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I. SUPPLEMENTARY INFORMATION
A. SH-resonant OPA Derivations

We solve for the resonant second harmonic power in
SH-resonant SHG by solving self-consistently for the
power after one round trip pass. In the low-loss limit
the SH is approximately constant throughout the SHG
section

Psy ~ Psu(1 — ) + nsuc Fo (1)

where Pgsy is the intracavity SH power just after the
SHG section, v is the round-trip loss (including any ef-
fective loss from OPA conversion), nsug is the SHG con-
version efficiency, and P, is the input FH pump power.
In contrast with linear resonators described by fields lin-
early interfering based on fixed coupling strengths, this
nonlinear resonator is much simpler to describe in terms
of power and conversion. Rearranging, we arrive at the
equation in the text:

Psy =Py nSHG, where (2)
v

nsHG A 1 — e 2vmolsnl, (3)
where the expression for nsgg comes from integrating
the nonlinear coupled-wave equations in the limit of con-
stant SH power. This is a simple and powerful equa-
tion for describing SH-resonant OPA since it directly
relates the measured SHG pump depletion to the ex-
pected phase-sensitive OPA gain by (for equal SHG and
OPA nonlinear lengths) nsug =1 — 5

We also derive a more robust equation that is valid
even for large round trip losses. Assuming about half
the loss comes from the SHG section and using the exact
solution for lossless SHG evolution,! we revise equation
2 to get

PSH, after — (1 - %) X
Psy (L7 1o, Po, (1 - 5) Ps, after) (4)
Py — Peu(L,mo, Po, (1 — 3) PsH, after)

(5)

NSHG = i)
where Py, after 1S the SH power just after the
SHG section (an important clarification since the SH
power is no longer near-constant throughout the res-
onator), Psu(z, 10, Po, Psw,in) and Pru (2,10, Po, PsH,in)
describes the lossless SH and FH evolution during the
SHG section,! and Psin is the SH power at the input
to the SHG section.

We verify the validity of equations (2) and (4) by
comparing them with full numerical simulations that di-
rectly solve the lossy nonlinear coupled wave equations
for many round trips to find the steady-state SH power
distribution. As shown in Figure 1d, the approximate
model of equation 2 is valid up until fairly large losses

(v ~ 0.5) and the more precise model of equation 4 is
robust for essentially all loss values. At very high losses,
the solution approaches that of nonresonant SHG since
the resonant enhancement disappears with loss.
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FIG. 1. Validation of approximate model with numer-
ics. Numerical simulations and simple models for conversion
efficiency of SH-resonant SHG, for various round-trip losses.

B. SH-resonant OPA Scaling with Length

The pump power in SH-resonant OPA depends on
round-trip pump propagation losses
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where L. represents the full cavity length and agy is the
SH field propagation loss rate, and the last approxima-
tion was in the limit of small round trip losses. We can
approximate L. ~ 2L if we assume most of the length
of the cavity comes from the SHG and OPA nonlinear
sections. Assuming sufficiently efficient SHG nspyg =~ 1,
the length-dependence of the SH-resonant OPA equa-
tions becomes
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The exponential scaling with square-root of nonlinear
length suggests that long, low-finesse SH resonators are
yield higher gains compared to short, high-finesse res-
onators with the same SH loss rate. As mentioned in
the text, the maximum length is often fixed by band-
width, fabrication variation, or footprint constraints. In
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quantum applications, required nonlinearity-to-loss ra-
tio is another factor that could drive SH-resonant OPA
designs towards smaller, higher-finesse resonators.

Note that the gain of nonresonant OPAs can also be
limited by pump propagation losses. The OPA gains
are modified in the presence of pump propagation losses
by L — Leg, where the effective length captures the
diminishing gain as the pump accrues losses:

1 — e osul
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po- (8)
At small lengths, Leg =~ L and the effect of losses is
negligible. At longer lengths, however, Leg — —— and

the losses limit effective length and therefore gaoi[?l}.l

C. Phase-sensitive Gain - Data Analysis

In this section we model the wavelength-dependent
phase-sensitive amplification of the degenerate OPA
measurements to arrive at the equation reported in the
methods. The FH pump and degenerate seed beams
are generated from a single input laser incident on a
beamsplitter, travel different paths in fiber, and then
are coupled onto the chip. The FH pump generates
the SH pump, whose phase determines the amplifica-
tion/deamplification quadratures for the seed light. The
seed mixes with a small amount of FH pump leakage
that is not entirely suppressed by the filters and then
coupled into the OPA.

The phases of all the beams at the start of the OPA
section depend on the effective path lengths L; and prop-
agation constants [;:

(bseed = /BFHLseeda
¢su = 2(Brn Lpump) + Bsulsua,
(ybleakage = (6FHLpump) + 6FHLSHG7

where Lgpg is the small path length between the SHG
and OPA sections and Lgeed, Lpump capture the large
mostly-fiber path lengths traveled by seed and pump
beams after the beamsplitter. Since the phase of the SH
determines what quadratures are amplified and deam-
plified, we define the phases

(725 = ¢SH - 2@bseed (9)
= 26rH(Lpump — Lsced) + BsuLsua,
0= (bSH - 2¢leakage (10)

= (Bsu — 2fru)Lsuc.

As we tune wavelength across a single SH resonance, the
relative phase ¢ between SH and seed changes rapidly
but the relative phase 6 between SH and leakage is es-
sentially constant due to the relatively small path length
LSHG < Lpump - Lseed'

The total seed input to the OPA is the linear inter-
ference between the injected seed and the (largely sup-
pressed) FH pump leakage. With respect to the ampli-
fication and deamplification quadratures X and Y, the

total seed quadratures are given by

Xs=+/Pspcoso+ /P cosb,
Y, = /Psosing++/P;sinf.

The OPA amplifies one quadrature and deamplifies the
other, resulting in output power

1
G
= G(PS,O cos® ¢ + P cos® 0 + 24/ Ps 0P, cos B cos qb)

1
+ Ie (PS,O sin® ¢ + P sin® 0 + 2/ Ps 0P, sinfsin ¢)

=Py <G cos® ¢ + é sin? ¢>

P=GX?+ Y2

1
+ B, (Gcos2 0+ Ie sin? 6)

1
+24/Ps 0P, (GCOSHCOS¢+ el sianin(b) . (1)

The first term is the desired OPA phase dependence that
varies rapidly with wavelength, the second term is the
amplified leakage that varies slowly with wavelength,
and the last term is the undesired linear seed-leakage
interference that varies rapidly with wavelength. In
our measurements, the amplified leakage term was very
small compared to the amplified signal (= 10 dB below).
However, slight asymmetric oscillations due to the seed-
leakage interference term could be observed for certain
gains/seed powers, and also the limited bandwidth of
the analog output channel of the optical spectrum an-
alyzer partly smoothed over the most rapid oscillations
with wavelength in equation. 11.

We extract the actual gain G from measured trans-
mission Gopserved Dy USing a moving average filter with
period equal to the oscillation period. The smoothing
cancels out any linear interference terms and leaves just
the desired average gain term incoherently added with
the amplified leakage term:

(P)
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2(G+G)+Ps,0’ (12)

where we used the fact that the average over one oscil-
lation of a sinusoid is equal to one half and defined P} ¢
to be the amplified leakage value for its near-constant
phase 6. Solving for G:

P P\’
G = <<G0bserved> - IDZ’C.j) + \/<<Gobserved> - F,Z’CO;> -1



which in the high-gain and small-leakage limit simplifies
to

G~ 2<Gobserved>- (13)

In practice, noise on observed gain can lead to negative
terms inside the square root around unity gain. To make
this equation robust, we restrict it to be real and arrive
the equation reported in the methods.

D. Noise Figure Derivation

The on-chip noise figure of a phase-insensitive ampli-
fier (PTA), assumed to be limited by signal-spontaneous
beat noise and shot noise,? depends on the phase-
insensitive net gain Get and measured output sponta-
neous parametric fluorescence (SPF) level pasg. out:

2 PASE, out 1
NFpia = hv 4
Gnet Gnet

We can directly measure on-chip SPF level pasg out With
the OSA (correcting for chip-OSA coupling efficiency).
We extract net gain from measurements of on-off gain
Gon/off; dichroic coupler input and output losses 1 —
M, 1 —mn2, and propagation losses 1 — 7prop

Gnct = 7]177277propG0n/0ff'

The theoretical SPF level should account for the nonlin-
earity to loss ratio as discussed in,® but can be simply
bounded by assuming half the propagation loss occurs
before the amplifier and the other half after. The noise
figure equation we use on our data and theory curves
are therefore
2PAS}];:; out
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Similarly, the phase-sensitive amplification noise fig-
ure is

Gpsa ( PASE 1)

NFPSA: Gpia \hvAv
Gpsa

PASE 1
= (Lase 16
(GPIAhV GPIA) (16)

and our experimental and theoretical expressions are
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where Gpga onjo 18 the measured on-off gain and
Gp1a,on/off is the phase-insensitive on/off gain that cor-
responds to the measured phase-sensitive gain.

E. Saturation Effects

Saturation effects are out of the scope of this work and
will be reported in a future study. Initial calculations re-
veal that the saturation behavior of SH-resonant OPA
has some beneficial properties compared to nonresonant
OPAs, since the SH power is stabilized and enhanced by
the cavity. Furthermore, parasitic sum-frequency gen-
eration between the FH pump and signal, which con-
tributes significantly to channel crosstalk in wavelength-
division-multiplexed single-stage OPAs, does not occur
in this design because the SHG and OPA sections are
distinct and so the FH pump and signal do not overlap.*
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