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Abstract: Conventional optical time-domain reflectometry (OTDR) schemes for passive optical network (PON) link monitoring are limited by in-
sufficient dynamic range and spatial resolution. The expansion of PONs, with increasing optical network units (ONUs) and cascaded splitters, im-
poses even more stringent demands on the dynamic range of monitoring systems. To address these challenges, we propose a time-gated digital op-
tical frequency-domain reflectometry (TGD-OFDR) system for PON monitoring that effectively decouples the inherent coupling between spatial
resolution and pulse width. The proposed system achieves both high spatial resolution (~0.3 m) and high dynamic range (~30 dB) simultaneously,
marking a significant advancement in optical link monitoring.
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1 Introduction
ptical fiber, serving as a key transmission medium in
communication links, is widely deployed in data com-
munication networks owing to its advantages, includ-
bandwidth, low loss,
interference capability, low cost, material abundance, and lon-

ing large strong anti-
gevity. Its deployment in backbone and metropolitan area net-
works has significantly increased data bandwidth while reduc-
ing operational costs.

Leveraging the abundant broadband resources of optical fi-
ber, passive optical network (PON) technology has gained
prominence since its inception. As a point-to-multipoint
(P2MP) optical access technology, PON comprises an optical
line terminal (OLT) at the central office, optical network units
(ONUs) at user premises, and an optical distribution network
(ODN). To ensure reliable operation of diverse PON services
and enhance network stability, online monitoring of each PON
link status is essential. This enables the prediction of potential
optical link issues and facilitates timely corrective actions to

This work was supported by ZTE and Shanghai Jiao Tong University Col-
laborative Laboratory under Grant No. 1A20241205014.

guarantee service quality.

Traditional link monitoring primarily relies on optical time-
domain reflectometry (OTDR)™. By launching optical pulses
and analyzing the time-domain Rayleigh backscattered signal
intensity, OTDR assesses link conditions, including attenua-
tion, loss, and breaks. While achieving detection ranges of
tens of kilometers, OTDR typically provides meter-scale spa-
tial resolution.

However, a fundamental trade-off exists in OTDR between
dynamic range and spatial resolution, constrained by the optical
pulse width. The optical splitters inherent in PON architecture
introduce additional losses, demanding a higher system dy-
namic range. Furthermore, the meter-scale spatial resolution of
OTDR poses significant limitations in PONs with numerous ter-
minals. These limitations impede the development of advanced
PON monitoring solutions.

Several approaches have been proposed to address these
challenges. For instance, tunable-wavelength OTDR"™ assigns
distinct detection wavelengths to different ONUs. Alternatively,

Bl assign unique codes to branch links

pulse coding techniques
and increase the effective probe power, thereby boosting the

system dynamic range. Continuous-wave optical frequency-
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domain reflectometry (OFDR) enables high-spatial-resolution
PON monitoring by utilizing the unique Rayleigh backscatter
spectral “fingerprint” of individual fibers beyond the splitter',
This approach offers high precision and can discern unique
Rayleigh characteristics amidst overlapping signals from mul-
tiple fibers, serving as a powerful tool for real-time monitoring
and individual event detection in PON. However, these stud-
ies’ # still fail to achieve simultaneous long-distance reach,
high dynamic range, and high spatial resolution”’. Furthermore,
the number of ONUs that can be effectively monitored by these
methods is limited. As the splitting ratio and number of cas-
caded splitters increase, the resulting higher insertion loss im-
poses stricter demands on the system dynamic range.

In a typical PON, the optical link needs to span up to 30 km.
As the network gradually expands and the number of users in-
creases, the use of two-stage 1:8 optical splitters to connect 64
ONUs has become a standard configuration. Considering such a
PON structure featuring an optical fiber link exceeding 30 km
and incorporating two stages of 1:8 optical splitters, as depicted
in Fig. 1, a dynamic range of at least 26 dB is essential. This
budget comprises 20 dB for the two-stage splitters and 6 dB for
fiber transmission loss (0.2 dB/km @1 550 nm). Additionally, a
spatial resolution finer than 0.3 m is required for detailed event
monitoring. The high-spatial-resolution requirement renders
OTDR inadequate. Conversely, long-distance OFDR detection
is plagued by phase noise, limiting its achievable dynamic
range. To meet these demanding requirements, we introduce a
time-gated digital optical frequency-domain reflectometry
(TGD-OFDR) system into PON. TGD-OFDR enables a long-
distance link monitoring scheme achieving simultaneous high
dynamic range and high spatial resolution. Since TGD-OFDR
was first proposed by LIU et al. in 2015, many studies have
been undertaken with the aim of improving the performance of
the system. XIAO et al. employed a commercial integrated tun-
able laser assembly (ITLA) with a 100 kHz linewidth and in-
troduced a frequency-domain reciprocal distortion phase noise
compensation (FDRD-PNC) algorithm to improve the signal-to-
noise ratio'’. Consequently, a dynamic range of 21.8 dB and a
spatial resolution of 3.48 m were achieved over
a 50 km measurement fiber. Moreover, LUO et
al. proposed a novel frequency-sweeping
method by incorporating a frequency-shifting ARRRRARA s

loop into the system to mitigate fading noise!®., i Laser | § Modulator | > (Q>

This scheme effectively suppressed fading
noise without compromising spatial resolution,
thereby enabling high-performance acoustic
wave detection with high-frequency response.
A spatial resolution of 1.43 m was achieved.
For the inspection of PON structures,
FONTAINE et al. employed a polarization-
diversity coherent OFDR system to identify fi-
bers and detect events in a 1:32 split PON".
They characterized an ODN spanning 21 km
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with a 1:32 split ratio, achieving a spatial resolution of less than
0.5 m and a dynamic range exceeding 35 dB.

In this study, we first provide a brief introduction to the prin-
ciples of the TGD-OFDR system and the methodology for con-
structing a noise-incorporated simulation model. Subsequently,
we establish the simulation model and analyze the impact of
key parameters, including laser linewidth, pulse width, and
splitting ratio, on the system’s dynamic range.

Through simulations conducted under a 100 kHz laser line-
width condition, we demonstrate that the TGD-OFDR system
meets the target specifications of 30 dB dynamic range and 0.3 m
spatial resolution, validating its feasibility for high-precision dis-
tributed sensing applications.

2 Theory

TGD-OFDR launches a long-pulse frequency-swept probe
into the fiber. By demodulating the returned Rayleigh backscat-
ter signal via digital-domain heterodyne detection, it decouples
spatial resolution from pulse width and mitigates the limiting
impact of phase noise on the dynamic range. This section
briefly introduces the basic principle of TGD-OFDR and estab-
lishes a preliminary simulation model incorporating phase noise.

Fig. 2 illustrates the basic structure of a TGD-OFDR system.
An arbitrary waveform generator (AWG) generates a linear
frequency-swept radio frequency (RF) pulse to drive an optical

ODN: optical distribution network

OLT: optical line terminal

ONU: optical network unit

OTDR: optical time-domain reflectometry

Figure 1. Structure of a typical passive optical network (PON)
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Figure 2. Basic structure of a time-gated digital optical frequency-domain reflectometry

(TGD-OFDR) system
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modulator, producing a linear frequency-swept optical pulse.
The AWG-generated electrical signal is:

S(l) — W(;)ej[Z‘rr/;,l+TrKlz] (l),

P

where W (*) is the window function controlling the pulse shape
over the pulse duration [0, 7], f; is the RF starting frequency,
and « is the frequency sweep rate. The resulting modulated op-
tical field is:

t ilot +2mfyt + wrt?
Ep(0) = [P W |elors 2o me] 2),

P

where P, and w, are the power and frequency of the probe light
(continuous-wave carrier), respectively. After Rayleigh back-
scattering occurs along the fiber, the total backscattered optical
field returning to the receiver is:

N

i=1EiW

E,(t)=

]

T

P

[ TL-)ej[a}’(l—T‘)+211f0(t—T,)+'rrK(t—T,)2] (3)

where N is the total number of scattering points, E, is the ampli-
tude of the field from the i-th point (determined by the local
Rayleigh scattering coefficient and accumulated fiber transmis-
sion loss up to that point), and 7, is the round-trip time delay to
the i-th scattering point. The returned backscattered light is
combined with a portion of the original probe light (local oscilla-
tor, LO) and detected by a balanced photodetector (BPD). The
BPD converts the optical interference into an electrical signal:

i(t) =

N AiW(z ;Ti)sinbwfo(t —7 )+ ak(t -7 - 0.7,]4),

i=1
P

where A, is the amplitude converted by the BPD.
A continuous digital replica of the frequency-swept signal
is generated. This digital signal is mixed (multiplied) with the
acquired electrical signal as shown in Eq. (4). This mixing pro-
cess effectively down-converts the linear
frequency-swept components into distance-
dependent single-frequency signals. The
sweep rate of this digital replica matches 4
that of the optical probe signal, as illus- A
trated in Fig. 3. The resulting beat fre-
quency for each scattering point is directly
proportional to its distance along the fiber.
The amplitude of the signal component at
frequency f; reflects the local Rayleigh scat-

tering coefficient at point ¢ and the accumu-

digital signal yields a frequency spectrum. The amplitude and
frequency of each peak in this spectrum correspond to the
scattering strength and location, respectively, of each point
along the optical fiber, thus providing the distributed Rayleigh
backscatter profile.

The preceding derivation neglects phase noise. However, for
practical simulation, time discretization is required. Conse-
quently, we establish the simulation model as follows. The sens-
ing fiber is divided into N discrete scattering units, each of
length L, . Computational constraints prevent setting L to be ex-
tremely small (i.e., much smaller than the incident optical wave-
length A). However, provided L, is much smaller than the spa-
tial extent (coverage length) of the detection pulse, the statisti-
cal properties of the Rayleigh backscatter remain valid. Owing
to inherent non-uniformities in the fiber drawing process and
potential variations in temperature and strain along the fiber,
the refractive index n; within each scattering unit i is not con-
stant. The average core refractive index is typically 1.45. Each
scattering unit is represented by a single effective scattering
point, from which all scattered light originating within that unit
is assumed to emanate. The position of the scattering point
within its unit is defined by an offset 6L
unit’s input end. These offsets are independent and identically

.» measured from the
distributed (i.i.d.) random variables, each uniformly distributed
over [0, L,). The Rayleigh scattering coefficient for each scatter-
ing point is also modeled as an i.i.d. random variable with a uni-
form distribution. The round-trip time delay 7, for light propa-
gating from the fiber input end to the i-th scattering point and
back is given by:

i-1
B szx et OL,n;
T, =
¢

(5).

Therefore, the backscattered field in Eq. (3) can be ex-
pressed as:

Ey(1) = 2;\:01«/?1'\/;1'EP(£ -7;) (6),

where «; is the loss coefficient of the scattered light from the

Digital local
oscillator

/ Backscattering 2

lated transmission loss from the beginning
of the fiber to that point. Finally, applying a
Fourier transform to the down-converted

Figure 3. Schematic diagram of digital domain frequency-swept signal
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i-th point along the entire optical path:
I a 2i
o = (1010) )

where « is the unit loss of optical fiber, normally taken as
0.2 dB/km@1 550 nm.

The phase noise ¢(k), arising from the laser’s finite line-
width, is modeled as a Wiener process affecting the instanta-
neous electric field of the probe light. Its increment ¢ (k - k,) —
¢ (k — k) follows a normal distribution with a mean value of 0
and a variance of 2wAv(k, = k, )T, where Av is the linewidth.
By generating k independent and identically distributed random
variables @ following N (0,2wAvT,) and accumulating them,
the phase noise can be obtained:

d(h)=>" @, (8).

By substituting the phase noise into Eqs. (2) and (3), and re-
vising Eq. (4) according to the distances of scattering points in
the discrete case, we obtain:

i(k)=n(k)+ R [y Ja, sk -

Tl)e/'[*w,r‘ +d(k-7,)- (k)] (9)7

where R = 2G - R - mm, in which G is the gain of the
BPD. Since the BPD gain amplifies both the signal and noise
equally, it does not affect the signal-to-noise ratio (SNR). There-
fore, in the simulation, we set the BPD gain to unity (i.e., 1) for
simplified analysis without loss of generality. R is the responsiv-
ity of the BPD, which is set to 0.9 A/W in the simulation. The
system noise, denoted by 7, incorporates the effects of thermal
noise, shot noise and amplified spontaneous emission (ASE)

noise. Eq. (9) can be rewritten in the form of convolution"%:

i(k)=n(k) + R[s'(k) @ h(k)]-e" (10),

where s"(k) = s(k)-e*", which implies that the phase noise of
the laser is imposed on the phase of the electrical signal; h(k)
represents the impulse response of the opti-

cal fiber:

LY iny, +8L,n,

h(k)= [y, Jo & e (1),

First, the system bandwidth B is set ac-
cording to the total sampling rate of the simu-
lation model and its corresponding sampling
time interval T'. The length of the optical fi-
ber scattering unit L, is defined as T, /2n.

AOM: acousto-optic modulator
AWG: arbitrary waveform generator

EDFA: Erbium-doped fiber amplifier

The total fiber length is set, and the total
number of scattering points N is calculated.
Finally, the position distribution, scattering
rate distribution and attenuation distribution
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of the scattering points are defined according to Eqgs. (5) and
(7). These distributions are substituted into Eq. (11) to obtain
the optical fiber impulse response h(k).

Subsequently, we generate the frequency-swept pulsed light.
First, a single-frequency continuous light is generated accord-
ing to the incident light wavelength and the speed of light. Ac-
cording to Eq. (8), the phase noise corresponding to the total du-
ration of the optical signal is generated and imposed on the
phase of the optical signal. Then we generate the corresponding
window signal mask W (+) based on the rise time, fall time, and
acousto-optic modulator (AOM) extinction ratio. The above in-
formation is substituted into Eq. (1) to generate the frequency-
swept electrical signal s(%).

Finally, we convolve the frequency-swept electrical signal
s(k) with the optical fiber impulse response h(k), and calculate
the amplitude coefficient R resulting from the optical power, PD
gain, and responsivity. Then, according to Eq. (10), we superim-
pose the phase noise term and other noise terms n(%), and fi-

nally obtain the photocurrent from coherent reception.

3 Simulation

In conventional TGD-OFDR systems, the frequency-swept
pulse is directly applied to the AOM. However, due to the limi-
tations in the operating frequency and bandwidth of the AOM,
the frequency sweep range of the system cannot exceed hun-
dreds of MHz. To achieve a wide-range frequency sweep, we
have modified the system architecture as illustrated in Fig. 4.
A continuous frequency-swept optical signal is modulated via
an in-phase/quadrature (IQ) modulator, followed by an
injection-locked scheme for amplification and filtering. Subse-
quently, the AOM is utilized to extract the pulsed signal. After
being amplified by the Erbium-doped fiber amplifier (EDFA),
the probe signal is injected into the fiber under test for sens-
ing, and is received with the local signal through a polarization
diversity receiver (PDR). In this scheme, the AOM functions
solely as a high-speed optical switch. The overall frequency
sweep range of the system is determined by the bandwidth of
the modulator and the performance of the AWG, thereby sub-
stantially elevating the upper limit of the sweep range.

FUT: fiber under test
1Q: in-phase/quadrature
PDR: polarization diversity receiver

Figure 4. Structure of a simulated time-gated digital optical frequency-domain reflectometry

(TGD-OFDR) system
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The simulation platform was developed
within the MATLAB environment. The key
simulation parameters are shown in Table 1.

For computational efficiency in the
simulation, the fiber link was first mod-
eled as three concatenated 1 km fiber seg-
ments with 10 dB insertion loss at each
splicing point to emulate the power attenu-
ation caused by optical splitters in practi-
cal deployments; 100 independent mea-
surements were averaged to enhance sys-
tem performance. Using these parameters,
the dynamic range performance was simu-
lated for different laser linewidths (100 Hz
to 1 MHz), pulse widths (10 ws to 100 ws),
and splitting ratios (1:99, 10:90, and
50:50), respectively.

1) Linewidth

The incident optical power was fixed at
0 dBm and the pulse width at 100 ps. The
laser linewidth was varied sequentially from
100 Hz to 1 MHz, increasing by a factor of
ten at each step. Representative Rayleigh
spectra are shown in Fig. 5. The correspond-
ing dynamic ranges are compiled in Table 2.
It is evident that a tenfold increase in laser
linewidth results in an approximate 5 dB de-
crease in the dynamic range.

2) Pulse width

The laser linewidth was fixed at 1 kHz,
the source optical power at 0 dBm, and
the splitting ratio between the LO path
and the sensing path at 10:90. The pulse
width was varied from 10 ps to 100 ps.
Rayleigh spectra obtained for different pulse

widths are shown in Fig. 6. The resulting dy-

Table 1. Key parameters for the proposed TGD-
OFDR simulation model

Parameter Value
Sampling rate 8 GS/s
Wavelength 1550 nm
Speed of light 299 792 458 m/s
Extinction ratio (AOM) 40 dB
Operating frequency (AOM) 80 MHz
Gain (EDFA) 30 dB
Detection optical power 0 dBm
Fiber attenuation 0.2 dB/km

AOM: acousto-optic modulator
EDFA: Erbium-doped fiber amplifier
TGD-OFDR: time-gated digital
optical frequency-domain reflectometry
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Figure 5. Simulated Rayleigh spectra with different laser linewidths

Table 2. Statistics of dynamic ranges with different linewidths

Linewidth 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz
Dynamic range/dB 44.527 2 39.9212 34.6192 29.396 1 23.8416
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Figure 6. Simulated Rayleigh spectra with different pulse widths
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Table 3. Statistics of dynamic ranges with different pulse widths

10
33.014 6

20
352348

Pulse width/ps 50

37.1523

100
39.9212

Dynamic range/dB

namic ranges are compiled in Table 3. As the pulse width in-
creases, the system’s dynamic range improves. This is because
TGD-OFDR shares similarities with OTDR, which utilizes
pulsed light for detection; thus, increasing the pulse power en-
hances the dynamic range.

3) Splitting ratio

Adjusting the splitting ratio can effectively increase the
LO power, thereby improving the system
SNR. With the incident optical power fixed
at 0 dBm, the dynamic range was simulated

PON, while maintaining the two-stage splitter configuration. The
simulation results are shown in Fig. 8. The total fiber length of
30 km corresponds to an attenuation loss of 6 dB. Combined with
the 20 dB transmission loss of the two-stage splitters, the overall
link loss reaches 26 dB. The pulse width is set to 100 ps, and
the sweep range is set from 100 MHz to 1 100 MHz. Under the
condition of linewidths of 1 kHz and 100 kHz, the total dynamic

Table 4. Statistics of dynamic ranges with different splitting ratios

1:99
26.004 2

10:90
30.182 8

Splitting ratio 50:50

314776

Dynamic range/dB

for different splitting ratios. The results are
shown in Fig. 7. Increasing the splitting ra- 10“
tio (directing more power to the LO) signifi-
cantly enhances the dynamic range by in-
creasing the LO power. Common splitting

Intensity/dB

ratios achievable with standard couplers are
listed in Table 4. However, the improve-

ment in this dynamic range is limited.
When the LO power becomes excessive, the 05 1
shot noise it generates begins to dominate
over the thermal noise, and the system SNR

becomes limited solely by the sensing path

I
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power. Conversely, increasing the splitting
ratio reduces the sensing path power, estab-
lishing a trade-off between the LO power
and sensing path power. Therefore, the

|
S

Intensit
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simulations indicate that a splitting ratio of

Intensity/dB

10:90 yields the optimal dynamic range.
Finally, simulations were conducted with
the following optimized parameters: an inci-
dent optical power of 10 dBm, a splitting ratio
of 1:9, a pulse width of 100 ws, and 100 av-
erages. We extended the fiber under test to
three concatenated 10 km fiber segments with
parameters closer to those of a real-world
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Figure 8. Simulated Rayleigh spectra of a 30 km fiber under test with different laser

linewidths and calculated spatial resolution

20 20

20
10 10 10
g o g o £ o
B = =
7 -10 F -10 F -10
= < &
8 8 g
E 20 £ 20 E 201 W
-30 -30 =30t
-40 -40 -40
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Distance/m Distance/m Distance/m
(a) 1:99 (b) 10:90 (c) 50:50
Figure 7. Simulated Rayleigh spectra with different splitting ratios
ZTE COMMUNICATIONS

08|

December 2025 Vol. 23 No. 4



PON Monitoring Scheme Based on TGD-OFDR with High Spatial Resolution and Dynamic Range

Special Topic

ZHU Yidai, FAN Xinyu, ZHU Songlin, DONG Jiaxing, LI Guogiang, HE Zuyuan

range reaches 34.0135 dB and 28.157 0 dB, and the spatial
resolution (using the 3 dB width of the end reflection peak as
the benchmark) is 0.112 6 m and 0.117 4 m. These simulations
demonstrate that the system achieves a sensing distance of
30 km and a spatial resolution of less than 0.3 m, thereby meet-
ing the requirements for high-spatial-resolution and high-
dynamic-range PON monitoring.

4 Conclusions

Simulation results demonstrate that the TGD-OFDR system
overcomes key limitations of conventional OTDR, specifically in-
sufficient incident optical pulse power and the inherent con-
straint linking spatial resolution to pulse width. While maintain-
ing high spatial resolution, the system achieves a significantly
enhanced dynamic range. Compared to conventional OTDR sys-
tems, which require hundreds of thousands of averages to
achieve a dynamic range of 15 dB with a spatial resolution on
the order of meters, the TGD-OFDR technique achieves supe-
rior spatial resolution (<0.3 m) and dynamic range (>25 dB) with
significantly fewer averages (<500 times) and a much faster mea-
surement rate. When applied to PONs, the system enables the
monitoring of multi-stage optical splitters, supporting a larger
number of ONUs over an extended reach while delivering a su-
perior SNR. For a representative scenario involving two cas-
caded 1:8 splitters (imposing a minimum attenuation of ~20 dB),
the TGD-OFDR-based PON monitoring system achieves a sens-
ing distance of 30 km, a spatial resolution below 0.3 meters,
and a dynamic range approaching 30 dB. This advancement
holds significant potential for both fundamental research and
the practical realization of intelligent digital PONs.
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