
OPTOELECTRONICS LETTERS                                                         Vol.17 No.7, 15 July 2021 

Arbitrary free spectral range control of optical frequency 
combs based on an optical tapped delay line structure 
cascaded with a phase modulator* 

 

WEI Xinhang (韦新航), MU Hongqian (牟宏谦)**, LI Min (李敏), PEI Li (裴丽), WANG Muguang (王目光), 

and LIU Yan (刘艳)1 

Key Laboratory of All Optical Network and Advanced Telecommunication Network, Ministry of Education, Institute of 

Lightwave Technology, Beijing Jiaotong University, Beijing 100044, China 

 

(Received 16 October 2020; Revised 22 December 2020) 

©Tianjin University of Technology 2021 

 

We propose and demonstrate a simple method to accomplish arbitrary free spectral range (FSR) control of optical fre-

quency combs (OFC). The approach is based on the combination of an optical tapped delay line (OTDL) structure and 

a phase modulator (PM). The OTDL structure is utilized to multiply the FSR of input OFC, and the PM is used to di-

vide the FSR of the consequent OFC. We illustrate that the proposed method allows one to divide or multiply the FSR 

of original OFC by any anticipated integer or fractional factor. Numerical simulation results match well with our theo-

retical analysis. 
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Flexibly controlling the key characteristics of optical 
frequency combs (OFC), such as free spectral range 
(FSR) and central frequency, is essential for numerous 
applications, including microwave photonics[1], spec-
troscopy[2,3], frequency metrology[4,5], and optical signal 
processing[6]. OFC is traditionally generated through 
passively mode-locked laser, which presents a restricted 
tunability in the frequency offset and FSR. In order to 
improve the tunability of OFC, diversified solutions have 
been developed[7-11]. Among them, spectral Talbot effect, 
or spectral self-imaging (SSI) effect, is a promising ap-
proach to tune the FSR of OFC[7]. On the other side, 
temporal self-imaging (TSI) effect has been widely em-
ployed to multiply the repetition-rate of optical pulses by 
applying parabolic spectral phase-only filtering to input 
pulse trains (typically accomplished by dispersive me-
dium)[8]. Similarly, SSI will appear when a train of opti-
cal pulse is applied a quadratic temporal phase, e.g. 
through cross-phase modulation or temporal multilevel 
phase modulation[9]. Nevertheless, from the view of OFC 
control, TSI cannot modify the FSR of original OFC, 
while SSI can only divide the FSR of OFC by an integer 
factor. In order to achieve a more flexible control of OFC, 
the combination of TSI and SSI effect has been suggest-
ed[10,11]. In Ref.[10], a quadratic spectral phase is firstly 
imposed to the input OFC through group-velocity dis-
persion (GVD), leading to TSI effect. Subsequently re-
sulting Talbot phases of temporal pulse train are com-
pensated via a phase modulator (PM), and at last a 

time-domain parabolic phase is imposed to the 
phase-compensated pulse train via a second PM, leading 
to SSI effect. In this way, the FSR of input OFC can be 
divided or multiplied by an expected fractional or integer 
factor. However, input OFC with relatively low FSR 
(e.g., in the megahertz regime) requires a very large val-
ue of GVD, which is challenging to achieve using cur-
rent technique. Recently, H. G. de Chatellus use a Talbot 
laser, which is equal to a mode-locked laser filtered by 
dispersive medium[11], to achieve arbitrary control (mul-
tiplication or division by any anticipated integer or frac-
tional number) of the FSR of OFC. Although this scheme 
avoids the use of GVD, its practical system stability is 
only guaranteed for half an hour.  

The optical tapped delay line (OTDL) structure has 
been extensively utilized in optical time division multi-
plexing (OTDM) and microwave photonic filtering[12-14]. 
It can also be operated to perform spectral amplitude 
filtering (SAF) for multiplication of pulse repetition-rate. 
When a train of optical pulse passes through an OTDL 
structure, which is configured as a spectral amplitude 
filter, the FSR of comb lines will be increased to an in-
teger multiple of initial FSR, leading to the integer mul-
tiplication of pulse repetition-rate. Comparing SAF with 
SSI effect, we can see that they have opposite effects on 
the FSR of OFC, which inspires us that it is probable to 
achieve arbitrary FSR control through the combination of 
SAF and SSI effect. In this letter, we present a simple 
approach to implement arbitrary FSR control of input 
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OFC. The scheme is based on an OTDL structure cas-
caded with a PM. The OTDL structure is utilized to per-
form the SAF of the input OFC, implementing the inte-
ger multiplication of original FSR. The multiplied FSR is 
subsequently divided by an integer number based on the 
SSI effect that is achieved by a PM. Finally, we can ob-
tain the OFC with FSR equal to any expected fractional 
or integer multiple of initial FSR. Several simulation 
examples, including integer FSR multiplication, frac-
tional FSR multiplication and fractional FSR division, 
have been presented. The simulation results verify our 
theoretical proposal. In addition, the effects of optical 
delay line inaccuracy and phase noise on the output OFC 
have also been discussed briefly. 
 

 

Fig.1 Schematic diagram of optical tapped delay line 
structure with N taps 
 

The OTDL structure to perform SAF is illustrated in 
Fig.1. The input optical signal is divided into N paths by 
a splitter, and each path is delayed by an integer multiple 
of T0, which is set at 1/N of the period of input pulse 
train. All the delayed paths are summed by using a com-
biner. Compared with the OTDL structures in Refs.[15] 
and [16], this structure is a simplified version without 
complex power and phase control of each arm, since the 
purpose is only the SAF. The frequency response of the 
OTDL structure can be given by 
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It is obvious that the frequency response is a periodic 
sinc function with FSR equal to 1/T0. As an example, 
Fig.2(a) and (b) respectively show the power and phase 
response of OTDL structure for the case N=4. It can be 
seen that except for the maximum transmission points at 
each integer multiple of the FSR (blue markers), the 
spectral components at each 1/N of FSR (red markers) 
are suppressed by the spectral amplitude filter. Notice 
that the overshoot peaks of phase response are artifacts at 
zero powers. Hence, when a pulse train with the repeti-
tion-rate of FSR/N is delivered to an OTDL structure 
under the condition where the locations of the input 
comb lines are aligned with the FSR of spectral ampli-
tude filter, the line spacing of output comb will become 
N multiple of the initial one, and meanwhile input 
pulse’s repetition-rate will also be increased by N times. 
Here we need to point out that some restrictions have to 
be imposed to the value of N in practical applications. 
Firstly, in order to avoid the overlap of adjacent pulses 

after SAF, the value of N should not be greater than the 
ratio of the period to an individual pulse duration of the 
input train. In addition, since some comb lines are elimi-
nated, the SAF possesses intrinsic loss, which increases 
as N increases. Therefore, one should take these factors 
into account when designing practical systems. 

Subsequently, SSI effect is introduced by imposing a 
parabolic phase on output optical pulse train of the 
OTDL structure, which divides the FSR of filtered OFC 
by an integer m. The process can be performed through 
the multilevel phase modulation, i.e., using a PM driven 
by a multilevel electrical signal. According to the num-
ber theory of SSI[17,18], the phase profile that is imposed 
to the nth pulse of the input optical pulse train is given 
by 
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where s and m are coprime integers, and m is FSR divi-
sion factor. Note that the phase values satisfying Eq.(2) 
can be applied to the whole period of nth pulse or the nth 
pulse’s duration. As a matter of fact, the values satisfying 
Eq.(2) could be applied no more than 2π through the 
modulo operation. Moreover, it is easy to see that φn is 
periodic with period m when the product of s and m is 
even, or with period 2m when the product of s and m is 
odd. In other words, we need to perform a periodic phase 
modulation that contains m or 2m discrete phase levels in 
each period. Therefore, the period of modulation signal 
ought to be m or 2m multiple of the output pulse period 
of the OTDL structure. Note that no comb lines shifting 
occurs when (sꞏm) is even. However, all comb lines will 
be shifted by half the FSR of output comb when (sꞏm) is 
odd.  
 

   
                            

Fig.2 (a) Power response and (b) phase response of 
the OTDL structure with four taps 
 

Fig.3 illustrates the principle for arbitrary FSR con-
trol using an OTDL structure cascaded with a PM. 
Here our target is to convert an original OFC with FSR 
fr to an OFC with FSR (N/m)fr, where N and m are 
integers we desire. First, a pulse train with the period 
of 1/fr (Fig.3(a.1)), which corresponds to an OFC with 
FSR fr in frequency domain (Fig.3(b.1)), is sent to the 
OTDL structure to perform the SAF. The result is an 
OFC with FSR equal to Nfr (Fig.3(b.2)), leading to the 
N times multiplication of pulse’s repetition-rate, as
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shown in Fig.3(a.2). And then a phase sequence satisfy-
ing Eq.(2) (SSI condition) is imposed to the multiplied 
pulse train. This enables the division of the obtained FSR 
Nfr by an integer m, leading to an output comb with FSR 
(N/m)fr, as shown in Fig.3(b.3). By this means, an origi-
nal OFC with FSR fr is eventually converted to an OFC 
with FSR (N/m)fr. Note that the factor N/m can be de-
signed greater or less than 1, so the FSR of initial OFC 
can be divided or multiplied by any anticipated fraction 
or integer theoretically. 
 

 

Fig.3 Principle of arbitrary FSR control based on the 
combination of SAF and SSI in the case for N=3, s=1 
and m=2: (a.1)-(a.3) The time-domain pulse trains of 
input comb, the comb after the OTDL structure and 
output comb respectively; (b.1)-(b.3) The counterparts 
in frequency domain of (a.1)-(a.3) 
 

In order to validate the feasibility of proposed arbi-
trary FSR control method based on the combination of an 
OTDL structure and a PM, we used the OptiSystem 
(simulation software) to implement several numerical 
simulations. As an example, Fig.4 shows the simulation 
setup to accomplish 2.5-times FSR multiplication. 
Gaussian pulse train at 1 550 nm with a repetition rate of 
10 GHz and pulse-width of 5 ps is used to provide input 
OFC, which is depicted in black line in both Fig.5 and 
Fig.6. The consequent output OFC (red lines) are drawn 
in a linear scale and compared with input combs.   
 

 

Fig.4 Simulation setup to accomplish the arbitrary 
FSR control based on an OTDL structure cascaded 
with a phase modulator, where N=5, s=1 and m=2 
 

 

Fig.5 Simulation results for multiplication of FSR: (a) 
2.5-times multiplication of FSR; (b) 4-times multipli-
cation of FSR 
 

The simulation results for multiplying the FSR of the 
input OFC are shown in Fig.5. Fig.5(a) shows the case 
for the fractional FSR multiplication (N=5, s=1, m=2). In 
this case, the FSR of input comb is multiplied to 50 GHz 
through the SAF implemented by a five-tap OTDL 
structure. And then according to Eq.(2), the periodic 
phase sequence {0, π/2, 0, π/2, …} is applied to the ob-
tained pulse train, which brings about the SSI. Finally, 
we obtain a comb with FSR equal to 25 GHz, corre-
sponding to the 2.5-times multiplication of the original 
FSR. Fig.5(b) presents the case for the integer FSR mul-
tiplication (N=4, s=0). It can be seen that the FSR of 
output comb is increased to 40 GHz from the initial 
10 GHz, achieving 4-times multiplication of FSR.  
 

 

Fig.6 Simulation results for dividing the FSR by a 
fractional factor (2/3): (a) Normal output comb (red 
lines); (b) Shifted output comb (red lines) 
 

The simulation results for dividing the input comb 
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FSR are illustrated in Fig.6. Fig.6(a) and (b) show two 
different cases, (N=2, s=3, m=3) and (N=2, s=1, m=3), for 
the same fractional FSR division factor (2/3). The FSRs of 
both input combs are multiplied to 20 GHz through the 
two-tap OTDL structure. According to Eq.(2), we know 
that the periodic phase sequences for the two cases have a 
difference. The phase sequence in the first case is {0, 2π/3, 
2π/3, 0, 2π/3, 2π/3, …}, and that in the second case is {0, 
π/3, 4π/3, π, 4π/3, π/3, 0, π/3, 4π/3, π, 4π/3, π/3, …}. Fi-
nally, we can see that the FSRs of both output combs are 
decreased to 20/3 GHz, but the output comb in Fig.6(b) is 
shifted by 10/3 GHz (i.e. half of the FSR) compared with 
that in Fig.6(a) since the value of (sꞏm) is odd. From the 
view of OFC control, this also gives us additional ability 
to change the location of output comb. 

Besides, we discuss and simulate the effect of 
time-delay deviation on output comb spectrum via in-
troducing a certain percentage of deviation (proportional 
to the corresponding time delay), while keeping other 
conditions the same as the previous examples. The cor-
responding output OFC is similar to that shown in Figs.5 
and 6, but in the output comb lines, as expected, we find 
noise, which increases as delay deviation increases. As 
an example, Fig.7 shows the evolution of the output OFC 
for N=5, s=1, m=2 when Δt (the percentage deviation of 
each delay line) is varied from 0 to 2.5%, in steps of 
0.5%. The simulation results reveal that the output OFC 
is insensitive to delay deviation if the deviation is less 
than the certain value (e.g., 2.5% in the given example). 
We also find that the comb lines that are further from the 
center frequency vary more significantly under the same 
deviation. The characteristic can be explained by the fact 
that the OTDL structure becomes nonuniformly-spaced 
photonic microwave delay-line filter when delay devia-
tion is non-negligible[19]. In addition, phase-induced in-
tensity noise (PIIN), which has been studied in optical 
delay-line signal processor[20,21], is the dominant noise 
source in the proposed system. As the SSI effect does not 
alter the uncorrelated noise background[10], the PIIN at 
the output of the system is almost the same as that at the 
output of spectral amplitude filter. In the frequency do-
main, the PIIN will result in slight intensity fluctuation 
of the output comb spectral envelope, which is related to 
the phase noise of input source. 

 

Fig.7 Simulation results for researching the effect of 
optical delay line inaccuracy on the output OFC, 
output combs for the percentage deviation of each 
delay line Δt=0, 0.5%, 1%, 1.5%, 2%, 2.5%, respectively, 
where N=5, s=1 and m=2 
 

In conclusion, a simple approach for arbitrary FSR 
control of OFC has been proposed and demonstrated. 
The scheme involves the combination of SAF and SSI 
effect. An OTDL structure is exploited to perform the 
SAF for the integer multiplication of FSR, and a PM 
driven by multilevel electrical signal is exploited to per-
form SSI for the integer division of FSR. In this way, the 
FSR of output OFC could be set to any anticipated frac-
tional or integer multiple of initial FSR. Several exam-
ples, including 4-times multiplication, 2.5-times multi-
plication and fractional FSR division (2/3), have been 
demonstrated. The simulation results match well with 
our theoretical analysis. This proposed method expands 
the variation range of the FSR of input OFC so  that one 
can adjust the FSR more finely and flexibly, which can 
find numerous potential applications in optical commu-
nications, optical signal processing and high-resolution 
spectroscopy.   
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