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Abstract: A semi-classical model is proposed theoretically and demonstrated experimentally
on the optical receiver sensitivity enhancement by single-band (signal or idler) and dual-band
(signal and idler) fiber optical parametric amplifier (FOPA). The sensitivity enhancement by
single-band is determined by the gain of FOPA and the transmission loss of signal and idler,
and it can be further improved by up to 3-dB using amplified signal and phase-conjugated
idler together at dual-band configuration. The theoretical results are experimentally verified in
both fiber communication and biomedical imaging applications. This detection sensitivity
enhancement scheme can be potentially applied in the scenarios where ultrafast broadband
signal at low-power level is being handled.
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1. Introduction

Optical receiver is a key part in a variety of light wave systems, such as optical
communication system, and optical bio-medical imaging modality, etc. The function of a
typical optical receiver is to transform signal from the optical domain to the electrical domain.
Optical receiver normally consists of a photoelectric conversion part, i.e. the sensor, and a
complicated electrical circuit to process the converted signal [1-3]. Among all the parameters
that describe the performance of an optical receiver, receiver sensitivity is a crucial factor that
represents the minimum optical power required for the receiver to achieve a sufficient signal-
to-noise ratio (SNR) [4]. Therefore, when a system is constructed with a certain receiver,
system’s minimum optical-power requirement (detection sensitivity) can be identified
according to the receiver sensitivity. In many systems, the optical power will be significantly
attenuated before reaching the receiver. For example, there is inevitable loss along optical
transmission fiber and components in long-haul optical communication systems [5].
Similarly, highly scattering and absorbing bio-tissues attenuate optical signals in optical bio-
medical imaging systems [6]. Consequently, very large initial optical power may be required
at the input of these system in order to meet the requirement of the receiver sensitivity.
However, the requirement of high optical input power brings additional issues for many
applications. For example, in optical fiber communication systems, large power will induce
undesired fiber nonlinear effects, which distorts the transmitted pulse and subsequently
increases bit-error rate (BER) [7]. Moreover, in optical bio-medical imaging system, large
illumination power on the bio-sample will induce photo-damage, photo-bleaching, and photo-
toxicity to the bio-samples [8]. Therefore, in such systems where high optical input power
needs to be avoided, the enhancement of optical receiver sensitivity become critically
important.

Several techniques have been proposed and demonstrated for this goal, such as
implementing a more sensitive sensor using novel materials together with a more precise
detecting circuit to post-process weak electrical signal with good noise suppression [9].
Besides, by setting two identical sensors to work in a balanced topology, a balanced detector
(BD) can be realized to suppress the common-mode noise and thus increase the detection
SNR and the dynamic range [10—12]. These two schemes have successfully promoted the
development of highly sensitive optical receivers. However, even higher detection sensitivity
can be achieved for a fixed receiver using pre-amplification. Quite similar scenario is
encountered in microwave system, where a broadband low-noise preamplifier is always set
close to the antenna side to enhance the sensitivity as well as the dynamic range, thus
compensating the degradation from the attenuation [13]. The detection sensitivity
enhancement scheme with external preamplifier does not modify the receiver sensitivity, but
it helps achieve the same performance with much lower system input power.

In lightwave system, different kinds of optical pre-amplifiers can be adopted for the
enhancement of detection sensitivity, such as semiconductor amplifier [14,15], erbium-doped
fiber amplifier [16,17], and fiber optical parametric amplifier (FOPA) [18,19], etc. Among all
of those schemes, FOPA exhibits remarkable advantages comparing with the others in terms
of response time, optical spectral range, and gain value. First of all, FOPA has ultrafast
response time at femtoseconds (fs) level that makes it a good candidate in ultrafast signal
amplification [20], such as in terabit transmission system [21] and ultrafast spectrally encoded
time-stretch microscope [22—24]. Furthermore, FOPA provides much broader gain bandwidth
and larger gain. 400-nm gain bandwidth and 70 dB gain have been reported [25,26], while
typical gain bandwidth for gain fiber or semiconductor amplifier are less than 100 nm with
less than 40 dB gain value [27]. These features make FOPA a very good solution for
broadband small signal amplification, such as in long-haul wavelength-division multiplexing
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(WDM) system [28,29] and swept-source optical coherence tomography (SS-OCT) [30].
Besides, there is a unique characteristic that distinguishes FOPA from other amplifiers, i.e.
FOPA not only amplifies the input signal like a typical amplifier but it also generates a phase-
conjugated idler [31]. The generated idler has the same time domain waveform profile with
the amplified signal but locates at different wavelength range. This feature has been widely
explored for broadband wavelength conversion and signal multicasting [32,33]. Recently,
polarization-insensitive FOPA has been successfully used to amplify 1.024-Tbit/'s WDM
polarization-division multiplexed (PDM) quaternary phase-shift keying (QPSK) signal and
2.048-Tbit/s WDM PDM 16-state quadrature amplitude modulation (16-QAM) signal, and
the phase conjugation idler is used to mitigate the fiber nonlinearity [34]. This work, together
with many others previous works, verified the capability of the FOPA in handling those
advanced modulation formats in next-generation optical communications systems. Normally,
signal and idler are used separately in time domain, but sometimes signal and idler are used
simultaneously without splitting. For clarity, single-band FOPA is named here when either
signal or idler band is used after the FOPA, while dual-band FOPA refers to the cases that
both signal and idler bands are used simultaneously.

To investigate the capability of optical receiver sensitivity enhancement using FOPA in
practical applications, Liang et al. explored both single- and dual-band FOPA in WDM
systems with 10-Gb/s return-to-zero on-off keying format WDM system [19]. Wei ef al. and
Kang et al. exploited the FOPA-based sensitivity enhancement scheme in a spectrally
encoded ultrafast time-stretch microscope at 1.0-um wavelength window and SS-OCT system
at 1.5-um wavelength regime respectively [24,30]. Those extensive experimental work
verified the receiver sensitivity enhancement capability of FOPA either in the optical
communication regime or in the optical bio-medical imaging application. Moreover, single-
band and dual-band FOPA show different performance according to those experimental work,
and the sensitivity enhancement by the dual-band FOPA is about 3-dB higher than the single-
band FOPA. Comparing with normally used coherent receiver where a local oscillator (LO)
should be provided, the advantage of this sensitivity enhancement scheme is LO free, which
makes it a suitable choice at biomedical imaging where a LO is hard to generate. It is worth
noting that, when a LO signal can be obtained easily, a type of parametric coherence receiver
based on FOPA as was described in Ref [35] is also a suitable implementation for high
sensitivity detection in coherent lightwave systems.

Although those extensive experiments successfully verified the effectiveness of sensitivity
enhancement by this scheme, the corresponding theory work was largely unreported
specifically. To address this knowledge gap and comprehensively study the sensitivity
enhancement of using single- and dual-band FOPA, a theoretical analysis based on semi-
classical model is elaborated at section 2 in this paper. At section 3, those previous
experimental work on receiver sensitivity enhancement by single- and dual-band FOPA
covering optical communication and bio-medical imaging are reviewed to provide solid
experimental support for the theoretical analysis.

2. Principles of sensitivity enhancement with single- and dual-band FOPA

At this section, we focus on one-pump phase-insensitive FOPA (PI-FOPA) working at non-
saturated regime. The schematic diagram of the PI-FOPA based single- and dual-band optical
receiver sensitivity enhancement technique is shown in Fig. 1.
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Fig. 1. Schematic of the optical receiver sensitivity enhancement scheme. PC: polarization
controller; WDMC: wavelength-division multiplexing coupler; HNL-DSF: highly-nonlinear
dispersion-shifted fiber; VOA: variable optical attenuator.

Assuming a single frequency optical signal with angular frequency w; is incident at the
input (point A), and the pump frequency is w,, (point B). The pump and signal are combined
by a WDM coupler, i.e. WDMCI at Fig. 1. We assume that a spool of highly-nonlinear
dispersion-shifted fiber (HNL-DSF) is used as the gain platform for FOPA, and the FOPA has
a signal gain G. In that case, there also appears an idler at frequency w; = 2w,-w, at the
FOPA’s output (point D), and the idler power at point D is about the same as the amplified
signal power. The residual pump also emerges at point D, and it is then removed by a WDM
coupler, i.e. WDMC?2 in Fig. 1. The signal and idler are then separated by a WDM coupler,
i.e. WDMC3 at Fig. 1. To switch between single- and dual-band cases, another C/L band
WDM coupler, i.e. WDMC 4 at Fig. 1, is used. WDMC3 and WDMC4 is connected by
patchcords and the loss for signal and idler bands are balanced by attenuators. The final
output power from WDMC4 is collected by an optical receiver. The optical frequency
component at each point is illustrated in the inset dash box at Fig. 1.

For practical one pump PI-FOPA, the residual pump noise [36], pump transferred noise
[37-40], Raman phonon seeded noise [41,42], and amplified quantum noise [37,43] are
responsible for the SNR degradation of the amplified signal. Among all those noises, the
amplified quantum noise is the inherent one for PI-FOPA, and the remaining kinds can be
minimized or removed [44], such as by cooling down optical fiber to reduce Raman phonon
seeded noise and applying low noise figure (NF) EDFA and good quality filters to control the
pump transferred noise and residual pump noise. To reveal the underlying principles of
sensitivity enhancement with single- and dual-band FOPA, an ideal PI-FOPA model is used
here and only amplified quantum noise is considered while the remaining noises are ignored
in the following analysis. The analysis relies on a semi-classical model and the input filed is
assumed in a coherent state (CS).

Based on these assumptions, the signal electric field at point A is written as E; + e, where
E; is a deterministic signal, and e, is a random field corresponding to vacuum fluctuations.
The idler electric field at A is only due to random vacuum fluctuations, and is denoted by e;.
For an ideal FOPA with 3-dB noise figure, the slowly varying envelopes of the signal and
idler fields at D are then approximately the same, and equal to G'*(E, + e, + e;), respectively
at w, and w,.

The signal and idler paths between A and E respectively have transmittances o and f.
Hence the total instantaneous (short-term average) power incident on the receiver is

P, =aG|E, +e, +el.|2 +BGIE, +e, +e,.|2 =(a+p)G|E, +e, +e,.|2. (1)
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Let 5 denote the detector responsivity. Then the total detected current is
I=nP,+i,=n(a+B)G|E, +e +e +i,, )

where i, is the dark current at the detector. The mean detector current is then obtained by
ensemble averaging, denoted by “<>”.

1, =n(a+B)G(|E +e, +e[ )+(i,) =n(a+B)G(E[ + (e )+(e]))

3 A3)
=n(a+B)G(P.+2P) ,

where P; is the input signal power, and R = <|e‘§_|2> = <|e,.|2> is the power of the input vacuum

fluctuations at either w, or w;, and i, has zero means. The output electrical signal proportional
to Py is thus determined by

I, =n(a+p)GP, 4)
Moreover, the variance of the detector current is

oI =<12>_1)n2 =<[77(a+/3)G E +e +e| +inT>—[77(a+,8)G(PS +2E)]2

~d4n* (a+B)’ G’ PP +i* =47’ (a+ ) G*P.P +5i°

)

The first term at the final result of Eq. (5) represents the beating signal between amplified
quantum noise and amplified signal when they are received by the photodetector, while the
second term represents the variance of the dark current noise. To obtain the last form of Eq.
(5), the fact that ey, ¢; and i, are orthogonal random variables with zero means is used. We
also neglect terms in e, and ¢; that do not involve E|, as they are insignificant for a relatively
strong CS input.

We can now calculate the electrical output signal to noise ratio (SNR). It is given by

2 2
) o+ [B)GP 2
51) "4 (a+B)Y G'RP+5i)  4RE+u
where
0i ’
o (7)

U=s——""—-.
[71(er+ B)G]

We can then define the sensitivity S(a, f) as the value of Py (input signal power at A) for
which a suitable value of SNR,,, is obtained. For example, SNR,,, can be determined by the
desired value of the system’s BER. Let SNR, denote this desired value, we then have the
equation from Eq. (6)

2
SNR :( out jz_ [n(a+ﬂ)GS(a’ﬂ):| — S((Z"B)2
" \S1)  ap(a+BY G*S(a+ B)B+8i> 4BS(af)ru
Equation (8) can then be solved for S(a, ), with the result

S(a,)=2PSNR, [1+ /1+m], 9)

®)

where



Research Article

Optics EXPRESS

Vol. 25, No. 22 | 30 Oct 2017 | OPTICS EXPRESS 27791

8i’
4P°G*SNR,

This is the sensitivity requirement for dual-band FOPA.
Consider the situation that if there is no FOPA used, i.e. G =1 at Eq. (10), and no idler is
generated as well (f = 0), and the receiver sensitivity for a target SNR, at this case is,

S, (€0,0) = 2P SNR, {H /1+%} (11)
where
oi)
Yy =+. (12)
4P1n°SNR,

If FOPA is switched on but only the amplified signal band is selected after point D, we have
G>1 and = 0. From Eq. (9), the sensitivity for this case is

S(e,0)=2PSNR, {H /1+d—v2 .

(13)

If only the idler is selected after point D, we have a = 0, and the sensitivity for this case is

S(0,8)=2PSNR, {1+ /1+% .

The sensitivity enhancement with single-band FOPA, i.e. with amplified signal (p,) or
idler (p,) only after FOPA, over no FOPA case can be quantified by calculating the following

ratios respectively,
/ v
I+, /1+—
o

(14)

p_q: = - b (15)
S 0
v(@0) 1+\/1+VA; 1+\/1+VZG2
o
4 v
I+ 1+— I+ 1+—
_s@p) _ N B _ \_ A 16
P (@.0) ve v . {10
A 1+\/1+N2 1+\/1+2G2
o o

While the sensitivity enhancement with dual-band FOPA and then single-band FOPA can be

determined by the following ratio,

a7

Pauais =
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S
Pavati = ( d = . (18)

where pg.q5 1S the sensitivity ratio of dual-band to signal band only and pg,.; is the ratio of
dual-band to idler band only. Based on the above derivations, we can now examine the
sensitivity enhancement capability by single-band and dual-band FOPA at different dominate
noise situations.

For single-band FOPA, when amplified quantum noise (amplified vacuum fluctuations)

. . . 25 . . .
dominates over current noise, i.e. G'P. >> §i. , then v<<l is valid. Therefore, the

approximations that p; =1 and p; =1 can be obtained. Since the ratio nearly equals to 1, hence
there is no significant sensitivity improvement can be achieved by setting a single-band

. . . . . 25 .
FOPA before an optical receiver. However, when current noise dominates, i.e. G"P. << 513 ,

v>>1 is valid, and the approximations that p, =//G and p; =o/(fG) are obtained. At this
situation, p, < 1 and p; <1 (by controlling the transmittances ratio of the two paths), which
means the sensitivity can be enhanced. For the amplified signal band, the sensitivity
enhancement is determined by FOPA gain and the higher gain has higher sensitivity. For the
idler band, the sensitivity enhancement is related to the FOPA gain and the transmission loss
between signal and idler.

For dual-band FOPA, when amplified quantum noise dominates over current noise, the
approximations that p,,.=1, and py,.=1 are valid since v<<1, which means that there is no
advantage on sensitivity enhancement as in single-band case. Nevertheless, when current
noise dominates, pg,q.s =o/(a + f) and py..; =p/(a + f) are available because of v>>1. Since
Pavas < 1 and pg; < 1 are always satisfied, dual-band FOPA can further improve the
sensitivity than single-band FOPA, and the transmittance ratio determines the final
improvement value. The maximum sensitivity enhancement capability by dual-band FOPA is
ideally 3-dB larger than that by single-band FOPA when a =, i.e. a/(a + f) = p/(a + p) = 1/2.

Based on the above qualitative analysis, significant sensitivity enhancement by single- and
dual-band FOPA can be achieved when receiver current noise dominates over amplified
quantum noise. This condition will be satisfied when the FOPA gain is not too large because
the receiver is limited by current noise in low-gain regime, but the beat noise between
signal/idler and quantum noise and the beat noise between quantum noise and quantum noise
will dominate when the FOPA gain becomes large [45]. Moreover, the ratio of the
transmittances of the paths from A to E should be controlled as well to achieve the highest
optical receiver sensitivity enhancement capability by FOPA. Both of the gain and
transmittances controlling are easy to realize experimentally.

3. Experimental results

3.1 Sensitivity enhancement by single- and dual-band FOPA for WDM
communication system

To test the theoretical analysis in WDM communication systems, the SNR,,, at section 2
corresponds to the required SNR after the receiver to obtain a certain BER, say BER = 107,
and the sensitivity enhancement by single- and dual-band FOPA can be quantified as the
reduction of required minimum power for the certain BER.

In our previous demonstration, a 10-Gb/s return-to-zero on—off keying (RZ-OOK) format
WDM system with four WDM channels (wavelength starts from 1545.3nm to 1547.8 nm with
100-GHz spacing) were constructed for this target [18,19]. The receiver sensitivity at BER =
10~ achieved —35.6 dBm, —37.8 dBm, —38.5 dBm, and —38.9 dBm respectively at single-
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band FOPA case (with amplified signal) and the single-band FOPA gain for each channel
were 33 dB, 35 dB, 37 dB, and 37 dB. The sensitivity difference between each channel was
due to the gain difference experienced by each channel and the transmission loss for the
WDM channels was 9 dB. Comparing with channel 1, the FOPA gain of channel 2 ~4 were 2
dB, 4 dB, and 4 dB higher respectively while the sensitivity of channel 2 ~4 were 2.2 dB, 2.9
dB, and 3.3 dB higher than channel 1. These data show that the higher FOPA gain leads to
higher detection sensitivity which echoes well with the theory prediction at single-band
configuration. At dual-band FOPA case (with amplified signal and idler), the sensitivities
were —39.5 dBm, —41.1 dBm, —41.5 dBm, and —42 dBm for each channel, i.e. 3.9 dB, 3.3 dB,
3 dB, and 3.1 dB higher than single-band counterparts, and the transmission loss for the idler
band is 7.2 dB. Here, the 1.8 dB transmission loss difference between signal and idler band
indicates that the idler have higher sensitivity, and it was this transmission loss difference that
caused the measured more than 3-dB sensitivity enhancement at dual-band configuration over
single-band case. All the measured data are listed in Table 1.

Table 1. Sensitivity enhancement by FOPA at WDM communication system [19]

Sensitivity at BER = Sensitivity
10° enhancement
MWD FO Gain Dual-
Waveleng PA difference . Single band
chan . . Single Dual- > .
th (nm) gain against -band with against
nel -band band . h
(dB) channel 1 (dBm) (dBm) different single-
gain (dB) band
(dB)
1 1545.3 33 - -35.6 -39.5 - 3.9
2 1546.1 35 2 -37.8 —41.1 22 33
3 1546.9 37 4 -38.5 —41.5 2.9 3
4 1547.8 37 4 -38.9 —42 33 3.1

3.2 Sensitivity enhancement by single- and dual-band FOPA for SS-OCT

In addition to testing at optical communication system, this sensitivity enhancement scheme
was also applied in an optical bio-medical imaging modality, i.e. SS-OCT, to improve
detection sensitivity and thus to improve the imaging depth. Different from the sensitivity (in
dBm) that represents the minimum power for a certain BER in optical communication system,
the sensitivity (in dB) in SS-OCT generally represents the dynamic range of the reflected
power from bio-sample [46]. Higher sensitivity OCT system supports a larger dynamic range,
and thereby paves the way for deeper structure imaging (larger penetration depth).

A SS-OCT based on a Fourier domain mode-locking (FDML) laser served as a typical
platform for this purpose and a mud-fish eye was imaged. The optical spectrum bandwidth for
OCT was 76 nm. The experimental details are shown in our previous work at [30]. In this
experiment, the small interference signal generated by the reflected light from the mud-fish
eye and the reference mirror was amplified by a FOPA before it was detected by a receiver. If
no FOPA was used, the sensitivity was 72.6 dB, while the imaging depth was ~0.5 mm with
6.3 dBm power on the bio-sample and the interference signal’s power was —42 dBm. At this
case, only the surface of cornea and iris could be observed as shown in Fig. 2(a). However,
when the detection sensitivity was enhanced by a single band-FOPA, the sensitivity was
improved to 82.4 dB with 10.5 dB average FOPA gain for the 76-nm optical spectrum
bandwidth. Although the imaging depth has no obvious improvement, the lens surface and the
gap between the lens and cornea were clearly shown at the same illumination power level, as
is shown in Fig. 2(b). Furthermore, when dual-band FOPA was used, the sensitivity was
improved to 84.8 dB, while the imaging depth achieved to ~1.7 mm and even the retina
structure was exhibited, as is shown in Fig. 2(c). In this experiment, the sensitivity
improvement by a single-band FOPA (with amplified signal band) was 9.8 dB while it was
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12.2 dB at dual-band configuration, i.e. 2.4 dB higher than single-band FOPA. Those
experiment results match well with the theory counterparts at section 2.

Fig. 2. SS-OCT images at different cases [30]. (a): conventional image; (b): image with
single-band FOPA; (c): image with dual-band FOPA.

It is noted that quantum theory could be used to give a rigorous description on the two-
mode squeezing process of FOPA and noise fluctuations, and the proposed semi-classical
model would not reveal the underlying physics of FOPA as profound as those models based
on quantum theory. However, comparing with quantum analysis, semi-classical model would
still capture the essence of the receiver sensitivity enhancement scheme by FOPA through our
experimental results. We have not identified any obvious mismatch between the theoretical
analysis and experimental results as is discussed at this section. This model provides an
essential understanding without probing further into quantum mechanics as it focuses on the
basic principles of sensitivity enhancement by using single- and dual-band FOPA.

4. Conclusions

In this paper, a theoretical analysis based on semi-classical model is elaborated for the
working principles of an optical receiver sensitivity enhancement scheme through single- and
dual-band FOPA. The sensitivity enhancement by single-band FOPA is determined by FOPA
gain and transmittance of signal and idler, and the sensitivity can be further improved by 3-dB
through using signal and idler together at dual-band configuration. The validation of the
theoretical analysis are broadly examined on optical fiber communication system and optical
bio-medical imaging modality, and those experimental results match well with the theoretical
counterparts. This detection sensitivity enhancement scheme can be potentially applied in the
scenarios where ultrafast broadband signal at low-power level is being handled, such as in
fiber communication system and biomedical imaging area.
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