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Abstract: Acousto-optic optical frequency combs can easily produce several hundreds of
mutually coherent lines from a single laser, by successive frequency shifts in a loop containing
an acousto-optic frequency shifter. They combine many advantages for multi-heterodyne
interferometry and dual-comb spectroscopy. In this paper, we propose a model for an intuitive
understanding of the performance of acousto-optic optical frequency combs in the steady state.
Though relatively simple, the model qualitatively predicts the effect of various experimental
parameters on the spectral characteristics of the comb and highlights the primordial role played by
the saturation of the gain medium in the loop. The results are validated experimentally, offering a
new insight in the performance and optimization of acousto-optic frequency combs.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical frequency combs (OFCs) have led to numerous achievements in metrology, with dual-
comb spectroscopy being one of the most paradigmatic applications [1–4]. Various sources of
OFCs have been proposed over the years, including mode-locked lasers [5] and electro-optic
OFCs [6]. Mode-locked lasers are capable of providing thousands of mutually coherent sharp
lines. In these combs, the relative spacing between modes is set by the free spectral range (FSR)
of the optical cavity, while the central frequency is fixed by the so-called carrier-to-envelope offset
frequency. Because of the intrinsic drifts of the free-running cavity, both the FSR and the central
frequency of the comb fluctuate over time. Efficient stabilization techniques have been proposed
to control these two comb parameters, but they involve relatively complex and expensive locking
systems [5]. Despite their high performance, a major disadvantage of mode-locked OFCs is the
fact that the FSR is fixed by the length of the cavity, and it is not easily adjustable. To overcome
these limitations, more flexible sources of OFCs have emerged over recent years. Electro-optic
frequency combs are produced by phase and/or intensity modulation of a CW laser. The latter
sets the central frequency of the comb and can be stabilized by means of an atomic or molecular
transition, or a high-finesse cavity [7]. The comb FSR is equal to the frequency of the signal
applied to the modulators. This system has obvious advantages over mode-locked OFCs, in terms
of simplicity and tunability, but the bandwidth of the combs generated are limited to a few tens
of lines [6]. As a consequence, methods such as the propagation in a highly non-linear fiber
become indispensable to significantly extend the comb’s bandwidth, but only at the cost of an
increased complexity [7–9].

Of late, a different architecture has been proposed based on the successive shifts in frequency of
a CW laser in a frequency shifting loop (FSL) [10–14]. The FSL typically contains a frequency
shifter, an optical amplifier to compensate for the losses in the loop, and a tunable bandpass
filter (TBPF). An input coupler enables to seed the loop with the CW laser, while an output
coupler extracts a fraction of the field traveling in the FSL. The role of the TBPF is two-fold: (i) to
control the number of lines, and (ii) to limit the spectral bandwidth of the amplified spontaneous
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emission (ASE) inside the loop. Most of the approaches developed so far have made use of
electro-optic (EO) modulators as frequency shifters (EOFS), so as to provide comb FSRs in the
tens of GHz range, an option suitable for telecom applications [10]. However, due to the modest
efficiency of single sideband EOFS and the detrimental role played by the ASE, the number of
lines is generally limited only to a few tens [12].
Recently, we have demonstrated a particularly simple and robust FSL-based source of OFCs,

involving an acousto-optic frequency shifter (AOFS) [15]. As compared to EOFSs, AOFSs are
relatively simpler (no bias voltages are needed), and arguably efficient in terms of performance.
Moreover, the extinction ratio of AOFSs exceeds 50 dB, whereas EOFSs produce an inevitable
third harmonic, resulting in cross-talk effects in the generated comb lines [10], which is detrimental
to OFC based applications. AOFSs typically induce a frequency shift in the tens to hundreds
of MHz range, which can be positive or negative, depending on the acousto-optic interaction
considered. Notice that placing in series two frequency shifters of opposite sign leads to arbitrarily
small frequency shifts [16], thus making it possible to control the comb FSR over orders of
magnitude, from DC to hundreds of MHz. We have shown that this so-called acousto-optic optical
frequency comb (AO-OFCs) can contain more than 1000 mutually coherent lines, covering a
bandwidth that exceeds 100 GHz, without the need for high-speed electronics [17, 18]. Recently,
we have demonstrated the capability of this system for both self-heterodyne and dual-comb
spectroscopy [16].

Fig. 1. (a) Sketch of an AO-FSL. The loop (travel time: τc) contains an amplifier (EDFA),
an AOFS (driven at fs), and a tunable bandpass filter (TBPF). Heterodyning the output of
the FSL with the seed laser and performing a numerical Fourier transform enables one to
record the AO-OFC. All power values considered in the model (sn and an) are taken at the
location of the arrow, i.e., between the input, and the output coupler. (b) Spectrum at the
output of the FSL. The width of the flat-top TBPF (in green) is equal to N fs . The power
of the line labelled by n is denoted by sn. an is the ASE power in a frequency band of
bandwidth fs , centered around fn = f0 + n fs .

In this paper, we propose an intuitive theoretical model to evaluate the functionality of
AO-OFCs, and to optimize its performance depending on the system parameters. Our model
is based on some simple yet valid hypotheses pertaining to AO-FSL as follows: (i) the system
is considered to be in the steady state, (ii) the gain is the same for all the comb teeth, which is
justified by the fact that the optical amplifiers considered here involve homogeneously broadened
gain media, and (iii) the optical bandpass filter in the loop has an ideal flat-top transmission
function (Fig. 1). With these assumptions, we can predict the typical exponential envelope of
the AO-OFC, the power of the comb lines, and the spectral dependence of the ASE. The model
proves the primary role of the gain saturation of the amplifier, and allows us to understand the
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influence of numerous experimental parameters, such as the filter bandwidth, the comb FSR,
the power of the injection laser, the transmission coefficient of the loop, the small signal gain
of the amplifier and its noise figure. Following the theoretical understanding of the AO-OFCs,
the second part of the manuscript is dedicated to the experimental validation of the model by
recording the AO-OFC under various experimental conditions.

2. Theoretical model

As said, an AO-FSL includes an amplifier, an optical TBPF, and an AOFS driven at fs
(Fig. 1) [15–20]. The first coupler seeds the loop with a narrow-linewidth CW laser (< kHz), at the
frequency f0. We define s0 as the power of the seed laser injected in the FSL. The second coupler
enables to extract a fraction of the light traveling in the FSL. Owing to the successive frequency
shifts in the loop, the output spectrum is a frequency comb, starting from f0 and whose teeth are
spaced by fs . We define fn as the frequency of the tooth number n, such that fn = f0 + n fs . The
total number of teeth, N , is in principle set by the bandwidth of the optical TBPF. Our model is
based on the fact that in the steady-state, the power of the comb tooth n, denoted as sn, is equal to
the product of the power of tooth n − 1 (sn−1), and the net power transmission coefficient of the
loop. We define this coefficient as G × T , where G is the amplification factor introduced by the
gain medium, and T is the power transmission coefficient of the loop excluding the amplifier.
The recurrence relation sn = G × T × sn−1 leads to:

sn = (G × T)ns0. (1)

It is obvious that the above expression manifests in an exponential variation of the comb envelope,
which is an increasing (resp. decreasing) function when G × T > 1 (resp. G × T < 1). We now
define an as the ASE power in a frequency band of width fs, centered around fn. Similarly,
in the steady state, an is equal to the product of an−1 by the power transmission coefficient of
the round-trip loop, plus an additional term corresponding to the excess of ASE power emitted
by the amplifier in a bandwidth of fs. The latter is equal to: a0 = 2nsphν(G − 1) fs, where nsp
is the spontaneous emission factor (nsp > 1), and h and ν (here, ν = fn) are respectively the
Planck’s constant and the central frequency of the photons [21,22]. It is worth noting that nsp
can be related to the noise figure of the amplifier by: NF = 10 log(2nsp) [21]. Since the central
frequency of the comb is orders of magnitude larger than its bandwidth, fn can be approximated
by f0 for all values of n. Therefore, the resulting ASE power in the spectral band around fn can
be written as:

an = G × T × an−1 + a0, (2)

where a0 = 2nsph f0(G − 1) fs . Then:

an = Σnk=0(GT)ka0 =
1 − (GT)n+1

1 − GT
a0. (3)

Finally, the amplification factor is given by [22, 23]:

G = exp

(
gss

1 + Ptot
Psat

)
, (4)

where gss is the (dimensionless) small signal gain and Psat is the saturation power of the amplifier.
We also define Gss = exp(gss) as the small signal amplification factor of the amplifier. The
total power (Ptot) in the loop can be expressed as Ptot = POFC + PASE, where POFC = Σ

N−1
n=0 sn

and PASE = Σ
N−1
n=0 an. Finally, it is convenient to define the figure of merit of the AO-OFC as:

FoM = POFC/PASE.
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Equations (1)–(4) are sufficient to determine the spectrum at the output of an injected AO-FSL,
that is, the power of the comb teeth and of the ASE. To provide a comprehensive picture of the
characteristics of the AO-OFCS, in what follows, we briefly investigate the influence of various
experimental parameters, such as the width of the TBPF (i.e. the number of teeth, N), the comb
FSR ( fs), the seed power (s0), the noise figure (NF), the small signal amplification factor of the
amplifier (Gss), and the transmission coefficient of the loop (T). To highlight the effect of the
individual parameters on the output spectrum, without any loss of generality, we keep the rest of
the system parameters constant. We choose to represent the power of comb teeth (sn, solid lines)
and the ASE (an, dashed lines) as a function of the frequency bin labeled by n [Figs. 2–4]. For
all plots, we also compute the corresponding FoM.

(a) (b)

Fig. 2. Influence of (a) the filter bandwidth (number of comb lines) and (b) the FSR on the
comb (solid lines) and on the ASE spectrum (dashed lines). Unless specified in the plots,
the default parameters have the following values: λ0 = c/ f0 = 1.55 µm (wavelength of the
seed laser), N = 500, s0 = 1 µW, Gss = 100, Psat = 300 µW, T = 0.1, fs = 80 MHz, and
NF = 5.5 dB.

(a) (b)

Fig. 3. Role of characteristic parameters of the amplifier on the comb and ASE: (a) noise
figure of the amplifier, and (b) small signal amplification factor.

It is apparent from Fig. 2 that the plots corresponding to the comb lines are linear in logarithmic
scale; this behaviour is attributed to the exponential variation of the comb envelope, evidenced
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by Eq. (1). Depending on the control parameters set by the experimental conditions, the shape of
the ASE spectrum changes from a logarithmic function to an approximately constant value. The
effect of the filter bandwidth on the output spectrum is shown in Fig. 2(a). In this plot, it can be
seen that any increase in the filter bandwidth provides more spectral lines, but this leads to a
higher negative slope of the comb, as a result of the saturation of the amplifier gain. Another
tunable parameter in the loop is the FSR, which in AO-OFCs is set by the frequency of the signal
driving the AOFS. We show in Fig. 2(b) the slope of the frequency comb and the ASE power for
different values of the FSR. Note that the ASE grows significantly when the FSR is increased,
which has a detrimental effect on the comb, accentuating the negative slope of the spectrum, due
to the effect of gain saturation.

We show in Fig. 3 the characteristics of two important amplification parameters of AO-OFCs,
namely, the noise figure of the amplifier, and the small signal gain. As expected, increasing the
noise figure of the amplifier makes the power of ASE grow inside the loop. The saturation of the
gain thus entails a reduction in the power of the comb [Fig. 3(a)]. Concerning the small signal
gain, its influence is straightforward, since a higher value of Gss produces a monotonous increase
of both the power of the frequency comb and the ASE, as shown in the Fig. 3(b).

(a) (b)

Fig. 4. Influence of (a) the transmission coefficient of the FSL and (b) the injection power
on the comb and ASE spectrum.

In Fig. 4(a), we show the effect of the transmission coefficient T , which is in a way equivalent
to vary the losses of the loop. As can be observed, the decrease of T leads to a high negative
slope (and then to a reduced bandwidth), owing to the fact that the saturation of the gain does
not make it possible to compensate for the increase in the loop losses. As one of the important
control parameters of the system, we study the effect of the seed power in the output spectrum
for some representative values of s0, as is depicted in Fig. 4(b). As expected, the increase of s0
reduces the number of comb lines due to the strong gain saturation at high seed powers.
For additional insight, the slope of the comb envelope is calculated as:

slope = 10 log(sn+1/sn), (5)

where the comb power is deduced from Eqs. (1)–(4). Figure 5 represents this slope as function of
the two parameters T and s0. As expected, the comb envelope becomes flatter as the transmission
coefficient of the loop is increased, and also when the injection power is decreased.

Finally, a particularly interesting case for practical applications, is the ideal situation where all
comb teeth have the same power (flat-top OFC). Then G = 1/T , and the expressions of sn and
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(a) (b)

Fig. 5. (a) Variation of the comb slope with the transmission coefficient (T) for the following
parameters: N = 500, s0 = 1 µw, Gss = 20, Psat = 30 µW, fs = 80 MHz, and NF = 5.5 dB.
(b) Variation of the comb slope with the seed power s0 (N = 500, Gss = 100, Psat = 700
µW, T = 0.1, fs = 80 MHz, and NF = 5.5 dB).

an are particularly simple: sn = s0, and an = (n + 1)a0. The total comb and ASE powers write
respectively: POFC = Ns0 and PASE = N(N + 1)a0/2. Finally, the FoM writes:

FoM =
s0

(N + 1)nsph f0(1/T − 1) fs
' Ts0

nsph f0N fs
. (6)

This relationship highlights the parameters that play a critical role in the FoM. Interestingly,
the AO-OFC FoM scales as the inverse of the total bandwidth (N fs), which provides an intrinsic
limitation to the generation of broadband AO-OFCs. On the other hand, increasing T (i.e.
minimizing the losses of the FSL), and increasing the seed power both enhance the FoM.

3. Experimental results

In order to validate the model, we performed a number of experiments on a fiber-based FSL. We
particularly restricted ourselves to the influence of two readily controllable parameters in our
setup, namely, the injection power and the losses of the loop. The setup we developed consists of
a polarization-maintained fiber-optic loop, injected with a narrow linewidth CW laser (<kHz)
at 1550 nm. The seed power is adjusted via a variable optical attenuator and measured using a
power meter. As described earlier, the loop includes a TBPF and an Erbium-doped fiber amplifier
(EDFA), see Fig. 1. The FSL travel time (τc) is ≈ 110 ns, a value that is set by the length of the
fiber loop. In the present configuration of FSL, we employ two AOFSs that introduce frequency
shifts with opposite signs, so as to produce a net (positive) shift equal to 50 kHz. The choice of
this value is determined by the bandwidth of our detection system: since the optical comb is
measured by heterodyning with a fraction of the injection laser, the bandwidths of the AO-OFC
and of the RF signal produced by the photodetector are equal (no bandwidth compression) [16].
As a consequence, the spectral bandwidth of the comb must be less than the detection bandwidth
(100 MHz in our case). In order to reduce the effect of intra-mode beat notes (produced by the
interference of comb modes themselves), the power of the reference arm (dashed line in Fig. 1)
is much higher that the average power emerging from the FSL. Since the comb FSR is much
smaller than the frequency resolution of the TBPF (a few GHz), one cannot consider here the
filter transfer function as a perfect flat-top with steep edges, but rather as a super-Gaussian profile,
with a minimum bandwidth of a few GHz. However we adjusted the filter window, so that its
central frequency corresponds to f0. Since the total bandwidth of the comb does not exceed 100
MHz, therefore, we can consider that all comb lines encounter the same transmission coefficient.
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It is worth mentioning that, although the self-heterodyne technique is widely adapted to measure
the comb lines, in most cases our technique fails to provide an accurate measurement of the ASE
spectrum. This is due to the limited dynamic range of our detection chain. The latter is based on
a 12 bits digital oscilloscope, which sets a limitation on the smallest detectable optical power.
More precisely, the power ratio between the reference laser and the ASE (a0) is typically 100
dB, much larger than the dynamic range of the detection chain (72 dB). Therefore, we limit our
experimental measurements to the characterization of the comb lines.

In a first set of experiments, illustrated in Fig. 6, we show the exponentially decreasing shape
of the spectrum predicted by our theoretical model. The insets on display in Fig. 6 are for visual
clarity to appreciate combs individual characteristics at different frequency range. In Fig. 7 we
also plot the slope of the comb under different experimental conditions by maneuvering the
amplification factor G and the transmission coefficient T .

Fig. 6. Representative example of heterodyne measurement of an AO-OFC for fs = 50
kHz. More than 800 lines are generated in the FSL. The ripples in the left inset are due to
numerical artefacts of the digital sampling oscilloscope.

To do this, wemeasure the transmission coefficients across all components of the loop excluding
the EDFA, such as couplers, connectors, TBPF, AOFS and fibers. The transmission coefficient T
is the product of the transmission coefficients of all the components of the loop. Particularly,
we can reliably control T by varying the amplitude of the signal applied to the AOFSs, as it
directly affects the diffraction efficiency of the shifter and thus accounts for the AOFS loss. The
amplification factor G of the gain medium is measured by inserting two 10 dB couplers before
and after the EDFA, and measuring the input and output powers. We evaluate the slope of the
spectrum for about 60 sets of parameters, by varying the pump current of the EDFA (i.e., the value
of G), the transmission coefficient T , and the power of the seed laser s0. The computed slope
critically depends on the product G × T of the loop as shown in Fig. 7. It is observed that as long
as the product G × T is less than 1, the experimental points follow the theoretical curve (in red)
based on Eq. (1), which is a clear manifestation that the proposed model satisfactorily agrees with
the experimental measurements. On the other hand, when the quantity G ×T is greater than unity
(which can be obtained at high pump current of the EDFA), the spectra obtained experimentally
are very unstable, and the comb slope remains negative. This apparent contradiction is likely
to come from the fact that the experimental determination of the gain by the method described
above is overestimated here, since in this case, the EDFA generates a high level of ASE.
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Fig. 7. Slope of the comb envelope measured in different experimental conditions, as a
function of the product G × T . The red curve is the function: slope = 10 log(G × T).

For a comprehensive picture and to facilitate comparison with the theoretical prediction
illustrated in Fig. 4, we show the influence of T and s0. It is clear from Fig. 4 and Fig. 8 that the
global trend of OFCs obtained from both theory and experiment agrees fairly well. Additional
insight can be inferred by comparing the theoretically computed slope [Fig. 5] with the slope
obtained from the experimental recordings shown in Fig. 9. Again, a qualitative agreement is
apparent between theory and experiment.

(a) (b)

Fig. 8. (a) Influence of the transmission coefficient of the FSL (T , in dB) on the AO-OFC.
(b) Influence of injection power.

4. Discussion and conclusions

We have proposed a simple yet efficient theoretical model for an intuitive understanding of the
performance and optimization of acousto-optic frequency combs in the steady-state. The model is
based on several valid hypotheses pertaining to an all-fiber FSL. By taking into account the effect
of saturation of the gain and the amplified spontaneous emission, our model has demonstrated to
predict the shape of the comb. The expressions to describe the envelope of the comb spectrum
(as well as the ASE power) have been deduced from a recurrence relation between the teeth of
the OFCs. We have found that the shape of the comb is described by a decreasing exponential
function, which corresponds to a straight line with negative slope in the logarithmic scale. This
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(a) (b)

Fig. 9. Experimental variation of the comb slope with (a) the transmission coefficient, and
(b) the seed power.

exponential envelope is directly related to the product of the EDFA amplification factor, G, and
the transmission coefficient of the FSL excluding the EDFA, T . We studied the influence of
several parameters, such as the comb FSR, the number of lines (or, equivalently, the bandwidth
of the optical filter), the transmission coefficient of the loop, the power of the injection laser, the
small gain signal, and the noise figure of the amplifier. These results help us to define the key
parameters, that enable to optimize the AO-OFC. In all cases, using amplifiers with small noise
factor and reducing the losses of the loop (i.e. increasing the transmission of the loop) have a
positive influence on both the comb flatness and the FoM. The saturation power of the amplifier
is also an important parameter. Producing broadband combs with constant line power would
require maintaining the gain level to G = 1/T over a large bandwidth. This can be achieved by
means of amplifiers with a large saturation power. However, the seed power has a more subtle
influence. For instance, increasing the injection power tends to increase the FoM, but to decrease
the comb slope. Therefore, the parameters should be defined according to the target. Once
the above key points are taken into account in the loop design, one can produce a broad comb
with a large number of lines and a very small power decrease along the entire optical spectrum
(see, for instance [17]). We have proven that our model can support a number of experimental
observations under different settings. Thus, we have experimentally verified that the shape of the
comb is effectively exponential decreasing, and that the slope is related to the net transmission
coefficient of the loop, G × T . We have also shown the influence of the injection power on the
saturation of the amplifier and on the comb shape. It is worth noting that the present theoretical
model considers the filter with a flat-top transmission function. To account for more realistic
experimental conditions, one can easily modify Eqs. (1) and (3) by considering the spectral
dependence of the filter’s transmission.

To conclude, an AO-OFC is an easily implementable and emerging technique for the generation
of high quality broadband OFCs, which can find applications, beyond spectroscopy, in many
cutting-edge areas of technology, such as distance ranging and fiber sensing [24–27]. Despite
its relative simplicity, the present model is a valuable tool to optimize the comb performance,
depending on the targeted application. Besides, it is a step-forward towards the comprehensive
understanding of AO-FSLs. A more complete model to describe the propagation of light inside
the loop, taking into account the dynamics of the gain medium using laser rate equations, will be
published elsewhere.
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