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Timing Jitter Analysis and Mitigation in Hybrid
OFDM-DFMA PONs
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Abstract—Hybrid orthogonal frequency division multiplexing-
digital filter multiple access passive optical networks (OFDM-
DFMA PONs) offer a cost-effective solution to the challenging re-
quirements of next-generation optical access networks and 5G and
beyond radio access networks. It is crucial to consider the impact of
timing jitter in any ADC/DAC-based system, therefore this paper
presents an in-depth investigation into the impacts of DAC/ADC
timing jitter on the hybrid OFDM-DFMA PON’s performance. We
introduce improved accuracy white and coloured, DAC and ADC
timing jitter models, applicable to any DSP-based transmission
system. We prove that DAC and ADC timing jitter effects are vir-
tually identical and investigate the effects of white/coloured timing
jitter on upstream performance in hybrid OFDM-DFMA PONs
and determine the associated jitter-induced optical power penal-
ties. To mitigate against the timing jitter-induced performance
degradations, a simple, but highly effective DSP-based technique is
implemented which increases robustness against the timing jitter
effects and significantly reduces timing jitter-induced optical power
penalties. This consequently relaxes DAC/ADC sampling clock
jitter requirements and so reduces implementation costs. White
(coloured) timing jitter effects are shown to be independent of
(dependent on) ONU operating frequency band and a trade-off
between DAC and ADC jitter levels can be exploited to reduce
ONU costs.

Index Terms—5G, analogue-digital conversion, digital-analogue
conversion, digital filter multiple access, digital signal processing
(DSP), orthogonal frequency division multiplexing (OFDM),
passive optical networks (PONs), timing jitter.

I. INTRODUCTION

TO SATISFY the rigorous requirements imposed by future
5G networks such as ultra-reliable low latency connec-

tions, massive device connectivity and the ever-increasing de-
mands for higher capacity, all delivered in a cost and energy-
efficient manner [1], [2], it is essential to offer elastic, flexible,
dynamic and high-performance optical networks which seam-
lessly converge the traditional mobile and fixed networks into
cloud access networks (CANs) [3]. These converged networks
can thus offer greater network bandwidth utilisation efficiency
and flexibility via features such as shared, on-demand bandwidth
provision [4], [5]. Moreover, there is a pressing need to rede-
velop the currently existing inflexible vendor locked-in network
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infrastructure to support a centralized abstraction and virtual-
ization of the network infrastructure using the software-defined
networking (SDN) platform. The SDN architecture with its
network control being extended into the physical layer provides
excellent operational agility and optimum resource utilization
as multiple services share a common multi-vendor dynamic ar-
chitecture with a flexible multi-layer controllability. Therefore,
to be compatible with the SDN paradigm future optical access
networks are also required that support the corresponding SDN
functionality across all layers.

To address the aforementioned technical challenges, a digital
filter multiple access passive optical network (DFMA PON)
based on intensity modulation and direct detection (IMDD) has
been proposed [6], [7] which offers significantly increased flexi-
bility with the use of SDN-controllable, software-reconfigurable
digital shaping filters at the transmitter side and their corre-
sponding matching filters at the receiver side to realize dynamic
multiplexing of multiple independent user channels within the
available PON bandwidth. However, the number of digital signal
processing (DSP)-based matching filter processes required at
the optical line terminal (OLT) is proportional to optical net-
work unit (ONU) count, therefore, accommodating more ONUs
results in an increased OLT DSP complexity.

To overcome this challenge, very recently, a hybrid orthogonal
frequency division multiplexing (OFDM)-DFMA PON based
on IMDD has been proposed [8], [9], where for upstream trans-
missions, ONUs utilize software-reconfigurable digital shaping
filters to locate their OFDM signals at different sub-wavelength
(SW) spectral regions, whereas a single fast Fourier transform
(FFT) operation, followed by simple parallel data recovery
processes, is now employed to achieve a matching filter-free
OLT architecture. The hybrid OFDM-DFMA PON maintains all
salient features of DFMA PONs whilst achieving both reduced
OLT receiver DSP complexity and greatly enhanced upstream
performance compared to DFMA PONs. However, as the hybrid
OFDM-DFMA PON is based on high-speed DSP combined with
multi-Giga-samples/s (multi-GS/s) digital-to-analogue convert-
ers (DACs), and analogue-to-digital converters (ADCs), and as
low jitter GHz speed clock sources are expensive, it is crucial to
explore the random sample timing jitter (referred to as timing jit-
ter throughout the paper) performance degradation mechanisms
and identify effective approaches to mitigate their impacts on
hybrid OFDM-DFMA PON performance.

In any DSP-based system including DACs/ADCs, timing jitter
is mainly caused by the thermal noise and thermal vibrations of
the semiconductor crystal structure of sampling clocks used to
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drive the DACs and ADCs which lead to random fluctuations
of their clock signal edges from their ideal positions [10]–[12].
Also, internally induced aperture jitter is prevalent in practical
ADCs, this is caused by the uncertainty of the aperture time
during disconnecting the hold capacitor from the input buffer
amplifier inside the sample-and-hold circuit when switching
from the sample mode to the hold mode [13], [14]. Depending on
the implementation of the sampling clock source and the specific
architecture of the DAC/ADC, timing jitter is classified as white
when timing jitter values at different samples are independent,
whereas coloured timing jitter values are interdependent.

Timing jitter can potentially be a significant performance-
limiting factor, especially at multi-GS/s sampling speeds [15],
[16]. Thus, an understanding of the trade-off between timing
jitter and system performance such as receiver optical power
penalty is essential for transceiver design, as it will help deter-
mine the specifications of components such as clock sources,
DACs, and ADCs. Moreover, for practical systems operating at
multi-10GS/s, the practical levels of ADC timing jitter can be of
the order of only ∼1% unit interval root-mean-square (UIrms)
[17]–[20], also attractive low cost, low power CMOS digital
phase-locked loop (DPLL)-based oscillators, can have timing jit-
ters of around 1–4.5% UIrms [21]–[24]. It is therefore important
to investigate the hybrid OFDM-DFMA PONs jitter-induced
optical power penalty at these practically realisable jitter levels.
Thus, to limit jitter-induced optical power penalty the maximum
allowed DAC/ADC jitter specification can then be determined.

The work in [25]–[27] presented a DAC timing jitter model
which calculates a sample-error sequence, by multiplying the
derivatives of the signal by the timing jitter values, however, this
timing jitter model is only accurate for low frequencies much
smaller than the sampling frequency [27], [28]. The work in
[29] introduced a white ADC timing jitter model that is specif-
ically applicable only to OFDM-based systems and requires an
increase to the OFDM inverse FFT (IFFT) size to perform over-
sampling. Several pieces of research have analysed the effects
of DAC and ADC timing jitters on OFDM-based point-to-point
systems [15], [16], [29]–[33], the work in [32] theoretically
analysed the relation between the error vector magnitude (EVM)
of the received subcarriers and the DAC’s white sampling clock
jitter in an OFDM transmitter but did not consider coloured DAC
timing jitter. In [15], the authors introduced a white ADC timing
jitter matrix and numerically investigated timing jitter-induced
inter-carrier interference (ICI), phase rotational effects, and the
bit error ratio (BER) degradation due to white ADC timing jitter.
Whereas, the work in [16] analysed the ICI caused by white and
coloured ADC timing jitters on OFDM-based ultra-wideband
(UWB) systems. Moreover, the work in [16], [33] shows that
white ADC timing jitter-induced ICI in OFDM-based systems
can be reduced by oversampling the signal at the receiver’s ADC,
however, this requires an ADC with a higher sampling rate which
leads to increased costs. In addition, oversampling in the ADC
is seen to have limited effectiveness when ADC timing jitter is
coloured, as increasing the sampling rate causes the timing jitter
at adjacent samples to become more and more correlated [16],
moreover it is completely ineffective against white/coloured
DAC timing jitter. Furthermore, all the aforementioned research

considered OFDM-based systems with only either DAC or ADC
timing jitters. Whereas in reality, both DAC and ADC timing
jitters exist together in any practical system, thus the total system
timing jitter can be a mixture of white/coloured DAC and ADC
timing jitters. Therefore, in this work, the effects of different
combinations of white/coloured DAC and ADC timing jitters are
investigated and compared. Also, none of the aforementioned
research considered the existence of an optical transmission
channel, which is crucial to fully understand the impact of timing
jitter in optical systems, therefore this work investigates the
impact of DAC/ADC timing jitter on optical power penalty.

In this paper, we introduce both DAC and ADC timing jitter
models based on the DAC timing jitter models in [25]–[27] and
ADC timing jitter model in [29], but with improved accuracy.
The improved models can be serially combined as standalone
algorithms to simulate the jitter effect in any DSP-based trans-
mission system without the need to change any transmission
system parameters. The improved DAC and ADC jitter models
are independent of each other and can be either individually
deployed or used together to offer different combinations and
mixtures of white/coloured DAC and ADC timing jitters as
needed. Similar to [25]–[27], our DAC timing jitter model is
based on the conversion of timing error into an amplitude error
that can be added to the ideal output signal, but in addition,
oversampling is employed in our model to increase its accuracy.
Our ADC timing jitter model, based on first-order Lagrange
fractional delay filters, also employs oversampling for increased
accuracy. Both models are very effective for analysing phase
rotation and ICI effects caused by timing jitters. In addition,
both models support any modulation format and any sampling
rate.

In this paper, we fully describe and validate our improved tim-
ing jitter models where the accuracy of our models is examined
by comparing our model’s results with the theoretical results
in [15], [16], [32], [34], where numerical analysis is applied to
show the theoretical analysis is highly accurate. The models are
then used to extensively investigate the effect of white/coloured
DAC and ADC timing jitters on the upstream transmission
performance of a four-ONU hybrid OFDM-DFMA PON where
it is shown that the effects of DAC and ADC timing jitters are
virtually identical. It is also shown that, to achieve BERs below
the adopted forward error correction (FEC) limit of 1×10−3,
the maximum tolerable white DAC/ADC timing jitter is 8%
UIrms (in total) when one sideband is chosen for processing at
the OLT, however applying a simple DSP-based Joint Sideband
Processing (JSP) technique, can mitigate the timing jitter effect
and increases the jitter robustness up to 12.5% UIrms. When an
optical transmission link is considered, there is an associated
jitter-induced optical power penalty when compared with the
received optical power (ROP) of a jitter-free system. We show
that JSP greatly reduces the timing jitter-induced optical power
penalty, for example, at a fixed EVM of -17 dB with white DAC,
ADC or total timing jitter of 8% UIrms, the optical power penalty
is reduced by 4.8 dB, whereas for the case of coloured timing
jitter even higher optical power penalty reductions are achieved,
with some ONUs failing to achieve EVMs below -17 dB at
certain jitter levels unless JSP is applied. Moreover, the results
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reveal that white DAC and ADC timing jitter with a combined
total level of approximately >5% (8%) UIrms start to rapidly
dominate over other PON induced noise and distortions when
processing one (both) sideband(s) and all ONUs are equally
impacted regardless of their operational frequency band. The
impact of coloured timing jitter is however dependent on an
ONU’s operational frequency band as ONUs operating in lower
(higher) frequency bands, see the jitter start to dominate the
performance at higher (lower) jitter values. In addition, we also
show the important result of trading-off the effects of highly
jittered DAC clock sources by using a low jittered ADC clock
source, this result has a significant impact for practical PONs as
it permits the use of lower-cost clock sources at the cost-sensitive
ONUs. The effects of combined white DAC and coloured ADC
timing jitters are also investigated, the dominating jitter is shown
to be ONU operating frequency band-dependent due to the
frequency-dependent characteristics of coloured timing jitter-
induced ICI.

II. DAC AND ADC TIMING JITTER MODELS

A. DAC and ADC Timing Jitters

Timing jitter is generally modelled as a wide sense stationary
(WSS) Gaussian process with a zero mean and characterized
by its normalized standard deviation relative to the sampling
unit interval Ts which is also called the normalized RMS value.
White timing jitter values are uncorrelated, while we assume a
Gaussian correlation relationship between coloured timing jitter
values, the correlation coefficient between timing jitters at the
bth and lth samples is as follows [16]:

ρb−l = e−α2(b−l)2 (1)

where α is the correlation factor, thus a smaller α corresponds
to a higher level of correlation. α = 0 indicates that all timing
jitter values are 100% correlated and the effect of the timing jitter
becomes identical to the effect of sample timing offset (STO).
As α increases, the correlation relationship between successive
timing jitter values decrease which whitens the observed timing
jitter.

It is worth noting that clock timing jitter is commonly ob-
served in the frequency domain as oscillator phase noise. De-
pending on the internal circuitry of the oscillator, the oscillator
timing jitter can either be white or coloured. It is very common
to observe different regions in a free-running oscillator phase
noise spectrum. A phase noise power spectral density (PSD)
proportional to f−2 which corresponds to a constant slope of
−20 dB/decade [35], [36] is often caused by white frequency
noise resulting in white timing jitter, whereas a phase noise PSD
with a more complex dependency on frequency is usually due to
coloured noise such as flicker noise and causes coloured timing
jitter. The characteristics of phase locked loop (PLL)-based
clocks for example, always results in coloured timing jitter.
For the coloured timing jitter adopted here with a Gaussian
correlation relationship, the level of correlation has an influence
on the phase noise PSD.

The ideal output signal of a zero-order hold (ZOH) non-
return-to-zero (NRZ) DAC [37] (referred to as DAC throughout

the paper) consists of a sequence of rectangular pulses with a
constant width equal to the sampling interval Ts. Timing jitter
causes a random change in the width of the pulses denoted as
(Ts + τdac(n)) where τdac(n) represents the DAC timing jitter,
and n is the digital sample index. The timing error due to DAC
timing jitter is modelled as time-domain slivers added to the
ideal output DAC pulses, the error slivers have a random width
of τdac(n) and a height of [rin(n)− rin(n− 1)], where rin(n)
is the DAC input digital signal [27]. However, this requires a
fine time step, i.e., an increased sampling rate, to model DAC
timing jitter in time-based numerical simulations. Therefore, to
maintain the original sampling rate and thus simplify numerical
simulations, the timing error is usually converted into an am-
plitude error sequence edac(n) that can be directly added to the
ideal output samples. This method is used in [25]–[27], [34],
[38], [39] and similarly, the same conversion method is adopted
in our analysis. The amplitude error sequence is generally ap-
proximated as follows [27], [34], [40], [41]:

edac (n) =
τdac (n)

Ts
[rin (n)− rin (n− 1)] (2)

ADC timing jitter causes the ADC to sample the signal at the
wrong time instants during the analogue-to-digital conversion,
which is equivalent to introducing a small random positive or
negative delay that is different from sample-to-sample. There-
fore, a jittered sample can be obtained by calculating the differ-
ence in the amplitude (amplitude error) between the ideal and the
jittered samples and adding it to the ideal sample. The amplitude
error eadc(n) is approximately proportional to the first derivative
of the input signal [27], [29], [42]–[44]:

eadc (n) = (τadc (n) /Ts)
dyin (t)

dt
|t = nTs

(3)

where yin(t) is the input analogue signal at the ADC, and
τadc(n) denotes ADC timing jitter.

To numerically simulate the ADC timing jitter, we simply
filter the ideal signal using first-order Lagrange fractional de-
lay filters [45], [46] with the following general form for filter
coefficients:

hn (q) =
N∏

k = 0
k �= q

(τadc(n)/Ts)−k
q−k

q = 0, 1, 2, . . . , N, n = 0, 1, 2, . . . , L− 1

(4)

where q is the index of the filter coefficients, L is the number
of samples, and if N = 1 this signifies first-order fractional
delay filters. Eq. (4) denotes that L fractional delay filters are
required to jitter a signal of L samples as a different filter is
needed for each sample. According to (4), the filter coefficients
of a first-order fractional delay filter for the nth sample are:

hn (0) = 1− (τadc (n) /Ts) , hn (1) = (τadc (n) /Ts) (5)

A general form of the output jittered signal after filtering can
be written as:

yj (n) = hn (0) .yout (n) + hn (1) .yout (n− 1)
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Fig. 1. (a) DAC timing jitter model, (b) ADC timing jitter model.

=yout (n).

[
1−
(
τadc (n)

Ts

)]
+yout (n−1).

[
τadc (n)

Ts

]

= yout (n) +
τadc (n)

Ts
[yout (n− 1)− yout (n)] (6)

where yj(n) and yout(n) represent the jittered output samples
and the ideal output samples respectively. Since the standard
deviation σ of random variables is not affected by changing the
sign of all random variables:

σ (τadc (n)) = σ (−τadc (n)) (7)

Then (6) can be re-written as follows:

yj (n) = yout (n) + eadc (n) (8)

eadc (n) =
τadc (n)

Ts
[yout (n)− yout (n− 1)] (9)

where eadc(n) represents an ADC jitter error sequence added
to the ideal output samples. Eq. (2) and (9) thus suggest
that the effects of DAC and ADC timing jitters are virtually
identical.

B. DAC Timing Jitter Model

Similar to the DAC timing jitter model in [25]–[27], our DAC
timing jitter model, shown in Fig. 1(a), is based on converting
the timing error into an amplitude error sequence as defined
in (2). However, the accuracy of this conversion method is
frequency-dependent [27], [28]. Therefore, the ideal signal of L
samples is first oversampled by a factor ofG by padding zeros in
the frequency domain, then the amplitude difference sequence
[rin(n)− rin(n− 1)] is obtained by filtering the oversampled
signal using a digital finite impulse response (FIR) filter with a
transfer function of:

H (z) = 1− z−1 (10)

The timing jitter generator shown in Fig. 1(a) produces
G× L white or coloured timing jitters with the desired
normalized standard deviation (σdac/Ts), a simple MATLAB

function is used to produce white timing jitters, whereas
coloured timing jitters with the desired level of correlation are
generated according to (1) using the Cholesky decomposition
method [47]. The normalized timing jitters are multiplied by
the same oversampling factor G to compensate the effect of
oversampling and so to maintain the required normalized level
of the DAC timing jitter. The oversampled filtered signal with a
length of G× L is then multiplied by normalized timing jitters
G× (τdac(n)/Ts), and then added to the ideal oversampled
signal before being down-sampled by the same oversampling
factor.

C. ADC Timing Jitter Model

Unlike our DAC timing jitter model where an error sequence
is calculated and added to the ideal signal, the ADC timing jitter
model in Fig. 1(b) can directly obtain the jittered samples.

To intentionally jitter an ideal signal of L samples, L timing
jitters with the desired normalized standard deviation (σadc/Ts)
are generated in a similar manner as in the DAC timing jitter
model, where the timing jitters represent fractional delays for the
fractional delay filter bank, the latter is composed of L parallel
first-order Lagrange fractional delay filters which have limited
distortion-free bandwidth as their magnitude response starts to
deviate from the ideal characteristic near the Nyquist frequency.
To overcome this effect, the ideal signal is oversampled by a
factor of G before filtering, thus reducing the relative signal
bandwidth, and so restricting it to the undistorted spectral re-
gion of the Lagrange filters. Accordingly, the timing jitters are
multiplied by the same oversampling factor.

The oversampled signal, with a length of G× L, is filtered L
times with the filter bank in a parallel pipelined approach gener-
ating L parallel sequences denoted as sn(v) in Fig. 1(b). Then,
only one sample is extracted from each sequence according to
the following equation:

y (n) = sn (G× n) (11)
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Fig. 2. Verification of simulated DAC timing jitter model. SNR for a sinusoidal
signal with fin = 10MHz to 120MHz, fs = 250MS/s, and σdac =
4 ps, when using the simulated DAC timing jitter model. The inset shows the
magnitude response of the diffrentiator filter (1− z−1). G: oversampling factor
employed in the DAC timing jitter model.

The signal is thus effectively down-sampled by a factor of G
and the resultant L samples are then serialised to produce the
jittered signal.

D. Verification of the DAC Timing Jitter Model

To verify the accuracy of our proposed DAC timing jitter
model and to validate the improvement attained by oversampling
the signal prior to jitter addition, similar to [34], a sinusoidal
signal affected by white NRZ DAC timing jitter is considered
where the theoretical signal-to-noise ratio (SNR) is [34]:

SNRNRZ =
1

4σ2
dacπ

2f2
in

(12)

where fin is the frequency of the sinusoidal signal, and σdac

is the RMS value of DAC timing jitter. Fig. 2 shows the
numerical results when the frequency of the signal is swept
between 10 MHz and 120 MHz, where the sampling rate is
fs = 250 MS/s and σdac = 4 ps. Without considering oversam-
pling of the signal, as in the jitter model in [25], the resultant
SNRs at high frequencies near the Nyquist frequency do not
match the theoretical values due to the non-linear magnitude
response of the employed differentiator filter near the Nyquist
frequency as shown in the inset of Fig. 2. In addition, adopting
an oversampling by a factor of 2 restricts the signal within
normalized frequencies (f ′

n ≤ 0.25) , this enhances the accu-
racy of the model but the highest frequency components of
the oversampled signal are still within the non-linear region
of the differentiator filter. An oversampling by a factor of 4
restricts the oversampled signal to be within the linear operating
region of the differentiator filter (f ′′

n ≤ 0.125), and therefore,
the resultant SNR simulation result almost perfectly matches
the theoretical result. Accordingly, oversampling by a factor of
G = 4 is chosen for our DAC timing jitter model in Fig. 1(b).

Considering an ideal electrical point-to-point (PTP) OFDM
system of 128 subcarriers with only white DAC timing jitter
implemented with the DAC jitter model described in Section
II.B, the relationship between the subcarrier EVM (dB) and the
normalized RMS value of the white DAC timing jitter is shown
in Fig. 3(a). The result obtained with our model when theG = 4
coincides well with the theoretical analysis developed in [32]:

EVM (dB) ∼= 10Log10

(
π2 (σdac/Ts)

2

3

)
(13)

Due to the mathematical approximation method adopted in
[32], there is a small deviation when compared to the EVM
results of our DAC timing jitter model (when G = 4) when the
timing jitter exceeds ∼20% UIrms, as shown in Fig. 3(a).

E. Verification of the ADC Timing Jitter Model

To verify our ADC timing jitter model, we consider the
same ideal 128 subcarrier OFDM system. Assuming white
ADC timing jitter, the resultant ICI power to signal power
ratio (PICI/σ

2
s), where σ2

s is the signal power, is found to
be independent of the subcarrier index. Fig. 3(b) shows the
simulation result of our model when G = 4 for subcarrier 0,
the result coincides well with the result in [15] and are within
the bounds derived in [16]:

π2 (σadc/Ts)
2

3

[
1− 3π2 (σadc/Ts)

2

10

]
≤PICI

σ2
s

≤π2 (σadc/Ts)
2

3

(14)

Next, when the ADC timing jitter is coloured with a normal-
ized RMS value of (σadc/Ts) = 3% UIrms, the ICI becomes
subcarrier dependent as shown in Fig. 3(c) where our model
results, when G = 4, show excellent similarity with the results
in [16].

In addition, when an oversampling factor of 4 is employed in
our model, the results in Fig. 3(b) and (c) confirm that adopt-
ing higher-order Lagrange fractional delay filters (31st order)
becomes unnecessary and a linear relationship can be assumed
between adjacent oversampled samples. Moreover, employing
an oversampling factor of 2 slightly reduces the accuracy of the
model as illustrated in Fig. 3(c), whereas an oversampling by a
factor of 4 is found to be an optimum choice considering both
model accuracy and complexity. Also, Fig. 3(b) and (c) show
that increasing the length of fractional delay filters to 128 taps
without oversampling results in less accurate ICI estimations.
Therefore, it is essential to oversample the signal before frac-
tional delay filtering. Thus, an oversampling factor of G = 4
and first-order Lagrange fractional delay filters are considered
optimum for the employed ADC timing jitter model.

III. NUMERICALLY SIMULATED HYBRID OFDM-DFMA
PON ARCHITECTURE

Fig. 4(a) shows the architecture of the numerically simulated
four-ONU hybrid OFDM-DFMA PON where signal generation
and detection are simulated using MATLAB and the optical fibre
transmission is simulated using VPI Transmission Maker. The
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Fig. 3. Verification of DAC and ADC timing jitter models in OFDM-based systems: (a) EVM (dB) of subcarrier 0 vs. normalized RMS value of white DAC
timing jitter, (b) ICI power to signal power ratio at subcarrier 0 vs. normalized RMS value of white ADC timing jitter, and (c) ICI power to signal power ratio
(dB) vs. subcarrier index for an OFDM system with coloured (α = 0.4) ADC timing jitter (σadc/T s) = 3% UIrms. G: oversampling factor employed in the
DAC/ADC timing jitter model, N: order of fractional delay filters employed in the ADC timing jitter model.

Fig. 4. (a) System setup for four-ONU hybrid OFDM-DFMA PON, (b) conjugate symmetry property of lower and upper sidebands in SW 1. DAC: digital-to-
analogue converter, ADC: analogue-to-digital converter, CP: cyclic prefix, S/P: serial-to-parallel conversion, P/S: parallel-to-serial conversion, LSB: lower sideband,
USB: upper sideband, IM: intensity modulator, OC: optical coupler, SSMF: standard single mode fibre, PD: photodetector, VOA: variable optical attenuator, fs:
DAC/ADC sampling frequency, SW: sub-wavelength, TXL(p): transmitted QAM symbols on LSB, TXU (p): transmitted QAM symbols on USB.

detailed operating principle of the considered PON, without
timing jitter, has been presented in [8], [9]. The key system
parameters employed here are listed in Table I, where all
applicable system parameters, e.g., DAC/ADC resolution and
clipping ratios, are carefully optimised to minimise their impact
on system performance and so minimising their impact on timing
jitter effect observations.

In each ONU, a real-valued OFDM signal containing 15
data-bearing subcarriers is produced at the output of an IFFT by
adopting Hermitian symmetry. To allow comparison with [6],
[8], a similar cyclic prefix (CP) length of 25% is adopted. M↑
up-sampling operation and Hilbert pair-based reconfigurable in-
phase digital shaping filters are then employed to flexibly locate
the ONU’s signal at the desired SW spectral region where ONU
N occupies the Nth SW spectral region as illustrated in Fig. 4(a).
Each ONU’s signal is then individually clipped, quantized and
converted into an analogue signal. Similar to the treatment in [8],
[48] after digital-to-analogue conversion, each ONU employs an

ideal optical intensity modulator (IM) for the E/O conversion.
The utilization of a fixed and common wavelength and the
adopted method of coupling different ONUs’ signals in the
optical domain can completely eliminate the optical beating
interference (OBI) effect [8], [48]. However, upstream OBI
effects can be efficiently minimized in practical IMDD PON sys-
tems if suitably spaced wavelengths are employed for different
ONUs [49].

After E/O conversion, the passively coupled signals from the
different ONUs’ are transmitted through the fibre transmission
link where the system frequency response can be considered
flat. In the OLT side, a variable optical attenuator (VOA) is
employed to adjust the total ROP level prior to optical detection
by the PIN photodetector. After the ADC, a single FFT opera-
tion, followed by four parallel processing-based data recovery
processes of sideband identification, subcarrier equalization,
sideband processing and 16QAM decoding are then employed
for data recovery. The sideband processing operation is used
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TABLE I
LIST OF PARAMETERS

to select a single subcarrier from either of the sidebands or to
perform JSP.

Linear, low chirp IMs are always preferable for practical PON
applications, and many optical IMs with low chirp and a linear
operating region are widely available for practical application
in OFDM-PONs [50]. In addition, practical PONs are typically
highly linear systems where linear E/O and O/E optical intensity
conversions can be achieved when the associated devices are
operated in their linear regions, therefore we have assumed ideal
optical IMs to clearly observe the targeted timing jitter effects
by effectively minimizing other effects. However, it should be
noted that although ideal optical intensity modulators are con-
sidered for the E/O conversion, the non-linear mapping between
electrical and optical domains and the fibre non-linear effects are
still present in our system. In addition, all system components
in Fig. 4(a) can be considered to have bandwidths >6.25 GHz
i.e., the signal bandwidth to avoid bandwidth limitation effects.
Also, in IMDD-based OFDM-PONs laser phase noise has a very
minimal impact on performance when the transmission distance
is relatively short [51]–[53]. Therefore, the effects of laser phase
noise are not included.

It should be highlighted that the timing jitter-induced optical
power penalty is measured by calculating the difference in the
minimum required ROP for a given EVM, with and without
timing jitter, therefore any system impairments should not have
a significant impact on the observed optical power penalty.

To allow observations of jitter timing effects in isolation, an
electrical back-to-back (EBTB) configuration is implemented
by summing the outputs of all ONU-based DACs and feeding
the combined signal directly to the ADC input at the OLT.

IV. OPERATING PRINCIPLE OF JOINT SIDEBAND PROCESSING

As shown in Fig. 4(b), two conjugate symmetric sidebands
carrying the same data in their lower sideband (LSB) subcarriers
TXL(p) and upper sideband (USB) subcarriers TXU (p), where
p is the subcarrier index of positive frequencies at the output of
the FFT and 1 ≤ p ≤ (MNifft/2)− 1withNifft denoting the
IFFT size, are employed in each SW spectral region and have
the relationship:

TXL (k +Nifft (m− 1)) = TX∗
U (mNifft − k) (15)

where [.]∗ denotes the complex conjugate operation,m is the SW
index (1,2,3 …), and k is the corresponding subcarrier index
before up-sampling in the transmitter, thus for data-carrying
subcarriers 1 ≤ k ≤ (Nifft/2)− 1.

At the OLT, without JSP, where a single subcarrier in one
sideband is chosen, the resultant SNR is:

SNRk,m,w =
σ2
Xk,m,w

σ2
Nk,m,w

=
E
{
|Xk,m,w|2

}
E
{
|Nk,m,w|2

} (16)

where E{.} is the expectation operator, |.| denotes the absolute
value,w denotes the chosen sideband, i.e., LSB or USB.σ2

Xk,m,w

andσ2
Nk,m,w

are the signal and noise powers at the corresponding

subcarrier in the chosen w sideband in the mth SW respectively.
Similarly, as the recovered signal is a complex value (phasor)
Xk,m,w andNk,m,w denote amplitude of the received signal and
the noise at the corresponding subcarrier respectively.

With JSP, corresponding subcarrier pairs from upper and
lower sidebands undergo a simple sideband coherent sum opera-
tion after conjugating the upper sideband subcarrier. Therefore,
ignoring the noise, and assuming perfect channel estimation and
equalization, then, as can be concluded from (15), the resultant
signal component of each two corresponding subcarriers carry-
ing the same data are related by:

Xk,m,L = X∗
k,m,U (17)

where L and U denote lower and upper sidebands respectively.
For every corresponding subcarrier pair, the total signal after

JSP is defined as:

JSPk,m = (Xk,m,L +Nk,m,L) + (Xk,m,U +Nk,m,U )
∗

(18)
The total useful signal in (18) is:

XJSPk,m
= Xk,m,L +X∗

k,m,U (19)

whereas, the total noise is:

NJSPk,m
= Nk,m,L +N ∗

k,m,U (20)

Using (17) and (19), the resultant signal power after JSP is:

σ2
XJSPk,m

= E
{∣∣XJSPk,m

∣∣2}
= E

{∣∣Xk,m,L +X∗
k,m,U

∣∣2}
= E

{
|2.Xk,m,w|2

}
= 4σ2

Xk,m,w
(21)
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Therefore, JSP increases the signal power by a factor of 4.
From (20), the total noise power after JSP is:

σ2
NJSPk,m

= E
{∣∣NJSPk,m

∣∣2} = E
{∣∣Nk,m,L +N ∗

k,m,U

∣∣2}
= σ2

Nk,m,L
+ σ2

N ∗
k,m,U

+ 2σNk,m,LN ∗
k,m,U

(22)

where the term σNk,m,LN ∗
k,m,U

is the covariance between differ-
ent noise Nk,m,L and N ∗

k,m,U . The exact values of covariance
and noise variances at every corresponding subcarrier pair highly
depend on the degree of correlation of DAC/ADC timing jitter
and the frequency of the subcarrier pair. For white DAC/ADC
timing jitter, the noise at different subcarriers is always uncor-
related, thus the covariance term in (22) is always 0. Moreover,
the noise variance is fixed and frequency-independent, therefore,
Eq. (22) becomes:

σ2
NJSPk,m

= 2σ2
Nk,m,w

(23)

Therefore, after JSP, the total white DAC/ADC timing jitter-
induced noise power increases by a factor of 2. Now, using the
results from (21) and (23), the resultant SNR after JSP is:

SNRJSPk,m
=

σ2
XJSPk,m

σ2
NJSPk,m

=
4σ2

Xk,m,w

2σ2
Nk,m,w

= 2 SNRk,m,w

(24)
Eq. (24) suggests that, for hybrid OFDM-DFMA PONs with

white DAC/ADC timing jitter, the JSP technique improves the
overall SNR and increases the signal power to ICI power ratio
by a factor of 2 i.e., 3 dB. It should be noted, however, that
for coloured DAC/ADC timing jitter, the maximum achievable
SNR increase may be less than 3 dB, as σ2

Nk,m,L
and σ2

Nk,m,U

are dependent on frequency and the value of α.
To confirm our mathematical analysis, an ideal OFDM trans-

mission link with a white DAC or ADC timing jitter is consid-
ered. In general, if the same data are transmitted on R different
subcarriers, then by joint subcarrier coherent addition at the
receiver, the timing jitter-induced ICI power increases by a factor
of R, whereas the resultant subcarrier power increases by a
factor ofR2, thus the signal power to ICI power ratio (σ2

s/PICI)
increases by a factor of R or 10Log10(R) (dB) as follows [15]:

σ2
s

PICI
=

3R

π2(σj/Ts)
2 (25)

where σj denotes the RMS value of white DAC or ADC timing
jitter. Compared with oversampling the signal at the receiver’s
ADC [16], [33], this technique demonstrates the same ability
in reducing white ADC timing jitter-induced ICI as shown
in Fig. 5(a). In addition, this technique outperforms the ADC
oversampling technique, as the latter is seen to be completely
ineffective against DAC timing jitter as evidenced in Fig. 5(b).

V. NUMERICAL RESULTS

A. Performance Robustness Against White Timing Jitters and
Joint Sideband Processing to Mitigate Timing Jitter Effect

Fig. 6 shows the performance robustness against individual
white DAC or ADC timing jitter where the EBTB configuration,
defined in Section III, is considered to effectively observe the

Fig. 5. Proposed technique vs. ADC oversampling: ICI power to signal power
ratio (dB) for 16QAM 256 subcarrier OFDM system with (a) white ADC timing
jitter of 8% UIrms, (b) white DAC timing jitter of 8% UIrms.

effect of timing jitter in isolation, it is assumed that all four DACs
always have the same level of timing jitter. The results confirm
our theoretical analysis in Section II.A that both DAC and ADC
timing jitters have virtually identical effects. Moreover, white
timing jitter-induced ICI has a flat PSD; therefore, regardless of
operating SW, all ONUs and their sidebands show identical BER
performances where all ONUs have BER performance lower
than the adopted FEC limit up to 8% UIrms, whereas jointly
processing both sidebands increase the robustness against white
DAC or ADC timing jitters to 12.5% UIrms, as shown in Fig. 6(c).

Fig. 7(a) shows the overall EVM (dB) of the received sub-
carriers versus the ROP and timing jitter for upstream hybrid
OFDM-DFMA PON transmissions with white DAC timing jitter
where JSP is adopted at the OLT and all four DACs always have
the same level of timing jitter. As all ONUs demonstrate similar
performance due to the white nature of the timing jitter, only the
result of ONU 2 (2nd SW) is presented. Similarly, Fig. 7(b) shows
the EVM performance for the same ONU in the considered PON
with a white ADC timing jitter only.

The results in Fig. 7(a) and (b) confirm that the effects of DAC
and ADC timing jitters are virtually identical even when con-
sidering an optical transmission channel. Moreover, the results
demonstrate the considered PON’s ability to still tolerate up to
12.5% UIrms white DAC or ADC timing jitter. However, within
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Fig. 6. BER vs. normalized RMS value of white DAC or ADC timing jitter for (a) LSB, (b) USB, and (c) JSP.

Fig. 7. EVM (dB) of ONU 2 in hybrid OFDM-DFMA PON with JSP and: (a)
white DAC timing jitter, (b) white ADC timing jitter.

this timing jitter range, the higher the level of the DAC/ADC
timing jitter, the higher the required minimum ROP to achieve
the desired BER of 1×10−3 or its equivalent 16QAM EVM of
−17 dB. Thus, for any fixed EVM level, there is a jitter-induced
optical power penalty, when compared to the corresponding
ROP of −11.6 dBm for a jitter-free system. Moreover, as the
timing jitter is white, the resultant optical power penalty is also
frequency-independent.

The ROP penalty at a fixed EVM of -17 dB for ONU 2
is illustrated in Fig. 8 for both DAC and ADC white timing
jitter, showing that DAC and ADC white timing jitters, both
result in a similar ROP penalty. In addition, the results in Fig. 8

Fig. 8. Optical power penalty (dB) due to white DAC/ADC timing jitter at a
fixed EVM of −17 dB.

also illustrate the excellent effectiveness of JSP in significantly
reducing the timing jitter-induced ROP penalty compared to the
cases of LSB or USB processing only. The technique increases
overall effective SNR thus achieving the same BER performance
at a lower ROP, hence reducing the ROP penalty. For example,
at a fixed white DAC or ADC (or combined) timing jitter level of
8% UIrms, the technique results in a 4.8 dB reduction in the ROP
penalty as shown in Fig. 8. Furthermore, when only one sideband
is processed at the receiver, white DAC/ADC timing jitter levels
of approximately >5% UIrms (in total) start to rapidly dominate
over other system induced noise and distortions as evidenced
by the rapid increase in the ROP penalty, whereas when JSP is
adopted, the timing jitter starts to dominate only when the jitter
level is beyond ∼8% UIrms.

B. Performance Robustness Against Coloured Timing Jitters
and Joint Sideband Processing to Mitigate Timing Jitter Effect

Fig. 9 shows the numerical results for EBTB hybrid OFDM-
DFMA PON with either highly correlated (α = 0.3) DAC or
ADC timing jitter, the results coincide with our theoretical
analysis where both DAC and ADC timing jitters are expected
to have virtually identical effects. Furthermore, unlike oversam-
pling which has a limited efficiency when ADC timing jitter is
coloured [16], JSP is seen to be an effective technique to enhance
the jitter tolerance characteristics against both DAC and ADC
timing jitters as shown in Fig. 9(c).
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Fig. 9. BER vs. normalized RMS value of coloured DAC or ADC timing jitter (α = 0.3) for (a) LSB, (b) USB, and (c) JSP.

Fig. 10. EVM (dB) of ONU 1 in hybrid OFDM-DFMA PON with JSP and:
(a) coloured (α = 0.3) DAC timing jitter, (b) coloured (α = 0.3) ADC timing
jitter.

The result in Fig. 9 illustrates that coloured timing jitter
is frequency-dependent as the total ICI is non-uniformly dis-
tributed over the entire bandwidth causing different ONUs to
experience different ICI power as shown in Fig. 3(c). The non-
uniform characteristics of the ICI distribution result from two
facts; firstly, high-frequency subcarriers cause higher ICI than
low-frequency subcarriers, secondly, subcarriers cause higher
ICI to their adjacent subcarriers than distant subcarriers [15].
As a result, ONUs using low-frequency channels experience less
ICI and so tolerate more timing jitter compared with the ONUs
using high-frequency channels. Moreover, LSBs experience less

Fig. 11. EVM (dB) of ONU 4 in hybrid OFDM-DFMA PON with JSP and:
(a) coloured (α = 0.3) DAC timing jitter, (b) coloured (α = 0.3) ADC timing
jitter.

ICI than USBs and thus show more robustness against coloured
timing jitter.

Figs. 10 and 11 demonstrate the EVM (dB) of the received
subcarriers versus ROP and timing jitter of ONU 1 (lowest
SW) and ONU 4 (highest SW) respectively in the considered
upstream transmissions of the hybrid OFDM-DFMA PON with
a highly correlated coloured (α = 0.3) DAC or ADC timing
jitter where JSP is employed at the OLT, and all DACs always
have the same level of the timing jitter. The numerical results
confirm the frequency-dependent nature of coloured DAC/ADC
timing jitter as ONU 1 shows better jitter robustness than ONU 4.
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Fig. 12. Optical power penalty (dB) due to coloured (α = 0.3) DAC/ADC timing jitter at a fixed EVM of −17 dB for (a) LSB, (b) USB, and (c) JSP.

Fig. 13. Effect of combined white DAC and ADC timing jitters on the hybrid
OFDM-DFMA PON with JSP: (a) EVM (dB) of ONU 2 in EBTB hybrid OFDM-
DFMA PON with both white DAC and ADC timing jitters, (b) EVM (dB) of
ONU 2 in upstream transmissions of hybrid OFDM-DFMA PON with both
white DAC and ADC timing jitters (DAC jitter is 11% UIrms).

Fig. 12(a)–(c) demonstrate the corresponding ROP penalty
for each ONU at a fixed EVM of -17 dB for the cases of
processing LSB, USB and using JSP, respectively. For the same
level of coloured timing jitter, lower-frequency channel ONUs
always show lower optical power penalties, thus, in contrast to
white timing jitter, coloured timing jitter results in a frequency-
dependent ROP penalty. In addition, for a fixed level of coloured
timing jitter, LSB processing achieves a lower ROP penalty than
USB processing, whereas JSP achieves the lowest ROP penalty,
as shown in Fig. 12(c), with significant improvements compared

Fig. 14. Effect of combined white DAC and coloured (α= 0.3) ADC timing
jitters on EBTB hybrid OFDM-DFMA PON with JSP: (a) EVM (dB) of ONU
1, (b) EVM (dB) of ONU 4.

to LSB/USB processing, especially at the lower frequency chan-
nel ONUs. It should also be highlighted that, in some cases, at
reasonably low levels of timing jitter, some ONUs fail to achieve
a BER below the FEC limit unless the JSP technique is applied.

For the hybrid OFDM-DFMA PON with JSP, for a fixed op-
tical power penalty of ≤1.2 dB, and assuming a jitter-free ADC
at the OLT, each ONU can utilize a lower-quality DAC sampling
clock with white timing jitter levels up to 8% UIrms as illustrated
in Fig. 8. However, when the jitter is highly correlated (α = 0.3),
the maximum allowed jitter for ONU 4 is then limited to ∼6.5%
UIrms as can be concluded from Fig. 12(c), while a sampling
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clock with poor jitter levels up to 20% UIrms can be deployed at
ONU 1 as shown in Fig. 12(c). Overall, this indicates that, for a
fixed ROP penalty, when compared with low-frequency channel
ONUs with white-jitter sampling clocks, the same ONUs are
able to achieve the same performance using lower quality (higher
jitter level) coloured-jitter sampling clocks. In contrast, high-
frequency channel ONUs require higher quality coloured-jitter
sampling clocks to meet the same performance compared to
using white-jittered sampling clocks. In addition, the result in
Fig. 10 shows that for ONU 1 (lowest SW), other system induced
noise and distortions dominate the ONU’s performance until the
jitter level is ≥∼20% UIrms. However, lower coloured jitter
levels of ≥∼6% UIrms dominate over other system induced
noise and distortions in affecting the performance of ONU 4
(highest SW) as evidenced by the more rapid increase in the
ROP penalty in Fig. 12(c).

C. Performance Robustness Against Combined DAC and ADC
Timing Jitters And Practical Trade-Off Relationship Between
DAC and ADC Sampling Clocks

Fig. 13(a) shows the jitter tolerance characteristics of EBTB
hybrid OFDM-DFMA PON with JSP to different mixtures of
white DAC and white ADC timing jitters, since all ONUs show
identical performance, only the result for ONU 2 is presented.
The result confirms that for a fixed value of EVM, the variance
of the total timing jitter is a summation of DAC and ADC timing
jitter variances as follows:

(σtotal/Ts)
2 = (σdac/Ts)

2 + (σadc/Ts)
2 (26)

Eq. (26) thus reveals a practical trade-off relationship between
the quality of the sampling clocks used to drive the DACs and
ADCs. The hybrid OFDM-DFMA PON is efficiently able to tol-
erate up to 12.5% UIrms of either individual or combined white
DAC and ADC timing jitters, therefore, low-quality sampling
clocks with up to (σdac/Ts) = 11% UIrms jitter, for example,
can be used at the ONU side as long as a higher-quality sampling
clock with (σadc/Ts) ≤ 6% UIrms jitter is used to drive the
OLT’s ADC as can be confirmed in Fig. 13(a). Moreover, in
a system with identical levels of white DAC and white ADC
timing jitters, Fig. 13(a) and (26) suggest that the maximum
value of DAC and ADC timing jitters is 8.8% UIrms each. If
DAC timing jitter exceeds this value, an ADC with a lower
timing jitter is then required to trade-off the effect of higher DAC
timing jitter. Furthermore, based on (26) and Fig. 8, to limit the
ROP penalty to ≤1.2 dB the individual DAC/ADC timing jitters
must be ≤5.6% UIrms (≤8% total), which is well-aligned to
practically realizable jitter levels.

Fig. 13(b) verifies that the DAC/ADC jitter trade-off effect
is still valid for upstream transmissions when an optical system
is considered and emphasises the possibility of trading-off the
effect of low-quality DAC clock sources with a white timing
jitter of 11% UIrms by using a higher quality ADC clock source
with white timing jitter ≤6% UIrms, thus maintaining a total
timing jitter of ≤12.5% UIrms.

Fig. 14 investigates the effects of combinations of white DAC
timing jitter and highly correlated (α = 0.3) coloured ADC

timing jitters on EBTB hybrid OFDM-DFMA PON with JSP.
Fig. 14(a) shows that white DAC timing jitter is more dominant
than the coloured ADC timing jitter in affecting the EVM (dB) of
the low-frequency channel ONUs. In contrast, Fig. 14(b) empha-
sizes that high-frequency channel ONUs show more robustness
against white timing jitters than coloured timing jitters as the
EVM (dB) performance of ONU 4 is slightly dominated by
coloured ADC timing jitter. The same result is obtained for
a combination of coloured DAC timing jitter and white ADC
timing jitter.

VI. CONCLUSION

In this paper, we introduce and verify improved DAC/ADC
timing jitter models based on DAC/ADC timing jitter models in
[25]–[27], [29], different combinations of white/coloured DAC
and/or ADC timing jitters are then applied to investigate the
timing jitter robustness characteristics of the recently proposed
hybrid OFDM-DFMA PON. A DSP-based JSP technique is also
demonstrated to mitigate white and coloured timing jitter effects
and to significantly reduce the timing jitter-induced optical
power penalties.

The work investigates the effect of DAC and ADC timing
jitters on the upstream performance of a four-ONU hybrid
OFDM-DFMA PON where JSP is employed at the receiver,
we show that white DAC and ADC timing jitter levels up to
8% UIrms (in total) affect the performance of all ONUs equally
and result in a low ONU-independent optical power penalty
of ≤1.2 dB. However, coloured (α = 0.3) timing jitter results
in a frequency-dependent ROP penalty, as for a fixed power
penalty of ≤1.2 dB, the maximum jitter value for ONU 1
(lowest SW) and ONU 4 (highest SW) is ≤20% and ≤6.5%
UIrms respectively. The work also highlights the possibility of
trading-off the DAC and ADC jitter effects, hence lower quality
DAC sampling clocks can be used at the cost-sensitive ONUs
by using a higher quality ADC sampling clock at the OLT.

Overall, this work gives deep insights into the DAC/ADC
timing jitter tolerance characteristics of the recently proposed
hybrid OFDM-DFMA PON and the associated timing jitter
induced optical power penalties, thus aiding the specification
and selection of the required timing jitter inducing components.

REFERENCES

[1] J. S. Wey and J. Zhang, “Passive optical networks for 5G transport: Tech-
nology and standards,” J. Lightw. Technol., vol. 37, no. 12, pp. 2830–2837,
Jun. 2019.

[2] J. G. Andrews et al., “What will 5G be?,” IEEE J. Sel. Areas Commun.,
vol. 32, no. 6, pp. 1065–1082, Jun. 2014.

[3] R. Giddings, X. Duan, E. Al-Rawachy, and M. Mao, “A review of DSP-
based enabling technologies for cloud access networks,” Future Internet,
vol. 10, no. 11, Nov. 2018, Art. no. 109.

[4] J. Kani, J. Terada, K.-I. Suzuki, and A. Otaka, “Solutions for future mobile
fronthaul and access-network convergence,” J. Lightw. Technol., vol. 35,
no. 3, pp. 547–534, Feb. 2017.

[5] X. Liu and F. Effenberger, “Emerging optical access network technologies
for 5G wireless,” J. Opt. Commun. Netw., vol. 8, no. 12, Dec. 2016,
Art. no. B70.

[6] M. Bolea, R. P. Giddings, M. Bouich, C. Aupetit-Berthelemot, and J. M.
Tang, “Digital filter multiple access PONs with DSP-enabled software
reconfigurability,” J. Opt. Commun. Netw., vol. 7, no. 4, pp. 215–222,
Apr. 2015.



GONEM et al.: TIMING JITTER ANALYSIS AND MITIGATION IN HYBRID OFDM-DFMA PONs 7200313

[7] M. Bolea, R. P. Giddings, and J. M. Tang, “Digital orthogonal filter-enabled
optical OFDM channel multiplexing for software-reconfigurable elastic
PONs,” J. Lightw. Technol., vol. 32, no. 6, pp. 1200–1206, Mar. 2014.

[8] Y. Dong, R. P. Giddings, and J. Tang, “Hybrid OFDM-digital filter mul-
tiple access PONs,” J. Lightw. Technol., vol. 36, no. 23, pp. 5640–5649,
Dec. 2018.

[9] W. Jin et al., “Experimental demonstrations of hybrid OFDM-digital filter
multiple access PONs,” IEEE Photon. Technol. Lett., vol. 32, no. 13,
pp. 751–754, Jul. 2020.

[10] F. Herzel and B. Razavi, “A study of oscillator jitter due to supply
and substrate noise,” IEEE Trans. Circuits Syst. II Analog Digit. Signal
Process., vol. 46, no. 1, pp. 56–62, Jan. 1999.

[11] T. C. Weigandt, B. Kim, and P. R. Gray, “Analysis of timing jitter in CMOS
ring oscillators,” in Proc. IEEE Int. Symp. Circuits Syst., London, U.K.,
vol. 4, 1994, pp. 27–30.

[12] Z. Kulka, “Sampling jitter in audio A/D converters,” Arch. Acoust., vol. 36,
no. 4, pp. 831–849, Jan. 2011.

[13] W. Kester, “Aperture time, aperture jitter, aperture delay time— Remov-
ing the confusion,” Analog Devices MT-007 Tutor., Oct. 2008. [Online].
Available: http://www.analog.com/media/ru/training-seminars/tutorials/
MT-007.pdf

[14] R. J. Baker, CMOS: Circuit Design, Layout, and Simulation, 4th ed.
Hoboken, NJ, USA: Wiley, 2019.

[15] L. Yang, P. Fitzpatrick, and J. Armstrong, “The effect of timing jitter
on high-speed OFDM systems,” in Proc. Australian Commun. Theory
Workshop, Sydney, Australia, Feb. 2009, pp. 12–16.

[16] U. Onunkwo, Y. Li, and A. Swami, “Effect of timing jitter on OFDM-based
UWB systems,” IEEE J. Sel. Areas Commun., vol. 24, no. 4, pp. 787–793,
Apr. 2006.

[17] K. Poulton et al., “A 20GS/s 8b ADC with a 1MB memory in 0.18 μm
CMOS,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers,
San Francisco, CA, USA, Feb. 2003, pp. 318–496.

[18] P. Schvan et al., “A 24GS/s 6b ADC in 90 nm CMOS,” in Proc. IEEE Int.
Solid-State Circuits Conf. Dig. Tech. Papers, San Francisco, CA, USA,
Feb. 2008, pp. 544–634.

[19] Y. M. Greshishchev et al., “A 40GS/s 6b ADC in 65nm CMOS,” in Proc.
IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, San Francisco, CA,
USA, Feb. 2010, pp. 390–391.

[20] V. H.-C. Chen and L. Pileggi, “A 69.5 mW 20 GS/s 6b time-interleaved
ADC with embedded time-to-digital calibration in 32 nm CMOS SOI,”
IEEE J. Solid-State Circuits, vol. 49, no. 12, pp. 2891–2901, Dec. 2014.

[21] J. Liu et al., “A 0.012mm2 3.1mW bang-bang digital fractional-N PLL with
a power-supply-noise cancellation technique and a walking-one-phase-
selection fractional frequency divider,” in Proc. IEEE Int. Solid-State
Circuits Conf. Dig. Tech. Papers, San Francisco, CA, USA, Feb. 2014,
pp. 268–269.

[22] T.-K. Jang et al., “A 0.026 mm2 5.3 mW 32-to-2000 MHz digital fractional-
N phase locked-loop using a phase-interpolating phase-to-digital con-
verter,” in Proc. IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers,
San Francisco, CA, Feb. 2013, pp. 254–255.

[23] C.-C. Li et al., “A 0.034 mm2, 725fs RMS jitter, 1.8%/V frequency-
pushing, 10.8–19.3 GHz transformer-based fractional-N all-digital PLL
in 10nm FinFET CMOS,” in Proc. IEEE Symp. VLSI Circuits, Honolulu,
HI, USA, Jun. 2016, pp. 1–2.

[24] M. S.-W. Chen, D. Su, and S. Mehta, “A calibration-free 800 MHz
fractional-N digital PLL with embedded TDC,” IEEE J. Solid-State Cir-
cuits, vol. 45, no. 12, pp. 2819–2827, Dec. 2010.

[25] S. Varughese, J. Langston, V. A. Thomas, S. Tibuleac, and S. E. Ralph,
“Frequency dependent ENoB requirements for M-QAM optical links: An
analysis using an improved digital to analog converter model,” J. Lightw.
Technol., vol. 36, no. 18, pp. 4082–4089, Sep. 2018.

[26] S. Varughese, J. Langston, V. A. Thomas, S. Tibuleac, and S. E. Ralph, “Im-
plementing DACs in high speed optical link simulations,” Signal Process.
in Photon. Commun., New Orleans, LA, USA, 2017, doi: 10.1364/SPP-
COM.2017.SpTh1F.2.

[27] S. Pavan, R. Schreier, and G. C. Temes, Understanding Delta-Sigma Data
Converters, 2nd ed. Hoboken, NJ, USA: Wiley, 2017.

[28] S. Pavan, “Finite-impulse-response (FIR) feedback in continuous-time
delta-sigma converters,” in Proc. IEEE Custom Integr. Circuits Conf., San
Diego, CA, USA, Apr. 2018, pp. 1–8.

[29] L. Yang, “Timing jitter in high speed OFDM systems,” Ph.D. dissertation,
Elect. Comput. Syst. Eng., Monash Univ., Melbourne, Victoria, 2011.

[30] L. Tomba and W. A. Krzymien, “A model for the analysis of timing jitter in
OFDM systems,” in Proc. IEEE Int. Conf. Commun. Conf. Rec., Atlanta,
GA, USA, vol. 3, 1998, pp. 1227–1231.

[31] K. N. Manoj and G. Thiagarajan, “The effect of sampling jitter in OFDM
systems,” in Proc. IEEE Int. Conf. Commun., Anchorage, AK, USA, vol. 3,
2003, pp. 2061–2065.

[32] N. Ando, R. Hayashi, and T. Takagi, “Error vector magnitude of OFDM
signals caused by sampling clock jitter,” in Proc. IEEE Radio Wireless
Conf., Atlanta, GA, USA, 2004, pp. 31–34.

[33] L. Yang and J. Armstrong, “Oversampling to reduce the effect of timing
jitter on high speed OFDM systems,” IEEE Commun. Lett., vol. 14, no. 3,
pp. 196–198, Mar. 2010.

[34] S. Kim, K.-Y. Lee, and M. Lee, “Modeling random clock jitter effect of
high-speed current-steering NRZ and RZ DAC,” IEEE Trans. Circuits Syst.
Regul. Pap., vol. 65, no. 9, pp. 2832–2841, Sep. 2018.

[35] W. F. Egan, Phase-Lock Basics, 2nd ed. Hoboken, NJ, USA: Wiley, 2007.
[36] E. Rubiola, Phase Noise and Frequency Stability in Oscillators. Cam-

bridge, U.K.; New York, NY, USA: Cambridge Univ. Press, 2009.
[37] B. Razavi, Principles of Data Conversion System Design. New York, NY,

USA: IEEE Press, 1995.
[38] S. Varughese, T. Richter, S. Tibuleac, and S. E. Ralph, “Joint optimization

of DAC and ADC based on frequency dependent ENOB analysis for high
speed optical systems,” in Proc. 45th Eur. Conf. Opt. Commun., Dublin,
Ireland, 2019, pp. 1–4.

[39] Y. Yoffe, E. Wohlgemuth, and D. Sadot, “Performance optimization of
high speed DACs using DSP,” J. Lightw. Technol., vol. 38, no. 12,
pp. 3096–3105, Jun. 2020.

[40] A. Wiesbauer, D. Sträussnigg, R. Gaggl, M. Clara, L. Hernandez, and
D. Gruber, “Clock jitter compensation for current steering DACs,” in
Proc. IEEE Int. Symp. Circuits Syst., Island of Kos, Greece, 2006,
pp. 5375–5378.

[41] J. A. Cherry and W. M. Snelgrove, “Clock jitter and quantizer metasta-
bility in continuous-time delta-sigma modulators,” IEEE Trans. Circuits
Syst. II Analog Digit. Signal Process., vol. 46, no. 6, pp. 661–676,
Jun. 1999.

[42] H. Kobayashi, M. Morimura, K. Kobayashi, and Y. Onaya, “Aper-
ture jitter effects in wideband sampling systems,” in Proc. 16th
IEEE Instrum. Meas. Technol. Conf., Venice, Italy, vol. 2, 1999,
pp. 880–884.

[43] C. Azeredo-Leme, “Clock jitter effects on sampling: A tutorial,” IEEE
Circuits Syst. Mag., vol. 11, no. 3, pp. 26–37, Aug. 2011.

[44] V. J. Arkesteijn, E. A. M. Klumperink, and B. Nauta, “Jitter requirements
of the sampling clock in software radio receivers,” IEEE Trans. Circuits
Syst. II Exp. Briefs, vol. 53, no. 2, pp. 90–94, Feb. 2006.

[45] T. I. Laakso, V. Välimäki, M. Karjalainen, and U. K. Laine, “Splitting
the unit delay,” IEEE Signal Process. Mag., vol. 13, no. 1, pp. 30–60,
Jan. 1996.

[46] V. Välimäki and T. I. Laakso, “Principles of fractional delay filters,” in
Proc. IEEE Int. Conf. Acoust., Speech, Signal Process., Istanbul, Turkey,
vol. 6, 2000, pp. 3870–3873.

[47] M. Gilli, D. Maringer, and E. Schumann, Numerical Methods and Opti-
mization in Finance, 2nd ed. Cambridge, MA, USA: Elsevier, 2019.

[48] W. Jin et al., “Hybrid SSB OFDM-digital filter multiple access PONs,” J.
Lightw. Technol., vol. 38, no. 8, pp. 2095–2105, Apr. 2020.

[49] X. Q. Jin and J. M. Tang, “Experimental investigations of wavelength
spacing and colorlessness of RSOA-based ONUs in real-time optical
OFDMA PONs,” J. Lightw. Technol., vol. 30, no. 16, pp. 2603–2609,
Aug. 2012.

[50] C. Qin, V. Houtsma, D. Van Veen, J. Lee, H. Chow, and P. Vetter, “40 Gbps
PON with 23 dB power budget using 10 Gbps optics and DMT,” in Proc.
Opt. Fiber Commun. Conf., 2017, pp. 1–33.

[51] W.-R. Peng, “Analysis of laser phase noise effect in direct- detection optical
OFDM transmission,” J. Lightw. Technol., vol. 28, no. 17, pp. 2526–2536,
Sep. 2010.

[52] D. T. Pham, M.-K. Hong, J.-M. Joo, E.-S. Nam, and S.-K. Han, “Laser
phase noise and OFDM symbol duration effects on the performance of
direct-detection based optical OFDM access network,” Opt. Fiber Tech-
nol., vol. 17, no. 3, pp. 252–257, May 2011.

[53] W.-R. Peng, J. Chen, and S. Chi, “On the phase noise impact in direct-
detection optical OFDM transmission,” IEEE Photon. Technol. Lett.,
vol. 22, no. 9, pp. 649–651, May 2010.

http://www.analog.com/media/ru/training-seminars/tutorials/MT-007.pdf
http://www.analog.com/media/ru/training-seminars/tutorials/MT-007.pdf
https://dx.doi.org/10.1364/SPPCOM.2017.SpTh1F.2
https://dx.doi.org/10.1364/SPPCOM.2017.SpTh1F.2


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


