ 7))

H(E(t+ 1) Er(t +T) Exs(t + 1+ D) EL (1 + 7). (A2)



382

V.M. Gelikonov, V.N. Romashov, G.V. Gelikonov

And finally, the third group in (3), consisting of two interfer-
ence components of CFs of the form (E,E; EE;) fori, j=1,2
(i =), which numerically depend on 2z, has the form:

A(Es(t + 1) E{ (1) Ex(t + 15+ 1) E{ (1 + 7))

+KE(t + ) ET () Ex(t + 5 + T) E1 (¢ + 1))]. (A3)
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